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Preface

Genomic imprinting is the process by which gene activity is regulated
according to parent of origin. Usually, this means that either the maternally
inherited or the paternally inherited allele of a gene is expressed while the
opposite allele is repressed. The phenomenon is largely restricted to mammals
and flowering plants and was first recognized at the level of whole genomes.
Nuclear transplantation experiments carried out in mice in the late 1970s
established the non-equivalence of the maternal and paternal genomes in
mammals,and a similar conclusion was drawn from studies of interploidy
crosses of flowering plants that extend back to at least the 1930s. Further mouse
genetic studies, involving animals carrying balanced translocations (reviewed
in Chapter 3), indicated that imprinted genes were likely to be widely scattered
and would form a minority within the mammalian genome. The first imprinted
genes were identified in the early 1990s; over forty are now known in mammals
and the list continues steadily to expand.

Genomic Imprinting: Methods and Protocols aims to collect protocols
that have been applied to the study of imprinting or imprinted genes. Many of
the protocols are based on more widely used embryology or molecular biology
techniques that have been adapted for imprinting research. All of the included
methods remain gainfully employed in either (or both) the discovery or analysis
of imprinted genes. Chapter 1 describes the nuclear transplantation methods,
first used in the 1970s, for the generation of mouse embryos with genomes of
entirely maternal or entirely paternal origin. The first five chapters are specific to
the mouse, though some of the principles could be applied to other species.
For instance, the techniques described in Chapters 4 and 5 for generating
transgenic mice using large fragments of genomic DNA have resulted in several
examples of the faithful reproduction of imprinted gene expression at ectopic
loci. The first few imprinted genes have recently been identified in plants and
it will be interesting to know whether the imprinting of these genes can be
similarly reproduced within plant transgenes.

The majority of protocols describe molecular techniques and most of
these allow examination of gene structure or expression in an allele-specific
manner, which is an essential aspect of most imprinting studies. Protocols are

v



Vi Preface

included for identifying imprinted genes (Chapters 6—8), for analyzing
imprinted gene expression (Chapters 9-12), for the study of DNA methylation
and methylation-sensitive DNA-binding proteins (Chapters 13-20), and for
examining chromatin structure (Chapters 21-24). The final chapter is a review of
genomic imprinting in plants. Although imprinting must have arisen indepen-
dently in plants and animals, the available evidence suggests that the imprinting
mechanisms in these species may share common features, such as the involve-
ment of DNA methylation in distinguishing maternal and paternal alleles. Thus,
the molecular methods that are already extensively used to study mammalian
imprinted genes will surely find even wider employment as the genomic
imprinting field continues to expand.

| thank all of the authors for their outstanding contributions to this volume.
On behalf of us all | extend the hope that this effort to make these methods
accessible will prove useful to genomic imprinting aficionados everywhere.

Andrew Ward
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1

Generation of Monoparental Embryos
for Investigation into Genomic Imprinting

Wendy L. Dean, Gavin Kelsey, and Wolf Reik

1. Introduction

The seminal work of McGrath and Solter (1) and independently of Surani
et al. (2) in 1984 established the fundamental principle of nuclear nonequiva-
lency; that is, chromosomes of both paternal and maternal origin are required
for development to term in mammals. This was achieved through the creation
of diploid reconstituted zygotes, which contained either two maternal or two
paternal pronuclei. Embryos containing pronuclei exclusively of maternal or
paternal origin display characteristic developmental abnormalities and falil
to develop to term. This failure is partially explained by the observation that
paternally and maternally derived genomes have complementary roles during
embryogenesis, contributing differentially to embryonic and extraembryonic
lineageg2-5). These reconstitutions were accomplished by nuclear transplanta-
tion and karyoplast fusion using HVJ or Sendai virus-assisted f(l§iofhese
experiments laid the foundation for the discovery and exploration of this unique
form of non-Mendelian mammalian gene regulation whereby expression of
genes and hence phenotype were dictated by the parent from whom they
where inherited. This parent-of-origin phenomenon is known as genomic
imprinting.

1.1. Androgenetic Embryos

Uniparental embryos possessing exclusively paternally derived chromo-
somes are referred to as androgenetic embryos (AG). These embryos can
be produced experimentally by a limited number of routes, all involving

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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2 Dean, Kelsey, and Reik

micromanipulation. Controlled bispermic fertilization of enucleated metaphase
Il (MIl) oocytes has been used to produce AG embryos to the blastocyst
stage(6). However, the more usual route is to enucleate a fertilized embryo
and replace the female pronucleus with a second sperm-derived pronucleus.
Embryos produced by karyoplast fusion can be returned to a pseudopregnant
foster mother and will develop up to day 10 of gestation. These embryos
are highly variable in appearance and developmental stage. Even the most
advanced AG embryos obtained are profoundly developmentally retarded,
rarely achieving more than the 4- to 6-somite stage at d 10. In contrast to the
poor development of the embryonic derivatives the extraembryonic tissues are
highly developed and overabundant compared to the embryo (7).

1.2. Parthenogenetic and Gynogenetic Embryos

Parthenogenetic embryos (PG) containing maternally derived genomic
content can be derived from unfertilized oocytes by a number of methods.
Parthenogenetic activation occurs spontaneously at a high frequency in the
LT/SV strain and in mice defient inc-mos. A variety of chemically induced
methods have been described. Ethanol activation has been used extensively but
results in a signiiant number of aneuploid activated oocytes. Exposure to
Sr* has proven an effective method of activation of MIl oocytes with intracel-
lular C&* oscillations that more closely resemble those observed following
normal fertilization (89). Alternatively, PG embryos may be produced by
electroactivation of oocytes without induction of aneupldit).

Gynogenetic embryos (GG) containing only maternally derived genomes can
also be produced through pronuclear transplantation from fertilized embryos
(5). However, there is not apparently any difference in development potential
between pathenogenetically and gynogenetically derived embryos, and thus
the simpler method of PG production is more often elected.

Clearly, the choice of PG or GG is driven by experimental questions. It
remains compelling that there is equivalency of maternal pronuclei derived
from potentially different circumstances, that is, following fertilization vs
activation. Detailed investigation of imprinted loci may well reveal subtle
differences of an epigenetic nature as predicted by the parent—offspririgtconfl
models(11).

Maternally uniparental embryos are characteristically small for gestational
age, and they lack well-developed extraembryonic tissues in yolk sac and
trophoblast derivatives. Development is highly variable within and between
experimental groups. The most advanced maternally uniparental embryos
achieve the forelimb bud stage at approximately d 10 and usually possess
no more than 25 somites. This phenotype has been characterized in detail else-
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where(12). The underdevelopment of trophectoderm and primitive endodermal
lineages likely contributes to the variable extent of developigt

1.3. Nuclear Transplantation
1.3.1. Generation of Uniparental Embryos for Imprinting Studies

Results from nuclear transplantation studies producing uniparental mouse
embryos suggested that reciprocal and complementary roles have evolved for
the maternal and paternal genomes.

The generation of AG and PG embryos represents a means by which the
entire repertoire of imprinted genes might be identified from the representative
genomes. As relatively distinctive roles have been suggested, investigation into
uniparental embryos offers the unique opportunity to study the essential gene
regulation and expression of imprinted genes required for early embryonic
development in isolation from those genes required for development of
extraembryonic tissues and thus early placental development. Previous genetic
studies have identd#d specift chromosomal regions within the genome known
to be critical for certain aspects of development on the basis of their parent-of-
origin patterns of inheritance (14). Such uniparental disomic regions allow for
investigation of a limited number of imprinted genes in angefipattern on a
chromosome-by-chromosome basis (15).

An elegant extension of these types of experiments that makes use of the
differences between AG and PG embryos and their imprinted genes has been
exploited in an attempt to identify new imprinted genes by application of a
cDNA subtractive hybridization strate¥6,17), and see Chapter 7 by Ishino
et al.). Methylation-based screens have been suggested as an alternative means
of identifying imprinted regions. The strength of this approach is based on the
observation that allele-specific methylation patterns have been found at most
imprinted loci examined. One specifapplication encompassing uniparental
embryos and methylation differences has been suggested for whididi
of new imprinted genes (18); and see Chapter 8 by Smith and Kelsey). The
feasibility of this approach has been demonstrated for the imprinted region of
mouse chromosome 2 (19).

A genome-wide survey employing this method would require the use of AG
and PG embryos and their normal counterparts. The results of such a survey
are eagerly awaited.

1.3.2. Technical Points
1.3.2.1. GENoOTYPE RESTRICTIONS

When generating AG or GG embryos, it is advisable to select the egg to have
a different genotype from the sperm. The genetic identity of the reconstructed
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uniparental embryo can be identified through various means; for example,
the use of isozymal variant forms of glucose-phosphate isomerase (GPI) has been
employed as a means of confirming the fidelity of the manipulation. A contem-
porary method of identification would employ the use of microsatellite markers,
which are unique for many conventionally available mouse s{ihddentity is
confirmed by a simple DNA-based polymerase chain reaction (PCR) analysis.
Perhaps more important is the genotype of the paternal genome in the
generation of the AG embryos. Relatively low but consistent success rates can
be obtained with outbred (MF1) or hybrid (C57BI&ILBA/Ca) [B;CB-F]
genotypeg3,4). The 129/Sv genotype is generally preferred for AG embryos
because of the relatively large proportion of androgenones that develop during
pre- and postimplantation stag@d) (Dean et al., unpublished results). The
overall success rates for the production of AG embryos may also be a function
of the experimental method of reconstitution. Thus, the fusogenic method of
choice may vary according to the genotype restrictions of the experiment.

1.3.2.2. FusoGeNic METHODS

The pioneering work of McGrath and Solter 19&8B8employed inactivated
Sendai virus as the fusogenic agent in their nuclear transplantation experi-
ments. Although widely adopted, the use of Sendai virus always carries the
disturbing risk of serious harm to mouse colonies in the event of failure to
achieve complete inactivation of the virus. Other methods of inducing fusion of
karyoplasts to enucleated donors egg membranes include polyethylene glycol
(PEG)(22) and electrofusion (23).

The use of PEG as a fusogenic agent has gained wide acceptance for work in
cell-cell fusion hybridization. However, its use has been limited, as deleterious
effects on viability arise due to impurities in the PEG. Variable fusogenic
activity has also restricted its widespread use, as well as the poaeref|i in
situations of asymmetric donor-karyoplast sizes as in this case.

Electrofusion has been used widely in nuclear transplantation studies
in nonmammalian systems, where the use of a viral fusogenic agent was
less successful (24). In addition to the animal-welfare advantage offered by
electrofusion, a further benefit is the elimination of the batch variability and
titration requirement for each type of experiment when using Sendai virus.
Early problems with efficient rates of fusion for asymmetric reconstructions, as
encountered in nuclear transplantation studies, appear to have been overcome.
A detailed and systematic analysis of the use of electrofusion in domestic
animal species has been published elsewhere (25).

An application of this fusogenic method in the mouse has been described
for nuclear transplantation studi€6,27) and in the nonchemical method of
tetraploid embryo production (28).
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This chapter describes the use of electrofusion for pronuclear manipulation
to generate uniparental embryos. The generation of AG embryos is described
as an example of the use of the technique in experimental embryology studies.
This method is used routinely in our laboratory and achieves consistently high
rates of karyoplast fusion, which equal and exceed the rates of fusion achieved
using Sendai virus. Embryo viability is high, with good rates of development
to the blastocyst stage.

2. Materials
2.1. Equipment

The generation of micromanipulated embryos of uniparental origin is a
highly specialized application of experimental embryology. Any endeavor of
this nature necessarily assumes that the resource of a well-equipped laboratory
for routine mouse embryo work is available. Minimum requirements for
equipment include an invertedkdid-stage microscope with Nomarski optics
(preferably) and manipulators for the holding and enucleating instruments.
A wide variety of manufacturers of the manipulators and accompanying
microinjector assemblies are available. Additional equipment required to craft
holding and enucleation pipets include a pipet puller (Sutter is very reliable), a
microforge, and a pipet grinder (Narishige) to bevel the enucleation instruments
(preferably with binocular eyepieces).

2.2. Production of Fertilized Embryos
2.2.1. Superovulation

1. 3-to 4-wk-old female B6CB4KHarlan; Charles River, U.K.) (sédote 1).

2. Phosphate-buffered saline (PBS; Sigma).

3. Pregnant mare serum gonadotropin (PMS-Folligon), 1500 IU per vial (Intervet).
4. Human chorionic gonadotropin (hCG—Chorulon) 500 IU per vial (Intervet).

2.2.2. Collection and Culture of Fertilized Zygotes

1. Dissecting tools; No. 5 watch maker’s forceps; fine-pointed scissors (iris;
Weiss).

2. Sterile plastic Petri dishes (50 mm).

3. Bovine serum albumin (BSA; embryo tested: Sigma A-3311).

4. Flushing and handling medium (FHM) + B%29): 95 nM NaCl, 2.5 mM
KCI, 0.35 mM KH,PGQ,, 0.2 M MgSQ,, 10 nmM lactate, 0.2 il pyruvate,
0.2 mMglucose, 1.0 mMlutamine, 1.0 mg/mL BSA, 0.01ivhethylenediamine-
tetraacetic acid (EDTA) (tetrasodium salt), 4.0 M&dHCO;, 20 MM HEPES,
1.71 mMCaCl, 100 U/mL penicillin, 50 g/mL streptomycin.

. Hyaluronidase (Sigma H-6254), 306/pL in FHM (from stock solution).

9-in. Pasteur pipets.

o ul
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7. Mouth pipets (aspirator mouthpiece).

8. Simplex optimized medium (KSOM) + BSA (30): 95 mW&Cl, 2.5 mMKCI,
0.35 mMKH,PQ,, 0.2 mMMgSQ,, 10 mMlactate, 0.2 mMpyruvate, 0.2 mM
glucose, 1.0 mM\glutamine, 1.0 mg/mL BSA, 0.01 mEDTA (tetrasodium salt),
25 mMNaHCQ,, 1.71 mMCacCl, 100 U/mL penicillin, 50 g/mL streptomycin
(see Note 2).

9. Light paraffn oil or mineral oil (embryo tested; Sigma M-8410).

10. CQ incubator, set at 37°C and 5% €O

2.3. Experimental Reconstruction of Monoparental Embryos
2.3.1. Generation of Instruments

The preparation of therfe glass enucleation instruments is critical for
achieving consistent success in these experiments. A detailed and comprehen-
sive outline of these instructions has been published else{@igréModifica-
tions to suit specidi differences in equipment will be easily accommodated
from these instructions.

2.3.2. Production of Androgenetic (AG)/Gynogenetic Embryos (GG)
2.3.2.1. PREPARATION OF FERTILIZED EMBRYOS FOR PRONUCLEAR TRANSPLANTATION

1. FHM (seeSubheading 2.2.2.).

2. Cytochalasin B (CCB: Sigma C-6762): 5 mg/mL in dimethyl sulfoxide (DMSO)
stored at —20°C.

Nocodazole: 3 mg/mL in DMSO stored at —20°C (Sigma: M-1404).

Mineral oil.

FNC medium: FHM + 5¢g/mL CCB + 0.5 /mL nocodazole.

Glass depression slide (BDH).

Inverted microscope with Nomarski optics and manipulator assemblies.

Nogakr®

2.3.2.2. RECOVERY AND ELECTROFUSION

1. FHM (seeSubheading 2.2.2.).

2. KSOM ee Subheading 2.2.2.), equilibrated at 37°C in 5% GQn an air-
humidified incubator.

3. Equilibration and fusion medium (GCM + BSA): O/3glucose, 50 M CaCl,
100puM MgSQ,, 3% BSA, pH adjusted to 7.4 (shéote 3).

4. GCM: 0.3M glucose, 50 M CaCl, 100 M MgSQ,, pH adjusted to 7.4.

5. BTX™ Electro cell manipulator with slide chamber (Genetronics, Inc.).

2.3.2.3. EmBRYO CULTURE

1. KSOM (seeSubheading 2.2.2.) equilibrated at 37°C in 5% GQOn an air-
humidified incubator.

2. Mineral oil.

3. 30-mm sterile Petri dishes.
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2.3.3. Embryo Transfer to Pseudopregnant Recipient

~No U wN R

2.4.

. Day 1 pseudopregnant femalgCB-F; (10—15 wk old).
. Dissection instruments.

. Pasteur pipets: drawn (0.4 mm).

. Wound clips (Clay Adams).

FHM (seeSubheading 2.2.2.).

. Mineral oil.
. Avertin (2,2,2-tribromoethanol itert-amyl alcohol) anaesthetic: Dissolve

2,2,2-tribromoethanol itert-amyl alcohol to produce a 100% stock solution.
Stir until a single phase is achieved. Place in a dark glass bottle and store at 4°C
until use. Dilute to 1.2% by adding 12@ o 10 mL of warmed KD or PBS.

Shake vigorously until the oily drop mixes completely with the aqueous phase.
Use at a dose of 0.4 mL/10 g body weight.

Generation of Parthenogenetic Embryos

2.4.1. Recovery of Mll Oocytes

2.4.1.1. AcTivatioN oF MIl OocyTEs

aprwNE

6.

FHM (seeSubheading 2.2.2.).

FHM + 300 j@/mL hyaluronidase.

0.3M glucose in embryo culture-grade®(BDH).

30-mm sterile Petri dishes.

5ug/mL CCB (seeSubheading 2.3.2.1.) in KSOM (see Subheading 2.2.2.),
equilibrated at 37°C in 5% GQinder oil.

KSOM (seeSubheading 2.2.2.), equilibrated at 37°C in 5% G@nder oil.

2.4.2. Production of Tetraploid Embryos

2.4.2.1. ReEcoveRry oF Two-CELL EMBRYOS

oukrwbnE

2.

I

oukrwnNE

Nonbeveled 33-gagaufihing needles.

Sterile 2-mL disposable syringes.

Dissecting tools; No. 5 watch maker’s forcepsefpointed scissors (iris; Weiss).
Mouth pipet (aspirator mouthpiece).

Sterile plastic Petri dishes (50 mm).

Drawn 9-in. Pasteur pipets (0.2 mm).

.2.2. FusioN oF Two-CELL EmBRYOS

BTX™ Electro cell manipulator with slide chamber (Genetronics, Inc.).
Two dissection microscopes.

Sterile Petri dishes (50 mm).

FHM (seeSubheading 2.2.2.).

GCM and GCM + BSA (seSubheading 2.3.2.2.).

Drops of KSOM gee Subheading 2.2.2.), equilibrated at 37°C in 5% GO
under oil.
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2.4.3. Production of 4N-PG-4N Aggregation Chimeras

2.4.3.1. PREPARATION OF DISHES FOR AGGREGATION

1. Darning needle.

2. KSOM (seeSubheading 2.2.2.), equilibrated at 37°C in 5% GQ@nder oil.
3. Mineral oil.

4. Sterile plastic Petri dishes (50 mm).

2.4.3.2. REMovAL oF ZoNA PELLucIDA

1. Acid Tyrode’s (Sigma: embryo-tested T-1788).
2. FHM (seeSubheading 2.2.2.)
3. Drawn 9-in. Pasteur pipets (0.2 mnanfle polished).

2.4.3.3. AN-PG-4N “SanpwicH” AGGREGATIONS

1. Petri dish with depression wells containing émbryos with zona removed.
2. 8-cell PG embryos with zona removed.

3. Drawn Pasteur pipet (0.2-mm diameter).

4. Mouth pipet.

2.4.3.4. EmBRYO TRANSFER OF CHIMERIC BLASTOCYSTS

Day 3 pseudopregnant femalgcB-F; (10-15 wk old).
Dissection instruments.

Pasteur pipets: drawn (0.4 mm).

Wound clips (Clay Adams).

FHM (seeSubheading 2.2.2.).

Mineral oil

Avertin (seeSubheading 2.3.3.).

1-mL sterile syringe with 27.5-gage needle.

ONoGORALNE

3. Methods
3.1. Production of Embryos

3.1.1. Superovulation

Immature females g&B-F;, 3—4 wk old, are best suited for high response to
hormonal regimes. As a restricted number of strains respond to this procedure,
there may be some limitations imposed where genetic rigor is paramount.
Consistent high yields can be obtained from hybgidmimals derived from a
number of widely available mouse strains (31).

1. 5.0-7.5 IU PMS (Folligon, Intervet) is injected intraperitoneally (ip) followed
after 44—48 h by 5.0-7.5 IU hCG (Chorulon, Intervet). Timing of initiation is
dictated by lightdark cycles.
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2. Following hCG injection, individual females are incarcerated with mature—that
is, greater than 8-wk-old—129/Sv males.

3. Presence of a copulation plug is checked for the following morning. This is
d 1 of gestation.

3.1.2. Collection of Fertilized Zygotes

Embryos are collected between 18 and 20 h post-hCG to ensure high rates
of fertilization.

1. Sacrifce animals by cervical dislocation, excise the swollen ampullae of the
oviduct intact, and place into a sterile plastic Petri dish.

2. Place oviduct in 5L drops of hyaluronidase solution (3Q@/mL) in FHM
and tear open the swollen portion of the ampullae with a sterile 27.5-gage needle
while holding the oviduct by No. 5 watch maker's forceps. Incubate at room
temperature until the fertilized oocytes are denuded of cumulus cells. (This
should take no more than 5 min). Wash zygotes in a series of 10 drops of FHM
to clean away cumulus cells, spermatozoa, and other cellular debris. Discard
obviously abnormal embryos and unfertilized oocytes K&age 4).

4. Place one-cell embryos into equilibrated KSOM in g d@ubator for approxi-
mately 1 h prior to initiation of the micromanipulation.

3.2. Production of Androgenetic/Gynogenetic Embryos
3.2.1. Preparation of Fertilized Embryos for Pronuclear Transplantation

1. Place into FNC for 20 min prior to initiating micromanipulation.

2. Prepare slide: add a small drop of FNC |{iL) to a depression slide and cover
the drop with mineral oil.

3. Place 20—-30 embryos into the covered drop in the depression slide.

4. Place the prepared slide onto the microscope stage and, under lowaatgnifi
(4x%), place instruments carefully into the drop on the slide.

3.2.2. Micromanipulation

The following series of instructions is given to prepare AG embryos. GG
embryos may be generated in an identical fashion; however, as GG and diploid
PG embryos are developmentally equivalent and have no known differences in
totipotency or imprinting status, it is easier to generate maternally monoparental
embryonic material by derivation of PG embryos Sabheading 1.2.).

Pronuclear micromanipulation to produce monoparental embryos requires
both an enucleation step and a nuclear transfer step. These may be done as
two completely separate procedures or as a single two-step operation. There
are advantages and disadvantages to both. In the first case the recipients are
enucleated, removing the female pronucleus. Thus the eggs have to be picked
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up and repositioned to locate the site of entry before introducing the male
pronucleus. This can be time consuming and frustrating. The second method
begins the process with removal of the male pronucleus from the donor, which
must sit in the enucleation pipet until the karyoplast containing the female
pronucleus is removed from the recipient oocyte and deposited on the bottom
of the depression slide. The great advantage is that in the second manipulation
the positioning required to introduce the donor male karyoplast is set without
requiring any further adjustment. This demands a very high level of attention,
but I find this strategy overall more efént.

Regardless of the method adopted, idegaifon of the female and male
pronuclei is vital. Careful observation of the embryo for size and positioning
of the pronuclei achieves this. The female pronucleus is always smaller than
the male and will normally reside close to the polar body. However, embryos
where this distinction is not clear should be discarded.

1. It is paramount that only embryos that have visible maternal (m), adjacent to
the polar body (pb), and paternal (p) pronuclei are uBagl {A). Introduce
the transfer needle through the zona pellucida and withdraw by suction a small
cytoplast to act as a buffer between the oil and FNC phase.

2. The tip of the enucleation pipet is gently inserted through the zona pellucida. The
beveled opening of the tip is placed adjacent to the pronucleus and the transfer
pipet pressed into the egg without breaking the membrane to make an indentation
as deep as necessary to retrieve the male pronucleus (Fig. 1B). In the presence
of cytoskeletal inhibitors, the membrane is sufficiently elastic to permit this
invasive withdrawal of pronuclei without rupturing. With suction, the overlying
membrane and cytoplasm surrounding the pronucleus is drawn into the pipet.
Once the pronucleus is safely in the pipet, it is withdrawn through the zona and
the membrane “pinched” off, thereby forming the intact karyoplast (k). The intact
karyoplast should approximate the size of a polar body (pb).

3. Positioning in the first step is not critical, as the embryo only donates a male
pronucleus enclosed karyoplast and is then discarded.

4. Select another fertilized embryo with clearly visible pronuclei and position it
equatorially in order to remove the female pronucleus (m) (Fig. 1C). Repeat the
process as described in step 2, this time removing the female pronucleus.

5. Discard the most recently removed female pronucleus (Fig. 1C) to the bottom of
the slide. Reinsert the enucleation needle and deliver the karyoplast containing
the male pronucleus (p) into the recipient zyg&ig.(1D).

6. Repeat the process with the remainder of the embryos in the drop. Restricting
exposure of embryos to the FNC to 1 h improves AG embryo viability. Embryos
are washed and returned to the incubator in equilibrated drops of KSOM for at
least 1 h prior to fusion (Fig. 2A).



Generation of Monoparental Embryos 11

Fig. 1. Production of androgenetic embry@s. An embryo is held in the equatorial
region with the polar body (pb), maternal (m), and paternal (p) pronucleus clearly
visible (B). The larger paternal pronucleus is remoy€J. The donor karyoplast
(k) containing the male pronucleus is retained while the maternal pronucleus (m) is
removed from a second fertilized embryo (D). The maternal pronucleus is dropped
to the bottom of the depression slide and the donor karyoplast containing the male
pronucleus (p) is deposited in the perivitelline space.

3.2.3. Electrofusion for Diploid Androgenetic Embryo Reconstitution
(Nonelectrolyte Fusion)

1. Remove embryos from the incubator and equilibrate through 3 drops of GCM
+ BSA (Fig. 2A).

2. Place embryos into the electroactivation slide chamber between the electrodes
containing a large drop of GCM (without BSA), as shown schematically in
Fig. 3.

3. Manually apply AC pulse (5 V) to affect alignment in the electrid fi
(2-3 s). Only embryos aligned at right angles to the electrodes will be capable of
undergoing fusion. Fuse by delivering a 1.5-kV/cm pulse in72-xs intervals.

4. Wash 6 times in FHM and place into culture medium in g @®@ubator
at 37°C.



Fig. 2. Electrofusion of reconstructed embry(s) Before electrofusion, donor
embryos with paternal pronuclear karyoplasts (k) are incubated to restore cytoskeletal
structural integrity. (B) Fusion is evident in some embryos by 30 min, with the paternal
pronucleus (p) clearly restored within the cytoplasm (right side). However, the kinetics
of reconstruction do vary slightly within the group of manipulated embryos (left side)
(C). All embryos successfully undergo fusion within 45 min, as is evident by the
two paternal (p) pronuclei clearly visible within the cytoplasm. The polar body (pb)
remains outside, within the perivitelline space.
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© ©

Fig. 3. Schematic representation of embryo configuration during electrofusion.
Application ofac voltage in nonelectrolyte solutions permits aligment with the electric
field. The apposition of membranes between the karyoplast (k) containing the male
pronucleus (p) and the recipient oocyte must be parallel to ensure fusion. Note that
the polar body (pb) is excluded from correct alignment and therefore does not become
fused to the recipient embryo following application of tkepulse.

5. Evidence of fusion should be apparent with 30 min. Should fusion have not been
successful, repeat steps 1-4 (Fig. 2B,C).

6. Culture to 4-8 cell stage. Transfer 4—8 cell embryos to d 1 pseudopregnant F1
foster mothers (sedlote 5 and ref.32). Dissect up to d 10 relative to recipient
timing, that is, 9 d later (seNote 6).

3.3. Production of Parthenogenetic Embryos

Parthenogenetic embryos display a spectrum of phenotypes, with most
dying prior to gastrulation (123). Embryos from uniformly maternal sources
are capable of relatively normal development of embryonic derivatives, but
failure to produce suffient extraembryonic structures is thought to lead to
early embryonic lethality. This variability and poor rates of developments to
mid-gestation can be enhanced substantially by providing PG embryos with
fertilization-derived extraembryonic tissu@s8). This is achieved by generation
of tetraploid cells, which contribute to placental structures in preference to
embryonic germ layers (2B4—36). In order to obtain signifant quantities of
maternally uniparental embryonic material for evaluation in imprinting studies,
we routinely employ the “sandwich” aggregation metii28{37). Tetraploid
cells have been shown to be largely absent from embryonic derivatives by
d 7.5 (36) in aggregates, leaving PG embryos of a higher frequency and degree
of uniformity.

This method requires the independent production of diploid PG and tetra-
ploid (fertilized) embryos, which are subsequently aggregated together.
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3.3.1. Activation of MIl Oocytes

1. Harvest unfertilized MIl oocytes from superovulatedjivenile females at
21 h post-hCG injection. Denude cumulus enclosed oocytes by incubation in
hyaluronidase at 30@g/mL in FHM for no more than 5 min.

2. Equilibrate oocytes 3 in 0.3 Mglucose (freshly made isotonic glucose works
best).

3. Place oocytes into the electroactivation slide chamber and delwes03us
pulsesoc at 1.0 kV/cm. Do not place more than 20-30 oocytes into the chamber
at any given time.

4. Wash 6 times in FHM and place intqu§/mL CCB for 4-5 h at 37°C in a

CO, incubator.

Wash embryos 9 times in G@quilibrated KSOM under oil.

Incubate embryos in the 9th wash drop for 1 h.

7. Transfer “diploid” PG embryos to another equilibrated drop of KSGad (
Note 7).

8. Culture until the 4- to 8-cell stage or for 72 h in KSGisk (Note 8).

oo

3.3.2. Production of Tetraploid Embryos

It is important, perhaps critical in most experiments, to be able to assess
whether 4Ncell clearance of embryonic derivatives has been achieved. To
ensure that d 10 embryos are entirely PG in composition select a marker
for the 4Nembryos. We have used ROSA 26, a ubiquitously exprdasgd
marker derived by gene trapping (38), both to act as a marker for assessing the
presence of 4Mells and to act as a reporter in order to evaluate and eliminate
diploid ~ PG aggregates.

3.3.3. Recovery and Electrofusion of Two-Cell Embryos

Fusion of the blastomeres of two-cell embryos to produce tetraploid embryos
occurs when a square pulse)(is applied perpendicular to the plane of contact.
The instructions that follow are designed for use with nonelectrolyte solutions.

1. Collect two-cell embryos on d 2 postcoitum (pc) by excising the oviducts and

flushing the contents with a 30-gage needle containing FHM. These embryos

should possess an informative marker to ensure sampbtyid37) (see

Note 9).

Equilibrate through 3 drops of GCM + BSA.

3. Place embryos into electrofusion chamber slide containing GCM (without
BSA).

4. Set electrofusion apparatus to deliver an AC pulse of approximately 5 V for
alignment at right angles to the electrodes. Fuse by delivering a 0.75 kV/cm
pulse in 2 x70-ps bursts.

N
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5.

6.

7.

Wash 6 times in FHM and return to equilibrated KSOM in 5%,G3°C
conditions.

Check for fusion within 45-90 min. Embryos should appear as “one-cell
zygotes”.

Discard any two-cell embryos. Continue to culture embryos overnight in KSOM
(see Note 10).

3.3.4. Production of 4N - PG - 4N Aggregation Chimeras

3.3.4.1. AGGREGATION CHIMERAS: “PARTHENOGENOTE SANDWICHES”

Embryo aggregation chimeras are produced with PG embryos at the 8-cell
and the tetraploid components at the “4-cell” stage. The tetraploid embryos
will “compact” after the “4-cell” stage, as this is equivalent to the diploid 8-cell
stage when compaction occurs normally. Thus, the aggregates must be made
early on the day after fusion.

1.

2.

3.

Prepare aggregation depression in 50-mm bacteriological dishes using a darning
needle(28).

Remove the zona pellucida with Acid Tyrode’s from both PG &hémbryo
populations. Remember, two 4&¥hbryos are required for each PG embryo.

Place a singleNldezonaed embryo into a microdepression in the dish. Place

a single PG embryo onto this embryo and place the seddrehbryo onto

the PG embryo, thus creating a parthenogenetic embryo sandwiched between
two tetraploid embryos. Continue in a new microdepression each time until all
available materials have been used.

Return the drops to the incubator and do not disturb them. Check after 24 h
for aggregation.

Transfer blastocysts 48 h after aggregation to the uterus of d 3 pseudopregnant
recipients ¢ee Notes 10-12).

4. Notes
1. The genotype of the oocyte seems to have relatively little effect compared to the

genotype of the sperm, that is, the paternal pronucleus. The use of 129/Sv gives
considerable improvement in the yield of materials at d 10 of gestation.

| use this medium routinely for all applications. There is some suggestion that
other embryo culture media may be particularly effective for androgenetic
embryonic development (40).

Glucose has been substituted for mannitol, as embryo viability is improved
(personal communication, J. Fulka, Jr.).

This step is carried out under relatively low power using a dissection microscope.
Thus, abnormal embryos are defined as those that are either fragmented or have
grossly overrepresented perivitelline space.
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5. It is assumed that the necessary manipulation skills for embryo transfer to
pseudopregnant recipient females are already practised in the laboratory. A
detailed account of this procedure is given in 82f.Protocol 7.

6. Itis paramount to ensure that the material generated are authentic AG embryos.
Several methods of assessing the sample integrity are available. These include
the use of mouse strains that differ in their GPI isozymal variant37j32arry a
lacZ gene marker (381), or through the use of microsatellite markers (20).

7. “Diploid” PG identifies an activated oocyte in which the extrusion of the second
polar body has been suppressed.

8. We have observed that PG embryos are more acutely sensitive to culture condi-
tions than fertilized embryos. In particular, they are very sensitive to the oxidation
products in the oil used to overlay culture drops. Therefore, it is advisable to
replace the mineral oil every 2—3 mo.

9. SeeNoteb.

10. Detailed information including practical and theoretical consideration for the use
of electrofusion in tetraploid embryo production can be fourréfir29.

11. By using a marker, for example, ROSA 26, in tReetbryos, the elimination of
4N cells may be evaluatdd?). This can also be assessed by using embryos that
carry allelic variants for the tetraploid population and assessing contributions
following DNA extraction from the embryo proper. All embryos containing
contamination by 2Mr residual 4Neells should be discarded.

12. A detailed description of the embryo transfer procedure can be fouefs.in
31, 32, Protocol 8, and ref39).
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Deriving and Propagating Mouse Embryonic
Stem Cell Lines for Studying Genomic Imprinting

Jeffrey R. Mann

1. Introduction

Embryonic stem (ES) cells are a cell culture derivative of the blastocyst
inner cell mass (ICM), the latter giving rise to the embryo, the amnion, the
yolk sac, and the chrorioallantoic portion of the placenta. Blastocyst injection
chimera experiments show that ES cells are similar to early-stage ICM cells
in that they contribute to the primitive ectoderm and endoderm derivétives
However, it is probably not posssible to equate these two cell types, as ES
cells appear to be produced by the cell culture environment and have no exact
counterpart in the blastocyst. Instead, ES cells could be thought of as being ICM
cells that, instead of undergoing rapid differentiation as they would in vivo, are
abnormally locked into continuing cycles of division in the undifferentiated
state by virtue of the action of exogenous factors. Leukemia inhibitory factor,
LIF, is one such factor (2) and is indispensable for the propagation of mouse
ES cells at least when primary embrybrdéiblasts (PEFs) are used as feeder
layers(4).

A number of features of ES cells make them useful for studying genomic
imprinting. They (1) are diploid and can be derived such that they contain
only maternally and paternally derived genomes, termed parthenogenetic and
androgenetic cell lines, respectively (5), or uniparental duplication of chromo-
some regions (6); (2) retain imprints as assessed by the developmental potential
of chimeras (7-9); (3) offer a rudimentary in-vitro system of differentiation in
the production of embryoid bodies (10) in addition to the the in-vivo system
of chimera production; and (4) can provide large quantities of cellular material
such as DNA for studies of chromatin struct(ié,12). Nevertheless, it is

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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important to realize that their derivation and unlimited capacity for division
can result in epigenetic change. For example, methylation of the paternal
H19 allele in ES cells appears to resemble more the later somatic cell pattern
rather than the pattern in the ICM, suggesting that this methylation is more
a function of the number of cell cycles in development rather than the stage
of differentiation (10-14). In addition, the allele-specifinethylation and
expression patterns of imprinted genes in ES cells are unstable with passage
(10). While ES cells retain imprints as ascertained by the developmental
potential of chimeras, they also appear to lose some. Parental<spgpifes-

sion of imprinted genes is destabilized in ES cells and cannot be corrected upon
differentation of the cells in chimerd40,15), and this destabilization may
contribute to the developmental abnormalities often observed6j1d here

is no substitute for the use of real embryonic material for studying genomic
imprinting when possible.

2. Materials

1. 1xDulbecco’s phosphate-buffered saline; with and without calcium and magne-
sium (DPBS and DPBS, respectively).

2. 1xtrypsin-EDTA solution; 0.25% trypsin (250) and 1 mMethylenediamine-
tetraacetic acid (EDTA) in Hank’s balanced salt solution without calcium and
magnesium or in DPBSTo 100 mL, add 1 mL of a 5% (w/v) solution of bovine
serum albumin (BSA). To make BSA solution, dissolve 5 g of BSA (Miles, Inc.,
Diagnostics Division, cat. no. 82-047-3, Kankakee, IL, USA) in cell culture-
grade water and filter-sterilize. Store 1-mL aliquots at —20°C.

3. 1000x2-mercaptoethanol solution; add 70 pf 2-mercaptoethanol to 10 mL
of DPBS to give 0.1M solution. Mix, then fter-sterilize. Store at 4°C and
discard after 3 wk.

4. 1xgelatin solution; add 0.5 g cell culture-grade gelatin to 500 mL DRBS
a glass media bottle and sterilize by autoclaving. After cooling, swirl solution
to mix dissolved gelatin.

5. ES cell media; to 500 mL of Dulbecco’s modified Eagle’s medium (DMEM)
(with 4.5 g/L glucose, 2.2 g/L sodium bicarbonate, without L-glutamine, without
pyruvate;see Note 1), add 75 mL fetal bovine serum (FBS), 0.6 mL of 1000x
2-mercaptoethanol, 6 mL of 10@enicillin/streptomycin solution, 6 mL of 180
L-glutamine (200 mN} and 6 mL of 100>nhonessential amino acids solution.
The latter three solutions are the standard formulations obtained from any
supplier of cell culture reagents. Store media at 4°C, and if not used in 1 mo, add
L-glutamine and 2-mercaptoethanol at half the initial proportion according to
residual volume. Thawed FBS is also kept at 4°C and is stable for many months,
although it can be refrozen if necessary.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Media for PEFs; as for ES cell media, except add 55 mL of FBS.

STO fbroblast media; as for ES cell media, except add 35 mL FBS.

Mineral oil (Sigma, cat. no. M 8410).

100xG418 solution. Dissolve geneticin sulfate (Gibco BRL, cat. no. 11811-031)
in 40 mL of DPBS to achieve a concentration of 17.5 mg/mL active weight;
proportion of active weight or microbiological potency is stated on bottle.
Store as 1.5-mL aliquots in 2-mL sterile screw-capped tubes (Sarstedt, cat. no.
72.693.005) at —20°C. Thawed tubes are stable at 4°C for at least 1 mo.
100xmitomycin C solution: dissolve 2 mg in 4.0 mL of DPBStore 0.12-mL
aliquots in sterile 2-mL Sarstedt tubes. Thawed tubes are stable at 4°C for at
least 2 wk.

Feezing solution I; Mix 12 mL of FBS with 18 mL of DPB$ a 50-mL
centrifuge tube and store at 4°C. Freezing solution Il; Mix 5 mL of sterile
cell culture-grade dimethyl sulfoxide (DMSO) with 20 mL of DPBIS$ sterile
50-mL centrifuge tubes and store at —20°C. Thawed tubes can be kept at 4°C for
a number of weeks while in use.

STO immortalizedfiroblast cells for feeder layers. A line with suitable character-
istics for ES cell culture can be obtained from the American Type Culture Collec-
tion, Mannasas, VA, USA (cat. no. CRL-2225). This line has been transfected with
theneo and leukemia inhibitory factol|F, genes, hence is designated SNL.

For handling ova: Pasteur pipets pulled by hand over a flame to 0.2 and 0.3 mm
in outer diameter (od) andafine polished at the tip.

For disaggregating blastocyst outgrowths: Borosilicate glass capillary tubing,
1 mm od and standard wall thickness, pulled and broken to 0.06 mm od and
flame-polished at the tip with the aid of a pipet puller and microforge. These can
be stored in aluminum blocks with holes drilled at slightly greater than 1 mm od
Alternatively, Pasteur pipets can be hand-pulled.

For plating of disaggregated blastocyst outgrowths: 4-well tissue culture dishes
(Nunc, cat. no. 176740).

10xhyaluronidase solution for removal of cumulus cells from oocytes: 3 mg/mL
(Sigma, cat. no. H3884) in medium M2. Stable at 4°C for months. Add 0.2 mL to
approx. 1.8 mL medium M2 in a 3-cm Petri dish to give 1x solution.
Mouth-controlled aspiration device to control flow of medium in pipets described
above(17). Thin-diameter tubing can be attached to accommodate 1-mm-od
glass capillaries.

Ovum culture dish: Drops of medium CZBB) of approx. 10 L pipetted in

rows onto a 3-cm Petri dish, then overlaid with mineral oil. These dishes will
equilibrate in 30 min if mineral oil stock is kept permanently in an incubator.
Incubator settings are 37.5°C and 6%.,Q®air.

Cell digest buffer: 50 & Tris-HCI pH 7.5, 20 mMEDTA, 0.45% each of the
detergents Tween 80 and NP40, and 0.3 mg/mL proteinase K added from powder.
Stable at 4°C for at least 2 mo. Do not freeze.
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3. Methods
3.1. Preparation of Fibroblast Feeder Layers for ES Cells

STO cells or primary embryo fibroblasts (PEFs) are used as feeder layers for
deriving and propagating ES celted Notes 2 and 3.

3.1.1. Propagating STO Cells

1. Thaw vial of frozen STO cells quickly in water bath and add contents directly to

10 mL of STO cell media in a 10-cm plate, then disperse the cells by crosswise
agitation. Next day, replace with 10 mL of fresh medium and add 0.1 mL of
100X G418 solution.

Passage STO cells when they reach confluency. Rinse plate with 5 mL of DPBS
add 2 mL of trypsin-EDTA, leave in incubator for 5 min, add 3 mL of media,
and pipet cells up and down in plate to produce single cell suspension. Add
4 drops of the cell suspension to a 10-cm plate containing 10 mL of media and
0.1 mL of 100xG418 solution, then disperse the cells by crosswise agitation.
This is the propagating plate and is passaged for approx 50 d in this manner,
at which time a new vial is plated. It is important to passage this line of plates
regularly and to keep it under G418 selection so that cells retain desirable
morphology and remain drug-resistant.

. To obtain cells for making feeders, at each passage of the propagating plate, the

unused portion of cells is plated at any density and grown without G418 selection
for up to three passages according to the number of feeder cells that will be
required. 10—1% 1P cells can be obtained from one confluent 15-cm plate.

3.1.2. Deriving and Propagating PEFs

1.

2.

Some strains of PEFs grow better than others. One good combination is (C57BL
x C3H)F, females mated to 129/Sv males.

Kill pregnant mouse at 12.5 d post coitum (dpc), saturate with disinfectant
solution, and pull skin back withrfgers to expose the body wall. With sterile
instruments, remove both uterine horns containing the fetuses. Place immediately
into a 10-cm plate.

Take plate to sterile hood. Slit uterus open and remove up to 10 fetuses. Place
them into a fresh 10-cm plate with 10 mL DPBS&sing #5 watch maker’s
forceps, pinch off the head and remove liver from each fetus.

Transfer the carcasses to a fresh 10-cm plate containing 10 mL* DRiBthe

plate, then, with a 1-mL syringettéd with an 18-gage needle, draw up each
fetus individually into the syringe to shear it into small pieces, then expel into
a fresh 10-cm plate.

Aspirate DPBS from plate, add 10 mL trypsin-EDTA, then leave plate in
incubator for 15 min.

With 5-mL pipet, transfer trypsin and fetus pieces to 50-mL centrifuge tube,
then pipet vigorously up and down to create a cell suspension. Pieces should
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Table 1
Plating STO and PEF Feeder Cells

Volume required for one plate or well

Plate type Medium Feeder stdck  Feeder stockM
3-cm 1mL 0.5mL —

6-cm 2.5mL 1mL —
10-cm 4 mL 3.5mL —
4-well — — 0.5mL
12-well — — 1mL
24-well — — 0.5mL

a1 5x 10° cells/mL.
bFour times dilution of feeder stock.

dissociate almost completely. Pipette one embryo equivalent into 15 mL of PEF
medium in a 15-cm plate—that is, 10 fetuses gives 10 plates.

7. After overnight culture, aspirate medium from plate and replace with 25 mL of
fresh medium. Grow for 3—4 d until cells become confluent. Freeze cells (see
Subheading 3.1.4.).

8. To propagate PEFs in making feeder layers, thaw one vial and transfer contents
to 10 mL of PEF medium in a 10-cm plate. PEFs do not need to be grown in
gelatinized plates.

9. The next day, change the medium. When the plate becomegetwnflassage
the cells into up to three 15-cm plates and grow to aenfly. PEFs can be
passaged again, but their growth slows substantially in this and subsequent
passages.

3.1.3. Making STO and PEF Feeder Layers

1. For one confluent 15-cm plate, aspirate some of the medium so that it just covers
the plate. This will be approximately 12 mL. Add 0.12 mL of 206@itomycin
C solution to achieve a concentration of approxghnl.

2. Leave plate for 1.5—-4 h in incubator to mitotically inactivate cells, rinse plate
three times with 10 mL of DPBSadd 5 mL trypsin-EDTA, then incubate plate
for 5 min.

3. Add 7 mL medium, pipet up and down to disperse cells, then transfer cells to
centrifuge tube. Take aliquot for cell counting, then centrifuge cells a 250
for 3 min.

4. Resuspend cell pellet to X3P cells per mL in STO or PEF medium to obtain
a stock of feeder cells. Plate this feeder stock, again in STO or PEF medium,
according to the guidelines given in Table 1. Plates must be thoroughly agitated
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crosswise to achieve an even settling of cells. Feeder plates can be used from
4 hto 7 d after plating. Also, the unplated stock can be kept at 4°C for 4 d without
significant loss of viability. Freezing feeder cells for plating later works well,
although some viability is lost.

3.1.4. Cryopreservation
1. For one conflent 15-cm plate of STO cells or PEFs, trypsinize plate as in

passaging (sesubheading 3.1.1.), transfer 12 mL of cells to centrifuge tube,
then pellet cells at 250fpr 3 min. For one confluent 6-cm plate of ES cells,
trypsinize with 1 mL of trypsin-EDTA as in passaging (Seibheading 3.3.6.),

then transfer cells to 3 mL of medium and pellet cells.

For STOs and PEFs, aspirate media, then resuspend cells in 1.25 mL of freezing
solution I. Slowly add 1.25 mL of freezing solution Il while gently swirling the
cells, then dispense 0.5-mL aliquots of cells ve firyovials, approx. 2.8 10°

cells per vial. Keep caps of cryovials with internal thread sterile by standing
them on the inside of the 15-cm plate lid. For ES cells, aspirate media, resuspend
in 2 mL solution I, then add 2 mL solution Il and dispense 1-mL aliquots into
four cryovials, approx. 2 £ cells per vial.

. Place cryovials into a polystyrene 15-mL centrifuge tube rack “sandwich” and

place at —70°C to —80°C overnight. Alternatively, use commercially available
containers designed to cool at a more controlled rate. STO cells, PEFs, and ES
cells are stable at —70°C for many months, but it is best to transfer to liquid
nitrogen as soon as possible. In the liquid nitrogen tanks, plastic screw-capped
cryovials should be stored in the vapor phase.

. To thaw STOs and PEFs, hold the ampule in awater bath (set at 35°C) until

completely thawed, then dispense contents immediately into a 10-cm plate
containing 10 mL of media and agitate to disperse cells. For ES cells, thaw as
above, then transfer 1 mL of cells to a 15-mL centrifuge tube, slowly add 4 mL

of medium while gently swirling the tube, then pellet the cells. Resuspend in

4 mL of media and place into a 6-cm feeder plate. In this step, medium is not
warmed prior to use.

. For all types of cell, change media the next day to remove DMSO.

3.2. Obtaining Blastocysts for ES Cell Derivation
3.2.1. Parthenogenetic

1. Superovulate mice at 4—12 wk of age by injecting them in the peritoneum with

0.1 mL of saline containing 5 U of pregnant mare serum gonadotrophin followed
approx. 48 h later with 5 U of human chorionic gonadotrophin K&ete 4).

Eggs are ovulated approx. 12 h after the latter injection, thus 14 h after this
injection, kill mice by cervical dislocation, then isolate the oviducts and place
them in 2 mL of medium M2 (19) in a 3-cm Petri dish. For details on dissection,

seeref. 20.
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2.

Transfer oviducts to 2 mL of Inyaluronidase solution in medium M2 and tear
open the ampulla to release the “cumulus masses” of follicle cells and oocytes.
Place the dish on a warm plate set at 35-37°C and leave for 10 min to release
oocytes from follicle cells.

Activation of oocytes with ethan¢?l): Using a Pasteur pipet pulled to 0.3
mm od and working with approx. 50 oocytes at a time, transfer them using the
mouth-controlled aspiration device to 2 mL of 7% (v/v) ethanol in medium M2
without calcium and magnesium in a 3-cm Petri dish. Mix oocytes into medium
by pipetting them up and down and around the dish.

After 3 min in the ethanol solution, transfer oocytes to 2 mL of standard medium
M2 to wash out ethanol.

Transfer oocytes to culture drops of medium GZ8) containing 5ug/mL
cytochalasin B or 1 géimL cytochalasin D. Culture for 4 h to inhibit extrusion

of the second polar body, then transfer oocytes to standard medium CZB and
culture for another 4 h.

Eight to 12 h after ethanol treatment, select 1-cell ova which have two pronuclei
and no polar body. This should be done with a microscope under phase contrast
or differential interference contrast optics. Desired ova can be set aside in a
micromanipulation chamber using a holding pipet as used in micromanipulation
experiments. A signifiant proportion of the oocytes will be unusable; some will
look like 2-cell ova having undergone immediate cleavage, have fragmented—
“raspberries,” or may contain one pronucleus or micronuclei (22).

Selected ova are cultured to the blastocyst stage in medium CZB. If oocytes of
inbred mice are used, it may be necessary to transfer the diploid ova into oviducts
of pseudopregant recipients to enable further development.

3.2.2. Gynogenetic

1.

Gynogenetic ova are produced from zygotes by pronuclear transplantation; the
paternal pronucleus from a zygote is removed and replaced with the maternal
pronucleus of another to produce a 1-cell ovum with two maternal pronuclei.
Parthenogenetic ova are then cultured in medium CZB and should reach the
blastocyst stage by 3.5 dpc or 3.5-4.5 dpc if the egg cytoplasm is fifem&es

or inbred females, respectively. For methods of pronuclear transplantzgon,

20, 23, and 24. Parental-specific genetic markers are used to ensure that derived
cell lines have only maternally derived genomes—for example, a convenient
marker is the ubiquitously expressed glucose 6-phosphate isomerase-1 gene
located on chromosome 7. Three alleles encode three electrophoretic variants
detected in a simple ass@p): The A and B forms are common among laboratory
strains, while the ferally derived C form is present in the 129/Sv//Tac strain
(Taconic Farms, Germantown, NY).

3.2.3. Androgenetic

1.

Androgenetic ova are produced by pronuclear transplantation as are gynogenetic
ova, except that the maternal pronucleus from a zygote is removed and replaced
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with the paternal pronucleus of another to produce a 1-cell ovum with two
paternal pronuclei; zygotes for this manipulation are obtained by mating F
females to males of choice. Androgenetic ova are then cultured in medium CZB.
Most should reach the blastocyst stage by 3.5 dpc, although some take an extra
day. Parental-specific genetic markers are used to ensure that derived cell lines
have only paternally derived genomes.

2. Androgenetic ova can also be produced by removing the maternal pronucleus
from a zygote, then culturing the haploid ovum in cytochalasin B or D to
inhibit first cleavage and make it diploid. However, only blastocysts of an XX
sex-chromosome constitution can be obtained by this method, and for reasons
discussed in Note 5 it is probably best to utilize only XY cell lines.

3.2.4. Uniparental duplication

Due to the high frequencies of chromosomally unbalanced and inviable ova
derived from intercrossing mice with reciprocal translocations Kkake 6),
it is best to superovulate and mate females and flush out morulae at 2.5 dpc.
Transfer all morula that form blastocysts to feeder layers by 4.5 dpc.

3.2.5. Wild Type

1. For inbred strains, it is best to obtain ova by natural mating. Many inbred strains
do not respond well to superovulation. Often the problem lies in obtaining mating
and fertilization of ovulated eggs.

2. At 2.5dpc, dissect out the oviduct and flush out morulae in medium M2. Transfer
to medium CZB and culture overnight to the blastocyst stage.

3.3. Deriving and Propagating ES Cell Lines
All culture conditions are 37.5°C and 5% £i@ air.

3.3.1. Culture of Blastocysts

1. Ova that have reached the blastocyst stage in medium CZB are treated with
acidic Tyrode’s solution to remove the zona pellucida (20). This is done as some
blastocysts, especially androgenetic ones, fail to shed this coat and thereby fail
to attach to the dish in subsequent steps.

2. Immediately after the zona is removed, 16 or fewer blastocysts are pipetted into
one 3-cm feeder-layer plate with ES cell media and incubated.

3. 2 d after being placed in FBS culture media, the blastocysts begin to attach or
“implant” to the bottom of the culture diski@. 1A). Growth after attachment is
rapid and some will already be forming outgrowths. By 3 d virtually all should
be attached, and most will be forming outgrowths. By 4 d the outgrowths will be
larger, and many are surrounded by trophectoderm giant cells (Fig. 1B).
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Fig. 1. Manipulation of blastocysts for deriving ES cell lines. (A) Blastocyst attached
to STO feeder layer 3 d after transfer to feeder plate. ICM can be seen at “3-on-the-dial.”
(B) Blastocyst outgrowth 4 d after transfer to feeder plate. Note layer of trophectoderm
cells surrounding outgrowth. (C) Picked outgrowth in trypsin-EDTA, (D) disaggregated
outgrowth,(E) two 129/SvimJ ES cell colonies at passage 1 after 3 d of culture; note
patch of trophectoderm cells at top right. These colonies were derived from a 4-well
passaged in its entirety into a 12-well, and (F) colonies in (E) after 4 d of culture. All
objects at 100x (original magnification) and under phase-contrast optics.

3.3.2. Picking and Seeding Blastocyst Outgrowths

1. In picking outgrowths, our rule of thumb is to pick no later than 1 d after
attachment has begun, this attachment being depictéd.idA. This is usually
at 4 d after 3.5-dpc blastocysts have been transferred to feeder dishes in FBS
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culture media (Fig. 1B). Picking can be done at 2 d or more after attachment,
but the frequency of cell line derivation may fall. It is diffit to obtain cell

lines from outgrowths that have developed a layer of endoderm (25). Almost all
blastocysts of an expected euploid chromosome constitution, that is, wild-type,
parthenogenetic, gynogenetic, and androgenetic blastocysts, should attach and
produce outgrowths that can be picked, although androgenetic outgrowths are
often not vigorous.

Before picking outgrowths, a blastocyst outgrowth disaggregation dish is
prepared consisting of approx.uk- drops of trypsin-EDTA pipetted onto a
6-cm Petri dish im columns of four and overlaid with mineral oil. Also, 1-2 d

in advance, 4-well feeder plates are prepared for plating of disaggregated
outgrowths. The night before disaggregation, the wells are aspirated and 1 mL
of ES medium is added. The next morning, half of this medium is replaced with
fresh medim, and 1 drop of FBS is added from a 1-mL pipet to bring the serum
concentration to approx. 16%.

To pick the outgrowths, rinse the dish with 2 mL of DPB&ntaining 0.01%

(w/v) BSA, then add 2 mL of this same solution to the dish.

Using a Pasteur pipet pulled to 0.2-0.3 mm od and with a stereomicroscope,
nudge or pull off the outgrowth from the trophectoderm layer, then transfer
it to a drop of trypsin-EDTA in the blastocyst outgrowth disaggregation dish
(Fig. 1C). Proceed until all outgrowths in the dish are picked. Between each
pick, ensure that there are no cells remaining in the pipet from the previous
outgrowth by observing it briefly under the stereomicroscope and pipetting up
and down to dislodge them if necessary.

Keep the picked outgrowths at RT, then approx. 15 min aftersh@ditgrowth

was picked, aspirate a small mount of medium into a glass capillary pulled to
0.06 mm od (Fig. 1¢. Expel a small amount of medium over an outgrowth,
aspirate it into the pipet, expel it back into the drop, then repeat this aspiration/
expulsion step. A near-single-cell suspension should result (Fig. 1D). Aspirate
all of the cells then expel them into one well of a 4-well feeder plate. Use a
new capillary for each disaggregation. After all outgrowths are seeded, place the
4-well plates into the incubator, labeling them “passage 0.”

After 3 d of culture, aspirate two-thirds of the medium from each well, then
add fresh medium to 1 mL. Culture for another 2 d, then examine the wells for
growth of primary ES cell colonies.

3.3.3. Selecting and Picking Primary ES Cell Colonies

1. At passage 0, emerging primary ES cell colonies will appear exactly like colonies

obtained when plating an existing cell line at very low density—for example, at
200 cells per 3-cm feeder plate. In plating C57BL/6J and CBA/CaJ outgrowths,
it is usual that ES cell colonies are the only type of colony that grow vigorously,
thus identifcation is generally straightforward. However, in seeding 129/SvimJ
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outgrowths, other types of cell also grow vigorously and often the primary ES cell
colonies are obscured or mixed with these cells. In seeding Swiss mouse outgrowths,
many colonies that appear similar to ES cells proliferate at passssge .(25 for

a detailed discussion). In any event, at the next passage, the presence of ES cells is
revealed, as generally no other cell type continues to proliferate.

2. If putative primary ES cell colonies are observed, at passage 0 and at 6 d after
seeding the disaggregated outgrowths, one of two paths can be followed. (1)
Individual colonies are picked as described for blastocyst outgrowths except they
are placed into 0.06 mL of trypsin-EDTA in a round-bottomed well of a 96-well
plate. After 10 min, with a pipetman and barrier tip, 0.1 mL of medium is added,
the colony is broken up into a single cell suspension by repeated pipetting, then
the well contents dispensed into a well of a 24-well feeder plate and labeled
passage 1. With this method there is a high probability that the cell line will be
derived from one cell of the outgrowth. (2) Passage all of the contents of the
well. This may be desirable if one is uncertain that ES cell colonies have been
obtained. Rinse a well with DPBSadd 0.15 mL of trypsin-EDTA, incubate for
10 min, add 0.3 mL of medium (from a 12-well feeder plate well containing
2 mL of medium), break up cell colonies by repeated pipetting, then seed all
0.45 mL back into the 12-well plate and label it passage 1. With this method,
there is a significant chance that the cell line will be derived from more than
one cell, and for this reason it might be expected that later clonal derivatives of
such a cell line, such as are obtained in gene targeting experiments, may be more
heterogeneous in their characteristics than clones obtained from cell lines derived
by method 1. In any event, cell lines can be cloned at passage 1 or later.

3. With either method 1 or 2 as described in the previous step, true ES cell colonies
will be clearly visible at passage 1 after 3Fg 1E,F). If no colonies are
observed after 5 d, it is very unlikely that any will appear and such wells can
be discardedSee Notes 7 and 8for the frequency of cell line derivation per
blastocyst.

3.3.4. Primary Expansion of New ES Cell Lines

1. Once ES cell colonies are obtained at passage 1, a new cell line has been derived
and most of them should continue to proliferate. However, in a small number
of cases, signifiant differentiation ensues in the next couple of passages and
the cell line is lost.

2. To expand the cell line, the cells are passaged in their entirety from the 24-well
plate (passage 1) to a 3-cm feeder plate (passage 2), then to a 6-cm feeder plate
(passage 3). An extra passage may be required to obtain confluency at this last
stage. The number of days at each passage depends on the density of cells, but
2—4 d is usually required. The cells in the confluent 6-cm plate are frozen in
four vials and labeled passage 4 or 5, tier |. The cell line derivation schedule
is depicted in Fig. 2.
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Explant blastocysts (at 3.5 dpc)

Pick, disaggregate and
seed outgrowths (at ~7.5 dpc)

Passage-0 4-well

(i) Pick clones (A, B) or (ii} passage
whole well (at 13.5 dpc)

Passage-1

24-well | / 12-well

Passage (at ~16.5 dpc)

Passage-2

3-cm
Passage (at ~19.5 dpc)
Passage-3
6-cm
950 Freeze (at ~22.5 dpc)

Passage-4
57 12-well

for DNA prep. 4 vials, Tier |

Fig. 2. Steps in the derivation of ES cell lines.

3.3.5. Characterizing New ES Cell Lines

1. Determine Y chromosome status. In freezing the cells for tier I, 5% of the cells

are saved and plated into a gelatinized well of 12-well dish without feeder cells
(Fig. 2). The ES cells should grow without differentiating and, when gentl

add 0.4 mL of cell digest buffer and incubate for at least 4 h at 37-55°C. Purify
DNA and perform Southern blot. Probe pY353/B recognizes a repetitive element
specift to the mouse Y chromosome (26). Cut plasmid pY353/B with EcoRlI to
yield a 1.5 kb-fragment for probe. Digestion of DNA witindlll or EcoRl yields
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3.

strong hybridizing bands at 12 kb and at 1.5 kb, respectively. No hybridization
at all is obtained with DNA from female mice. STO cells show relatively weak
hybridization of a 7-kb band witHlindlll digestion. Alternatively, metaphase
spreads can be C-banded to reveal th@%¥,28). In deriving 129/SvimJ,
C57BL/6J, and CBA/CalJ cell lines, we have obtained approximately equal
numbers of pY353/B-positive and -negative lines. The remainder of the DNA
can be used for further analysis of genotype.

Determine chromosome number. At least 80% of metaphase spreads with 40
chromosomes should be obtained with cell lines to be used for chimera produc-
tion. Methods for making metaphase spreads are provide27(28). There is

no substitute for empirical observation in determining the efficacy of chimera
formation and germ-line transmission, as a cell line or clone that is predominantly
euploid may not necessarily form good chimeras.

Assess microbiological status (29).

3.3.6. Propagating ES Cell Lines

1.

2.

Plate a vial of cells at tier |—for example, passage 4—into one 6-cm feeder
plate and grow to confency.

Trypsinize cells and plate them at 8.3 cells per 6-cm feeder plate. When
plates are confluent, freeze cells at four vials per plate and label them passage 6,
tier 1l. At least 24 vials can be obtained.

Tier Il vials can be used for further characterization of the cell line or in experi-
ments, but it is desirable to passage tier Il cells two or three more times to freeze
them at passage 8 or 9, tier Ill, if the cell line is to be used extensively.

In propagating ES cells, plate them at 8.%C° cells per 6-cm feeder plate

in 3.5 mL of media (Fig. 3A). After 1 d (Fig. 3B), add 2 mL of fresh media,
and after 2 dKig. 3C), replace all media with 6 mL of fresh media. After

3 d of growth, the plate is coofnt, containing 8-18 1 cells (Fig. 3D) and

is passaged again.

In passaging a confnt plate, if the medium is very acidic or yellow, it is
replaced with 3 mL of fresh medium at least 3 h before trypsinization. This
increases the viability of the cells upon passage or after cryopreservation. To
passage, the plate is rinsed with 3 mL of DBBISen 1 mL of trypsin-EDTA is
added. After 10 min in the incubator, cells are broken up by vigorous pipetting
in the plate with a plugged Pasteur pipet, then the 1 mL of disaggregated cells
are dispensed into 4 mL of medium in a centrifuge tube and mixed immediately.
Cells are counted, and 0.51€F cells per 6-cm feeder plate are used for further
growth (Fig. 3A). If the cells are plated atx11(P cells or more per 6-cm plate,
then passage may be required after 2 d of growth. Feeder cells and trypsin are
carried over at each passage. A rule of thumb is that the trypsin-EDTA solution
should not exceed 10% by volume in the culture media. If so, cells should be
pelleted to remove it. At trypsinization, it is very important to create a single
cell suspension, although it is impossible to avoid getting some doublets and
triplets of cells (Fig. 3A). If undissociated clumps of ES cells are present, they
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Fig. 3. One passage of a euploid XY C57BL/6J ES cell line derived from a normal
blastocyst on a PEF feeder layer. (A) ES cells just seeded atl®Pxells in a 6-cm
plate; note single cell suspension. This same culture showing ES cell colofBgs at
1d, (C) 2d, and (D) 3 d later. At 3 d, there are approx18° cells in the plate (cell
doubling time approx. 18 h) and the culture is passaged again. All objects at 100X
(original magnification) and under phase-contrast optics.

will become relatively large colonies and may begin to differentiate before the next
passage. If this practice is continued, ultimately the cultures will deteriorate.

3.4. Testing Serum Lots

A number of commercial sources of FBS have been tested for growth of ES
cells. Nevertheless, it is still a good idea to test different lots, as better or less
expensive ones may often be found. To test three unknown against one control
serum (control serum could be a sample of a commercial pretested lot):

1. Prepare two 12-well plates of feeder cells at least 1 d before plating ES cells.

2. Make up DMEM with all additives except serum, and dispense 1.35 mL into
each well of one plate, and 1.2 mL into each well of the other plate. Irrghe fi
plate, with a pipetman and barrier tip, for each serum dispense 0.15 mL into
three wells (10% wells). Similarly, for the second plate, for each serum dispense
0.3 mL into three wells (20% wells).

3. Trypsinize a near-confluent 3-cm plate of ES cells, pellet cells, replate them into
two nongelatinized 3-cm plates without feeders, then place in incubator.
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4. After 45 min most feeder cells will have attached to the bottom of dish, while
ES cells will be lightly attached at most. At this time, gently aspirate media from
both dishes, then with a pipetman and barrier tip, vigorously pipet up and down
over the bottom of the dishes with a total of 0.7 mL of media to dislodge ES
cells, then dispense into a tube.

Count cells, then dilute in DPB® 100 cells per 0.05 mL in a total of 10 mL.

6. Dispense 0.05 mL of cell suspension, that is, 100 cells, into each well of the two
12-well plates, then incubate.

7. Change media 3 d and 6 d after plating, then score clones, or colonies, 8 d
after plating.

8. In scoring clones, first check for differentiation: Most colonies should be
completely or largely undifferentiated. After this examination, aspirate media,
turn plates upside down, and count the number of colonies at the bottom of
each well. Choose serum which passed the differentiation test and produced the
highest number of clones. An acceptable serum will give approx. 20 clones in
both 10% and 20% wells. Growth of clones should have been somewhat faster
in the latter wells.

o

4. Notes

1. DMEM used in ES cell culture typically contains approx. 2.2 g/L rather than
the standard 3.7 g/L of sodium bicarbonate. This lowers the osmotic pressure
of the DMEM such that it approaches that of media used widely in culture of
preimplantation stage ovy@0,31). For this reason it may be better suited for
culturing blastocyst-derived cells, although this is anecdotal and ES cells can be
cultured successfully in standard DMEM.

2. For feeder layers, investigators generally have a preference for using either PEFs
or STO cells. Each type of feeder has been used with equal success, and while
the choice of one over the other depends mainly on tradition, these two cell types
have different minor advantages. STO cells are immortal and grow rapidly. On
the other hand, ES cells can be visualized more readily on PEFs and to many the
cultures are more esthetic. If one intends to use STO cells, it is very important
to obtain a subline of suitable morphology and that will form a durable feeder
layer—for example, the source given in the Materials section. Unsuitable batches
of STOs can be subcloned by manually dispensing single cells into wells using a
pulled Pasteur pipet or capillary or by seeding at very low density. The morphology
of clones is examined 7 d later and desirable ones isolated and expanded. To be
useful, newly derived STO cell sublines must be able to support the growth of ES
cells plated at very low density—for example, 200 cells per 3-cm feeder plate.

3. Adding LIF to ES cell culture media is generally unnecessary, and this is certainly
true if one is using STO feeder cells that are transfected witl Ehgene. Some
lines of PEF feeder cells expressing NEO are not fully resistant to G418, and it
may be necessary to add LIF when ES cells are placed under selection.

4. Oocytes of hybrid females, such as (C57BL fem&@&H, CBA, or SLJ male)f
are the best for parthenogenetic activation. For inbred strains, C57BL are good,
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while 129/Sv are poor. Usually the problems lie not in activation but in the
viability of the ovum following the experimental procedure. A potentially gentler
method than ethanol treatment for activating oocytes is to culture them for 8 h in
medium CZB containing 10 migtrontium chloride instead of calcium chloride.
Again, 5ug/mL cytochalasin B or 1 g/imL cytochalasin D is used to inhibit
polar body extrusion (32). Alternatively, the problem can be circumvented by
transplanting the two pronuclei into enucleated parthenogenetically activated
haploid ova of hybrid mice (23). The parthenogenetic ova then develop to the
blastocyst stage at high frequency.

Both X chromosomes remain active in XX ES cells, and with passage the cells
appear to compensate chromosomally for amufosome activity ratio that is
probably not compatible with long-term survival. In XX parthenogenetic lines,
one X often has deletions in the distal reg{88). Of 10 pY353/B-negative

lines derived from wild-type 129/SvimJ blastocysts, two were XO ard fi
had only one normal X (K. Fowler and J. Mann, unpublished data). Also, XX
embryonal carcinoma cells can possess supernumerary autosordbp ([Jis
chromosomal instability of XX ES cell lines obviously has implications for the
production and analysis of chimeras, and careful analysis of karyotype should
be carried out before they are used.

Mice with maternal or paternal duplication of autosome regions are produced by
intercrossing mice heterozygous for reciprocal translocatsmesChapter 3). In
deriving ES cell lines, it is important to keep in mind that in these intercrosses (1)
a high frequency of chromosomally unbalanced zygotes are obtained, such that
the frequency of normal postimplantation development is one-third of normal;
and (2) of the mice obtained, for the chromosome regions proximal and distal
to the translocation breakpoint, one-sixth and one-tenth, respectively, possess
the desired maternal or paternal duplication (36). Thus, one-eighteenth and one-
thirtieth of all zygotes, respectively, have the desired genotype. Because of
the high frequency of chromosomal imbalance, not all morulae will develop
to the blastocyst stage, and not all blastocysts will produce outgrowths. In
intercrosses involving the T(7; 15)9H translocation, the frequency of outgrowths
per blastocyst was similar to the frequency of 9.5 dpc embryos per implantation
site (37), thus the failure of blastocysts to develop in vivo occurs also in vitro.
This is an advantage, as only euploid blastocysts are likely to form new cell
lines in this system. The inviability might be expected, as all noneuploid zygotes
resulting from intercrosses of reciprocal translocations are partially monosomic
or nullisomic for one of the two chromosomes involved. For every mouse
chromosome, monosomy is lethal at the peri-implantation $88)e

Using the conventional means of derivation as described in this chapter, the
frequency of ES cell line derivation (per 3.5-4.5 dpc blastocyst not subjected
to implantation delay) that we have obtained has varied according to the mouse
strain used. With wild-type, parthenogenetic and androgenetic blastocysts of the
129/SvimJ strain, or blastocysts containing significant amounts of this genetic
background, a frequency of 50% has generally been obtained. With wild-type
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C57BL/6J and CBA/CaJ blastocysts, frequencies have been 10%. CBA strains
have been described as resistant to ES cell line derivation when similar methods
to those described here have been (38d0). Thus, differences between CBA
substrains or other undefined experimental variables determine the success of
derivation, and the same may be true for many mouse strains. With hybrid wild-
type blastocysts derived from crosses of the mouse subspéasesusculus
castaneus, CAST/EI, that is, (C57BL/6J or 129/SvInxICAST/Ei)F, and the
reciprocal, the frequency has been 90%.

Regarding the type of feeder cell used at passage 0, a consislérg fias

been that SNL STO cells give approximately double the frequency of cell-line
derivation than standard STO cells and PEFs, and a similar phenomenon has
been reported previously (41). The frequency of derivation when using these
latter cell types as feeders might therefore be increased by adding LIF to the
medium at passage 0.
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Balanced Translocations for the Analysis
of Imprinted Regions of the Mouse Genome

Anne C. Ferguson-Smith, Maxine Tevendale, Pantelis Georgiades,
and Valerie Grandjean

1. Introduction

Experimental studies that investigate the functional and mechanistic proper-
ties of an imprinted locus require material in which the two parental chromo-
some homologs can be easily distinguished. The use of animals with uniparental
duplications and deficiencies of imprinted regions of interest is one powerful
approach. This material not only allows the successful analysis of the monoal-
lelic expression and genome modifications associated with imprinting, but
also is useful for studying the developmental roles of imprinted genes through
the analysis of conceptuses in which the dosage of imprinted genes has been
perturbed1-3).

Robertsonian and reciprocal translocation heterozygote intercrosses have
been used to generate mice with uniparental disomies (UPD) and uniparental
duplications/defiiencies of whole or selected chromosomal regions, respec-
tively. This genetic approach was pioneered for imprinting studies by Bruce
Cattanach and his colleagues at the MRC Mammalian Genetics Unit at Harwell
in Oxfordshire. A mouse carrying a UPD or uniparental duplicatiorigefiy
(hereafter to referred to as a partial disomy) has a normal diploid chromo-
some content; however, the parental origin of a subset of that genome is
perturbed such that the animal has inherited both copies of a chromosome, or
chromosomal region, from one parent and none from the other. This is shown
schematically for UPD in Fig. 1. Genetic analysis has shown that there are
abnormal consequences for development if the parental origin of particular
mouse autosomal regions is perturbed (4). Isolation of these defective embryos
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Fig. 1. Schematic representation of unlparental disomy (UPD) chromosomes, which
by definition involve the whole chromosome. In this example, maternal chromosomes
are in white and the paternal chromosomes in black. Robertsonian translocation
heterozygous intercrosses are used to generate UPD. For simplicity, the other chromo-
some involved in the translocation is not shown. Also included are two reciprocally
imprinted genes (on = expressed allele; off = silent allele), and their dosages are
perturbed with maternal and paternal uniparental disomy.

and their normal littermates results in a valuable source of material for the
molecular and developmental analysis of the imprinted region.

In the mouse it is relatively easy to generate conceptuses with imbalances
in the parental origin of imprinted domains. In humans this occurs on rare
occasions and has resulted in patients with imprinted diso(8@)s These
patients have been a very valuable resource for the study of human imprinting
but are sometimes limited through availability of material and adiffies/
inconsistencies with clinical diagnoses. In the mouse, these problems are not
encountered.

1.1. The Harwell Studies and Imprinting Map to Date

Over a 20-year period, the Harwell team has generated an “imprinting map”
(previously known as a “noncomplementation map”) of mouse autosomal
chromosomal regions that exhibit gross phenotypic abnormalities when their
parental origin is perturbed. In this analysis, abnormal phenotypes including
lethality, growth anomalies, and obvious behavioral defects were noted. Ten
imprinted chromosomal regions have been idesttiffrom these genetic studies,
and most of the imprinted genes identified to date map to these regions. They
are located on proximal and distal chr2; proximal chr6; proximal, central, and
distal chr7; proximal chrll; distal chrl2; and proximal and distal chrl7 (7).
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Reports from Oakey and colleagues suggest an imprinted domain on chr18 (8).
Imprinted regions causing more subtle defects or containing imprinted genes
with functional redundancy would not have been identified by this method. A
minority of the imprinted genes identified to date map outside these genetic
regions. The map of imprinted regions and locations of known imprinted
genes are kept up to date and can be foumtt@t/www.mgu.har.mrc.ac.uk/
anomaly/anomaly.html. A table of all the known imprinted genes and the key
imprinting references can also be found at this site.

2. Reciprocal and Robertsonian Translocations

The ability to generate conceptuses with partial and whole chromosome
disomy depends on the use of balanced reciprocal or Robertsonian translocation
heterozygote animals, respectively, which, during gametogenesis, undergo
meiotic segregation events that result in unbalanced gametes. Zygotes formed
from gametes with complementary duplications and deficiencies of most
chromosome regions usually give rise to normal, viable mice. If an imprinted
chromosomal region is involved in the translocation, the perturbed parental
origin of the region can cause developmental defects associated with the
abnormal dosage of the imprinted gene or genes.

A catalog of chromosomal variants, including reciprocal and Robertsonian
translocations and some information on their origin, fertility, and frequency
of nondisjunction, has been documented by Beechey and E9anglost
mouse stocks carrying chromosomal anomalies are available from Harwell
(UK), http:/imww.mgu.har.mrc.ac.uk/ anomaly/ anomaly.html, and the Jackson
Laboratory (USA), http://jaxmice.jax.org/index.shtml.

2.1. Nondisjunction in Robertsonian Translocation Heterozygotes

A Robertsonian translocation is characterized by fusion at the centromeres
of two nonhomologous chromosomes, resulting in the translocation of a
whole murine chromosome. During meiosis in animals heterozygous for a
Robertsonian translocation, nondisjunction events occur. This results in the
formation of unbalanced gametes. When a nullisomic egg is fertilized by a
sperm harboring a disomy of that same region (or vice versa), a balanced
zygote is formed. The zygote is diploid with a balanced chromosomal consti-
tution; however, for the regions involved in the translocation, there are two
copies from one parent and no copies from the othigr (). Although the
frequency of nondisjunction can be up to 30% in each parent, the actual
frequency of maternal or paternal UPD in the progeny can be very low.
This is especially true for single heterozygote intercrosses. Higher frequen-
cies of nondisjunction occur in animals that are heterozygous for two Rob-
ertsonian translocations with both translocations having a chromosome in
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common—known as monobrachial homology. For example, in a recent report
using Robertsonian translocation double heterozygote intercrosses, with the
translocations sharing monobrachial homology for chromosome 12, UPD12
conceptuses were obtained at a total frequency of 6% of the total number of
implantationq10).

2.2. Adjacent-1 and Adjacent-2 Disjunction
in Reciprocal Translocation Heterozygotes

A balanced reciprocal translocation results from breakage in two nonho-
mologous chromosomes followed by symmetrical exchange, thus producing
four different chromosomes rather than two homologous chromosome pairs.
Because there are two regions associated with the breakpoint, one proximal and
one distal, meiotic segregation events result in gametes with either proximal
uniparental partial disomy (after adjacent-2 segregation) or distal uniparental
partial disomy (after adjacent-1 segregation). This is illustrated schematically in
Fig. 2. The frequency of adjacent-2 segregation is lower than that of adjacent-1
segregation. This results in a greater frequency of distal partial disomies and
makes the study of more proximal regions more difficult. Imprinting effects
associated with proximal or distal partial disomy for the 10 autosomal regions
are reviewed in ref4.

When using translocation heterozygote intercrosses, in addition to the
normal littermates and those obtained with balanced partial or complete
uniparental disomies, many of the conceptions will have whole chromosome
or segmental aneuploidies, including trisomies (Ts) and monosomies (Ms).
Ts conceptuses can be distinguished from those with UPD using genetic
markers, and most Ts progeny die prenatally. Their phenotypes have been
described in the literature (112). Monosomies die before or around the time
of implantation (13).

2.3. Nomenclature

In human and mouse whole chromosome uniparental duplications associated
with a balanced diploid karyotype have been referred to in the literature as
uniparental disomies and abbreviated to mUPDn or pUPDn, where m and p
refer to either maternal or paternal origin, respectively, and n represents the
chromosome involved. Partial disomy (uniparental duplicatiordidefcy),
which by definition involves part of a chromosome, is not a UPD. The term
“uniparental duplication/deficiency” is a cumbersome one, especially if
it is extended to include key details of the particular duplicatedieeti
chromosomal region, such as its proximal or distal nature or its parental origin.
For uniparental duplications/deiencies for part of a chromosome generated by
reciprocal translocation heterozygote intercrosses, there is nomenclature incon-
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Fig. 2. Mice heterozygous for the reciprocal translocation T(7;15)9H will produce
normal and unbalanced gametes during mei@ais Schematic representation of the
chromosomes 7 and 15 in a translocation heterozy@)jt€airing during meosis results
in quadrivalent rather than bivalent formation due to the presence of both normal and
derivative chromosome$C) The unbalanced gametes produced after adjacent-2 (
and adjacent-1yj segregation are illustrated. Normal gametes are also produced. In (a)
and (b), the proximal partial disomies and partial nullisomies are represented; (c) and
(d) are distal partial disomies and partial nullisomies are shown. Complementation via
fertilization of a partially nullisomic egg by a sperm with the corresponding partial disomy
(or vice versa) will result in a balanced zygote with a partial disomy. Fertilization between
a normal gamete and an unbalanced gamete will result in an aneuploid conceptus.

sistency in the literature. Several different abbreviated forms have been used.
For example, MatDi7 has been used to indicate a maternal duplication/paternal
deficiency of the distal part of chromosome 7 (2). The same genotype has also
been described by McLaughlin and colleagues as MatDyB)dand MatDi
has also been more recently used to describe m@PDA distal maternal
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duplication/paternal deficiency of chromosome 2 has been called MatDp2 (14).
In all these studies, the translocations involved are noted and the abbreviations,
though inconsistent, are reasonably clear. More recently, terminology has
been approved by the Committee on Standard Genetic Nomenclature for Mice
(2000) and can be found on the Harwell website Ssdeheading 2.).

2.4. Choosing Translocation Stocks

Several factors should be considered when choosing the translocations to be
used for experimental analysis of imprinted regions:

1. To generate partial disomies, because two chromosomal regions are involved in
the translocation, it is prudent to choose a translocation in which only one of
the chromosomes involved exhibits evidence of imprinting. For example, with
T(7;15)9H, there is no current evidence for imprinting on chromoson{&5).5
hence imprinting phenotypes can be attributed to chromosome 7 imprinting
rather than to the proximal or distal chromosome 15 partial disomies that will
also arise from the cross (Fig. 2).

2. Some translocations are unsuitable for a variety of reasons such as sterility in
one sex, or they may not be available as homozygous stocks due to lethality
or poor fertility. If they can only be maintained as heterozygote stocks, then
extensive cytogenetic expertise is needed to characterize the outcomes associated
with stock maintenance.

3. Experiments that require the analysis of regions proximal to a reciprocal
translocation breakpoint may be impractical due to the low frequency of partial
disomies recovered.

4. To facilitate the molecular genotyping of progeny, it is preferable that transloca-
tions be maintained on two separate genetic backgrounds if possible. Not all
translocations are available on multiple genetic backgrounds. Alternatively,
visible genetic markers may be used, and again, suitable stocks may not be
available or phenotypes associated with these genetic markers may not be visible
at prenatal stages.

Information regarding these factors can be obtained from the Harwell and/or
Jackson Laboratory websites and some can also be foundMmRefsearchers
requiring further information are encouraged to consult with experts at the
Jackson Laboratory or at the MRC Mammalian Genetics Unit at Harwell.

3. Breeding Strategy

Here, three sets of crosses are described: two for the maintenance and
generation of the required stocks and parent animals, and one for generating
the experimental animals:

1. a. Maintenance of the translocation in the homozygous state.
b. Generation of heterozygotes for the subsequent intercross.
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2. The heterozygous intercross for generating the uniparental duplicaticiefusfi
conceptuses.

3.1. Maintainance as Homozygotes

Translocation lines are best maintained as homozygous stocks. An animal
that is homozygous for a reciprocal or Robertsonian translocation has both
chromosome homologs associated with the translocation. Because of the
homozygosity, normal pairing will occur during meiosis and segregation will
be balanced. A minimum number of breeding trios (one male and two females)
is maintained and replaced on average every 6 mo to 1 yr. The number of
trios and length of reproductive success depends primarily on the genetic
background and environmental conditions.

3.2. Generation of Heterozygous Stocks
for Subsequent Experimental Crosses

3.2.1. Single Heterozygotes

Single heterozygotes are generated when males and females that are hetero-
zygous for reciprocal translocations are required. These are made by crossing
male or female translocation homozygotes with cytogenetically normal inbred
laboratory strains. The choice of laboratory strain depends on the experimental
use and the molecular markers required (see below). Usually, strains with
the same genetic background as the translocation homozygote are chosen
to maximize genomic homogeneity, thus minimizing genetic background
effects—for example, Cross 1 = T(7;15)9H/T(7;15)9H (BALB/cBALB/c;

Cross 2 =T(7;15)9H/T(7;15)9H (129/Sv)1R9/Sv. However, if there is a need

to identify the grandparental origin of each of the four homologs in subse-
guent intercrosses (for example, to identify the parental origin of each chromo-
some in partial Ts or Ts offspring), then using four strains can be useful—
for example, Cross 1 = T(7;15)9H/T(7;15)9H (BALB/cC67BL/6J; Cross 2

= T(7;15)9H/T(7;15)9H (129/Sw AKR.

Translocation heterozygote breeders can be set up in trios. Initially the
translocation is transmitted through either male or female homozygotes to
compare the fertility between laboratory strains and translocation males.
Subsequently, it is useful to revert to the more productive cross for generating
the male and female heterozygotes for the experimental stock. The number
of heterozygous breeding trios varies considerably depending on the numbers
required and the fertility of the breeders.

3.2.2. Double Heterozygotes

Double heterozygote crosses are preferred when using Robertsonian trans-
locations because the frequency of meiotic nondisjunction with Robertsonian
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translocations is increased in double heterozygote parents. To generate double
heterozygotes, two different Robertsonian translocation homozygotes with
monobrachial homology for the chromosome of interest are intercrossed.

For example, in recent work where UPD12 conceptuses were generated and
analyzed(10), Rb(8,12)5Bnr/Rb(8,12)5Bnr animals were intercrossed with
Rb(4,12)9Bnr/Rb(4,12)9Bnr (both C57BL/6J) parents to generate Rb5/Rb9
double heterozygote animals. For the second parental cross, Rb(8,12)5Bnr
homozygotes were mated with Rb(6,12)3Sic homozygotes (both BALB/c) to
generate Rb5/Rb3 heterozygote females. In this latter cross the majority of
males produced are sterile, so Rb5/Rb9 males are mated to Rb5/Rb3 females in
the final experimental cross such as that described below.

The gametes arising in the double heterozygote parents used above are
described in refl0. Predicted zygotic outcomes are also illustrated schemati-
cally in this paper. Many aneuploid conceptuses are predicted, but because of
their unbalanced chromosomal constitution are peri-implantation lethal.

3.3. Translocation Heterozygote Intercrosses and the Generation
of Conceptuses with Uniparental Duplications

This is the cross for generating the experimental material and is housed as
stock cages of translocation heterozygous females that are mated to transloca-
tion heterozygous stud males of a different genetic background. As fertility is
sometimes reduced in translocation heterozygous an{®k&lstud males are
used for 6 mo to 2 yr, and information regarding plug frequency is kept
for each male. In addition, males that regularly give rise to UPD or partial
UPD offspring are noted and preferred as studs, because frequencies of
meiotic nondisjunction can vary among individuals. As indicated above, single
heterozygous intercrosses are used for reciprocal translocations, and double
heterozygous intercrosses are preferred with Robertsonian translocations.
Translocation heterozygote females are plug-checked on the morning after
mating. Pregnant females are sacrificed at the required day after plugging and
conceptuses are dissected for further analysis. Before genotyping, the dissected
material is washed carefully through several changes of sterile phosphate-
buffered saline to minimize contamination from maternal cells that might
interfere with polymerase chain reaction (PCR)-based genotyping assays.

4. Genetic Analysis
4.1. Identifying Parental Chromosomes
4.1.1. Genetic Markers

A successful strategy for generating animals containing alterations in the
parental origin of imprinted chromosomes depends on the ability to ensure that
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the two parental chromosomes can easily be distinguished and that disomy or
partial disomy animals can be identified from their normal littermates and from
the aneuploid progeny generated. Before the advent of molecular technology,
recessive alleles with obvious phenotypes were very useful genetic markers to
determine uniparental inheritance of chromosomal regions of interest. Examples
of these include, the recessive tyrosinase mutation for albinism located on
distal chromosome 7, and vt, vestigial tail, on chromoson(@) 1By having one

of the parents homozygous for the recessive allele and the other homozygous for
the wild-type allele, any offspring inheriting both copies of the recessive allele
would be easily identifid as having uniparental inheritance. One disadvantage
of this method is that some of the marker phenotypes are only evident later in
gestation (eye pigment) or after birth (coat phenotypes), and this has limited the
earlier gestation identification and analysis of imprinted phenotypes.

4.1.2. Chromosome-Specific Molecular Markers

Nowadays, the parental origin of chromosomes is identified through the use
of strain-specit DNA sequence polymorphisms, especially those detected
by PCR ampliftation of mouse microsatellite markers. These are located in
several databases, including http://mww.hgmp.mrc.ac.uk/. For a simple analysis,
translocation heterozygotes of one strain are intercrossed with those of another,
and hence offspring that are heterozygous for a marker carry both parental
chromosomes. Those that are homozygous for the marker have contribution from
only one parent and are likely to have uniparental disomy or partial disomy.
Sometimes it is useful to be able to characterize the transmission of each of the
four grandparental chromosomes in offspring of a translocation heterozygote
intercross. This is useful (1) for determining isodisomy (homozygous) or het-
erodisomy (heterozygous)—see below; (2) in identifying trisomic or monosomic
conceptuses in addition to the uniparental duplicatioriéeity embryos; or
(3) assessing the contribution of genetic background effects. The four parental
strains used to generate the translocation heterozygotes must be different, and
strain-specifi chromosome-spedifimarkers of all the chromosomal regions
involved in the translocation must be resolvable by gel electrophoresis.

For genotyping, a small amount of tail or yolk sac DNA can be isolated
from the conceptus and subjected to PCR amplification using primers specifi
for the parent-specific polymorphic microsatellite markers (Research Genetics,
Inc., Huntsville, AL). Both paternal and maternal control DNAs are always run
alongside progeny for comparison. Ammétion conditions depend on the prim-
ers used. The quickest and easiest approach to resolve genotype-bpaci§
is on a high-percentage agarose gel (3/1 Nusieve/agarose) as sHagn3in
Polyacrylamide-urea gels can also be used if bands are too close in size to be
resolved on agarose gels.
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Fig. 3. Genotyping of maternal (MatDp(dist 12)) and paternal (PatDp(dist 12))
partial disomy 12 embryos. Genetic background-speeaifiplification products of
different lengths can be generated by PCR using primers that span microsatellite
and other short sequence repeats. Here, primers that map to the distal portion of
chromosome 12 are used to differentiate between maternally and paternally inherited
chromosomes. Maternal alleles measure 178 and 166bp (lane 1) and the paternal alleles
both measure 152bp (lane 2). Normal littermates who have inherited one maternal and
one paternal allele are showar(es5 and §. MatDp(dist 12) lack the paternal allele and
PatDp(dist 12) lack either of the maternal alleles. (These data are part of an ongoing
project conducted in collaboration with Dr. Bruce Cattanach, Harwell, UK).

An example of the use of PCR amplification of strain-spenifcrosatellite
repeat polymorphisms to genotype offspring in a cross used to generate maternal
and paternal partial disomy for chromosome 12 offspring is shown in Fig. 3. A
101/129Sv mother heterozygous for the T(4;12)47H translocation (the transloca-
tion is on 101 and the normal chrl2 on a 129/Sv genetic background) has been
crossed with a male who is C3H (from both his parents) and heterozygous
for the translocation. Two normal littermates who have inherited paternal and
maternal alleles are shown in lanes 5 and 6. Lane 3 shows amplification from a
maternal partial distal disomy conceptus (MatDp(dist 12)) who is heterodisomic
for the distal region (i.e., both maternal grandparental alleles are represented).
Lane 4 shows a paternal partial distal disomy embryo that is isodisomic for the
paternal C3H alleles. All partial disomy embryos should also be genotyped for
the distal chromosome 4 alleles that are also involved in the translocation. This
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Fig. 4. Southern and Northern hybridization using DNA and RNA isolated from
embryos with mat maternal partial disomy (uniparental duplication/paternciktefy)
for the region distal to the T(7,15)9H translocation breakpoint. Hybridization signals
are compared with those of normal littermates (N). Techniques and probes used were
as described previousl{i6). (A) Using this DNA, parental-origin-speafiDNA
methylation is evident for the promoter of the H19 gene. DNA was digesteépeath
alone (lane 1) or double-digested with either Mspl (lane 2) or Hpall (lanes 3 and 4
(B) Total RNA was isolated from MatDp(dist 7) and normal embryos and hybridized to
radiolabeled coding sequences from 1dfid9, and Gapdh. MatDp(dist 17) embryos
do not express Igf2, express a double dose of H19, and equivalent levels of Gapdh to
that expressed in normal embryos.

confirms the genotype because embryos with partial disomy for the imprinted
region distal to the translocation breakpoint (chromosome 12) will also carry
a partial disomy of the distal region of the other chromosome (chromosome 4)
inherited from the other parent (see also legend for Fig. 2).

4.2. Further Analysis

An example of the use of partial disomy material for further molecular
study is shown irFig. 4. Imprinted genes, such &9 and Igf2on distal
chromosome 7, can be assayed for allele-spdafiA methylation and mono-
or bi-allelic expression, which is evident when DNA and RNA from embryos
with a maternal partial disomy of distal chromosome 7 (MatDp(dist 7)) are com-
pared with material from a normal littermate. For the methylation analysis
shown inFig. 4A, a probe from the promoter of the maternally expressed,
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paternally repressed H19 gene is hybridized to a Southern blot of DNA digested
with methylation-sensitive and insensitive restriction enzyme isoschizomers,
Hpall and Mspl, respectively. The promoter of this gene is unmethylated on
the active maternal allele, hence complete digestion is evident with Hpall in
MatDi7 embryos (lane 4). In the adjacent lane 3, the normal embryonic DNA
shows 50% digestion. Comparison of lanes 3 and 4 indicates that this digestion
is allele-specifi, with the paternal allele being methylated and uncut and the
maternal cutting to completion. The use of the MatDp(dist 7) embryo allows
for clean analysis with hybridization signals that are easier to interpret than
alternative approaches that depend on the occurrence and characterization of
allele-specift DNA polymorphisms. Figure 2B illustrates how the MatDp(dist 7)
material can be used for allele-specific expression analysis. The genes shown
here are Igf2, which is expressed from the paternal allele, and the reciprocally
imprinted H19. In the absence of a paternally inherited Igi2le in the
MatDp(dist 7) embryo, there is no activity compared to normal. For the maternally
expresseti19, we see a measurable double dose in the MatDp(dist 7) compared
to normal. Both are quantitated against the nonimprinted Gapdh control. Thus,
using the MatDp(dist 7) material, differences can be attributed to the missing
paternal chromosome and hence methylation and expression can be shown for
each parental allele. The standard protocols used for these experiments are as
described previouski6). Quantitation is easily carried out through measurement

of band intensities. In addition, the analysis of expression and methylation can be
done without using PCR-based approaches because in most instances, adequate
amounts of material can be generated. An exception to this, pertinent for the
example shown, is the PatDp(dist 7) embryo. These conceptuses, which have
inherited two copies of the region from the father and none from their mother,
die at €9.5 of gestation and thus do not provide adequate amounts of material for
molecular studies of the kind described in Fi¢BR

5. Conclusion

In addition to the use of dissected animal tissue, cell cultures can be made
from uniparental disomy or partial disomy conceptuses. Primary embryonic
fibroblasts usually retain their imprints in culture and have been used success-
fully to assess and manipulate the epigenetic state of imprinted lot8)17,
Embryonic stem (ES) cells harboring a disomy or partial disomy seem to
maintain their imprints at early passage but do not usually maintain them after
longer passage in vitro. ES cells have been useful for the analysis of imprinting
in partial paternal distal disomy for chromosome 7. For example, they have
been successfully incorporated into chimearas with normal cells to study the
later gestation defects associated with paternal uniparental duplication of
distal chr 7 (19).
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The are several advantages associated with using balanced translocations to
generate conceptuses with uniparental duplications/deficiencies for the study
of imprinting. (1) One can cleanly observe the properties of an imprinted
region from one parental source in the absence of “contamination” by the
chromosome from the other parent. (2) Imprinted genes can be studied in an
undisturbed chromatin environment, unlike situations in which imprinting has
been disrupted by natural or targeted mutation. This is a relevant consideration
for mechanistic studies. (3) It is not necessary to identify and characterize
polymorphisms specific to the locus or expressed sequence of interest in order
to identify DNA or expression associated with parental alleles. However, there
are two assumptions to be borne in mind when using this approach. First, it
is currently assumed that the chromosomal region being investigated behaves
appropriately in the absence of a homolog from the other parent. To date there
is no evidence to suggest that this is not the case. Second, and this is more
relevant for expression studies, usually the region involved in the translocation
can be quite large, so anomalies in gene dosage that might be attributed to
imprinting at that locus could potentially be secondary effects associated with
imprinting at another locus. To date there is no evidence of an imprinted gene
affecting the expression of a neighboring nonimprinted gene.
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Production of YAC Transgenic Mice
by Pronuclear Injection

Justin F.-X. Ainscough, Rosalind M. John, and Sheila C. Barton

1. Introduction
1.1. Suitability of Transgenes for Imprinting Studies

The production of transgenic mice using small DNA constructs has been
widely used for many years to investigate the regulation of gene activity. Small
plasmid-based constructs (less than 20 kb) have been favored for a number of
reasons, particularly the ease with which they can be manipulated anddourifi
in large quantities. While this approach is powerful, there are some problems
associated with the size of these transgenes. In particular, many of these
small transgenes do not reproduce accurately the expression seen from the
endogenous gene. For some genes the regulatory elements that control activity
are located at a distance from the promoter and can be omitted from the
transgene. These may be enhancers, repressors, boundary elements, or even
locus control regions (LCRs), which are responsible for maintaining the correct
spatial and temporal expression patterns of a number of genes, such as the
globin clusters in mouse and humgady More important, small transgenes
are susceptible to position effects from the chromatin environment in which
they integrate, which often results in either ectopic expression (from trapping
of nearby enhancers for other genes) or suppression of gene activity. Finally,
small transgenes usually integrate in a multicopy tandem arrangement that does
not accurately reflect the situation seen at the endogenous locus.

There is growing evidence from studies in mouse and humans that the
regulatory elements for many imprinted genes may be widely dispersed within
“imprinted domains,” which may span hundreds of kilob426%. Therefore,

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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it is unlikely that analysis of small transgenes will provide much useful
information concerning the expression or mechanism of imprinting for the
majority of this unusual class of genes.

1.2. Availability of Larger Transgenes

In recent years technologies have been developed to make transgenic mice
using large DNA constructs based on artificial chromosomes from a number of
sources, including bacteria (BACs; ré).and yeast (YACs; for examples, see
refs. 5-8). These transgenes carsfibe manipulated in the host organism due
to efficient mechanisms of homologous recombination, before gatidn and
transfer into mammalian cells. Numerous constructs are available commercially
for YACs, and methods of modification have been well documented that can
be used for generating point mutations, deletions, replacements, and insertions
(9). Therefore it is possible, for example, to introduce reporter genes into genes
of interest, or to modify the size of the YAC construct under investigation,
with relative ease. The methods available for modifying BACs are described
by John et al. (Chapter 5).

The focus of this chapter is on the purification of YAC DNA and subsequent
transfer into fertilized mouse eggs. As mentioned earlier, one of the major
advantages that YAC-based transgenes have over smaller plasmid-based
transgenes is that they are more likely to possess the full array of regulatory
elements for the gene of interest, and thus are more likely to behave in a
manner similar to that seen at the endogenous locus. There is also an increased
likelihood of obtaining low-copy-number (or even single-copy) transgenic
animals using YAC DNA, because fewer molecules are introduced, so these
transgenes should provide a more accurate representation of both the patterns
of expression and also the levels of expression of genes located therein.

1.3. Study of Imprinted Genes

To date we and others have investigated two regions containing imprinted
genes using the YAC transgenic approach. These are a 130-kb region from
mouse distal chromosome 7, which contains the reciprocally imprinted Igf2
andH19 genes (5), and a 300-kb region from mouse chromosome 17, which
contains the maternally expressed Igtirne (8). In both cases the YACs
demonstrated appropriate imprinting of the genes at a number of ectopic
genomic locations. For the 130-kb 1gf2/H19 YAC, little evidence was found
for position effects such as the trapping of nearby enhancer elements. These
analyses therefore demonstrate the power of using this techniquerst a fi
step toward defining the minimal critical regions for imprinting of particular
genes, with the ultimate aim of identifying and characterizing the regulatory
elements involved.
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The Igf2r YAC transgene was further modifl by targeted deletion of a
differentially methylated intronic CpG island, which led to loss of imprinting,
thus defining a speciti role for this region. We have recently moelifithe
130-kblgf2/H19 YAC transgene by targeting loxP recombination sites around
a putative control element of unknown function, which had allowed us to
delete this element from the YAC after it had been integrated into the mouse
genome. We were therefore able to compare directly the activity of the YAC
transgene with and without the targeted element, at the same location in the
mouse genome, providing rapid and conclusive data on the function of the
deleted region (10).

It is therefore evident that the use of large transgenes has many advantages
over smaller, plasmid-based transgenes for initial investigations into dissecting
imprinted domains, and is a powerful tool that is underexploited at the present
time.

2. Materials
2.1. Preparation of High-Density Yeast Plugs

1. Synthetic minimal (SD) medium. 0.17% yeast nitrogen base, 0.5% ammonium
sulfate, 2% dextrose. Add appropriate amino acids (nonselective). For plates,
adjust pH to 5.8 with NaOH and add 2% bacto-agar.

. Hemocytometer (Weber Sciertfi

. 50 nM ethylenediaminetetraacetic acid (EDTA), pH 8.0.

. Yeast lytic enzyme (ICN Biochemicals), 50 mg/mL in water.

. 1.5% low-melting-point (LMP) agarose (Seaplaque-FMC) in 185 BDTA,
pH 8.0. Melt in microwave and equilibrate to 40°C.

6. Agarose plug molds (Pharmacia), sealed on one side with tape and cooled

on ice.

7. LET buffer: 0.5 MEDTA, 10 mMTris-HCI, pH 7.5. Just before use, add yeast

lytic enzyme to a fial concentration of 2 mg/mL.

8. Yeast lysis buffer (YLB): 100 mMDTA, 10 mMTris-HCI pH 8.0, 1% lithium

dodecyl sulfate (LDS).

9. 100 mMEDTA, pH 8.0.

abowdN

2.2. Purification of YAC DNA by Pulsed-Field Gel Electrophoresis

1. Pulsed-&ld gel electrophoresis (PFGE) apparatus (Pharmacia Gene Navigator
System).

. Running buffer (0.5x TBE).

. 1.2% LMP agarose (Seaplaque-FMC) in 0.5x TBE.

. 0.5% LMP agarose (Seaplaque-FMC) in 0.5x TBE.

. Ethidium bromide solution: 5Lpof 10 mg/mL per 100 mL 0.5x TBE.

. Agarose digestion buffer: 10MnTris-HCI pH 7.5, 1.0 mMEDTA pH 8.0,
100 mMNacl, 30 M spermine, 70 M spermidine.

OOk, WN
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. B-Agarase (NEB).
. Injection buffer: 10 mMris-HCI pH 7.5, 0.1 mMEDTA pH 8.0, 100 mMNaCl,

30 uM spermine, 7QuM spermidine. Filter-sterilize and store at 4°C. Make
fresh each week.

. Dialysis membrane (Millipore 0.05ny VMWP02500).
2.3.

. F1 hybrid mice in which the maternal component is C57BL/6, paternal can be

Preperation of Fertilized Mouse Eggs

any vigorous inbred strain, e.g., CBA, C3H, DBA, 129/Sv. We generally use
(C57BL/6 x CBA) F1 mice; females for superovulation at 5-6 wk old, males
mature and fertile.

. Pregnant mare serum (PMS), “Folligon”; Intervet UK) 50 IU/mL sterile phos-

phate-buffered saline (PBS). Store at 4°C.

. Human chorionic gonadotrophin (HCG), “Chorulon”; Intervet UK), 50 1U/mL

sterile PBS. Store at 4°C.

. 27G needles.
. Phosphate-buffered medium (PB1): NaCl (5.97 g/L), KCI (0.2 g/L);RC4

(0.19 g/L), CaCGi2H,0 (0.14 g/L), MgCJBH,O (0.1 g/L), glucose (1.0 g/L),
sodium pyruvate (0.04 g/L), penicillin G (0.06 g/L), streptomycin sulfate
(0.05 g/L), phenol red (0.01 g/L), bdPO, (anhydrous, 1.14 g/L—dissolved
seperately and added last). Filter-sterilize and store in aliquots at 4°C.
Bicarbonate-buffered medium (T6): NaCl (4.72 g¢g/L), KCI (0.11 g/L),
NaH,PO,2H,0 (0.06 g/L), CaGI2H,O (0.26 g/L), MgCJBH,O (0.1 g/L), glu-
cose (1.0 g/L), sodium pyruvate (0.03 g/L), penicillin G (0.06 g/L), streptomycin
sulfate (0.05 g/L), phenol red (0.01 g/L), 3.4 mL sodium lactate (60% syrup),
NaHCGQ; (2.1 g/L—dissolved seperately and added last). Filter-sterilize and store
in aliquots, with minimum air pocket above medium, at 4°C.

Bovine serum albumin (BSA), fraction V; Sigma). Add to PB1 and T6 media
at 4 mg/mL before use.

Hyaluronidase solution (6 mg/mL sterile water, stored at —20°C inL50-
aliquots). Make up to 1 mL with PB1 + BSA before usegficoncentration
300 1U/mL).

Light mineral oil, embryo tested (Sigma, M8410).

Bacteriological Petri dishes (30 and 50 mm, Sterilin).

Dissection microscope, e.g., Wild M3C.

Fine forceps (e.g., Dumont no. 5).

Pasteur pipets, drawn to internal diameter of approximatehudQdor egg
transfer by mouth pipetting system.

Humidifed CQ incubator at 38°C (5% C£On air).

2.4. Injection of DNA into Pro-Nuclei

1.

Standard micromanipulation setup. We use a Leitz micromanipulator and Zeiss
Ergaval upright fied-stage microscope equipped with Nomarski optics, and work
in hanging drops in a Puliv chambdl€fd with heavy mineral oil (Sigma).
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2. DNA delivery is by means of a 50-mL ground-glass syringe connected by an

airline to the instrument holder.

3. Holding pipet, controlled by an oil-filled pressure device (e.g., Narashige IM-6

or Eppendorf Cell Tram QOil).

4. Equipment for glass instrument making: microforge (Beaudouin), needle puller

~

2.5

=

abrwn

(Sutter Brown-Flaming), Bunsen burner.

Thin-walled capillary with Eament (Clark Electromedical Instruments, GC100TF-15)
for injection pipets, prepared in house as required.

Thick-walled capillary without fament (Clark Electromedical Instruments,
GC100-15) for holding pipets, prepared as required.

PB1 + BSA (4 mg/mL), prepared as in Subheading 2.3.

. Preparation of Recipients for Embryo Transfer

. (C57BL/6x CBA) F1 females (6—8 wk old), mated naturally with vasectomized
males of proven sterility. Day of vaginal plug counts as d 1 of “pregnancy.”

. Screening for Transgenic Offspring

Tail lysis buffer (TLB): 50 mMEDTA, 10 mMTris-HCI pH 8.0, 1% sodium
dodecyl sulfate (SDS).

1 Phenol/1 [chloroforr{4) iso-amyl alcohol (1)].

3M NacCl.

100% isopropanol.

TE: 10 mMTris-HCI, 1 mMEDTA pH 8.0.

3. Methods

3.1

. Prepare High-Density Yeast Plugs
1.

Inoculate 100 mL of selection media (SD without selective amino acids) with a
few colonies from a freshly grown selective SD plate. Grow with rapid shaking
at 30°C for 16—24 h (sellote 1).

. Count cell density using a hemocytometer, and determine the final volume that
will give a density of 4 . yeast/mL.

. Spin cells at 1500mr 5 min and pour off media. Resuspend cells in an equivalent
volume of 50 mMMEDTA, spin, and repeat once. Briefly spin cells once more and
remove residual liquid with pipet tip.

. Using a wide-bore pipet tip, thoroughly resuspend cells in MOBDTA to a

concentration of 1.2 £0!° yeast/mL (seeNote 2).

. Warm briefy to 37°C (30 s) before adding|g yeast lytic enzyme/10QLL.

Vortex briefly.

. Add 2 vol of 1.5% LMP agarose. Vortex bryefind quickly transfer 10QL to

each PFGE plug mold using a wide-bore pipet tip f$ete 3).

. Leave 15 min to set and transfer plugs into LET buffer (20 mL/mL of plug),

prewarmed to 37 °C (sadote 2).

. Incubate for 16—24 h at 37 °C, with periodic shakseg Kote 4).
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Replace LET buffer with equal volume of YLB, prewarmed to 50°C. Change for
fresh YLB after 1 h and incubate at 50 °C for 16—24eh Kote 4).

Equilibrate the plugs in 100 mEDTA at room temperature. Replace 3—4 times
to remove residual traces of LDS before storing at room temperature or 4°C
(see Note 5).

3.2. Purification of YAC DNA
3.2.1. PFGE Sepatration of YAC from Yeast Chromosomes

1.

2.

Equilibrate enough plugs for a single PFGE run (10-11) in OBE for

30 min. Repeat two times.

Load plugs onto 1.2% LMP agarose gel. Marker lanes can be included at both
ends of the gel. Seal the lanes with 0.5% LMP agarose.

Run gel under conditions appropriate for adequate seperation of yeast chromo-
somes, depending on size of YAC of interest (Sete 6).

Cut off both edges of the gel including approximately one plug width at each
side, and stain in ethidium bromide solution for 30 min. Store the central part of
the gel in running buffer (sellote 7 and Fig. 1).

Rinse the stained gel edges and, under UV illumination, cut notches in the gel to
mark the position of the YAC band (skég. 1).

Reassemble the gel using Saran wrap to keep the stained portions seperated from
the clean gel containing the YAC DNA to be purified. Slice out the unstained
YAC band between the notches and transfer to 0.5x TBE at 4°C until ready to
agarase treatée Note 8).

Stain the remaining parts of the gel and reassemble under UV illumination to
ensure adequate excision of the YAC band Beg 1).

3.2.2. Agarase Treatment of Purified YAC Band

1.

2.

arw

o

Equilibrate the gel slice in 20 mL of agarose digestion buffer at least three times
for 30 min each.

Remove all the buffer with a pipet tip and transfer the gel slice to a 2-mL
microfuge tube. Determine the weight of the gel by comparing to an empty tube.
Use approximately 500 mg of gel/tube.

Melt the gel at 68°C for 3 min, spin briefly, then melt for a further 5 min.
Transfer to 42°C and equilibrate for 5 min.

Equilibrate 2 units oB-agarase per 100 mg of gel in a 2-mL microfuge tube
at 42°C for 30 s, then transfer the melted gel intofsmarase-containing
tube with a prewarmed wide-bore 1-mL tip, and mix very gently, but quickly,
3—4 times.

Incubate at 42°C for 3—4 h, then transfer to ice for 10 min.

Spin down any undigested agarose for 15 min at room temperature, and transfer
the digested solution to a new tube.

Store at 4°Csee Note 9). Check intactness of the YAC DNA by running
15uL on a pulsed-field gel, and determine the concentration by comparing serial
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Fig. 1. Stained pulsed-field gel run for 24 h at 195 V with a pulse time of 40 s
at 9°C, on a Pharmacia Gene Navigator system, containing yeast DNA plugs with a
130-kb YAC. Positions of where to cut off the edges of the gel for staining to reveal the
location of the YAC band are indicated (cut). Notches cut into the stained gel edges at
the position(s) of the band of interest are also shown (N). The gel is shown reassembled
after slicing out the YAC band and the 225-kb yeast chromosome, demonstrating that
the DNA has been excised eféintly before staining.

dilutions to known concentrations of standard marker DNA. An approximate
concentration of 0.5-1 nglyis ideal for injection to generate low-copy-number
transgenic mice (seblote 10).

3.2.3. Prepare YAC DNA for Injection

1. Dialyze 10QL of YAC DNA solution against injection buffémmediately before
injecting. Transfer the DNA, using a wide-bore tip, onto dialysis membrane
floating on top of 20 mL of injection buffer in a Petri dish at 4°C for 1-2 h.

2. Transfer the dialyzed DNA into an microfuge tube and spin down any debris for
5 min before injecting. Keep on ice.
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The protocol of Subheading 3.2.3. should be repeated every day on which
injections are done. Repeat asSubheading 3.2.2. every few days. Repeat as
in Subheading 3.2.1. when required.

3.3. Preparation of Fertilized Mouse Eggs

1.

agrwN

o

10.

Using a 27G needle, superovulate F1 females by intraperitoneal injection of
150puL of PMS (seeNote 11).

After 48 h, similarly inject 150uof HCG.

Immediately transfer each female to a cage containing a fertile male.

Check females for vaginal plugs the following morning.

At 20 h after HCG injection, sacrifice the females and excise the oviducts with
care to avoid bursting the swollen ampullae. Transfer to a Petri dish.

Cover each pair of oviducts with a drop of hyaluronidase solution and open the
ampullae with forceps under the dissecting scope.

A mass of eggs embedded in a cloud of cumulus cells should be released.
When most of the cumulus cells have detached (3-5 min), collect the eggs with a
mouth-operated Pasteur pipet and wash through 3—4 large drops of T6 + BSA.
Check that the eggs have been fertilized.

Incubate in a drop of T6 + BSA covered with light mineral oil in the,CO
incubator until ready to proceed with YAC DNA injection ($éete 12).

3.4. Injection of YAC DNA into Pro-Nuclei
and Transfer into Recipients

Since the procedures for setting up the micromanipulator depend on the
type of microscope and micromanipulator used, we will assume a working
system is available to the user and provide only a brief outline of particular
procedures we use in this section.

1.

2.

3.

Prepare injection pipets immediately before use to avoid atmospheric contamina-
tion of the tip.

Transfer eggs in batches of 20-30 to drop(s) of PB1 + BSA in the injection
chamber (sedNote 13).

Load the injection pipet from the rear by standing it in the DNA solution for a few
minutes, tapping if necessary. Alternatively, place a drop of DNA solution within
the pipet against the glaskfnent using afie-drawn capillary.

Check that the piston of the syringe can move freely and without catching, then
mount the injection pipet.

Open the tip of the injection pipet in the injection chamber by gently knocking
it against the holding pipet until the outside diameter is approximatelyuény5
preferably with a slight bevel.

Inject DNA into the pro-nucleus in a gentle and controlled manner to avoid
shearing the DNA. Injection can be into either the male or female pro-nucleus,
although the larger size of the male pro-nucleus makes the procedure easier.
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10.
11.

Inject until the pro-nucleus is observed to swell to about twice its normal volume.
Withdraw the pipet gently.

If the tip is found to block after several injections, repeat the knocking procedure
as many times as the needle shape will allow before the outside diameter gets
too large (approximately 2mi).

After injection, transfer the eggs to a drop of T6 + BSA, and remove any that
have lysed. Incubate overnight in the {@cubator.

Select eggs that have not blocked (now at the two-cell stage) to transfer to
oviducts of d 1 psuedo-pregnant recipient females, following standard procedures
(see Notes 14 and 15).

Monitor the pregnancy by weighing at d 15 and d 18 after transfer (d 1). If the
female has not given birth by mid-day of d 20, deliver the pups by Caesarian
section and foster them to suitable foster mothers. This applies to any litter size,
since birth at a later stage will result in increased perinatal lethality.

. Screening for Transgenic Offspring

Take 0.5-cm tail snips from 10- to 14-d-old pups and incubate in 1 mL of TLB
in a 2-mL microfuge tube at 37°C for at least 16 h.

Add 0.8 mL of phenol/chloroform and shake vigorously, repeated several times
over a minimum of 15 min.

Spin at maximum speed in a microcentrifuge for 15 min at room temperature.
Transfer 0.8 mL of the supernatant into a 2-mL microfuge tube using a wide-bore
pipet tip, taking care not to disturb the interphase.

Add 80uL of 3 M NaCl.

Add 0.88 mL of isopropanol and mix gently until DNA strands form.

Leave at room temperature for 30 min for full precipitation, with occasional
mixing.

Pellet the DNA in the microcentrifuge at maximum speed for 15 min at room
temperature.

Pour off the supernatant and rinse the DNA pellet once with 70% ethanol.
Briefly spin the tubes once more and remove residual ethanol with a pipet tip.
Resuspend the DNA pellet in 180 of TE. Vortex briefly, then stand at room
temperature for at least 30 min. To ensure homogeneity of the DNA solution
before use, it is reccomended to pass the solution through a narrow-bore pipet
tip at least 10 times (sddote 16).

4. Notes

1.
2.

3.

Longer incubation times of up to 48 h may be required for some strains.
B-Mercaptoethanol can be added to a final concentration oMLtbjincrease

the quality of the DNA preparation, although we have not generally found this
step to be essential.

Ensure that the yeast cells are well mixed with the agarose solution, since
homogeneity of the sample is very important for the preparation of good DNA
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plugs. We find that brief vortexing at this step provides efficient mixing and is
not detrimental to therfial DNA quality.

These incubation times can each be reduced to 4—6 h by changing the buffers
regularly.

Plugs can be stored for many months in 100EBIMA at room temperature with

little or no degredation. If storage at 4 °C is preferred, it is essential that all traces
of LDS have been removed, as this will precipitate raes drystals.

. We fnd conditions of 195V, 40-s pulse time, 9°C for 24 h is adequate to separate

chromosomes up to 550 kb.

It is very important that no ethidium bromide comes into contact with the YAC
DNA to be purifed at any stage, as this will enhance degradation.

It is best to go on to the next step as soon as possible, although we have stored the
gel slices at 4 °C in 0.5x TBE overnight with no detrimental results.

Immediate use for injection is preferable, but we have stored DNA in this way
for up to 1 wk with little degredation.

In our hands the quality and quantity of DNA that can be purified by this method
is suitable for the efficient generation of low-copy-number transgenic mice.
It has been suggested, however, that more concentrated DNA samples can be
advantageous, especially for very large transgenes (over 300 kb). Additional
steps that can be taken to increase thal fconcentration of YAC DNA are
described in refll.

The aim is to produce about 200 fertilized eggs, from which 100-120 can be
selected for injection. Yield varies from 20—40 eggs/female.

Eggs of this genotype enter the ideal stage for injection (enlarging pro-nuclei
migrating toward the center of the egg) at around 23 h post-hCG injection, and
are harvested 2-3 h before this. Harvesting earlier than this will increase the
number of unfertilized eggs present.

For convenience, we generally produce a line of drops of PB1 + BSA in the injec-
tion chamber and transfer 3—4 eggs into each one. Including a different number
in the last drop provides an indicator of when the procedure is complete.

If more than 15% of the eggs have blocked, try using a more dilute DNA solution
next time.

Do not oercrowd the uterus; a single healthy embryo can develop to term
(although it will probably require delivery by Caesarian section), whereas more
than 8 surviving embryos will result in less vigorous pups at birth. We generally
transfer up to 15 two-cell eggs into each recipient female, which results in a litter
of between 1 and 6 pups on a good day.

DNA prepared in this way is suitable for use in both Southern analysis (use
10-15puL per lane for identifying a single-copy fragment) and PCR (use
0.25pL in a 50-LL reaction).
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A Transgenic Approach to Studying Imprinted Genes
Modlfied BACs and PACs

Rosalind M. John, Justin F.-X. Ainscough, and Sheila C. Barton

1. Introduction
1.1. Escherichia coli-Based Large Genomic Clones

The advantages of using large genomic clones in the analysis of imprinted
genes is described in Chapter 4 with particular reference to yeagtiartifi
chromosomes (YACs). These contain on average 500-600 kb of DNA but
can be much larger (>1 Mb). YACS are propagated in yeast and are therefore
amenable to genetic modifition by homologous recombination, and there
are now many examples of their use to generate transgenic mice. This chapter
describes a relatively new strategy for using large genomic clones that relies
on Escherichia coli-based systems.

Bacterial artifcial chromosomes (BACs) are single-copy plasmids based
on the E. coli fertility plasmid (F factor). P-1 derived adidil chromosomes
(PACs) are based on the bacteriophage P1. Similar to YACs, these vectors are
capable of holding large inserts (up to 300 kb) and are stably maintained as
1 or 2 copies. A number of genomic libraries are now available, both within
the academic community and commercially (e.g., Genome Systems, Research
Genetics). The main advantages of using these bacteria-based systems is the
stability of the clones in culture and the ease of preparation of high-quality,
intact DNA.

1.2. Modification of BACs and PACs

Until recently there were no methods for modifying BACs or PACs, which
substantially limited their use. However, homologous recombination-based

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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techniques for modifying E. coli-based clones have now been developed, two
of which are summarized here. The protocols and plasmids can be obtained
from the respective authors and are described there in detail.

The first techniquél), was used to modify a BAC and presumably will work
as well with other E. coli-based systems. It takes advantage of a temperature-
sensitive shuttle vector carrying Bncoli RecA gene. The required modifition
(marker insertion, deletion, or substitution) is constructed in a high-copy-
number plasmid such as pBluescript with at least 500 bp of genomic DNA,
which is homologous to the target locus, on either side of the raiilvin. This
construct is in many ways similar to the type of construct used in homologous
targeting of an endogenous locus in embryonic stem cells. This is cloned into
the low-copy shuttle vector (pSV1.RecA), which is tetracycline resistant and
can replicate only at 30°C. The shuttle construct is transformed into bacteria
containing the target BAC (or PAC) and a series of selection procedures follows.
In the first step, selection for tetracycline (shuttle vector) and chloramphenicol
(BAC vector) at 30°C selects colonies in which both plasmids are present but
replicating as two separate molecules. By raising the temperature to 43°C,
only the replication origin of the BAC is active and colonies are selected in
which the shuttle vector has recombined onto the BAC usinéreb path-
way. Once the integration event is idertifi(1/2 to 1/10 clones in our hands),
the colonies are allowed to grow in the absence of tetracycline selection (shuttle
vector), and some of these will lose the shuttle vector sequence and either the
modification locus or the unmodified target locus. When the shuttle vector is lost,
theRecA gene is also lost and the bacteria are no longer able to recombine homolo-
gous sequences, so the m@lfBAC is stably maintained. These tetracycline-
sensitive colonies can be selected for on chloramphenicol/fusaric acid plates at
37°C. The “resolved” BACs will either regenerate the original BAC or create the
intended modifiation, which can be determined by analysis on an agarose gel.

The second technique, known as “ET cloning,” also relies on homologous
recombination in E. col(2) and has been demonstrated to modify a number of
targets including a P1 clone. This system allows recombination between a linear
fragment with short (60-bp) homology arms and a circular target molecule.
The advantage of this system is in the construction of the roatiidfin since,
in theory, the homology arms can be added by PCR awggildn without
the requirement for convenient restriction sites and the fragment can be used
directly in a transformation without a cloning step. In addition, only a small
amount of sequence information at the target site is required; 120 bp would
allow the design of two 60-bp arms of homology for an insertional ncatiin.
However, in contrast to therét method(1), this protocol requires thenfal
modification to carry a marker selectableBncoli. This may be a major
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disadvantage if a subtle modification, such as a single-base-pair change, is
planned. To remove the selectable marker necessitates one of two additional
steps: (1) The marker may be flanked by either FRT or loxP sites and the
modification exposed to the corresponding site-specg#combinase, which

still leaves a small site-specific recombination target site at the point of DNA
manipulation; (2) two rounds of ET cloning are required, combining positive
and counterselection steps.

The first step in the ET protocol involves transformation of E. coli containing
the target clone with the pBAD-ETwector. This plasmid carries a truncated
RecE controlled by the arabinose-inducible promoter, a recT controlled by the
EM7 promoter, and regicontrolled by the Tn5 promoter. The clones, which
now carry both pBAD-ETyand the target clone, are exposed to arabinose,
which induces expression &ecE and renders the cells capable of using a
recombination pathway. These cells are then made competent and transformed
with the linear molecule that carries the madifion plus a selectable marker
flanked by the short homology arms. The third selection step is for the marker
within the modification, which is now integrated onto the P1 clone. Presence of
the intended modiation can be determined by analysis on an agarose gel.

We have used theréit protocol successfully (1) to target two loci carried
on BACs. In both cases the modifications were quite large, an addition of 7 kb
spread over 10 kb. The time required, after construction of the wetdbfi in
pBluescript, was less than 3 wk, with a total of 10 h hands-on time. The main
rate-limiting step is in the riial “pop-out” reaction, where there seemed to
be a bias toward recovery of the original BAC, which was most likely due to
the size of our insertion. In one case only 1/24 clones examined retained the
required modittation.

With the availability of these techniques, it is now possible to use both YACs
and BACs/P1 to generate transgenic animals. Two procedures can be used to
get the transgene into mice: pro-nuclear injection (described in Chapter 4) and
embryonic stem (ES) cell lines. Pro-nuclear injection is the more rapid way
to generate a large number of unique transgenic lines and requires only small
amounts of DNA (<1 g). The ES cell method is more time-consuming and
significantly more DNA is required, but full characterization of the integration
events can be performed before chimeras are generated to identify single-copy
integration events and confirm the intactness of the transgene.

The preparation of BAC DNA for pro-nuclear injection is described in
the first section of the protocol, and the preparation of DNA for the genera-
tion of embryonic stem (ES) cell lines is described in the second section.
Similar protocols can be applied to aBycoli-based system with appropriate
modification of the procedure (e.g., antibiotic selection, linearization agent).
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2. Materials
2.1. Pro-Nuclear Injection
2.1.1. Preparation of BAC DNA

PwonhE

el

POO®O®NOO

LB (1 L): 10 g bactotryptone, 5 g yeast extract, 10 g NaCl (autoclave).
12.5 mg/mL chloramphenicol. Store at —20°C.

14-mL polypropylene-round bottomed tube (Falcon 2059).

Solution I: 50 mMTris-Cl pH 8.0, 10 mMethylenediaminetetraacetic acid
(EDTA) pH 8.0, RNAse A to 100g/mL. Store at 4°C.

Solution 1I: 0.2 MNaOH, 1% sodium dodecyl sulfate (SDS). Prepare fresh.
Solution 1lI: 3 Mpotassium acetate, pH 5.5. Store at 4°C.

1 Phenol/1 (chloroform [24])/iso-amyl alcohol [1]).

Chloroform/iso-amyl alcohol (v/v, 24/1).

Isopropyl alcohol.

70% ethanol.

10 mMTris-HCI, pH 7.5.

2.1.2. Linearization of BAC DNA

N O AW

Sf1 (Stratagene 501064) or lambda terminase (Epicentre Technologies LT44200).
Pulsed-&ld gel electrophoresis (PFGE) apparatus (Pharmacia Gene Navigator
System).

Phenol.

Chloroform(24)/iso-amyl alcohol (1).

3M sodium acetate, pH 5.2.

100% ethanol.

70% ethanol.

10 mMTris-HCI, pH 7.5.

2.1.3. Pro-Nuclear Injection

1.

Injection buffer: 10 mMris-HCI pH 7.5, 0.1 mMEDTA pH 8.0, 100 mMNaCl,
30 uM spermine, 7QuM spermidine. Filter-sterilize and store at 4°C. Make
fresh each week.

2.2. ES Cell Electroporation
2.2.1. Preparation and Linearization of BAC DNA

1.

2.

Approximately 3Qug of DNA is required for one electroporation. Materials are
as under Subheadings 2.1.1. and 2.1.2.
50 mL polypropylene tubes (Falcon).

2.2.2. Electroporation of ES Cell Lines

1.
2.

92-mm polylysine-coated plastic tissue culture plates (Nunc).
0.1% gelatin.
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3. ES cell media (¥ Dulbecco’s modiftd Eagle’s medium F-12/DMEM, 2 mM
L-glutamine, 50 g/mL penicillin/streptomycin, X 'N' nucleosides, 1000
units/mL LIF (leukemia-inhibitory factor), 1 mModium pyruvate, 0.1 mM
nonessential amino acids, 6% sodium bicarbonate, 15% fetal calf serdrv) 10
B-mercaptoethanol. Add 150-260 pg/mL G418 or 130 pug/mL hygromycin for
selection.

Bio-Rad gene pulser.

4 mm electroporation cuvette (Bio-Rad).

Trypsin/EDTA (10x solution supplied by Sigma T4174).

PBS without calcium and magnesium (1 L): 10 g NaCl, 0.25 g KCI, 1.44 g
Na,HPQ,, 0.25 g KHPQO,, pH to 7.2 with HCI. Autoclave and store at room
temperature.

8. Humidified CQ incubator at 38°C (5% C£n air).

9. Hemocytometer (Weber Scierttifnternational Counting Chamber, depth 0.1 mm,

1/400 mmd).

10. 20-mL tubes.

NogaA

2.2.3. Picking and Analyzing Colonies

24-well tissue culture plates.
90-mm bacteriological Petri dish.
0.1% gelatin.
ES cell media (prepared as under Subheading 2.3.2.).
Low-powered microscope.
1x trypsin/EDTA (10 xsolution supplied by Sigma T4174).
Dimethyl sulfoxide (DMSO).
Lysis buffer: 100 Ml Tris-HCI pH 7.8, 50 v EDTA, 0.2% SDS, 200 M
NacCl.
9. 10 mg/mL proteinase K.
10. 1 phenol/1(Chloroforr4]iso-amyl alcohol [1]).
11. Chloroform/iso-amyl alcohol (24/1).
12. 3M NaOAc, pH 6.0.
13. Isopropyl alcohol.
14. 70% ethanol.
15. TE pH 8.0: 10 mMris-HCI pH 8.0, 1 mMEDTA pH 8.0.

NGO RWNE

2.2.4. Blocking Mouse Repeats for Southern Analysis
of BAC Transgenic Clones

1. Church and Gilbert hybridization buffer (1 L): 62.3 gINRO,, 23.4 g NaHPO,,

70 g SDS, 2 mL EDTA pH 8.0.

G-50 sephadex spin column (Amersham).

TE, pH 8.0: 10 mMTis-HCI pH 8.0, 1 mMEDTA pH 8.0.

10% SDS.

Mouse genomic DNA, sheared by repeated passage through an 18-gage needle.

agrwN
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2x SSC/0.5% SDS.
0.1x SSC/0.5% SDS.

2.2.5. Generation of ES Cell Chimeras by Aggregation

1.
2.
3.

4.

5.

6- to 7-wk-old MF1 (Olac) female mice.

6- to 7-wk-old F1 (C57BL6 €BA) mice in estrus, and vasectomized F1 males.
PMS, HCG, T6 + BSA, PB1 + BSA, Petri dishes, forceps, Pasteur pipets, light
mineral oil, and C@incubator are as described in ChapteBuhheading 2.3.).

Acid tyrode’s (AT) 800 mg NaCl, 20 mg KCI, 20 mg Cg2H,0, 10 mg
MgCl,[BH2,, 5 mg NgHPO,H,0, 100 mg glucose. Make up to 100 mL with
sterile water and pH to 2.5 with concentrated HCI. Filter-sterilize through
0.22-um filter. Store in 1.5-mL aliquots at 4°C.

30-mm and 50-mm bacteriological Petri dishes (Sterilin).

3. Methods
3.1. Pro-Nuclear Injection

3.1.1. Preparation of BAC DNA

1.

2.
3.

10.
11.
12.
13.
14.
15.
16.
17.

Pick a single colony into a 14-mL tube containing 5 ml LB and @g/BL
chloramphenicol. Incubate at 37°C with shaking for 8aa Note 1).

Centrifuge for 10 min at 1000g a bench-top centrifuge.

Remove all supernatant and resuspend the pellet iuB5f solution | +
100pug/mL RNAse A.

Add 350uL of solution Il and mix gently by inverting the tube several times.
Place on ice for 5 min.

. Add 350uL of solution Ill, mix gently but thoroughly, and leave on ice for

20 min.

Transfer to a 2-mL microfuge tube and spin for 10 min in a microfuge at
maximum speed.

Transfer supernatant (1 mL) to a fresh microfuge tube, avoiding the white
precipitate.

Add an equal volume of phenol/chloroform and mix gently.

Spin for 10 min in the microfuge.

Transfer the aqueous layer to a fresh microfuge tube, avoiding the interface.
Add an equal volume of chloroform and mix gently.

Centrifuge for 10 min at maximum speed in the microfuge.

Remove the aqueous layer to a fresh 2-mL tube.

Add 1 vol of isopropyl alcohol and mix gently.

Centrifuge immediately for 1 min at maximum speed in the microfuge.

Decant alcohol and wash with 500 @f 70% ethanol.

Remove all traces of alcohol with a pipet tip and resuspend the pellefiin 10
of Tris-HCI pH 7.5.
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3.1.2. Linearization of BAC DNA—For Example, pBeloBAC (see Note 2)

1.

CoNO~WDN

12.
13.

14.

15.

Digest 1ug of BAC DNA with eitherSfl (Stratagene) or lambda terminase
(Epicentre) as recommended by the manufacturers in & 5Gwal volume.
Check for complete linearization by running 10qn a PFG.

To the remaining 40l add an equal volume of phenol and mix gently.

Spin for 10 min in the microfuge.

Remove the aqueous layer to a fresh microfuge tube, avoiding the interface.
Add an equal volume of chloroform and mix gently.

Centrifuge for 10 min in the microfuge.

Remove the aqueous layer to a fresh microfuge tube.

Add 1/10th vol of 3 Msodium acetate pH 5.2, 2 vol of 100% ethanol, and mix
gently.

Store the precipitating DNA at —20°C until the PFG result is known.

. If the DNA is fully linearized and intact on the PFG, centrifuge the sample for

10 min in the microfuge.

Decant alcohol and wash with 500 @f 70% ethanol.

Remove the alcohol with a pipet tip and resuspend the pellet ol 16X

10 mMTris-HCI pH 7.5.

Check the DNA concentration by running 1/10 of the sample on a small agarose
gel against samples of known concentration.

Store the DNA at —20°C. Avoid repeated freeze/thawing.

3.1.3. Preparation of DNA for Injection

One day of pro-nuclear injection requires 100of a 1- to 3-ng/|L solution.
Take 100-300 ng of the linearized BAC DNA and make up the total volume to
100pL with injection buffer. The DNA is ready to inject following the protocol
described in Chapter 4.

3.2. ES Cell Electroporation
3.2.1. Preparation of BAC DNA for ES Cell Electroporation

1.

Pick single colonies into ten 50-mL tubes containing 25 mL LB and HZnslLu
chloramphenicol (total volume 250 mL). Incubate at 37°C with shaking for

8 h (seeNote 1).

Centrifuge the culture for 10 min at 1600 a bench-top centrifuge.

Remove all the supernatant and resuspend each bacterial pellets in 1 mL of
solution | + 100 g/mL RNAse A.

Add 1 mL of solution Il and mix gently by inverting the tube several times.
Place on ice for 5 min.

Add 1 mL of solution Ill, mix gently but thoroughly, and leave on ice for

20 min.
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Combine the samples (30 mL total volume) in a 50-mL tube and spin for
10 min at 1600g

Transfer the supernatant to a fresh 50-mL tube and spin again for 10 min at
1000g

Transfer the supernatant to a fresh 50-mL tube, add an equal volume of phenol/
chloroform, and mix gently.

Spin for 10 min at 1000g

Transfer the aqueous layer to a fresh 50-mL tube, avoiding the interface.

Add an equal volume of chloroform and mix gently.

Centrifuge for 10 min at 12,0009

Divide the aqueous layer equally among four 14-mL tubes.

Add 1 vol of isopropyl alcohol to each tube and mix gently.

Centrifuge immediately for 10 min at 12,000g

Decant alcohol and wash with 1 mL of 70% ethanol.

Remove the alcohol with a pipet tip and resuspend the pellets in a total volume
of 100 (L 10 mMTris-HCI pH 7.5.

3.2.2. Linearization of BAC

The BAC DNA can be linearised as described under Subheading 3.1.2. by
scaling up the reactions 10-fold. Digest the DNA in a f0Geaction volume
and resuspend in 4Q_of sterile water on the day that it is to be used.

3.2.3. Electroporation of ES Cell Lines (see Note 3).

1.

NoOk®

10.
11.

Grow ES cells under routine conditigf3y to obtain at least 1 ¥0 cells, which

is sufficient for a single electroporation. This is approximately equivalent to
three semiconfluent 92-mm plates.

Prepare six gelatinized 92-mm polylysine-coated plastic tissue culture plates.
Add 5 mL of 0.1% gelatin to each plate and swirl. Aspirate the gelatin and leave
for 5 min. Add 9 mL of ES cell medium to each plate (Sete 4).

Chill PBS on ice.

Set Bio-Rad gene pulser to 250 V, 560 u

Chill a 4-mm electroporation cuvet on ice.

Wash ES cells with 10 mL of ice-cold PBS.

Add 3 mL 1x trypsin/EDTA and swirl. Aspirate trypsin and incubate in2CO
incubator for 3-5 min.

Add 2 mL of ES cell medium and pipet up and down to break up the clumps,
using a 1-mL Gilson pipetman.

Transfer the ES cell-containing medium to a 20-mL tube and centrifuge for
500gfor 5 min.

Aspirate medium and resuspend in 0.8 mL of cold PBS.

Count cells with hemocytometer. Adjust cell concentration tdl@ i a final
volume of 0.8 mL cold PBS. Keep on ice. Three semiconfluent 92 mm plates
should be enough for one electroporation.
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12.
13.
14.
15.
16.

17.

Mix 0.8 mL of cells with DNA in a maximum volume of 10D af H,O on ice.
Transfer to the prechilled electroporation cuvet.

Deliver electric pulse (the time constant should be 8-14).

Quickly transfer the cells into 6 mL of ES cell medium + LIF in a 20-mL tube.
Divide the cell suspension among six 92-mm gelatinized plates and grow without
selection for 1 d.

Add ES cell medium containing selection agent and grow cells under selection
for 7-10 d in a CQincubator.

3.2.4. Picking and Analyzing Colonies

1.

o

©

11.
12.

13.

14.
15.

16.

17.

18.

Prepare one 24-well tissue culture dish. Add 0.5 mL of 0.1% gelatin to each
well. Aspirate. After 5 min add 1 mL of ES cell medium (without selection)
(see Note 4).

Set up tissue culture hood with a low-powered microscope.

Prepare a 92-mm lid of a bacterial Petri dish next to the microscope stand with
30-uL drops of trypsin in a row.

On the plate from which ES cell colonies are to be picked, replace the medium
with PBS.

Adjust a 20Q4L Gilson pipet to 30 i and with a yellow tip detach thedt ES

cell colony from the plate by gently scraping the tip over the colony. Immediately
suck up the colony into the yellow tip.

Expel the colony into theréit drop of trypsin.

After 3-5 min, pipet up the drop containing the first colony and transfer it to
the first well of the 24-well tissue culture plate. The trypsin and sucking force
of the pipet should together cause the colony to disaggregate to a single-cell
suspension.

Repeat until you have picked saiint colonies.

Feed the cells with 1 mL of ES cell medium (+ LIF) for 2 d.

. Prepare two fresh 24-well dishes with gelatin. Aspirate the gelatin and add 1 mL

of ES cell medium to each well. Label plates A and B.

Trypsinize the cells and resuspend in 1 mL of ES cell medium.

Transfer 0.5 mL to the ES cell 24-well plate A. This will be the freezing plate
(see Note 4).

Transfer 0.5 mL to the ES cell 24-well plate B. This will be the DNA plate
(see Note 4).

Feed cells with 1 mL of ES cell medium for 2 d.

Trypsinize the cells in plate A and resuspend in 306f|ES cell medium. Add

50 uL of DMSO, wrap the plate in Parkfi, and freeze in a —80°C freezer.

When the cells in plate B are confluent, wash with PBS and add 0.75 mL of
lysis buffer to each well.

Pipet up and down a few times to lyse the cells completely, then transfer each
lysate to a 1.5-mL microfuge tube.

Add 7.5uL of proteinase K.
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Incubate at 55°C for 2 h or overnight at 37°C.

Add an equal volume of phenol/chloroform and mix gently for 5 min at room
temperature.

Centrifuge for 10 min. Collect the upper phase and extract with chloroform.
Remove the aqueous phase and add 1/30th véWlafddlium acetate pH 6.0 and

1 vol of isopropyl alcohol. Mix gently; the DNA will precipitate immediately.
Hook out with a bent Pasteur pipet sealed at the end. Rinse in 70% ethanol. Air
dry for 10 min and resuspend in 50 af TE (seeNote 5).

3.2.5. Blocking Mouse Repeats for Southern Analysis of BAC Transgenic
Clones (see Note 6)

1.

o

©oNo O

9.

Prehybridize Southern membrane in Church hybridization buffer at 65°C for
a minimum of 5 min (7).

Radioactively label 0.5quof BAC DNA.

Purify labeled DNA by passage through a G-50 Sephadex spin column.
Add 250pg of sheared mouse genomic DNA in a final volume of gB0
T.E./0.5% SDS.

Boil for 10 min, then chill on ice for 10 s.

Add to 5 mL of hybridization buffer and incubate at 65°C for 1-2 h.

Add to membrane and hybridize for 14-16 h at 65°C.

Wash in 2 SSC/0.5% SDS for 5 min, followed by 0.1S$C/0.5% SDS twice
for 30 min.

Expose to autoradiographiniiovernight at —70°C.

3.2.6. Generation of ES Cell Chimeras by Aggregation (see Note 7).

1.

2.

Day 1: Superovulate MF1 (Olac) females by injecting di50f PMS intraperi-
toneally using a 27-gage needéeg(Note 8).

Day 3: After 48 h, inject 15QL of HCG intraperitoneally using a 27-gage
needle. Set up matings with stud MF1 (Olac) males.

Day 4: Check females for vaginal plugs and transfer to a separate cage.
Day 5: Set up recipients by mating 12 F1 females (C5#BOBA) in estrus
with 12 vasectomized F1 males.

Day 6: Check recipients for vaginal plugs and transfer to separate cages with
the plug date recorded.

Place a 3@l drop of T6 + BSA in a 30-mm Petri dish. Cover with mineral oil.
Incubate in CQincubator until required.

. Isolate morulae by standard procedures. Morulae should be at the 8-cell stage

and beginning to compact. Using a mouth pipetting system, transfer the embryos
to a drop of T6 + BSA in a 50-mm bacterial Petri dish to wash.

. Transfer the embryos into the @0-drop of T6 + BSA in the 30-mm Petri dish.

Incubate in the C@incubator.
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3.2.7. Preparation of ES Cells

1.

Day 6: Trypsinize ES cells as described urBldrheading 3.2.3. One well of a
50-75% confluent 24-well plate is more than sufficient. Resuspend thoroughly
in ES cell medium to give a single-cell suspension.

Count cells on hemocytometer. Approximately 1 cells/mL are required.
Adjust volume with ES cell medium.

Place nine 15 drops of ES cells in a 50-mm bacterial Petri dish in3Brows.

Flood the dish with 6 mL of mineral oil and transfer to,Gaubator to allow

the cells to settle to form an even lawn.

3.2.8. Preparation of Embryos

1.

o ok

~

10.
11.

12.

13.

Place a 1004udrop of PB1 + BSA at the top of a 50-mm bacterial Petri dish.
Place two 30-l1 drops of AT to one side and nine fQ-drops of ES cell medium
to the other side.

. Transfer well-formed embryos from the T6 + BSA drop to the drop of PB1 +

BSA (seeNote9).

Under a dissecting scope, take one embryo into the pipet in a minimal volume of
PB1 + BSA. Transfer to the top of the drop of AT. Quickly expel the remaining
liquid from the pipet and then go back into the AT drop to catch the embryo
before it hits the bottom of the dish (d3mte 10). Transfer quickly to the rf$t

drop of ES cell medium.

Pick up the embryo and transfer it to the second drop of ES cell medium.
Repeat the process; 5-10 embryos can be taken through the AT drop at a time.
When 50—-60 embryos have been processed through the AT, transfer all from the
second ES cell medium drop through the fresh ES cell medium drops to the sixth
drop to remove all traces of AT.

After 50—100 embryos have been treated, use a fresh drop of AT.

After all morulae have been processed, divide equally am&3®ycell medium
drops, where = number of ES cell lines to be aggregated. About 20 embryos
are suffcient for each line.

As soon as possible, transfer the embryos to the drops containing the ES cells
(see Note 11).

Transfer to the COncubator to allow the ES cells to stick to morulae.

After 30 min, check the embrycedg Note 12). Ideally, about 10 or so ES cells
should attach to each embryo. Transfer to a drop of T6 + BSA to rinse away the
ES cell medium and any loose ES cells.

Transfer the embryos to a 50 mm dish containing nind_3frops of T6 + BSA
under mineral oil. Two to three embryos can be incubated in each drop, provided
they are placed away from each other.

Culture for 2 d in the COncubator.
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Table 1
Agents for Linearization of Large Genomic Clones?

No. of sites in No. of sites in No. of sites in No. of sites in
Site pBeloBAC pBACe3.6 pPAC4 pCYPAC2
Ascl 0 2 2 0
Fsel 0 0 0 0
Notl 2 2 2 2
Pacl 0 1 2 1
Pmel 0 1 2 1
SgrAl 2 2 0 1
Srfl 1 0 0 0
cosN 1 0 1 0
loxP 1 1 1 1

aA|l restriction enzymes recognize an 8-base sequence that is likely to occur infrequently
within a BAC or PAC clone.

3.2.9. Transfer into Recipients

1. Day 8: Transfer the embryos into 3D-grops of PB1 + BSA under mineral oil
(prewarmed in the CQOncubator). Allow 1 drop per recipient (10 embryos). The
embryos will have expanded into blastocysts by this stage.

2. Using standard surgical procedure, prepare recipients to receive the embryos.

3. Transfer 10—20 embryos per recipient.

4. Embryos are transferred into recipients at d 3 (d 1 is the day of vaginal plug), so
the pups will be born 16-17 d later (3dete 13).

4. Notes

1. One 5-mL culture should yield approximately 1+2DNA, which is sufftient
for several days of pro-nuclear injection. The length of time in culture can affect
the yield and quality of BAC DNA, and 8 h is optimal in our experience. A
reliable alternative to the BAC DNA preparation method detailed here is provided
by the Wizard PureFection (Promega Corporation) Kit.

2. The DNA used in generating BAC or PAC transgenic mice must first be linear-
ized. All the commonly used vectors include a choice of unique restriction sites
for this purpose. For example, the pBELOBAC vector contains drsiefthat is
usually not present in the insert (this can be assessed by digesting the BAC clone
with Srfl and resolving the sample on pulsaefigel as described in the previous
section). There are also two Notl sites thanK the cloning site, allowing for
excision of the genomic sequence from the vector. Again, PFG electrophoresis
is required to test for Notl sites within the genomic clone. If both &id Notl
sites occur within the genomic fragment, this vector also contains a cosN site,
which can be opened using lambda termindsble 1 summarizes potential
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linearization sites in some of the vectors commonly used to clone large genomic
fragments.

3. ltis possible to incorporate the modification of the BAC or PAC clone to contain
a neomycin or hygromycin gene, either under a constitutive promoter or under
the promoter of a gene on the BAC/PAC. For large constructs without a selectable
marker (unmodified cosmids, BACs, etc.), a neomycin or hygromycin gene
under a constitutive promoter can be co-electroporated with the BAC. For
co-electroporation we use a ratio of 10/1 construct to neomycin cassette. If expres-
sion of the neomycin or hygromycin gene is driven by an untested promoter, the
concentration of the selective agent may vary from the standard conditions.

4. Feeders: ES cells can be cultured on a layer of feeder cells in the absence of
LIF (3). These are primary embryonic fibroblast cells obtained from 11.5-12.5 dpc
embryos, where the nuclear material has been inactivated by mitomycin C.
When under selection, feeder cells obtained from transgenic mice constituitively
expressing neomycin or hygromycin-resistance can be used. We obtain our
neomycin-resistant feeders from the ROSA-26 line (4). We usd@® feeder
cells per 92-mm plate andx11(® cells per well of a 24-well tissue culture plate.
Plate B, the DNA plate, should be grown without feeders fBuibheading
3.2.4., step 12, onward.

5. Approximately 2Qug of DNA should be recovered from one confluent well of
a 24-well dish. 10 u of this DNA (4 g) should be enough for digesting with
appropriate restriction enzymes and analysis by Southern blotting.

6. It is sometimes possible to use the genomic BAC/PAC clone as a probe on a
Southern blot to assess transgene integrity. This allows you to check for intactness
of the integration event and approximate copy number in one hybridization step.
We find that this protocol works well for constructs of up to 100 kb, but is less
suitable for larger clones, where the complexity of a restriction digest is too great
to allow all the individual fragments to be resolved on a standard agarose gel. In this
case itis advisable to use smaller DNA fragments, such as vector sequences, probes
from the ends of the genomic sequence or which detect the modification, which can
be hybridized sequentially to ascertain integrity of the integration event.

7. There are two widely used techniques for generating ES cell chimeras, blastocyst
injection and morula aggregation. These are describegfsn5 and 6 We have
used both techniques successfully. Overall, aggregation is the simpler technique
and does not require any sophisticated equipment or specific training. It also has
the advantage of allowing the aggregation of several lines simultaneously and
therefore is the technique we recommend.

8. We use the albino MF1 (Olac) strain, as our ES cell lines are derived from mice
with a pigmented coat color that allows for simple identification of chimeric
animals. Eight to 12 females should produce enough embryos for aggregation
of several ES cell lines. When chimeras are ready to mate, they can be test-bred
with MF1 (Olac) females. Pups inheriting the ES cells will be pigmented at birth.
Earlier analysis can be performed at d 11.5 of embryogenisis, as the pigmented
eye color is easy to observe.



80 John, Ainscough, and Barton

Table 2
Transgenic Lines Generated Using This Protocol
ES cell coat ES cell
ES cell line Chimeric animals born color (%) transmissior? (%)
5D3 6 100(n = 6) 100
5A2 4 100(n = 3) 100
30 n.t.
5A4 5 100(n = 4) 100
60 100
6C1 1 100 100
5B6 2 50 100
50 n.t.
5C2 1 80 125

an.t. = not tested.

9. Avoid embryos in which the cells are uneven in size or in which some cells are
brownish in color, since these are not healthy. Make several glass drawn-out
pipets to get the best size, which is not too much bigger than the morulae. Always

draw some medium into the pipet before picking up the embryos. Never allow

the embryos to go up as far as the widening part of the pipet, since either they

will get stuck or they will make contact with air.
10. Youshould see the zona dissolving as the embryos sink in the AT, but it is
important not to leave them here for more that 1-2 s, as they will fall apart. With
practice, multiple embryos can be treated with AT simultaneously.
11. The ES cells will have formed an even, single-cell layer at the bottom of the
drop. Try to keep the embryos fairly separate, since if they touch they will fuse.
Therefore transfer only 3—4 embryos per drop.

12. The time of incubation with ES cells is crucial. Low-passage ES cells (6—10) need
less time, as they seem to be more “sticky,” so it may be necessary to experiment

with different timing. If too many ES cells attach to the embryo, it will not
survive; too few and there will be no or low-percentage chimeras.

13. Using this procedure we have generated chimeras for six ES cell lines over a

2-wk aggregation period. All of these lines resulted in germline transmission,
with chimeras from four different lines transmitting the ES cells to 100% of
their offspring (see Table 2).

References

1. Yang, X. W., Model, P., and Heintz, N. (1997) Homologous recombination based
modification inEscherichia coli and germline transmission in transgenic mice of a
bacterial artiftial chromosomeNature Biotechnol. 15, 859—-865.



BACs and PACs 81

2. Zhang, Y., Buchholz, F., Muyers, J. P. P., and Stewart, A. F. (1998) A new logic
for DNA engineering using recombination Escherichia coli. Nature Genet.
20, 123-128.

3. Robertson, E. J. (1987) Embryo-derived stem cell lines. In: Teratocarcinomas and
embryonic stem cells: a practical approach (Robertson, E. J., ed.), IRL, Oxford,
U.K.,, pp. 71-112.

4. Soriano, P. (1999) GeneralizetZ expression with the ROSA26 Cre reporter
strain.Nature Genet. 21, 70-71.

5. Bradley, A. (1987) Production and analysis of chimaeric mice. In: Teratocarcino-
mas and embryonic stem cells: a practical approach (Robertson, E. J., ed.), IRL,
Oxford, U.K., pp. 113-151.

6. Wood, S. A., Pascoe, W. S., Schmidt, C., Kemler, R., Evans, M. J., and Allen, N. D.
(1993) Simple and effient production of embryonic stem cell-embryo chimeras
by coculture. Proc. Natl. Acad. Sci. USA0, 4582—-4585.

7. Church, C. M. and Gilbert, W. (1984) Genomic sequendngc. Natl. Acad.

Sci. USA 81, 1991-1995.



6

Methylation-Sensitive Genome Scanning

Izuho Hatada and Tsunehiro Mukai

1. Introduction

Imprinted genes in mammals are expressed exclusively from one of the
parental alleles (1-6). This is regulated by parental-allele-specific CpG
methylation. For example, H18 methylated exclusively on the paternal
allele, which is repressed, and is expressed exclusively from the maternal
allele, which is unmethylated. Therefore, one way to find imprinted genes is
searching for parental-allele-speci€pG methylation. Southern analysis using
methylation-sensitive restriction enzymes could be used for such a purpose.
However, usually only one gene can be analyzed by one Southern analysis.
Moreover, Southern analysis requires one DNA probe for each analysis. These
facts indicate at least 300 Southern analyses using 300 different probes are
required to find only one imprinted gene, because the population of imprinted
genes is estimated to be 0.3%. Therefore, this kind of analysis is not appropriate
for searching for new imprinted genes, and the development of a new method
that can simultaneously analyze thousands of genes was required.

1.1. Restriction Landmark Genome Scanning (RLGS) Method

We developed a powerful genome scanning method, termed the restriction
landmark genome scanning (RLGS) method (7), for analyzing thousands of
genes simultaneously in higher organisms such as mammals. This method is
based on end-labeling of genomic DNA at restriction sites and its separation by
two-dimensional gel electrophoresis. Before the RLGS method was developed,
the detection of genes from higher organisms by end-labeling had been thought
to be impossible. There are two reasons for this: (1) The mammalian genome
is so complex (for example, the human genome size i3 bp and digestion

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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with EcoRI will give more than 1® DNA fragments) that DNA fragments
digested by restriction enzymes cannot be separated even by two-dimensional
electrophoresis. (2) Generally, genomic DNA is cleaved randomly in the
preparation step and thus has nonspecigaved ends, nicks, and /or gaps.
This leads to high background caused by the incorporation of radioisotopes
into sites damaged in the labeling process. To overcome these problems we
adopted two solutions: (1) To reduce the complexity, genomic DNA is cut and
labeled at rare-cleaving restriction enzyme sites, for which there are thousands
of recognition sites in the genome, before cutting with more frequently cutting
restriction enzymes that will give more tharf TINA fragments. Using this
method, only DNA fragments that have rare restriction sites are detected and
used as landmarks in the genome. (2) High background can be avoided by
blocking damaged sites with enzymatically incorporated nucleotide analogs,
because such analogs prevent exonucleolysis and/or the additional incorpora-
tion of nucleotides at blocked ends.

The procedure for the RLGS method is comprised of eight sfégsl.

1. Blocking: Damaged sites in genomic DNA are blocked by nucleotide analogs,
2'-deoxyribonucleoside §o-thio] triphosphate and Z -dideoxyribonucleoside
5'-triphosphate, to reduce the background.

2. Landmark cleavage: Blocked genomic DNA is cleaved with a rare-cutting
restriction enzyme (restriction enzyme A; average cleaved fragment size should
be more than 100 kbp).

3. Labeling: Cleavage ends of the genomic DNA are labeled with radioisotope.

4. Fragmentation of labeled DNA with restriction enzyme B: Labeled genomic
DNA is cleaved with restriction enzyme B (average cleaved fragment size should
be between 1 kbp and 100 kbp) to reduce the fragment size to several kilobase
pairs, kbp which is appropriate for agarose gel electrophoresis.

5. First fractionation: Genomic DNA fragments are fractionated in one dimension
by thin-layer agarose gel electrophoresis.

6. Fragmentation of labeled DNA with restriction enzyme C: Fractionated genomic
DNA fragments are cleaved in the gel with restriction enzyme C (average cleaved
fragment size should be less than 10 kbp) to make fragments appropriate for
polyacrylamide gel electrophoresis.

7. Second fractionation: Genomic DNA fragments in the agarose gel are fractionated
in the second dimension by polyacrylamide gel electrophoresis.

8. Autoradiography: The labeled genomic DNA fragments are detected as spots.

Figure 2 shows a spot profile of mouse DNA obtained by RLGS. This
profile contains about 2000 completely separated spots corresponding to sites
for restriction enzyme A.
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Fig. 1. Procedure for genome scanning by two-dimensional gel electrophoresis.
RLGS consists of eight steps: (1) blocking, (2) landmark cleavage (with restriction
enzyme A), (3) labeling (4) fragmentation with restriction enzyme B, (8) fiiac-
tionation (with agarose gel electrophoresis), (6) fragmentation with restriction
enzyme C, (7) second fractionation (with polyacrylamide gel electrophoresis), and
(8) autoradiography. Xor X, and Y; or Y, represent the distance from a restriction
landmark to the neighboring site for restriction enzyme A or B, and that to the site for

restriction enzyme C, respectively.
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Fig. 2. The RLGS pro# of genomic DNA from C57BL/6 mice. NotEcoRV, and
Mbol were used as restriction enzymes A, B, and C, respectively. The boxed region is
the area shown in Fig. 6. Size markers are shown in kilobase pairs.

1.2. Searching for Parental-Origin-Specific CpG Methylation
by the RLGS Method

Methylation status can be distinguished by the RLGS method when a CpG
methylation-sensitive enzyme, such Matl, is used for restriction enzyme
A (8). It is expected that the intensity of any spot varies in proportion to the
population of methylated DNA moleculdsi@. 3). Lack of methylation of both
alleles (Fig. 3, lower left panel), methylation of one allele (middle panel), and
methylation of both alleles (right panel) will give full intensity, half-intensity,
and no spot, respectively. To identify parental-origin-speaifethylation, the
spot profiles of Fprogeny of reciprocal crosses between two inbred strains,
for example (DBA2 xC57BL/6)F and (C57BL/6 xDBA2)F;, should be
compared. If there is no parental-origin-speaifiethylation, both the maternal
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Fig. 3. Detection of methylation differences in genomes by RLGS. Maps show
DNA-methylation state at the Notl site, which is used as restriction enzyme A. Three
types of methylated state are expected, depending on which allele is methylated, as
shown in the lower panels: no allele is methylated (left), one allele is methylated
(middle), and both alleles are methylated (righf(Notl) represents the methylated
site of this enzyme. As the CpG methylation status oNdiksite affects the cleavage
of this site, the RLGS profile results in a change in spot intensity. Each sample would
give a full intensity spot (left), half-intensity spot (middle), or no spot (right).

and the paternal allele can be cleaved with Notl and detected as spots, resulting
in identical spot profes of K progeny (Fig. 4). However, if one parental allele
is methylated, only one allele can be cleaved Wbt and detected as spots,
resulting in different spot prdéis of i progeny (Fig. 5). We found four spots
that appeared in one cross while not appearing in another MdterEcoRY,
and Mbol were used as restriction enzymes A, B, and C, respecit{8gly
For example, spot 2 (specific to DBA2), appeared in one cross (C57BL/6 x
DBA2)F;, while not appearing in the opposite cross (DBAZ57BL/6)R
(Fig. 6).

Other parental-origin-specifimethylation patterns can be sought using
other restriction enzymes.
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Fig. 4. Expected spot profiles derived from a gene without parental-origin-specifi
methylation. (DBA2x C57BL/6)F and (C57BL/6 xDBA2)F; are applied to the
RLGS. Both the maternal and the paternal allele can be detected as spots, resulting

in the identical spot profiles of F1 progeny of reciprocal crosses. B and D indicate
C57BL/6 and DBA2, respectively.
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indicate C57BL/6 and DBA2, respectively.
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Fig. 6. Detection of the difference in spot intensity in F1 progeny of reciprocal
crosses. (DBA2 xC57BL/6)R and (C57BL/6 xDBA2)F, are applied to the RLGS
and the boxed area from Fig. 2 is shown. Arrows indicate spot 2. Spot 2 did not appear

in (DBA2 x C57BL/6)R but appeared in (C57BL/8 DBA2)F,. B and D indicate
C57BL/6 and DBA2, respectively.
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Fig. 7. Construction of a boundary library using Notl and EcoRV.

1.3. Cloning of Parental-Origin-Specific Methylated Spots

To clone the spot in which you are interested, a boundary library should
be constructed by using restriction enzymes A and B (Fig. 7). For example,
when Notl, EcoRV, and Mbol are used as restriction enzymes A, B, and C,
the library is constructed by using Notl and EcoRV. This library contains only
Notl-EcoRV fragments and does not contain a@goRV-EcoRV fragments.

The fragment that must be cloned is concentrated several thousands times
in this library. This library is applied to RLGS, except for the blocking and
labeling steps, with labeled genomic DNA. The target spot is cut out from the
gel and Notl-Mbol fragments from this spot are electroeluted for cloning into
Notl, BamHI sites of the vector.

2. Materials

The materials described here are for a case using BtatRV, and Mbol as
restriction enzymes A, B, and C.

2.1. Extraction of Genomic DNA from the Sample

1. 10 mMTris-HCI (pH 8.0), 0.5 Methylenediaminetetraacetic acid (EDTA), 1%
sarkosyl.

10 mg/mL Proteinase K.

Phenol chloroform isoamyl alcohol (v/viv, 25/24/1).
TE: 10 nM Tris-HCI (pH 7.4), 1 mMEDTA.

1 mg/mL RNase A (boiled for 5 min).

Ethanol (70% and 100%).

Liquid nitrogen.

Aluminum foil.

Hammer.

Mortar and pestle.

SCLOXNOORWDN

=
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2.2.
. 10x buffer H: 500 mMTris-HCI, pH 7.4, 100 mMvgCl,, 1 M NaCl, 100 mM

COWONOOUAWN

Hatada and Mukai

Labeling Genomic DNA

dithiothreitol.

. 10uM dGTP[0S].
. 10pM dCTP[aS].
. 10pM ddATP.

10pM ddTTP.
DNA polymerase I.
0.1% BSA.

. 0.1% Triton X-100.

Notl.

. Control plasmid: linearized plasmid which has at least one recognition site for

restriction enzymes A and B.

. 0.25% bromophenol blue, 0.25% xylene cyanol FF. 30% glycerol.
. 0.8% agarose gel: 0.8% Agarose, TIBE.

. 1M Dithiothreitol.

. [0-32P] dGTP (3000 Ci/mM

. [032P] dCTP (3000 Ci/mM

. Sequenase V2.0.

. 1 mMddGTP.

. 1 mM ddCTP.

. EcoRV.

. 3M NaOAc.

. 0.25% bromophenol blue, 0.25% xylene cyanol FF.
. 100% ethanol.

. TE (seeSubheading 2.1.).

. Phenol/chloroform/isoamyl alcohol (25/24/1).

. Two-Dimensional Electrophoresis

1x TAM: 50 mM Tris-HCI, pH 7.5, 0.7 mMMgAc.

0.8% Seakem GTG (FMC), 1TAM.

1x buffer H: 50 mMTris-HCI, pH 7.4, 10 mMVIigCl,, 100 mMNacCl, 10 mM
dithiothreitol.

TBE: 90 mMTris-borate, 2 mMEDTA, pH 8.0.

0.8% SeaKem GTG, lbuffer H.

Mbol.

1-D small plate: 150 80 x5 mm glass plate (Fig. 8).

1-D upper plate: 470 50 x5 mm glass plate (Figs. 8 and 11).

1-D lower plate: 500 450 x5 mm glass plate (Figs. 8 and 11).

Well plate: Two plastic sheet (¥61 x 0.7 mm) are attached to a glass plate
(150x 30 x5 mm) for making wells.

. Upper plate for enzyme digestion: A glass plate (180 x5 mm) with two

holes (@ mm) for pouring enzyme solution. Spacers (1.2 mm thick) are attached
to four sides of the plate (Fig. 9).
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Fig. 8. Apparatus for one-dimensional agarose gel electrophoresis.

Upper plate for enzyme digestion

1D agarose gel strip

¥

1D lower plate

Fig. 9. Apparatus for enzyme digestion within the agaraose gel.
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1D agarose gel strip
Peristaltic pump

2D upper plate

v 4 a4

Y

77 =
2D lower plate

Spacer

Filter paper

Electrophoresis tank
Fig. 10. Apparatus for two-dimensional polyacrylamide gel electrophoresis.

2-D small plate: 415 30 x5 mm glass plate (Fig. 10).
2-D upper plate: 460415 x5 mm glass plate (Fig. 10).
2-D lower plate: 490 415 x5 mm glass plate (Fig. 10).
Electrophoresis tank (Fig. 10).

Spacer: Thickness is 1 mm.

Filter paper: Whatman 3MM.

X-ray fim: XAR5, Kodak.

. Cloning of Parental-Origin-Specific Methylated Spots

Notl.

EcoRV.

10x buffer H.

0.1% BSA.

0.1% Triton X-100.

0.8% Seakem GTG(FMC), TBE.
Qiaquick gel extraction kit (Qiagen).
Vector plasmid: pBlueScript II.

Ligase and ligation buffer.

Competent cell for electrotransformation.

. Escherichia coli pulser (Bio-Rad).
. Agar plate with ampicillin.

Rubber policeman.
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14.
15.
16.

Qiaprep spin (Qiagen).
BamH].
L-Broth medium with ampicillin.

3. Methods

3.1.
1.

2.
3.

Extraction of Genomic DNA from the Tissue Sample

Precool 0.5 g of the sample, a folded aluminum foil, and a mortar and a pestle
with liquid nitrogen.

Wrap the sample in folded aluminium foil and hammeatt fl

Quickly take out the crushed sample from the aluminum foil and transfer it to
a mortar and grind it to a powder.

. Transfer the powdered sample to a tube and add 12 mL ofMML@rie-HCI

(pH 8.0), 0.5 MEDTA, 1% sarkosyl, and 1.2 mL of 10 mg/mL proteinase K.

. Mix the solution and incubate it for 30 min at 65°C.
. Cool the solution on ice. Add an equal volume of phenol/chloroform/isoamyl

alcohol (25/24/1) and gently mix the two phases.

. Separate the two phases by centrifugation atds(BIDO rpm) for 10 min at 4°C.
. Transfer the viscous aqueous phase to a new tube using a wide-bore pipet.

Repeasteps 6-8 once more.

. Dialyze the aqueous phase at 4°C two times against 1 L of TE.
. Transfer the dialysate to a new tube. Add 0.001 vol of 1 mg/mL RNase A and

incubate for 2 h at 37°C.

. Add 2 vol of ethanol and mix.

. Centrifuge the solution for 10 min at 4°C.

. Remove the supernatant.

. Wash the pellet with 70% ethanol.

. Centrifuge brie§l and remove the supernatant.
. Dissolve the pellet in 30@_jof TE.

3.2. Labeling Genomic DNA

The method described here is for a case using HotRV, and Mbol as
restriction enzymes A, B, and C, respectively.

1.

Make the following mixture for the blocking reactieeg(Note 1):
Prepared genomic DNA 10 pg

10 x buffer H 5puL
10 pM dGTP§S] 1.7 puL
10 uM dCTP§S] 1.7 puL
10 uM ddATP 1.7 uL
10 uM ddTTP 1.7 uL
DNA polymerase | 10 units

Distilled water to 50 pL
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11.
12.

13.
14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
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Incubate the reaction for 30 min at 37°C.
Inactivate the enzyme by incubating the reaction at 65°C for 30 min.
Add the following reagents for digestion with N@tee Note 2):

10x bufferH 5uL
0.1% BSA 10 L
0.1% Triton X-100 10 pL
Notl 100units

Distilled water to 100 pL

Transfer 4L to another tube and addul of control plasmid for monitoring
complete digestion.

Incubate the sample reaction and the control reaction for 1 h at 37°C.

Remove 1L of the control and add 1Luof 0.25% bromophenol blue, 0.25%
xylene cyanol FF. 30% glycerol. Analyze by electrophoresis through 0.8%
agarose gel for checking complete digestion.

Add the following reagents for labellingeé Note 3):

1 M Dithiothreitol 1uL
10 uM ddATP 1.7 uL
10 uM ddTTP 1.7 uL

[a-32P] dGTP (3000Ci/mM) 5puL
[a-32P] dCTP (3000Ci/mM) 5 puL
Sequenase V2.0 20 units
Incubate the reaction for 30 min at 37°C.

. Add following reagents for stopping the reaction ($ete 4):

1 mM ddGTP 2 uL

1 mM ddCTP 2 uL

Add 100 units of EcoRVsée Note 5).

Transfer JIL to another tube and addul of control plasmid for monitoring
complete digestion.

Incubate the sample reaction and the control reaction for 1 h at 37°C.
Remove 2uL of the control and add 1lLuof 0.25% bromophenol blue, 0.25%
xylene cyanol FF. 30% glycerol. Analyze it by electrophoresis through 0.8%
agarose gel, checking for complete digestion.

Add an equal volume of phenol/chloroform/isoamyl alcohol (25/24/1) and gently
mix the two phases.

Separate the two phases by centrifugation 12,008§00 rpm) for 5 min at
room temperature.

Transfer the agqueous phase to a new tube.

Add 0.1 vol of 3 MNaOAc and 2 vol of ethanol and mix.

Chill the solution at —70°C for 10 min.

Centrifuge the solution for 10 min at 4°C.

Remove the supernatant.

Wash the pellet with 70% ethanol.

Centrifuge briefl and remove the supernatant.

Dissolve the pellet in 1Qof TE.
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Fig. 11. Preparation of the 1-D plate.

25. Use 1L for the estimation of concentration.
26. Transfer 21g to a new tube and add 2 jof 0.25% bromophenol blue, 0.25%
xylene cyanol FF and TE to 1@ for loading.

3.3. Two-Dimensional Electrophoresis

The method described here is for a case using HotdRV, and Mbol as
restriction enzymes A, B, and C.

1. Prepare the 1-D glass plates and spacer for pouring the gel (Fig. 11) and prewarm
it at 37°C in a oven.

2. Pour 80 mL of melted 0.8% SeaKem GTG, TAM, by using a syringe with
20G needle.

3. Lay the glass plates.

4. After the gel is completely set, carefully remove the well plate and mount the
gel in an electrophoresis tankdi with 1 xTAM.

5. Cut out the gel 1 cm from the top and mount the Whatman 3\ fiapers
as shown (Fig. 8).

6. Moisten the fter papers and set up the peristaltic pump as shown (Fig. 8).

7. Load the sample in one well and load size markers in the other well.

8. Apply a voltage of 500 V for 10 min. Keep théefi papers wet during this
period.

9. Pour 1x TAM around the wells and attach the 1-D small plate.

10. Apply a voltage of 370 V for 18 h. Keep thiéefi papers wet during this period

by peristaltic pump.
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Fig. 12. The agarose gel portion used for digestion with restriction enzyme C is
indicated by the black area.

11. Put the glass plates on a graph paper and remove the 1-D small plate and 1-D
upper plate.

12. Cut and leave a 10400 mm DNA-containing portion (Fig. 12) and remove
the remaining gel.

13. Soak the gel on the plate for 20 min in Bu¥er H (seeNote 6).

14. Remove X buffer H completely.

15. Mount the prewarmed upper plate for enzyme digestion &nasiing a clip

(Fig. 9).

16. Pour the following solution from two pores to spread over the geN¢dee7):
1 x buffer H 13 W
Mbol 1500units

17. Seal the pores with tape.

18. Incubate for 2 h at 37°C in the oven.

19. Prepare polyacrylamide gel (5—-6% polyacrylamide to acrylamide/bisacrylamide,
29/1) in 2-D glass plate.

20. Remove the upper plate and soak inTB& for 10 min.

21. Remove Xk TBE completely.

22. Transfer the gel strip to the 2-D gel plates as shown (Fig. 10).
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23. Pour melted 0.8% Seakem GTG, fiuffer H, using a syringe with 24G needle,
to fuse the agarose gel strip and polyacrylamide gel.

24. Set up the Whatman 3MMtér paper as showirig. 10).

25. Apply a voltage of 900 V for 30 min. Keep thkefi papers wet during this
period.

26. Pour 1x TBE around the agarose gel strip and attach the 2-D small plate
(Fig. 10).

27. Apply a voltage of 900 V for 6 h. Keep the filter papers wet during this period
using a peristaltic pump.

28. Transfer the gel to Whatman 3MM filter paper and cover with Saran Wrap.

29. Dry the gel under vacuum on a gel dryer set at 80°C.

30. Autoradiograph by exposing the gel to X-ray film (Kodak XAR5) with intensify-
ing screen (Quantalll) at —70°C for 1 wk.

. Cloning of Parental-Origin-Specific Methylated Spots

4

1. Estimate the one-dimensional size of the target spot.

2. Digest 10Qug of genomic DNA with Notl and EcoRV.

3. Size-fractionate the digested DNA by 0.8% agarose gel electrophoresis.

4. Cut out the portion corresponding to the target spot and recover the DNA with
Qiaquick gel extraction Kkit.

5. The recovered DNA is ligated to thetl-EcoRV cleaved vector puriéid by

agarose gel electrophoresis.

The ligated mix is applied to electrotransformation.

Spread the transformed E. coli on to agar plates with ampicillin.

Incubate at 37°C for 12 h.

Recover and mix all colonies from the plate with a rubber policeman.

Purify plasmid DNA from the colony mixture with Qiaprep spin.

Apply 1ug of boundary library to the RLGS, except for the blocking and labeling

steps, using 1guof labeled genomic DNA.

12. Cut out the 2-D gel portion corresponding to the target spot from the gel.

13. Electroelute thilotl-Mbol fragment of the target spot.

14. Ligate the eluted DNA to thdotl-BamHI cleaved vector purifid by agarose
gel electrophoresis.

15. Apply the ligated mix to electrotransformation.

16. Spread the transformed E. coli onto an agar plate with ampicillin.

17. Incubate at 37°C for 12 h.

18. Pick several colonies and culture each colony in L-broth medium with ampicillin.

19. Purify plasmid DNA from each culture and check each DNA.

4. Notes

1. The method described here is for a case using restriction enzyme A, which can
make protruding cohesive Fermini. Use 2'deoxyribonucleoside Ho-thio]
triphosphate, which can be incorporated into the cleavage site of restriction
enzyme A by fill-in reaction. Us€,3'-dideoxyribonucleoside Sfiphosphate,
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which cannot be incorporated into the cleavage site of restriction enzyme A
by a fil-in reaction.

Use restriction enzyme A and an appropriate buffer for it.

Use 273'-dideoxyribonucleoside Sfiphosphate, which cannot be incorporated
into the cleavage site of restriction enzyme A by fill in reaction. Use labeled
2'-deoxyribonucleoside'5 triphosphate, which can be incorporated into the
cleavage site of restriction enzyme A bylhifi reaction.

Use 23'-dideoxyribonucleoside Sfiphosphate, which can be incorporated into
the cleavage site of restriction enzyme A byllarfireaction.

Use restriction enzyme B and the appropriate buffer for it.

Use the buffer appropriate for restriction enzyme C.

Use restriction enzyme C and the appropriate buffer for it.
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Subtraction-Hybridization Method
for the Identification of Imprinted Genes

Fumitoshi Ishino, Yoshimi Kuroiwa, Naoki Miyoshi,
Shin Kobayashi, Takashi Kohda, and Tomoko Kaneko-Ishino

1. Introduction

Imprinted genes show monoallelic expression from either the paternal or
maternal genome (@), and their regulated expression is usually associated
with the existence of parentally differentially methylated regions on genomic
DNAs (3,4). Because of this, essentially two different approaches, using
either cDNA or genomic DNA as starting mater(&) have been developed
for systematic isolation of imprinted genes. In this chapter, we describe a
subtraction-hybridization methd@-8) as an example of the former approach.
Both parthenogenetic embryos and androgenetic embryt) ée the most
suitable biological materials for the subtraction or detection of imprinted
genes. However, it is difficult to obtain a large amount of such special materials
because only a small number of these embryos develop to the d 10 stage
(9,10). Thus, polymerase chain reaction (PCR)-based techniques, such as
the differential display (11-13and subtraction-hybridization methods, are
necessary to accomplish this experiment. The subtraction-hybridization method
has been successfully applied for isolation of both paternally expressed genes
(Pegs) (6,14,15) and maternally expressed gendteds) (7), and it allows
cDNA libraries to be made from a very small amount of biological material.
We are convinced that this method can be applied in malug fof biological
science.

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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1.1. PCR Methods for Making Representative cDNA Libraries

Invention and improvement of the PCR method has enabled us to detect
single copies of genes using genomic DNA and mRNA from a single cell.
However, to make representative cDNA libraries using the PCR method, special
PCR conditions needed to be developed that simultaneouslyeshtisfiditions
of both long and accurate PCR (LA PCR%) and unbiased ampldation of
different sizes of cDNAs from <1 kb to 10 kb. We ch&$e DNA polymerase
in our experiments because it has the lowest mutation rate among known
thermostable DNA polymerases (17). Although it has been reported that the
Pfu enzyme is not suitable for amplification of DNA fragments longer than
2 kb, we have improved the PCR conditions to resolve this problem. Using
a model amplification system in whichBstl fragments (117 bp-8453 bp)
were attached to PCR linkers (described below), we confirmed that DNA frag-
ments from <1 kb to 7-8 kb were amplified quantitatively for at least the
first 10—15 PCR cycles. Although 14§ of cDNA have been used to make
conventional cDNA libraries, it is now possible to make PCR cDNA libraries
and carry out subtraction experiments from as little as 5 ng of cDNA.

Because a very small amount of mRNA was used for cDNA synthesis, it
was sometimes impossible to quantify the precise amount of cDNA with UV
spectrometry, thus, an excess amount (about 1000-fold) of lone-linker DNA
(18,19) was used for linker ligation in order to accomplish the ligation reaction
of cDNAs with lone-linker DNAs (Fig. 1). The lone-linker DNAs are designed
to form only linker dimers by themselves, and self-ligation reactions could
not then proceed because of the resultingr8truding structures. Therefore,
the resultant dimers (40-mer) and the unreacted monomer linkers (20-mer)
could be removed by gellffiation columns. It is important to remove the
linker dimers completely because they are amplified very easily and disturb the
efficient amplifcation of cDNAs in the next step-Biotinylated 20-mer DNA
was used for both linker DNAs and PCR primers for complete neatidn of
one of the cDNAs. We previously checked that the ancplion efficiencies
between primer sets attached to two cDNA samples used for subtraction
experiments were equivalent under the PCR conditions used and described
below. Therefore, it is highly recommended that the ancplifon efficiency
be checked again when oligonucleotide linkers and PCR primers other than
those in Fig. 1 are used.

1.2. PCR Conditions for Making cDNA Libraries
and Subtraction Experiments

Both selection of linkers (primers) and the PCR conditions are important for
nonbiased amplification of total cDNAs because they are composed of cDNAs
of different lengths. We chose the Pfu enzyme for its high thermostability and
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Linker-1 (for cDNA from fertilized embryos)
5' 3
TCGACTCGAGTATACTTACA  20mer
TGAGCTCATATCAATGT-p 17mer

3 5'

Linker-2 (for cDNA from androgenetic embryos)
5 3

-GATTACTCGAGACTAATATC  20mer

ATGAGCTCTGATTATAG-p 17mer

3 5

. biotin residue

Fig. 1. Structure of linker DNAs. Two sets of linker DNAs and PCR primers are
prepared for amplification of two different cDNAs, 1 and 2B®tinylated 20-mer
oligonucleotide is used for making the cDNA-2.

low mutation rate. Because it takes longer for the extension of long cDNAs, an
extention time of 10 min was decided on for each amplification cycle, resulting
in a longer PCR time than for usual PCR protocols. Therefore, thermostability
is one very important factor in enzyme selection. Because one of our purposes
was to make cDNA libraries from very small amounts of biological materials,
high fidelity of DNA synthesis was also required for amgéifion. Recently,
several new high-performance thermostable DNA polymerases have become
available; thus, some other enzymes may be suitable for this purpose. Usually,
a combination of two different types of thermostable DNA polymerases (a
high-performance type, such as TalyA polymerase, and a highdglity type,

such as Pfu) is used for long and accurate PCR (LA RO#&) These are also

a good choice for amplification in subtraction experiments. However, it should
be noted that the mutation rate is reported to be similar to thEgdDNA
polymerase rather than that of Pfu DNA polymerase.

The amplifcation efftiency varies with the PCR machines used. Total
performance of the machines, such as heating and cooling ability, may be
impotant. In our experience, the PCR GeneAmp PCR System 9600 (PE Applied
Biosystems) demonstrated the best performance in these experiments. The
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number of PCR cycles is another important factor for amptifin. Because
smaller fragments tend to be predominantly anmgdifiexcess PCR cycles
should be avoided to achieve unbiased amplification. Usually, 10-15 cycles
are recommended for one amplification experiment, depending on the amount
of cDNA used. Amplifed cDNA can be checked by Southern hybridization
using several gene probes. If smaller bands appear inrstheaifnplification
experiment, the number of PCR cycles should be reduced. We have carried
out the second ampldation using 1/30 aliquots of thedt amplification
sample, in 30 reaction tubes, to obtain the total cDNA used in the subtraction

study (1-3u9).

1.3. Setting the Subtraction Conditions

It should be noted that the mixing ratio of the two cDNAs is very important.
We have mixed cDNAs from androgenetic (or parthenogenetic) embryos
(cDNA-2 in Fig. 2) with those from normal fertilized embryos (cDNA-1 in
Fig. 2) in a ratio of 100 to 1. When imprinted genes are completely expressed
monoallelially, this ratio works very well. However, in some imprinted genes
that show low levels (about one-hundredth) of expression from the “silent”
allele, such a#i19, efficient concentration was not achievesde(Fig. 3).
Therefore, the expression levels of the genes to be examined in the two
biological materials used in the subtraction experiment must be carefully
considered when setting up the subtraction conditions.We also recommend the
use of about 1 guof total cDNA in each subtraction experiment in eachutLO-
volume of reaction mixture, because the DNA concentration and renaturation
time (Cot value) are very important factors for @ént hybridization.

2. Materials
2.1. Linker Ligation

1. Chemically synthesized-phosphorylated 17-mer oligonucleotides-1 and -2
(see Fig. 1 and Note 1).

2. Chemically synthesized 20-mer oligonucleotide complementary to the 17-mer
oligonucleotide-1 (the same as primer-1 in Subheading 2.2.).

3. Chemically synthesized-blotinylated 20-mer oligonucleotide complementary
to the 17-mer oligonucleotide-2 (the same as primer-2 in Subheading 2.2.).

4. TE buffer: 10 v Tris-HCI, pH 8.0, 1 vl ethylenediaminetetraacetic acid

(EDTA).

Water baths (set at 75 and 4°C).

T4 DNA ligase.

CHROMA SPIN-400 (Clontech).

20x SSC: 3.0 NNaCl, 3.0 Msodium citrate, ph 2.0.

©No O
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[cDNA from fertilized embryos)

‘ cDNA synthesis ¢ cDNA synthesis
T
FESNARRRNNS d

T
cDNA prov
linker-2 [_1 igaton ‘linkem B ligation

—mnannnanni— RS

cDNA-2 cDNA-1
(A-cDNA) (F-cDNA)

Denaturation and reassociation

Op=sunsn
L e

Adsorption to magnetic beads
conjugated with streptavidin

+ Supernatant

PCR using linker-1

2nd , 3rd subtraction

Subtracted cDNA
for Megs

TITTIITITT Common biallelically expressed genes
; * Maternally expressed genes (Megs)

TIITTTTTT Paternally expressed genes (Pegs)

Fig. 2. Subtraction between cDNAs from androgenetic and normal fertilized
embryos. Becauskleg genes are not expressed in androgenetic embryos, they are
concentrated by a series of gene subtractions of the androgenetic embryos from normal
fertilized embryos. The subtracted cDNA can be amplified with PCR using primer-1
and successive subtractions are possible until an efficient concentration is achieved.
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2.2. Quantitative Amplification of cDNAs by PCR

1. NativePfu DNA polymerase (Stratagene).

2. 10x PCR buffer (supplied witiPfu emzyme): 200 mMris-HCI, pH 8.3,
100 mMKCI, 60 mM(NH,),S0O,, 20 mMMgCl,, 1% Triton X-100.

3. 50 mMMgCL,.

4. dNTP mixture (1 mMach) (Pharmacia).

5. PCR Primers-1 and -2 (the same as 20 mer oligonucleotides-1 aSibh&ad-

ing 2.3.).

Double-distilled water (DDW).

N
“w o

. Subtraction Between Two Different cDNAs

HE buffer: 10 mMHEPES, pH7.5, 1 mMEDTA.

2 x hybridization buffer: 1.5 MNaCl, 50 mMHEPES (pH7.6), 10 mNEDTA,
0.2% sodium dodecyl sulfate (SDS).

Mineral oil.

Heating buffer: 75 M NaCl, 2.5 mMHEPES (pH 7.5), 0.5 mNEDTA,
0.01% SDS.

DynaBeads M-280 streptavidin (Dynal).

Magnetic stand MPC-E (Dynal).

CHROMA SPIN TE-400 (Clontech).

N

P w

N
A Now

. Isolation of Imprinted Genes by Differential Hybridization

Hybond-N+ membrane (Amersham).

Denaturation solution: 1.5 MaCl, 0.5 MNaOH.

Neutralization buffer: 1.5 MlaCl, 0.5 MTris-HCI, pH 7.5, 1 mMEDTA.
UV crosslinker.

Random priming DNA labeling kit (TaKaRa).

[0-32P]dCTP (1.85 MBQ).

Church’s solution: 0.5 Mhosphate buffer, pH 7.0, 7 % SDS, 1 rBMTA.
Church’s wash solution: 45 mphosphate buffer, pH 7.0, 1% SDS.
0.1x SSC, 0.1% SDS.

Biolmaging analyzer BAS 2000 (Fujinfi).

coLooNOoO~WNE

=

3. Methods

There are several mRNA isolation kits and cDNA synthesis kits available for
small-scale experiments, such as the FastTrack mRNA isolation kit (Invitrogen)
and the Xapll cDNA synthesis kit (Stratagene). We have carried out these
steps according to the manufacturer’s protocol except for using a reduced
amount of oligo dT cellulose resin suignt for the absorption of mMRNAs
from initial materials (one-half to one-third of the recommended amount), the
addtion of 2 \g of glycogen (Boeringer-Manheim) in the ethanol precipitation
steps, and the usual oligo dT primer (Boeringer-Manheim) for the RT
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reaction, instead of the manufacturer’s primers, which added a different
sequence incorporating a restriction site on iterial. Sometimes we cannot
quantify the amount of the isolated mRNA or synthesized cDNA by UV
spectrophotometry because of the limited amount of material. Therefore, it is
necessary to check that the final cDNAs can be recovered after aatigifi

of cDNAs by the PCR method described below.

3.1 Making Lone Linkers and Linker Ligation

1. Dissolve each oligonuleotide in TE buffer (1.2 nmol each-phbsphorylated
17-mers, oligonucleotide-1 and -2, and complementary 20-mers, oligonuculetide-1
and -2).

2. Mix equal molar amounts of -phosphorylated 17-mer oligonucleotide-1
(or -2) and complementary 20-mer oligonuculetide-1 (or -2) and make up to
60 uL with TE buffer.

3. Incubate at 75°C for 5 min and cool to room temperature (RT) for 2—3 h to allow
formation of lone linker-1 (or -2).

4. Add 100 pmol of lone linker-1 (or -2) (4¢8) and 1 |L of T4 DNA ligase to
each synthesized cDNA-1 (or -2) (ete 2).

5. Incubate at 4°C overnight and stop the reaction by addirlg {fimal concentra-
tion) EDTA.

6. Remove the unreacted lone linkers and formed dimers byltgalidn using
CHROMA SPIN-400 (sedNote 3).

3.2. Quantitative Amplification of cDNAs by PCR

One-fifth to one-tenth of the linker-bound cDNAs are used for PCR ampli-
fication for the first time to check the number of PCR cycles. The length of
the amplifed cDNAs should be checked by Southern hybridization of the PCR
product using probes of known genes (such-asti).

1. Prepare the reaction mixture:

10 x reaction buffer 10 pL

50 mM MgC}, 3 uL (final concentration 3.5 mM;
sedNote 4).

dNTP mixture (1 mM each) 12 pL (final concentration 120 mM each)

primer-1 (or -2) 80 pmol

linker bound cDNA -1 (or -2) 1/5-1/10 vol from Subheading 3.1.
DDW to make up the final volume of 100 L

2. The reaction mixtures are incubated at 75°C for 1 min first, and then 2.5 U
of native Pfu DNA polymerase is quickly added and kept at 75°C for another
1 min (seeNote5).

3. After the denaturation step at 96°C for 1 min, perform 10 cycles of PCR: 65°C
for 1 min, 72°C for 10 min, and 96°C for 5 s for the first nine cycles, and 15 min
is recommended for the last elongation step in the tenth ceeléléte 6).
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4. Each one-thirtieth aliquot of the mixture is used for another 10 acafilifin

cycles as described steps 1-3 (total 30 tubes) for cDNAs.

Collect the 30 reaction mixtures in one Eppendorf tube.

6. Add proteinase K, SDS, and EDTA (final concentration: @®nj1, 0.5%, and

5 mM, respectively) and incubate at 45°C for 3 h.

Add the same volume of phenol-chloroform and mix vigorously.

Recover the water phase and add twice the volume of EtOH.

After incubation at —20°C for 10 min, collect the cDNA pellets by centrifugation

(15,000gor 15,000 rpm).

10. Resolve the pellets with 2@ jof TE.

11. Apply to a gel filtration column (CHROMA SPIN-TE400) and remove the
primers and dNTPs.

12. Quantify the cDNAs by UV spectrophotometry (bigte 7).

o

© N

3.3. Subtraction Between Two Different cDNAs (Fig. 2)

1. Mix 1 ug of biotinylated cDNA-2 (cDNA from androgenetic embryos) and 10 ng
of cDNA-1 (cDNA from normal fertilized embryos) and add HE buffer to make
up to 5uL. Then add 4L of 2 x hybridization buffer (fnal concentration:
0.75M NaCl, 25 mMHEPES, 5 mMEDTA, 0.1% SDS).

2. Add 10uL of mineral oil and heat denature at 100°C for 10 min. Then renature
at 68°C for 24 h (sedlote 8).

3. Cool immediately on ice and recover the water phase into a new tube.

4. Add 27.5uL of HE buffer, 2 |g of glycogen, and 80Luof EtOH and keep at
—80°C for 10 min.

5. Centrifuge at 15,000d.5,000 rpm) at 4°C for 1h.

6. Resuspend the pellet with pQ of heating buffer and incubate at 68°C for
20 min.

7. Replace the solution into a 1.5-mL Eppendorf tube and add 4 mg of DynaBeads
M-280 streptavidin.

8. Mix gently while tapping for 1 h at room temperature.

9. Stand the tube on a magnet stand (MPC-E) for 10 min and recover the supernatant.

10. Amplify half of the supernatant by PCR using primer-1 under the conditions as
described under Subheading 3.2. (first subtracted cDNA).

11. Mix 10-20 ng of the first subtracted cDNA withdlLqf biotinylated cDNA-2 and
repeatsteps 1-9 three times, until the control genes are completely removed.

12. Purify the third subtracted cDNA by gel filtration using CHROMA SPIN
TE-400.

3.4. Screening of Imprinted Genes Using Subtracted DNAs
as Selection Probes (Fig. 3)

It is recommended that you prepare two kinds of control genes, one expressed
equally and removed by subtraction, suchBeactin, and the other spedifi
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Fig. 3. Dot hybridization oMeg genes. Plasmid DNAs (about 50 ng) isolated
from candidate »laques were spotted on three filter membranes and hybridized with
cDNA probes from the androgenetic embryos (A-probe), normal fertilized embryos
(F-probe), and the third subtracted cDNA (S-probe). Two control gghastin
(no. 1) andPegl/Mest genes (no. 2), were completely removed in the subtracted
probe. Compared with Megl/Grb10 (no. 4) and Meg3 (no. 8), concentration of H19
(no. 3) and p5%P2 (no. 6) was not so efficient because of leaky expressions from the
paternal alleles. Although no. 7 was greatly concentrated in the subtracted probe,
it was expressed at the same levels in the two starting cDNAs and proved not to be
a real imprinted gene. 1-4&tin; 2, Pegl/Mest; 3, H19 (Meg2); 4, Megl/Grb10; 5,
unknown gene (not imprinted), 6, p8% (Meg5); 7, unknown gene (not imprinted);

8, Meg3.

to one of the cDNAs. Differential hybridization among two starting cDNAs
and the subtracted cDNA is the most efficient way to isolated imprinted genes
(Pegs or Megs), according to our exprerience. Otherwise about 80% of clones
that gave positive signals proved not to be genuine imprinted genes, but those
expressed at the same level in the two starting cDNAs. Almost all of the known
imprinted genes have been isolated in the remaining 20% of clones. When
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expression levels of the genes in question are very low, we recommend the use
of membrane filters on which plasmid DNAs isolated from candidate plaques

are dotted (Fig. 3).

1. Prepare each of three membrane filters from one plate of cDNA library screened
according to the molecular cloning.

2. Soak the membrandtérs in denaturation solution for 5 min and then in
neutralization buffer for 7 min.

3. Air-dry and UV crosslink for fiation of DNAs on the membranes.

4. Label each of the three cDNA witfP CTP using a DNA labeling kit.

5. Prehybridize the membranes with 20 mL of Church’s solution at 69°C for
5 min.

6. Discard 10 mL of the solution, add each labeled DNA probe, and hybridize at
69°C overnight.

7. Wash the membranes with 30 mL of Church’s wash solution at 69°C for 5 min,
with 50 mL of Church’s wash solution at 69°C for 30 min, twice, and then with
0.1x SSC containing 0.1% SDS at 69°C for 30 min, twice.

8. Detect radioactivity with Biolmaging analyzer.

9. Compare signals among the three filters and select the clones that give positive
signals on both cDNA-1 and subtracted cDNA and negative on cDNA-2.

4. Notes

1. 5-Phosphorylated 17-mer oligonucleotieds can be purchased from several
companies. However, the-phosphorylation reaction of 17-mer oligonucleotides
can be carried out in the laboratory by T4 DNA polynucleotide kinase reaction.

2. Total volume should not exceed 20 u

3. It is necessary to remove monomers and dimers completely for the next PCR
steps. When gellfration columns (such as CHROMA SPIN-TE100) are used in
this step, for removal of smaller-sized DNAs, a small amount of the monomers
and dimers will remain in the elutions and will disturb the next PCR reaction.

4. 20 mMof MgCl, is contained in the 10 reaction buffer.

5. The hot-start method is recommeded in this step.

6. Because Xhol site is integrated in the linker-primer, the amplified cDNAs are
used for making cDNA libraries after Xhol digestion and ligation with adequate
A phage vectors, such aZAPII (Stratagene).

7. 2-3ug of amplified cDNAs are usually obtained. This is enough for the next
subtraction experiment.

8. The denaturation time should not exceed for 10 min because of degradation
of cDNAs.
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Identification of Imprinted Loci by Methylation

Use of Methylation-Sensitive Representational
Difference Analysis (Me-RDA)

Rachel J. Smith and Gavin Kelsey

1. Introduction

The technique of representational difference analysis (RDA) was originally
described by Lisitsyn et al. (1993) as a means of identifying differences between
complex genomes by the use of subtractive hybridisdfipnThis protocol
for methylation-sensitive RDA (Me-RDA) describes adaptations to the original
technique that, by the use of oligonucleotidesHpall or Hin6l sites, allow
the identifcation of sequences whose methylation differs between two sources
of DNA. Differences in the methylation of the maternal and paternal alleles of
imprinted genes have been described for most imprinted genes studied 2p. date
The importance of methylation in the control of imprinted gene expression has
been clearly demonstrated by the perturbation of allelic expression in maerdefi
in Dnmt1, the major mammalian DNA methyltransferé3g and methylation has
been suggested to fulfill the necessary requirements of an “im@int”

The use of allelic methylation differences to identify novel imprinted genes
represents an important complement to expression-based screens, as methyla-
tion differences are not limited by tissue or stage spitgifof expression
(5). Practical use of such methylation differences has previously led to the
identification of the imprinted U2aftsl and Ras-grflgenes in restriction
landmark genome scanning (RLGS) scre@;g see Chapter 6) RLGS may
be limited by its use of methylation at sites for rare cutter restriction enzymes,
and its dependence on restriction fragment length polymorphisms (RFLPS)
to assign parental origin or large quantities of uniparental DNA. In contrast,

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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Me-RDA detects parent-of-origin methylation differences in a fundamentally
different way that may permit a more comprehensive screen for imprinted
methylation. It is based on methylation differences at sites for frequent cutting
restriction enzymes, such aipall or Hin6l, with the expectation that each
imprinted locus will be represented as multiple Hpall and/or Hin6él frag-
ments. Parental origin is assigned by the use of DNA sources in which the
entire parental genomes (uniparental embryos) or individual chromosomes
(uniparental disomies) are separated. Me-RDA has been used to identify novel
imprinted loci on mouse distal chromosome 2, and led to the isolation of the
imprinted transcripts Nesp and Gnas{®).

1.1. Theory of RDA

RDA is a technique that has been developed to permit the idaftitfi
of differences between two populations of DNA by the use of subtractive
hybridization. In common with all subtractive hybridization methodologies,
RDA uses a large excess of one DNA population (the driver), which is hybrid-
ized against a second DNA population (the tester), to enrich sequences that are
unique to the tester (the target).

Subtractive hybridization is not very effective when applied to complex
genomes, such as those of human and mouse, due to the low likelihood of
reassociation of single-copy sequences. RDA overcomes this by producing
reduced-complexity representations of the genome in which reassociation
kinetics are more favourable. The tester and driver DNAs are digested with the
same restriction endonuclease, adaptor oligonucleotides are added, and whole-
genome amplifiation by the polymerase chain reaction (PCR) is performed.
Since PCR under standard conditions favors the amplification of small frag-
ments, the amplifiation products, referred to as “amplicons,” will comprise
only a small proportion of the restriction fragments, generally those smaller
than 1.5 kb. It is these reduced complexity representations that are used in
the subtractive hybridization. Before subtraction, the adaptors on the tester
amplicons are removed and exchanged for a new set. Subtraction is then
performed by denaturation and reassociation of the amplicons. A large excess
of driver amplicon is used to force sequences common to tester and driver
into tester—driver heteroduplexes. Kinetic enrichment of targets is achieved
by PCR amplification of the subtraction using a primer corresponding to the
tester-specific adaptors. Only tester—tester annealed fragments will have
primer sites at both ends and are therefore the only molecules that will be
amplified exponentially. Repeated rounds of subtraction may be carried out
until the major components of the difference products (DPs) are tester<pecifi
fragments, i.e., a high abundance of targets. The technique of RDA is illustrated
in Fig. 1, and an example of a Me-RDA experiment is given in Fig. 2.
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Fig. 1. Schematic representation of RDA. Amplicons are produced from tester and
driver DNAs by restriction digestion, ligation of adaptor molecules, and whole-genome
PCR. The adaptors on the tester amplicon are removed and new adaptors ligated.
Subtractive hybridization is carried out using a large excess of driver amplicon
and the tester—tester homoduplexes are recovered by a PCR approach, using PCR
primers corresponding to the tester-specific adaptors. This technique is applied to
the identifcation of methylation differences by the use of a methylation-sensitive
restriction enzyme in the initial restriction digest, which is represented schematically
at the top of the jure. (Adapted fromef. 1.)



P

@ g

T g E

¥ — -

i 8 £ g,
a¥

— — -E_

[r=] ad W = =

R RS -

>

1353
— '8
— 803

p—
— &@ET

- — 80
. _ 310
- - — BT

Fig. 2. Evaluation of Me-RDA involving DNAs from mouse embryos with paternal
or maternal UPD for distal chromosome 2. (A) The agarose gel shows, from the left:
Hpall digests of DNAs from embryos with maternal disomy (Mat) and paternal disomy
(Pat); the amplicons produced by whole-genome PCR from the Hpall digests; and the
difference products after a first round (DPs1) and second round (DPs2) of subtraction.
DPs1 identifed M1 refer to a subtraction in which the Mat amplicon was used as
tester and the Pat amplicon used as driver, in which case the DPs are enriched in
Hpall fragments specifi to the Mat amplicon and therefore unmethylated in the Mat
UPD DNA. DPs1 identigd P1 are the products of the reciprocal subtraction. DPs1
resubtracted against the respective driver amplicons result in the second round DPs:
M2 and P2. Because of the high level of methylation of the mouse genome, much
of the DNA in the Hpall digests remains high molecular weight. The whole-genome
PCR generates Hpall amplicons that represent small (<1500 bp) unmethyiztied
fragments. DPs1 remain a complex population of fragments, but DPs2 appear as a
simple pattern of bands corresponding to enrichment of the small numbkipaibf
fragment differences that exist between the Mat and Pat DNAs (i.e., the targets).
(B) The gel inA hybridized to a probe for the imprinted gemaironatin, which
is located on distal chromosome 2 and is methylated on the Mat chromosome. The
hybridization illustrates the difference in methylation in the Mat and Pat DNAs, and
how this translates to representatiomedironatin gene fragments spedélly in the
Pat ampliconNeuronatin fragments become highly enriched in the P2 DPs.
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In Me-RDA a methylation-sensitive enzyme, such as Hpall, is used in the
initial digest of the starting DNAs. Methylated sites will not be digested and the
resulting fragments will be too large to amplify in the whole-genome PCR, but
where the DNA is unmethylated the resulting small restriction fragments will
be included. The targets of the Me-RDA comprise fragments that are specifi
to the tester, and are therefore sequences that are cfciiinmethylated in
the tester DNA. The amplicons produced will contain only a small fraction of
the genome, but because of the high level of methylation of genomic DNA, are
likely to contain a high proportion of the unmethylated fraction of the genome,
in particular being enriched in CpG island sequences.

1.2. Choice of Starting Material

In order to identify differences in allelic methylation by Me-RDA, it is
necessary to have designated tester and driver DNAs in which the parental
genomes are differentially represented. Because Me-RDA is PCR based, it is
feasible to apply it to limiting amounts of material, and the technique could be
completed with less than Igpof DNA. For studying subchromosomal regions
of the genome at which imprinting effects map, uniparental disomies (UPDs)
provide an ideal source of material for Me-RDA (for further information on
UPDs, refer to Chapter 3). The driver DNA used will be uniparental and, upon
restriction digestion, will lack the small, unmethylated fragments that comprise
the target in the tester DNA. If both maternal and paternal UPDs are available
for the same subchromosomal region, these may each be used as the driver
in reciprocal subtractions, with the other UPD used as the tester. This will
permit the identification of regions both of paternal- and maternal-specifi
methylation. To examine for allele-specifnethylation over the whole genome,
material that is entirely uniparental in origin is required. In mice, this may be
achieved using parthenogenetic or androgenetic uniparental embryos as the
driver DNA and either the reciprocal uniparental type, or fertilized embryos,
to provide the tester DNA. For further information on parthenogenetic and
androgenetic mouse embryos, refer to Chapter 1.

It is important to ensure that, other than the targets of the RDA, the sources
of DNA are as identical as possible. RFLPs between the DNAs could be
targets for enrichment in the Me-RDA, and these should be eliminated as far
as possible by choice of strains of mice used and pooling of material. It is
important to ensure that methylation differences between the DNA samples
used are limited to differences in allelic methylation. This should be achieved
by matching the tissue types and developmental stages used in order to avoid
tissue-speciti methylation differences.
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1.3. Choice of Restriction Endonuclease

The recommended restriction enzymes for Me-RDA have 4-bp recognition
sites and are sensitive to methylation of the CpG dinucleotide; for example,
we use Hpall (CCGG) and Hin6l (GCGC). We usm6l in place of the more
commonly encountered isoschizomers Hhal or Cfol because Hin6l digestion
produces the same &verhang as Hpall, allowing Hpall and Hin6l DPs to be
cloned into the same vector. The presence of only C and G nucleotides in the
recognition sequence means that the sites for these enzymes tend to cluster
in CG rich CpG island-like regions. These regions are of particular interest in
the isolation of novel imprinted genes, as the differentially methylated regions
(DMRs) of imprinted genes examined to date comprise CpG island, or island-
like, regions. Other 4-base methylation-sensitive restriction enzymes (e.qg.,
Maelll [ACGT]) could also be used, although these sites are less likely to
cluster in CpG island regions. It is preferable to avoid enzymes that give
blunt-ended digestion products, as the restriction fragments may not ligate
efficiently to the adaptors.

2. Materials

Many materials and pieces of equipment are required for various procedures
throughout the protocol. These are standard for a well-equipped molecular
biology laboratory and are:

Incubator at 37°C in which to carry out restriction digests.

Two variable-temperature heating blocks.

Ice bath.

Thermocycler, which is used for PCR and other incubations.

Bench-top centrifuge to accommodate 1.5-mL and 0.5-mL microcentrifuge
tubes. All centrifugation steps are carried out at 15,0009

Equipment for gel electrophoresis: electrophoresis apparatus, UV transillumina-

tor, and video camera (preferably with attached gel documentation software).

7. Reagents for gel eletrophoresis: agarose, TBE (10xXTBE: 0.9M Tris-borate,
0.02M ethylenediaminetetraacetic acid (EDTA)), ethidium bromide (EtBr, stock
solution of 2.5 mg/mL, stored in a dark bottle as it is light sensitive). EtBr is a
suspected mutagen, so handle all EtBr-containing reagents wearing gloves.

8. PCR reagents: appropriate oligonucleotide primers (stock solution of 4@tbynol/
dNTPs (stock solution of 2 mMSTD (10xSTD: 100 mMTris-HCI, pH 8.8 (at
25°C), 500 mMKCl, 15 mMMgCl,) and TRI (10XTRI: 300 mMTricine, pH 8.4
(at 25°C), 20 mMMgCl,) PCR buffers; and TaBNA polymerase.

9. 3M sodium acetate, pH 5.2, and 100% ethanol for precipitating DNA, 70%
ethanol for washing DNA pellets.

10. TE: 10 mMTris-HCI, 1 mMEDTA, pH 8.0.

ogkrwnE
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Other materials required are indicated for the appropriate step in the
protocol. All reagents should be of molecular-biology grade, and made up to the
correct concentration using double-distilled or ultrapug® HAll appropriate
solutions, such asJ@, should be autoclaved before use. PCR primers, dNTPs,
PCR buffers, all enzymes, and the buffers supplied with them should be stored
at —20°C. All intermediates in the procedure should be stored at —20°C, at
which temperature they may be stored inuitdiy.

This protocol describes Me-RDA using Hpall digested DNAs and the Hpall
set of adaptors/primers (sd@ble 1). Me-RDA with Hin6l-digested DNA and
Hin6l adaptors/primers would be performed in an identical fashion.

2.1. Preparation of Driver and Tester Amplicons
2.1.1. Restriction Digest of Genomic DNA

1. 5ug tester and driver DNAs of choice.
2. Hpall restriction enzyme and appropriate buffer as supplied by the manufacturer.

2.1.2. Ligation of Adaptors

1. RHpa24 and Ripal2 adaptor oligonucleotides at a concentration of 200 pinol/
(see Table 1 and Note 1).

2. T4 DNA ligase and appropriate buffer as supplied by the manufacturer.

3. Water bath at 50°C that may be cooled to 10°C over >60 miMN(de?).

2.1.3. Production of Amplicons

1. PCR reagents and additions of choice (e.g., glycerol has been usetipa?¥R
primer and TRI PCR buffer).

2. DNA concentration standard comprising Sau3A-digested genomic DNA of
known concentration (e.g., 100 ng/psee Note 3).

2.2. Processing Tester and Driver Amplicons

Hpall restriction enzyme and appropriate buffer as supplied by the manufacturer.
Low-melting-point (LMP) agarose.

1xTAE (50xTAE: 2M Tris-acetate, 0.081 EDTA).

Molecular weight marker such asX(ty4 DNA digested with Haelll.

B-Agarase enzyme and buffer supplied by the manufacturer.

MHpa24 and MHpal2 adaptor oligonucleotides at 200 pmabl{see Table 1).
Materials as indicated under Subheading 2.1.2.

NogakrowdhpE

2.3. Subtraction
2.3.1. Subtractive Hybridization

1. 25/24/1 aqueous phenol/chloroform/isoamyl alcohol (IAA). This solution should
be kept in the dark and handled with caution in a fume hood, as it causes burns
to eyes and skin.
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Table 1
Oligonucleotides Used in Me-RDA with the Restriction
Enzymes Hpall and Hin6l

Enzyme Site oligonucleotides 12/24 adaptors
Hpall C'CGG RHpa24 AGCACTCTCCAGCCTCTCAGCGAC AGCACTCTCCAGCCTCTCAGCGAC
GGC'C AGAGTCGCTGGC

RHpal2 ~ CGGTCGCTGAGA

MHpa24  AGCCAACTGTGCTATGCGAGGAAC AGCCAACTGTGCTATGCGAGGRAC
ACGCTCCTTGGC

MHpal2 ~ CGGTTCCTCGCA

JHpa24 ACCGACGTCGACTATCCATGAAGC ACCGACGTCGACTATCCATGAAGC
AGGTACTTCGGC

JHpai2 CGGCTTCATGGA

Hin6l G'CGC RHin24 AGCACTCTCCAGCCTCTCAGCGAG AGCACTCTCCAGCCTCTCAGCGAG
CGC'G AGAGTCGCTCGC

RHin12 CGCTCGCTGAGA

MHin24 AGCCAACTGTGCTATGCGAGGAAG AGCCAACTGTGCTATGCGAGGAAG
ACGCTCCTTCGC

MHinl2 CGCTTCCTCGCA

JHin24 ACCGACGTCGACTATCCATGCAAG ACCGACGTCGACTATCCATGCAAG
AGGTACGTTCGC

JHin12 CGCTTGCATGGA

The 12-mer and 24-mer are used together to form an adaptor, which may be ligated to
DNA digested with the enzyme indicated. The 24-mer is used as a primer in PCR reactions to
amplify fragments that are ligated to the appropriate adaptor. The RHpa/RHin adaptors/primers
are used on both driver and tester DNAs to allow whole-genome PCR to produce amplicons.
The MHpa/MHin and JHpa/JHin adaptors are ligated to tester amplicons or DPs. They provide
tester-speciti primer annealing sites to allow recovery of tester-spes#guences following
subtractive hybridization. To carry out three rounds of Me-RDA, 10 nmolHdaR4 and
1 nmol of all other primers are required (&ete 1).
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2. 24/1 chloroform/IAA. This should be handled in a fume hood to avoid inhalation.

3. 2.5xEE (EE: 10 mMN-[2-hydroxyethyl]piperazine-N[3-propanesulfonic acid]
(EPPS) pH 8.25 (at 25°C), 1 mEDTA).

4, Minearl oil.

5. 5M sodium chloride.

2.3.2. Recovery of DPs by PCR

1. MHpa24 primer (stock solution of 40 pmol/u

2. 25/24/1 agueous phenol/chloroform/IAA.

3. 24/1 chloroform/IAA.

4. Mung bean nuclease (MBN) and buffer supplied by the manufacturer.
5. 50 mMTris-HCI, pH 8.8.

2.3.3. Subsequent Rounds of Subtraction

1. JHpa24/12 adaptors/primers instead éfg@ or MHpa adaptors/primers (stock
solutions of 200 pmolAt and 40pmol/jL). Otherwise all other materials are as
used in the first round of subtraction.

2.4. Analysis of DPs
2.4.1. Cloning DPs

1. Hpall restriction enzyme and appropriate buffer as supplied by the manufacturer.

2. Vector of choice (e.g., pBS+ [Stratagene]) restriction digested and treated with
alkaline phosphatase, in order to accept the cohesive ends generated by the
restriction enzyme used in the subtraction (¢igall and Hin6l fragments may
be cloned into an Accl site).

3. T4 DNA ligase and appropriate buffer as supplied by the manufacturer.

4. Competent cells of a suitable strainEstherichia coli allowing blue/white
selection, and standard materials for culturing bacteria: LB, LB agar plates with
ampicillin, X-gal, IPTG(9).

2.4.2. Determining Efficiency of Subtraction

1. Colony lysis buffer: 10 M Tris-HCI pH 7.5, 1 mMEDTA, 50ug/mL proteinase K.

2. QIAquick PCR purification kit (QIAgen), or equivalent.

3. Concentration standards (e.g., differing dilutions of molecular weight marker).
4. Southern blots of starting tester and driver amplicons (e.g ehch amplicon,
electrophoresed and blotted onto nylon membrane using standard protocols).
[@32P]dCTP and preferred materials for random priming probe labeling and
hybridization of probe to Southern blots.

6. 7.5M ammonium acetate.

o
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2.4.3. Determining Differential Methylation

1. Southern blots of suitable DNAs for analysis of allele-spegi@ithylation (e.g.,
from uniparental material or hybrids between different species/subspecies).
2. Preferred conditions for hybridization of probes to Southern blots.

3. Methods

This protocol describes Me-RDA usirgpall-digested DNAs and the
Hpall set of adaptors/primers. Me-RDA with Hin6l-digested DNA and Hin6l
adaptors/primers would be performed in an identical fashionTiete 1).

It is essential that throughout the protocol, care should be taken to ensure that
there are no means by which contamination may be introduced. The reliance
of this technique on PCR may lead to the amgaifion of contaminants,
and spurious results. To this purpose, it is recommended that precautionary
measures are taken, such as the use of barrier tips or positive-displacement
pipets. Reagents should be kept in small aliquots, and those at working dilution
should be renewed frequently.

3.1. Preparation of Tester and Driver Amplicons

Tester and driver amplicons are produced from restriction-digested genomic
DNAs by the addition of adaptor oligonucleotides, and the use of primers
corresponding to these adaptors in whole-genome PCR under optimized
conditions. Only fragments within a particular size range, which is in part
determined by the PCR conditions used, are aragliin the reaction. The
resulting amplicons constitute a reduced-complexity representation of the
genome. Since it is these amplicons that are used in the subtractive hybridiza-
tion, it is important that the tester and driver amplicons are equivalent, for
example, in size range. This is required to reduce the possibility of differences
between the starting amplicons that are not the result of methylation differences,
which might give rise to spurious DPs.

3.1.1. Restriction Digest of Genomic DNA

1. Separately digest Fester and driver DNAs with4&=U/ug of Hpall to comple-
tion (overnight) under the recommended conditions.

2. Check 300 ng aliquot of digested against undigested DNA on a 1% agarose/0.5
TBE gel containing EtBr at 25 ng/mL (siéote 4).

3. Inactivate enzyme by incubating at 72°C for 15 min.

3.1.2. Ligation of Adaptors

1. Mix together in a 0.5-ml microcentrifuge tubgud Hpall-digested DNA,
500 pmol each of adaptors RHpal2 and RHpa24, ligase buffextarid HO
to a final volume of 3QL.
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2.

3.

Heat to 50°C and allow to cool to 10°C over >60 min to anneal the adaptors
(see Note 2).
Add 5 U (Weiss units) T4 DNA ligase and ligate overnight at 16°C.

3.1.3. Production of Amplicons

1.

W N

10.

11.

3.2.
It

Set up analytical PCRs to check ligation and PCR conditions using 4 ng DNA
from ligation reaction, 20QM each dNTP, 1 M RHpa24 primer, 1PCR buffer
in final volume of 2QuUL (see Note 5).

. Bring to 72°C (to melt off the 12-mer) and add 0.4 U D&A polymerase.
. Incubate at 72°C for 5 min to fill in overhangs.
. Then incubate at 95°C for 1 min 30 s and amplify through 20 cycles of 95°C for

30 s, 68°C for 30 s, and 72°C for 1 min 3084fi72°C for 5 min).

. Examine an aliquot of the reaction on a 1.2% agarosel®E& gel containing

EtBr at 25 ng/mL.

. Set up a series of analytical PCRs to examine the effects of DNA input (2—-8 ng),

primer concentration (1-gM), and TagDNA polymerase input (0.4—1 U) on

the size range and yield of the amplicons (S&te 6). Increasing any of these
results in amplicons of smaller fragment size. The effects of other additions (e.g.,
up to 10% glycerol is often used with RHpa24 in conjunction with the TRI PCR
buffer) could also be examined.

. Choose conditions that produce amplicons of a size range that is deemed to

contain the fragments of interest, and ensure that the tester and driver amplicons
are as similar as possible.

. Set up preparative (e.g., 200} PCRs, scaling up exactly from the analytical

PCR conditions that produce the desired amplicon.

. Precipitate each 2Q4l- preparative PCR with 0.8 sodium acetate pH 5.2 and

2.5 vol ethanol on ice >1 h. Centrifuge for 7 min to pellet the DNA. Remove
supernatant and wash with 70% ethanol. Resuspend each pellet inTA5, p
pH 8, then pool.

Examine UL on a 1.2% agarose/&9 BE gel to check size range and estimate
concentration, using 100-500 ng genomic DNA cut 8#hiBA as concentration
standards (seblote 3). Expect yields of ~10giper 200 L PCR reaction in TRI
buffer and ~4 g per 200 |1 PCR reaction in STD buffer.

Set up suftient preparative PCRs to producepgpof driver amplicon for each
subtraction step and 5-1@ tester amplicon.

Processing Tester and Driver Amplicons
is necessary to remove théipa adaptors from the tester amplicon and

replace with new (MHpa) adaptors, to provide tester-specific primer sites to
allow the recovery specifally of tester sequences following subtraction. This
involves gel puriftation and recovery of the DNA, followed by the annealing

and

ligation of the new adaptors.
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The driver amplicon has adaptor sequences at both ends, as well as contain-
ing significant quantities of the corresponding free primer. Therefore, driver
sequences could be abundant substrates for acapiifin after subtraction.

This has not been found to cause any problems in the subtraction; in fact, we
do not detect any amplification of driver post-subtraction. If desired, removal
of adaptors and free primers could be carried ouHpsll digest and gel
extraction as described for the tester amplicon, but is likely to entail seymtifi

loss of material.

1. Digest ~3ug tester amplicon with 30 U Hpall in minimum volume foP #.
Save one-tenth of the digest as recovery control.

2. Load the remainder into a 1-cm preparative well of a 2% LKMRAE gel
containing EtBr (0.1 g/mL) against a size marker that will cover the size
range of the amplicons (e.g., Haelll-digest@d174 DNA). Run at ~30 V until
bromophenol blue has migrated 20—25 mm.

3. Cut off marker lane; photograph on transilluminator, and note position of the
size markers that correspond to the size range of the amplicons. Excise the
corresponding portion of the preparative lane and check that the primers are in
the remainder of the gel.

4. Weigh the gel slice, divide into 300- to 3BD-volumes and place each into
separate 1.5-mL microcentrifuge tubes (dividing each again if necessary).

5. Add 0.10 vol 18 B-agarase buffer and allow gel pieces to melt completely at
68°C (cee Note 7).

6. Equilibrate to 40°C, adf-agarase at 2 U/10QL, and mix well. (This is an
excess of enzyme, but it takes into account the high percentage of agarose, and
that the gel slices are not equilibrated in two changes of buffer before digestion.)
Incubate at 40°C for >1 h.

7. Add sodium acetate to GvBand chill on ice >5 min. Centrifuge 7 min to remove
debris and transfer supernatant to fresh tube.

8. Precipitate supernatant with 2 vol isopropanol, on ice >1 h. Centrifuge 5 min.
Remove supernatant and wash pellets with 70% ethandN(ies8).

9. Take up pellet 20lUTE or H,0.

10. Run 2uL on 1.2% 0.5XTBE gel, with starting digest and concentration standards.

11. Set upannealing and ligation of 500 pmol each of adaptokpd24 and 12 to
0.5-1pg gel purified tester amplicon under the conditions described under
Subheading 3.1.2.

12. Perform an analytical PCR to check that ligation was successful (e.g., analytical
PCR in 20 L using 1 ng ligation and M primer MHpa24). Ensure that the
PCR products reflect the size range of the starting tester amplicon, and do not
contain novel prominent bands.

3.3. Subtraction

The subtraction includes co-precipitation, denaturation, and hybridization
of tester and driver amplicons. Amplification is then performed using tester-
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specifc primers, single-stranded DNA is removed, and further arogiifin

is carried out in order to obtain a kinetic enrichment of target sequences.
Subtraction is performed in the minimum volume and over Gafft time

to ensure that fragments corresponding to single-copy sequences are able to
reassociate. The fact that the amplicons are greatly sietpliéipresentations

of the starting genome also favors reassociation kinetics. It is important to
ensure complete resuspension and denaturation of the DNA, since residual
double-stranded tester molecules will be perfect templates for PCR.

3.3.1. Subtractive Hybridization

1. Mix 40pg driver amplicon and 400 ng religated tester amplicon.

2. Extract with agqueous phenol/chloroform/IAA and chloroform/IAA. Precipitate
with 0.3 M sodium acetate, pH 5.2, and 2.5 vol ethanol on ice (>1 h), then
centrifuge 7 min to bring down pellet.

3. Remove supernatant, wash pellet in 70% ethanol, and allow to dry. Resuspend as
well as possible in 4lu2.5% EE. Preequilibrate a 1.5-ml microcentrifuge tube
with 50 (L paraffin oil in a heating block at 98°C.

4. Pipet the subtraction reaction under the oil. Denature 10 min at 98°C. Remove
from heating block, add 1Lpof 5 M sodium chloride and mix well. Incubate
>20 h at 67°C.

5. After subtraction, dilute with 9L TE. Ensure that any precipitate that may
have formed during the hybridization is thoroughly resuspended.

3.3.2. Recovery of DPs by PCR

This first PCR after the subtraction/reassociation can be regarded as recover-
ing the small quantities of DNA that are homoduplexes of tester amplicons.
However, the PCR product will also contain relatively large amounts of
annealed and unannealed driver amplicons, primers, and linearly aohplifi
PCR products from the heteroduplex annealed component. The bulk of the
linearly amplified products are single-stranded molecules, which may be
removed by digestion with mung bean nuclease (MBN). PCR reactions are
then carried out on the MBN-digested material, to amplify duplex tester DNA
further. The resulting DPs should be enriched for the target sequences.

1. Setup a 2004uPCR using 5-LL subtraction, 200 M each dNTP, 1#CR buffer
(appropriate to the amplicons used), and 4 UDA polymerase.

2. Incubate 5 min at 72°C, tdlfin ends.

3. Add primer MHpa24 to 1 |M, and proceed with ampldation. Incubate at
95°C for 1 min 30 s, then amplify through 10 cycles of 95°C for 30 s, 72°C for
2 min (final 72°C for 3 min). Recovery (equivalent amount of religated tester)
and specificity (equivalent amount of driver) controls could be included as
separate PCR reactions (ddete 9).
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4. Extract PCRs with phenol/chloroform/IAA and chloroform/IAA. Precipitate with
0.3 M sodium acetate, pH 5.2, and 2.5 vol ethanol on ice >1 h, then centrifuge
7 min to pellet DNA.

5. Remove supernatant and wash precipitated DNA with 70% ethanol. Take up
pellet in 20 L of H,0.

6. Save 2L as an undigested control, and to the remainder adddt 10x MBN
buffer and 10 U MBN. Incubate 30 min at 30°C.

7. Dilute with 100uL of 50 mM Tris-HCI, pH 8.8. Inactivate MBN 5 min at 95°C.
(These inactivation conditions are designed not to inhibit downstream reactions.)

8. Set up PCR of 2L MBN digest with 20QuM each dNTP, 1 M primer MHpa24,
1x PCR buffer, and 1 U TaBNA polymerase in final volume of 2Qpu

9. Amplify through 95°C for 30 s, 72°C for 2 min (final 72°C, for 3 min 30 s)
for an appropriate number of cycles. It might be advisable to set up analytical
reactions for the second PCR, possibly multiple reactions for a “time course”
(e.g., 14, 17, and 20 cycles).

10. Examine products on 1.2% agaroseX0TBE gel. You might also consider
running the following samples on the gel: 200 ng driver amplicon, 200 ng
tester amplicon, 200 ng equivalent of subtractionL. lbgfore MBN digestion,

5 uL after inactivation of MBN, recovery control, specificity contrebd
Note 9).

11. Expect to see a smear of DPs in the PCRs, against which discrete bands may be

visible. The size range of the DPs should be within that of the amplicons.

3.3.3. Subsequent Rounds of Subtraction

A single round of RDA will give enrichment of target sequences, up to
an estimated 15-fold. Additional rounds of subtraction are recommended
to increase the enrichment of target sequences and to suppress repetitive
sequences that are likely still to be present in tis&found DPs.

1. For a second round of subtraction, set up a preparative PCRI(P@Om the
inactivated MBN digest. The number of cycles used should be those determined
as suitable in the analytical PCBe¢ Subheading 3.3.2.), and the reaction
conditions should be scaled up directly from the analytical PCR. Precipitate
DPs, digest withHpall, and gel-purify as beforeSgbheading 3.2.). Ligate
JHpa24/12 adaptors to 200 ng of gel-purified DPs as before (Subheading 3.2.).
Check ligation with analytical PCRs as before.

2. Set up subtraction with 10—100 ng DPs andgt@niver amplicon. You could set
up subtractions at two or more different ratios of DPs to driver, to ensure coverage
of optimal subtraction conditions. Perform subtraction and amplification steps as
before. The second postsubtraction PCR might require 20-30 cycles. Examine
by gel electrophoresis; you should expect to see discrete bands in the DPs. The
less background smear, the more complete the subtraction is likely to be, and the
less need to undergo a third round of subtraction.
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3. If a third round of subtraction is necessary, the adaptors on the DPs are replaced
again with the NHpa24/12 set. Subtraction is set up with 100—-400 pg DPs and
40 g driver amplicon.

3.4. Analysis of DPs

The DPs produced in a Me-RDA screen may be examined individually, by
cloning out single fragments; alternatively, the DP population could be used,
for example, as a probe in library screening. The success of the subtraction will
have depended on the complexity of the tester and driver amplicons, and on
the size of the target fragment population in the tester amplicon, and this will
vary from experiment to experiment. It is important to assess thaeeffy
of the Me-RDA by determining the proportion of DPs that represent target
sequences: in our experience, two rounds of subtraction will yield anything
between <10% and 100%. For library screening, this assessment may give
confidence that positives correspond to target sequences, and the assessment
is also critical in determining whether to proceed through further rounds of
subtraction. Excessive rounds of Me-RDA may reduce the complexity of
the DPs, which may lead to the exclusion of some target sequences. It is
recommended that a measure of the completeness of subtraction be obtained
following the second and subsequent rounds of Me-RDA. This can be done by
cloning the DPs, and testing whether individual clones correspond to fragments
differentially represented in the starting amplicosee Fig. 3A).

3.4.1. Cloning DPs

Cloning of DPs allows the separation of a complex collection of fragments
into their constituent parts, which will allow DP fragments to be analysed
individually.

1. Digest 1ug DPs (from fist, second, or third subtraction) with 10Hpall and
run on 1.5% LMP agarosefTAE gel stained with EtBr (0.1gimL).

2. Excise the DPs and dilute the gel slice with water, or purify DNA from gel using
-agarase as described un8abheading 3.2.1.

3. Ligate 5-10 ng DPs into 200 ng of a suitable vettpall and Hin6l fragments
may be cloned into the Accl site of pBS+ [Stratagene]. Allow to ligate overnight
at 16°C and transform into an appropri&tecoli host. The use of blue/white
selection may aid ident@ation of colonies containing plasmids with inserts.

3.4.2. Determining Efficiency of Subtraction

Cloned DPs can be tested by hybridization back onto filters of the starting
tester and driver amplicons to verify the proportion corresponding to differences
(see Fig. 3A). Testing=10 clones will give an impression of how effective
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Fig. 3. Testing difference products from a subtraction involving DNAs from mouse
embryos with paternal or maternal UPD for distal chromosome 2. (A) Cloned DPs are
hybridized to fiters containingHpall amplicons prepared from maternally disomic
DNA (M) and paternally disomic (P) DNAs. The DPs correspond to Hpall fragments
unmethylated in maternally disomic DNA, and therefore present sgabifin the
M amplicon. A control clone (Con) detects a fragment in both M and P Ié@Bes.
Demonstration that DP clone 316 detects imprinted methylation by Southern blot
analysis of genomic DNAs from maternal (Mat) and paternal (Pat) chromosome 2
disomy embryos. DNAs are digested with Hindlll alone (), or in combination with
Hpall or Mspl, and hybridized with probe 316. The arrow indicatéfpall restriction
fragment with imprinted methylation, since it is detected specifically in the Mat DNA.
The Mspl digests serve as a control to exclude the possibility thatipad fragment
difference is the result of a Hpall RFLP between the two DNAs.
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the subtractions have been, and whether there may be a need to undergo a
further round of subtraction.

1. Pick individual colonies and lyse in 2& colony lysis buffer for 15 min at
55°C. Inactivate digest by heating 15 min at 80°C. Centrifuge Yrigik lysates
can be stored at —20°C.

2. Use 1QuL colony lysate in 100IPCR using 200 M each dNTP, 1#CR buffer,

0.5 U TagDNA polymerase, and 0{#M primers corresponding to M13-20/M13
reverse, T3/T7, or other appropriate primers depending on vector sesed (
Note 10).

3. Remove primers, nucleotides, and so on, from PCR product using QIAquick
(QlAgen), or equivalent PCR purification kit, following manufacturer's proto-
cols.

4. Examine yield on 1.6% agaroseX).BBE gel stained with 25 ng/mL EtBr, by
comparing to concentration standards (e.g., varying amounts of commercially
available molecular weight marker).

5. Label 25 ng DNA with 10 Qi [032P] dCTP by random priming. Clean probes
by precipitation with 0.75 Mimmonium acetate and 2.5 vol ethanol. Resuspend
in H,0O and dilute with hybridization buffer.

6. Hybridize with Southern blots of tester and driver amplicons, wash, and expose
to X-ray film.

7. Examine whether DP clones represent differences between starting amplicons
(present only in the tester amplicon), and from this calculate theeeffy of
subtraction.

8. DPs that are of interest may be sequenced directly from the purified PCR
product.

3.4.3. Determining Differential Methylation of DP Clones

Testing DP clones on Southern blots of tester and driver amplicons will
indicate whether the fragment represents a difference between the amplicons.
This does not exclude the possibility that the DP derives frblipad or Hin6l
fragment that is polymorphic between tester and driver DNAs, or some other
artefact of the amplicons (such as unequal representation or different size
ranges). Whether the differences correspond to fragments derived from regions
of allele-specift methylation may be tested by hybridizing the probes to
Southern blots of DNAs digested with methylation-sensitive enzymes (e.g.,
Hpall, Hin6l) and non-methylation-sensitive isoschizomers (&4gpl) (see
Fig. 3B). The DNAs used on the Southern blots may be from various sources
that depend on the tester and driver DNAs used. For full details on the analysis
of methylation by Southern blotting, refer to Chapter 14.

1. The most direct way of testing for allele-specifiethylation is to examine
the hybridization pattern of the probe on Southern blots of tester and driver
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DNAs digested with methylation-sensitive restriction enzymes. This may not
be practical if the DNA used as the tester and driver is limiting, such as when
parthenogenetic and androgenetic embryos are used.

2. If the map location of the DP clone is known, allele-spenigthylation may be
examined in mice with appropriate uniparental disomy.

3. If neither of the above approaches is possible, an RFLP must beédintifiose
to the sequence spanned by the clone, between two different species/subspecies
(e.g.,Mus musculus domesticus and Mus musculus castaneus). DNAs from these
species and hybrids may then be prepared for Southern blotting by digestion with
methylation-sensitive enzymes and the enzyme that idestifie RFLP, thus
allowing the maternal and paternal alleles to be distinguished.

4. Notes

1. The adaptor oligonucleotides must be unphosphorylated and of high quality. It is
important that no shorter synthesis products are present in the adaptors, as these
could ligate illegitimately and destroy thdpall restriction site. The quality
of the adaptors can be assessed BP-@®nd labeling and polyacrylamide gel
electrophoresis. Adaptors can be purified by thin-layer chromatography or
preparative polyacrylamide gel electrophoresis.

2. Annealing can be performed in a beaker of water (~250 mL) that is heated to
50°C and then placed in a refrigerator.

3. The concentration standard used is genomic DNA digested with a suitable
restriction enzyme in order to give a smear of fragments of similar size range
to the ampliconsSau3A or Mspl restriction endonucleases may be used for
this purpose.

4. Due to the extent of methylation, the DNA will still appear practically undigested.
Digestion is indicated by a shift in the largest molecular-weight fragments
and smearing of the DNA. If necessary, completeness of digestion could be
determined by Southern blotting and hybridizing with a known unmethylated
sequence.

5. Two different PCR buffers have been tried for this protocoi: 0D (100 mM
Tris-HCI pH 8.8 (at 25°C), 500 i KCI, 15 mMMgCl,) is typically that supplied
with Tag DNA polymerase, and produces amplicons in the range of ~200-1000
bp. 10xTRI (300 mMTricine, pH 8.4 (at 25°C), 20 mMIgCl,) was designed
for amplification of longer products (10) and produces amplicons in the range
of ~240-2200 bp. The yield in TRI buffer is generally greater than in STD
buffer. The same buffer used in the production of amplicons should be used in all
subsequent amplification stages of the Me-RDA using these amplicons.

6. Expect to obtain 200-500 ng pergl0of PCR. Poorer yields and amplicons of
a predominantly large size range might indicate that DNA, primers, dDN&y
polymerase are limiting. For example, if the original Hpall digest is incomplete,
there might be insuffient ligated material in the size range for the PCR. The
amplicons should appear as a smear on the gel; if prominent bands are present,
they may be indicative that one of the above components is limiting.
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7. As an alternative t@-agarase digestion, a variety of gel extraction kits are

available. However, we have found the most consistent yields are obtained using
B-agarase.

8. If residual agarose has been brought down (sometimes pellets are larger than

expected for 3 g DNA), take up pellets in a combined volume of Q0H,0,

add 10 [ 10x buffer, melt, and equilibrate as before. Then add a further 4 U
B-agarase and digest as before. Precipitate as before, and takallyprfi20 |L

TE or H,0.

9. The specifiity control (an appropriate amount of driver amplicon taken through

the postreassocation steps) indicates whether the amplification is specific to the
religated tester amplicon. If there is amplification of the driver amplicon, this
may indicate that a large quantity of free primer has been carried over into
the subtraction, which should be repeated using gel-edririver amplicon.

The recovery control (an appropriate amount of tester amplicon ligated to
MHpa24&12 adaptors and taken through the postreassocation steps) serves to
indicate whether it is possible to amplify from the very small amounts of DNA
likely to exist as tester—tester homoduplexes.

10. The primers chosen represent standard priming sites on the vectaaiparttidl

cloning site. Primers farther from the cloning site allow high-quality sequencing

of the complete insert from the PCR product. A large amount of polylinker in

the PCR product sequence may cause problems using these fragments as probes,
for example, in library screening. We have encountered no problems using M13
primers and the pBS+ (Stratagene) vector.
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Ribonuclease Protection

Joanne L. Thorvaldsen and Marisa S. Bartolomei

1. Introduction

The ribonuclease protection assay (RPA) is a sensitive technique for the
analysis of total cellular RNA. It involves generating a speaintisense
riboprobe, hybridizing the probe to total RNA, removing unprotected RNA by
RNases, and finally isolating and analyzing the protected RNA on a denatur-
ing gel. Although the RPA is somewhat more labor-intensive than Northern
analysis, it has the advantage of being more sensitive (as little as 0.1 pg of
target RNA can be detected with ideal hybridization conditions). RPAs are also
more tolerant of partially degraded RNA (provided the area that is protected
is intact). Although RPAs are not as sensitive as polymerase chain reaction
(PCR)-based RNA analyses, the target RNA is analyzed directly; a reverse
transcription step is not required. Finally, the RPA is quantitative as long as
the probe is in excess. More important for the study of imprinted genes, the
RPA can be designed to detect allele-spea@fipression of the target gene
of interest.

1.1. Design of Probes

There are several points to consider when designing a riboprobe for the
typical RPA. The probe template is prepared by cloning the sequence of interest
into a transcription vector such that thee®d of the fragment is adjacent
to bacteriophage promotét). The template can be cloned from cDNA or
genomic DNA. The recommended probe size is 100-500 bases. In addition, the
probe should be designed to be larger than the protected RNA fragment for ease
of discriminating between RNARNA vs RNA:DNA hybridization products,
the latter resulting from DNA contamination. Further useful considerations

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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are presented by others3R,We subsequently focus on the design of probes
for analysis of imprinted genes.

1.2. Allele-Specific Analysis

The RPA is an excellent tool for the analysis of allele-specific expression of
imprinted genes, since the methodology can be used to detect RNA polymor-
phisms between different (sub)species of mice and their F1 hybrid offspring.
It was shown that RNase A is capable of cleaving base-pair mismatches (4).
Consequently, the RPA can be used to detect single base changes between a
probe from one species and RNA from a divergent species. Thus the products
from each parental allele can be distinguished in an F1 hybrid and can thereby
be independently assayed. The RPA developed to detect alleleesprpiks-
sion of the mouse H1l§ene was used to prove that Hi@xpressed exclusively
from the maternal allele (5).

To design a probe to detect allele-specific expression by an RPA, it is
critical to identify polymorphisms within the transcribed region between the
alleles of hybrid species. For H19, the 5th exon contains the most divergent
sequence between mouse subspe@gsFigure 1 illustrates the template
used to generated the allele-specHit9 RPA probe and the position of
polymorphisms between the Mus musculus domesticus (M. domesticus) and
Mus musculus castaneus (M. castaneus) subspecies. A probe has also been
designed to detect allele-specific expression of the imprinted nmgiZsgene
in F1 hybrids generated from the same intersubspemifisg6). Specifcally,
the Igf2 probe expression vector contains a PCR generated fragmeht of 3
untranslatedgf2 sequence.

We typically analyze H19 as well as I1gf2 imprinted expression in F1 hybrids
generated between C57BL/6 and B6(CAIS$I9), which has M. castaneus
sequence at the distal portion of mouse chromosome 7, the region b&Eing
andlgf2 (7). Normally, H19 is expressed exclusively from the maternal allele
andIgf2 is expressed primarily from the paternal allele in neonatal tissues
(5,6). Allele-specifc RPAs of H19(5) and Igf2(6) have been instrumental
in detecting the disruption of normBl19 and/or I1gf2 imprinted expression
in mice with targeted mutations at the Hizus (68-11). We generated a
targeted deletion of important imprinting regulatory sequentcas 319 that,
when inherited from the paternal allele, results in biallelic expression of
H19 and when inherited from the maternal allele results in biallelic expres-
sion of Igf2. In our study, expression was assayed in F1 hybrids generated
from reciprocal crosses of heterozygous mutants (maintained in a C57BL/6
background) with B6(CAST-H19). The targeted mutations were generated on
a 129Sv/J allele, which results in the same H19 and Igf2 protected fragments
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Fig. 1. Schematic of the allele-speciRPA forH19. The top line depicts the RPA
vector, which was constructed by cloning a 7548amHI/Stul M. domesticus H19
genomic DNA fragment into the BamHI and Hincll sites of Bluescript 1l KS plasmid
(Stratagene]5). The T3 transcription start site used to generateHt® antisense
riboprobe is 3'of the Hincll cloning site. The H1I®NA fragment includes the
exon 3 through exon 5 sequence (open boxes) asedeifi the H19 exon structure.
We generally use thElindlll site in intron 4 to linearize the RPA vector. In-vitro
transcription of Hindlll-digested vector with T3 RNA polymerase results in a probe
that is 550 nt long. Using this probe we detectMndomesticus fragment (480 nt) and
two M. castaneus fragments (one ~290 nt and the other ~70 nt). Our assay conditions
are such that we do not detect the shoctstaneus-specifc protected fragments.
Polymorphisms (P) have been mapped near the Stul site in exon 5.

as seen in the assay of C57BL/6 RN#gures 2A,B present the allele-spedfi
expression analysis of H19 and Igf2, respectively.

1.3. Quantitative Analysis

RNA may be assayed by the RPA with more than one probe simultane-
ously, thereby allowing for quantitation of relative RNA abundance among
independent samples. When total RNA expression levels are to be assayed
for imprinted genes, it may be useful to assay with probes that do not detect
allele-specift expression. Leighton et al. (8) used H19 and Igf2 RPA probes
simultaneously to determine the effect of the targeted deletion of the endoder-
mal enhancer located 8 the H19 gene on levels of expression of both H19
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Fig. 2. Ribonuclease protection analysisHi® and Igf2 in mouse neonatal liver
RNA. The examples presented are taken from our allele-specific and quantitative
analyses of H19 and Igf2 in H48MP heterozygous mutant mice (11). Lane 1 in each
panel is radiolabeled marker Mspl digested pBR322 DNA. (DNA is estimated to run
5-10% faster than RNA in a denaturing gel.) The allele-spetifoprobes foH19
(H) and Igf2 (1), as described elsewhere, are utilized in the allele-gpasdays (A
andB, respectively) and, as indicated, in combination with the riboprobe for rpl32 (r)
in the quantitative assays @hd D respectively). The RNA assayed in a given lane
is designated above the gels. Control RNAs include yeast tRNA (t) and neonatal
liver RNA isolated from B6(CASH19) (C) or C57BL/6 (B) mice. Experimental
RNAs were isolated from neonatal livers of wild-type (+/+) and mutaft ¢+/V+)
littermates generated from reciprocal crosses of B6(CASd}-(C) and F H19APMP
heterozygotes (+)A. The female parent is noted first in each cross; only the sex of
the heterozygous mutant parent is designated in the figure, to emphasize the parental
origin of the inherited mutant allele. (A) Allele-specific expression of H19. Normally,
the maternal H19 allele is expressed while the paternal allele is repressed. The control
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andlgf2. Although the probes used in this assay were not allele-sp@lf),

the unique size of thd19 and Igf 2protected fragments allowed for comparison

of their relative RNA abundance. To analyze the relative expression levels of
H19 and Igf2 independently of each other, a riboprobe for the nonimprinted
generpl32 (9,13) has been used in the RPAsHI9 or Igf2 (9-11). This
allows for comparative quantifation ofH19 and Igf2levels in normal vs
mutant mice. As illustrated in Fig. 2AH19 and rpl32) and in Fig. 2DIgf2
andrpl32), altered levels of H19 and Igf2 expression can be detected from
the respective mutant allele.

Having designed the probe(s) for allele-specific or quantitative analysis
of the imprinted gene of interest, there are numerous variations to the RPA
methods that one can use. The protocol presented here is acatamtifiof
that described by Gilman (2).

2. Materials

In the preparation and handling of all materials required for this protocol, it
is essential to avoid RNase contamination and degradation of samples. Work
surfaces and pipetman must be cleaned before use and gloves changed often.

Fig. 2. (continued) RNAs include M. castaneus RNA (C, lane 7) and C57BL/6 RNA (B,
lane 8). The distinct allele-specifil. castaneus (C), C57BL/6 (B) and mutant allele

(A) fragments are noted to the side of the gel. The experimental lanes 2—6 indicate that
when the targeted H19 mutant allele is inherited from the mother, only the maternal
mutant allele is expressed/f\ lane 3), as expected, and when the mutant allele is
inherited from the father, the normally silent paterHab is activated (+/Alanes

5 and 6). (B) Allele-specific expression of Igf2. Normally, the paternal Igf2 allele is
expressed while the maternal allele is silent. The control samples includigf 2he
probe (—, lane 2), M. castaneus RNA (C, lane 3), C57BL/6 RNA (B, lane 4), and
yeast tRNA (t, lane 10). When the targeted H19 allele is inherited from the mother,
the normally silent maternal 1gf2 allele is activatedAanes 6 and 7) and when the
mutation is inherited from the father, only the patetgé2 allele is expressed (+/A

lane 9). (C) Quantitative analysis of H19. TH&9 (H) and rpL32 (r) riboprobes are
assayed individually (lanes 2-5), and the distinct protected fragments are noted to the
right. Although H runs as doublet, this does not interfere with the assay. Quantitative
analysis of rpl32and H19indicate that HI9RNA levels are slightly reduced in

the mutant samples (lanes 7 and 8) compared to the wild-type sample (lane 6). (D)
Quantitative analysis of Igf2. THgf2 (1) and rpL32 (r) riboprobes are also assayed
individually (lanes 2-5). Quantitative analysisrpf32 and Igf2indicate thatigf2

RNA levels are significantly reduced in the mutant samples (lanes 8 and 9) compared
to the wild-type samples (lanes 6 and 7).
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Pipet tips and solutions are reserved for RNA use only. These precautions,
together with the proper sterilization and storage of solutions, eliminates
the need to treat solutions with the RNase inhibitor diethylpyrocarbonate
(DEPC).

2.1. Preparation of Probe
2.1.1. In Vitro Transcription of Riboprobe (see Note 1)

1. 5xtranscription optimized buffer.
2. 0.1M Dithiothreitol (DTT).
3. RNasif® ribonuclease inhibitor: 40 Ulu
4. Nucleotide mixture: 2.5 M ATP, 2.5 nM GTP, and 2.5 i UTP (prepared
from 10 mMnucleotide stocks and nuclease-fre©H.
0.1 mMCTP (prepared from 10 mEITP and nuclease-freg,® stocks).
6. Template DNA: linearized plasmid at 0.2—ud@uL in H,O (seeNote 2).
7. [0-32P]CTP, 10 mCi/mL, 400-800 Ci/mmol (New England Nuclear Life Science
Products).
8. Bacteriophage RNA polymerase (SP6, T3 or T7): 10-20.U/u
9. Nuclease-free 4O.
10. RQ1 RNase-free DNase: 1/

o

2.1.2. Purification of Probe by Gel Filtration

1. G-50 Sephadex columns for radiolabeled RNA purification (Boehringer Mann-
heim Biochemicals, Item 1 274 015) (ddete 3).

2. Nuclease-free }O.

3. Hybridization buffer: 40 M PIPES, pH 6.4, 400 mMacCl, 1 mMethylenedi-
aminetetraacetic acid (EDTA), 80% deionized formamide freshly prepared from
stocks described under Subheading 2.2.

2.2. Hybridization of Probe and RNA

1. 5«< Hybridization buffer: 200 ml PIPES, pH 6.4, M NaCl, 5 nM EDTA
(filter-sterilized, stored at 4°C).

2. Deionized formamide: prepared as described by Sambrook et al. (14) and stored
in aliquots at —80°C.

3. Hybridization buffer: 1xhybridization buffer in 80% deionized formamide,
freshly prepared.

4. RNA probe (sedNote 4).

5. Total cellular RNA (sedNote 5).

2.3. Ribonuclease Digestion

1. Ribonuclease digestion buffer: 10 niMs-HCI, pH 7.5, 300 mMNaCl, 5 mM
EDTA (sterilized by autoclaving).

2. RNase A: 4 mg/mL in 10 kh Tris-HCI, pH 7.5; 15 v NaCl: boiled 15 min to
remove DNase; stored in aliquots at —20°C (dete 6).
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3. RNase T1: 100,000-500,000 U/mL, 4°C (Boehringer Mannheim Biochemicals)
(see Note 7).

4. 20% sodium dodecyl sulfate (SDShgii sterilized.

5. Proteinase K: 20 mg/mL in 50MnTris-HCI, pH 8.0; 50% glycerol; stored at
—20°C.

6. Phenol/chloroform/isoamyl alcohol, 25/24/1, equilibrated inNd.Tris-HCI,
pH 7.5.

7. Yeast tRNA: 10 mg/mL.

8. Ethanol.

2.4. Analysis of Ribonuclease Protected Fragments

1. Denaturing polyacrylamide-urea gel: 7% acrylamidé, Urea, 1XTBE.

2. 20xTBE: 1.78M Tris-Borate, 0.08/1 EDTA.

3. RNA loading buffer: 80% (vol/vol) deionized formamide; M&DTA, pH 8.0;
0.1% bromophenol blue; 0.1% xylene cyanol.

4. Radiolabeled marker.

5. Gel fxative: 10% methanol; 10% glacial acetic acid.

3. Methods

As the protocol involves working with radioactive materials, appropriate
laboratory safety procedures should be followed to prevent the exposure and
spread of radioactivity.

3.1. Preparation of Probe
3.1.1. In Vitro Transcription of Riboprobe

1. Add the following ingredients in order to a microfuge tube at room temperature:
4 uL 5x transcription optimized buffer, 24DTT, 0.8 L RNasirP ribonuclease
inhibitor, 4.0 |L ribonucleotide mix, 2.4 L CTP, 1.0 L linearized template,
5.0uL [a-32P]CTP, 0.5 L RNA polymerase, 0.3luRNase-free water to anfal
volume of 20 | (see Note 8).

2. Incubate reaction for 1 h at 37°C.

3. Add 1pL of RQ1 RNase-free DNase and incubate the reaction for 15 min at
37°C (seeNote9).

4. Place probe on ice.

3.1.2. Purification of Probe by Gel Filtration (see Note 3)

1. Gravity drain the storage buffer from the G-50 Sephadex column into a microfuge
tube, as per instructions of the kit manufacturer (Boehringer Mannheim Bio-
chemicals). Place the column in a collection tube provided by the manufacturer.
Insert this tube and column into a capped tube (e.g., Falcon 2059) (to prevent
the spread of contamination) and spin at IP0@ 2 min in a centrifuge
(e.g., Beckman GS-6R) that is prechilled to 4°C. Discard collection tube with
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eluate and then place the column in the second collection tube provided by the
manufacturer.

. Add 50pL RNase-free HO to probe, then load onto column. Again insert

the collection tube and column in the capped tube to prevent the spread of
contamination. Centrifuge at 109fbr 4 min at 4°C. Transfer purified probe from
collection tube into a new microfuge tube containing 1Q0ofthybridization
buffer.

. Measure thé&P incorporation in a scintillation counter (d9sete 10).
. Store the probe at —20°C until ready for use.

. Hybridization of Probe and RNA
. Determine the amount of RNA to be assayed. For abundant RNA species, 1-3

pg of total RNA is typically assayed. For rare RNA species, as muchag &0

total RNA may be assayed. The maximum volume of RNA that can be incubated
with the hybridization reaction is L. If necessary, ethanol precipitate the
required amount of RNA (sedote 11).

. Determine the total amount of probe that is needed for the hybridizatiofa of

1 samples. Each sample should be assayed with 50,000-500,000 cpm of probe
(we typically use 50,000 cpm/sample). A negative control sample wiflog10
tRNA should be included to verify that the ribonuclease digestion is complete. A
second tRNA control sample may be included that will not be exposed to RNase,
to analyze the integrity of the probe after hybridization. In addition, a range
of RNA concentrations for a given sample should be assayed to verify that the
probe is in excess. When analyzing allele-specific expression in RNA isolated
from F1 hybrid tissue, it is important to include RNA samples isolated from the
parental mouse strain, to ensure that allele-specific fragments will be detected
(see Fig. 2).

. Prepare the amount of hybridization buffer that is required forl samples

(30 pL/sample,see Subheading 2.2.). Add the appropriate amount of probe to
the hybridization buffer and place on ice.

. Add 30pL of the hybridization buffer and probe mixmanumber of microfuge

tubes. Add the appropriate amount of RNA (not to exceed)7apd mix by
pipetting up and down. Alternatively, if a sample has been precipitated, add
hybridization buffer and probe mix to the precipitated RNA. Pipet up and down
to ensure that the pellet is dissolved.

. To denature the RNA, incubate tubes in a hot block at 85°C for 10seain (

Note 12).

. Rapidly transfer the tubes to a water bath set at the appropriate hybridization

temperature for the specific RPA probe (30-65°C). Hybridize for 4 h to overnight,
as required (sedlote 13).

Ribonuclease Digestion

Prepare the required amount of ribonuclease digestion buffer (3&gtion)
containing 40 g/mL RNase A and 1 UlpRNase T1 (sedNotes 6 and 7.
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2.

3.

o

Remove the hybridization reactions from the water bath and spinybAdd
350pL ribonuclease digestion buffer mix to each reaction.

Incubate at optimum temperature (room temperature, 37°C) for 60seein (
Note 14).

To terminate the ribonuclease digestion, add l10fi)20% SDS and 2.5Lluof

20 mg/mL proteinase K.

Incubate at 37°C for 15 min.

Extract once with 400Luof phenol/chloroform/isoamyl alcohol and remove the
aqueous phase to a clean microfuge tube containipg b yeast tRNA on ice.
Vortex and then spin 5 min in microcentrifuge.

Add 1 mL of ethanol and precipitate on dry ice for 15 min or at —20°C for at
least 2 h.

3.4. Analysis of Ribonuclease-Protected Fragments (see Note 15)
3.4.1. Preparation of Denaturing Polyacrylamide-Urea Gel

1.

3.

Pour a 7% acrylamide/7 Mrea/1XTBE gel and allow to polymerize (30 min—

1 h). (A lower percent acrylamide may be used, particularly if analyzing long
protected fragments.)

Assemble gel in gel apparatus, addIBE buffer to upper and lower chambers,
then carefully remove comb. Immediately flush the wells with buffer solution
and, if necessary, adjust wells with syringe and needle.

Pre-run gel at least 30 min at ~250 V.

3.4.2. Analysis of RPA Products on Gel

1.
2.
3.

Spin samples at the maximum speed for 15 min, preferably at 4°C.

Carefully remove supernatant with a pipetman and dry samples in speed vac.
Resuspend samples in € pf loading buffer. In a separate tube, combine
0.5-2.0uL (depending on spectfiactivity) radiolabeled marker andjL of
loading buffer.

Immediately before loading, heat samples (including marker) at 85°C for 3 min
and place on ice.

As samples are being heat-denatureshflwells again from the prerun gel to
remove urea that has leached out of the gel.

Load samples on gel, and run at ~250 V for appropriate length of time for the
size of the protected RNA fragments.

Fix gel for 15 min, then dry before either exposing to X-ray film or a phosphorim-
age screen (Molecular Dynamics).

Quantitate relative RNA levels with densitometry of the X-rby &ir by using
Image Quant (Molecular Dynamics) to analyze the phosphorimage scan.

4. Notes

1.

All of the reagents required for the synthesis of the RNA probe, except for the
template DNA and the [§2P]CTP, are obtained from Promega Corporation and
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stored at —20°C. The reagents are available individually or as a kit (Item P1420
for SP6, P1430 for T3, P1440 for T7).

2. It is important to generate the probe template from purified plasmid devoid of
nucleases. We use DNA isolated from a CsCl-ethidium bromide gradient. To
prepare an RPA template, we linearize |0 of plasmid with an appropriate
restriction enzyme and verify that digestion is complete on an agarose gel.
The DNA is subsequently phenol/chloroform-extracted, chloroform-extracted
and ethanol-precipitated. The pellet is dissolved in RNase-fg€edtl a fnal
concentration of 0.2—ig/uL. The plasmid may be digested to generate multiple
fragments. However, digests that generatea&hang should be avoided, as 3'
overhangs serve as templates for bacteriophage RNA polymeraks.(15,

3. We routinely use gel filtration to purify the probe by removing unincorporated
nucleotides. Alternatively, the probe can be phenol/chloroform/isoamyl (25/24/1)
extracted, ethanol-precipitated with ug tRNA, and resuspended in 1pQ
of hybridization buffer(2). If partial length products are routinely synthesized
by the in-vitro transcription assay, then gel isolation of the full-length probe
is recommended.

4. The RPA probes are labeled to high spedfitivity and are therefore prone
to rapid radiolysis. Although it is best to use a freshly made probe, probes can
be used for up to a week after synthesis. It is suggested that the integrity of
the probe be analyzed on a gel prior to each use. If degraded, the probe should
be discarded.

5. Total cellular RNA prepared from tissues by extraction with LiCl-(t&a is
used for RPA analysis. The RNA is resuspended in TE (10TndvHCI, 1 mM
EDTA), pH 7.5, and stored at —80°C.

6. Caution should be exercised when preparing the RNase A stock solution so that
the surrounding work area is not contaminated. As the specific activity can vary
from stock to stock, it is suggested that optimal RNase A concentration for the
RPA be determined empirically each time a new stock is prepared.

7. The RNase T1 stock solution (1-2 mg/mL) that was previously provided
by Sigma is no longer available. We currently use a Boehringer Mannheim
Biochemicals stock solution that is provided at a concentration of 100,000 or
500,000 U/mL. We use 1 UluRNase T1 for the ribonuclease digestion. This
is roughly equivalent to the recommendeddnplL of the Sigma solution, as
determined from the spedifactivity.

8. Multiple probes may be used simultaneously in an RPA to detect more than
one RNA product in a sample. However, if the relative abundance of the RNA
example, when using a probe to detect an abundant RNA product, the “cold”
CTP concentration should be increased andatF@F]CTP concentration should
be decreased; vice versa for the probe monitoring the rare RNA.

9. Removal of DNA template from the probe is very important. Contaminating
DNA may be a source of background on a RPA gel that results from BNA :
hybrid formation. Contaminating DNA will also reduce the amount of probe
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10.

11.

12.

13.

14.

available for RNARNA hybridization. If the protected RNA product is smaller
than the probe, full-length DNARNA hybrids will be readily distinguishable
from the protected RNA fragment.

If the probe activity is less than 100,000 cpm, incorporation of the radionucleotide
may not have been sufficient. To verify the integrity of the probe before use, we
suggest that 0.5luof the probe be electrophoresced on a polyacrylamide/urea
gel (seeSubheading 3.4.). The wet gel covered with plastic wrap can then be
exposed to a phosphorimage screen for 15 min or X-ray film for 1 h to analyze
the integrity of the probe: a single discrete band should be observed.

The quantity of total RNA to be analyzed depends on the abundance of the target
RNA in the tissue of interest. For H19 and Igf2, 148 of total neonatal liver

and skeletal muscle RNA is normally analyzed by RPA. In tissues where these
MRNAs are less abundant, 1@ (neonatal kidney) to 50gu(neonatal brain)

of the total RNA is analyzed.

It isimportant to eliminate secondary structure of the probe and RNA by
denaturing the sample before the hybridization step. To avoid stable secondary
structure, immediately transfer the denatured sample from the 85°C heating block
to a water bath preset at the appropriate hybridization temperature.
Hybridization conditions are dependent on the melting temperdijref(the

probe and should be determined empirically. Specifically, for allele-specifi
analysis of H19, we hybridize samples at 65°C with a probe generated from the
DNA template constructed by Bartolomei et al. (5). For allele-speaifalysis

of Igf2, we hybridize the samples at 55°C with a probe generated from the DNA
template constructed by Leighton et al. (6). In general, longer hybridization
times are required for less abundant targets. We typically perform all RPA
incubations overnight.

To detect a single-base-pair polymorphism between alleles of a gene it may be
necessary to incubate the ribonuclease reaction at an elevated temperature. For
example, we perform the ribonuclease digestion at 37°C for the allele-specifi
detection of H19 RNA and we perform the digestion at 30°C for the allele-specifi
detection of Igf2 RNA. Thus, the optimum ribonuclease digestion temperature and
the hybridization temperature should be determined empirically. Alternatively,
the nonspecific RNase | (cleaves the bond of single-stranded RNA 3' of any ribo-
nucleotide) provided by Boehringer Mannheim Biochemicals may be utilized.

15. The gel running conditions are spexféir 220x 165 x1 mm vertical gels.
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Quantitative RT-PCR-Based Analysis
of Allele-Specific Gene Expression

Judith Singer-Sam and Chunguang Gao

1. Introduction

F1 hybrids resulting from intercrosses of inbred strains have provided an
invaluable tool for the study of imprinting. The hybrids can be used to analyze
parent-of-origin differences in expression of any gene, provided sequence
differences exist between the two parental alleles. Methods used to detect
allele-specific expression include ribonuclease protection agdayend
allele-specift RNA in situ hybridization(2), as well as a number of reverse
transcriptase polymerase chain reaction (RT-PCR)-based assays$of
examplerefs. 3 and 4. We describe here two such assays that are quantitative
and require only single base differences between the two alleles. Both assays
rely on the amplifiation of the RNA of interest by RT-PCR using primer sets
that flank the sequence polymorphism, a method shown previously to yield
amplicons whose allelic ratio is proportional to the ratio in the starting material,
regardless of the number of cycles of amgéifion(5).

The first assay, single nucleotide primer extension (SNuUPE), is adapted from
a method fist described for the detection of allelic variants in D{6&).
Briefly, it involves the following steps: (1) The gel-purified RT-PCR product is
used as a template for the enzymatic extension by one radioactive nucleotide of
a primer whose 3erminus is adjacent to the position of the allelic difference.
Each allele is probed separately, by use of the approgffadtabeled dNTP.

(2) Following denaturing gel electrophoresis, the contribution of each allele is
determined from the ratio of the two primer-extension products. The method is
highly reproducible, and allows the detection of an allelic variant in a 99-fold

excess of the other.

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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The second assay combines automated fluorescent-based sequencing of the
gel-purified RT-PCR products with software allowing quantitative analysis of
the signal from each allele. There have been previous reports of automated
sequencing of allelic varian{8-12); the method as outlined here does not
require specifi tagged primers or a size difference between the two PCR
products, and, rather than tracings, raw sequencing data is used to determine
peak heights. Figure 1 demonstrates the quantitative nature of the assay. PCR
products differing as shown (two A/G mismatches and a G/T mismatch) were
mixed in proportions ranging from @:to 9:1, then subjected to automated
sequencing with fluorescent-tagged dideoxynucleoside triphosphates. The ratio
of the peak heights varies with the input ratio; the relative proportion of a given
allelic variant can thus be determined by comparison with a standard curve
specift for the mismatch being measured. This rapid method has the following
advantages: (1) As part of the automated sequencing reaction, one learns the
identity and quality of the surrounding sequence, to verify the accuracy of the
measurement. (2) Where there are multiple mismatches, as in the sequence
shown in Fig. 1, the allelic ratios obtained can be averaged. (3) The technique
is rapid, nonradioactive, and amenable to the analysis of multiple samples. (4)
The data appear to be as reproducible as the SNUPE assay, the major drawback
being that, depending on the strength of the signal for a given base, ratios
below 1:10 may be undetectable above background. Thus, in cases where
detection of alleles expressed at relatively low levels is desired, the quantitative
SNuUPE assay is still preferable.

1.1. Analysis of Single Cells

Imprinting is not always an all-or-none process, in many cases varying with
developmental state and tissue type (revieweadfinl3). For this reason, it is
sometimes desirable to analyze allele-specific expression in individual cells or
cell types. While conditions for amplification of each gene must be determined
empirically, we and others have found that even genes expressed at relatively
low levels can be amplified from single cells, and describe here the method we
used to amplify Ncam RNA from individual neuraofig).

2. Materials
2.1. Purification of RNA

1. Presiliconized RNase/DNase-free microcentrifuge tubes (0.65 mL) (Sorenson
Bioscience).

2. RNAzol (Tel-Test, Friendswood, TX).

3. Mussel glycogen, 20 mg/mL in DEPC-treated water (Sigma, St. Louis, MO).

4. Chloroform.
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Fig. 1. Quantitative measurement of allele-specificity by direct sequencing. A region
of the Shrpn gene containing two G/A mismatches and one G/T mismatch between
Mus spretus and Mus musculus C57BL/6 DNA was amplified from DNA of the two
strains. The PCR products were mixed in the proportions indicataxig), and the
signal ratio determined by the combined use of automated sequencing and of a program
for peak analysis (sixis). See text for details.

5. 2-Propanol.
6. 75% ethanol.
2.2. RT-PCR
1. DEPC-treated water.
2. 10xbuffer: 100 mMTris-HCI, pH 8.3, 500 mMKCI.
3. Magnesium chloride, 25 mM
4. Upstream and downstream gene-specific primers yitif F60°C, 20 M.
5. dNTPs (BoehringerMannheim, Germany), diluted to 10 mM
6. RNasin, 40 U/u (Promega, Madison, WI).
7. Moloney murine leukemia virus reverse transcriptase (MMLV-RT), 2Q@ U/

(Gibco BRL, Gaithersburg, MD).
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8. AmpliTaq DNA Polymerase, 5 Ul Perkin Elmer).
9. Mineral oil (not necessary if thermal cycler is equipped with a hot bonnet).

2.3. Gel Purification

1. 50 nM TBE buffer: Dilute from 1 M solution: 121.1 g Tris base, 51.4 g boric acid,
3.7 g disodium ethylenediaminetetraacetic acid (EDTA) in 1 L, pH15)3
Agarose, ultrapure (GibcoBRL).

10 mg/mL ethidium bromide.

GeneClean (Bio 101, Vista CA).

. SNUPE Assay

. 10< buffer: 100 nM Tris-HCI, pH 8.3, 500 Ml KCI, 20 nM MgCl,, 0.01%
gelatin (optimum pH and Mggtoncentration should be determined empirically
for each primer).
2. SNuPE primer, 18-mer or longer, withehd just 5'to allelic base difference
(20 uM).

3. [F?P]dNTPs corresponding to bases that differ, 3000 Ci/mmol, diluted to
1 pCi/pL in H,0 just before incubation.

4. 12% polyacrylamide— urea gel in 100 mMBE, pH 8.3 (seeSubheading
2.3).

5. Sequencing gel-loading buffer: 98% deionized formamide, WOEDTA,
pH 8.0, 0.025% xylene cyanol FF, 0.025% bromphenol blue (15).

6. AmpliTag polymerase, 5 Ul(Perkin Elmer).

PN AN

2.5. Direct Sequencing

1. ABI Prism 377 DNA Sequencer (Perkin Elmer).

2. BigDye™ Terminator Cycle Sequencing Kits with AmpliTag DNA Polymerase,
FS, including dRhodamine Matrix Standards Kit and protocol #4303237 (Perkin
Elmer).

3. GeneScan 2.1 (Perkin Elmer).

3. Methods
3.1. Purification of RNA

1. Add 5puL chloroform to each cell dissolved in 30 RNAzol in 0.65-mL
microcentrifuge tube. Vortex vigorously. Keep on ice 5 min.

Centrifuge at 12,00045 min, 4°C.

Transfer aqueous phase to fresh microcentrifuge tube.

Add 2uL glycogen solution. Vortex.

Add an equal volume of 2-propanol.

Keep at —20°C overnighteg Note 1).

Centrifuge for 30 min at 12,00@gC.

Nogakown
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8. Wash one time with 75% ethanol without mixing.
9. After decanting as much of ethanol as possible, air dry for 5 min.
10. Use sample immediately for RT-PCR.

3.2. RT-PCR

For each gene analyzed, a primer set should be selectedathiet the
base(s) differing between alleles, and primers chosen that give a single strong
band after amplification. The optimal concentration of Mg€lboth RT and
PCR steps should be determined empirically for each primer set. In some cases
the use of oligo(dd;N,) or random primers in the RT step in place of the
downstream primer improves the RT-PCR signal. Following is the procedure
that we have used to amplify Ncam RNA from single mouse hippocampal
neurong14).

1. Prepare pre-RT master mix: Mix together (per sampld) 2Qx buffer, 4L
MgCl,, 2.5 |L downstream primer, and 6.9 |[DEPC-treated water. Suspend
each sample in 15Lpof the mix and add mineral oil, 50L. Subsequent
incubations are all done using a thermal cycler.

2. Incubate at 64°C for 10 min, then cool slowly at ~5 s/°C.

3. Prepare RT master mix: Mix together (per samplelL ANTPs, 0.25uL
MMLV-RT, 0.5 pL RNasin, and 2.25luDEPC-treated KD. Add 5pL to each
sample, and incubate at 42°C for 1 h.

4. Inactivate the MMLV RT at 99°C for 10 min, then keep samples at 55°C while
preparing PCR master mix below (maximum time of incubation, 30 min).

5. Prepare PCR mix: Mix together (per sample) 8 pL 10x buffer, 0.5 pL Amplitaq
polymerase, 2.5 pL upstream primer, and 69 gO.HAdd 80 pL to each sample
(see Note 2).

6. Amplify using PTC-100 Thermal Cycler (MJ Research) programmed as follows:
95°C, 2 min, 1 cycle; 95°C, 1 min,°®, 1 min, 72°C, 1.5 min, 2 cycles, where
N is successively 60, 57, 54, 51, 49, and 47°C; 95°C, 1 min, 45°C, 1 min, 72°C,
1.5 min, 40 cycles; 95°C, 2 min, 72°C 5 min.

3.3. Gel Purification

1. Electrophorese each sample (up to 100gm 1.5% agarose gel in 50MnTBE.

2. Excise band from agarose gel using GeneClean, following manufacturer’s
instructions.

3. Elute DNA with water.

4. To determine the concentration of each sample, run serial twofold dilutions on
an agarose gel stined with ethidium bromide (usgl16f 10-mg/mL ethidium
bromide per 100 mL of agarose solution), and compare with known quantities
of DNA .
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3.4. SNuUPE Assay

1. Dilute each sample to 2 md/ and distribute 5uL (10 ng) to each of two
microcentrifuge tubes.

2. Prepare master mix: Mix (per tubejl 10x buffer, 0.5uL SNuUPE primer,
0.15uL AmpliTag Polymerase, and 1.33 |H,0. Add 3pL of master mix to
each tube.

3. For each sample, add R (2 uCi) of one allele-specifi[F2P]JdNTP into one tube,
and 2 |L of the second®fP]dNTP into another (seilote 3).

4. Incubate the samples in a thermal cycler for one round of denaturation, annealing,
and synthesis: 95°C, 1 min, 42°C, 2 min, 72°C, 1 min. Place on ice.

5. As controls for background and maximum incorporation, incubate 10 ng of ampli-
fied product from each allele with the “incorrect” and approprizR|dNTP,
respectively. Initially, controls should also include various ratios of the two
alleles, mixed before amplification, to establish a standard curvél{teet).

6. After addition of sequencing gel-loading buffer (10,lincubate each sample at
90°C for 1-2 min, and place on ice. Load 10qgfi each sample on a 1-mm-thick
12% polyacrylamide-urea gel (18.5 cm lon@6&5 cm wide) and electrophorese
at 30 mA/gel until the bromphenol blue reaches two-thirds of the way to the
bottom of the gel (~40 min).

7. Cut out the portion of the gel between the bromphenol blue and xylene cyanol
markers. Wrap the gel slice in Saran wrap, and determine the amount of
radioactivity above lane background in each-(h) band (n = length of SNUPE
primer) by use of a radioisotope scanning system, such as the Phosphorimager
(Molecular Dynamics, Sunnyvale, CA) (shiotes 5 and §.

8. For each sample, calculate the ratio of cpm incorporated with each of the two
[32P]dNTPs. Correct for the following: (1) background incorporation of the
incorrect B2P]dNTP, calculated from the ratio of the signals seen when the
control templates for each allele are incubated with the incorect vs correct
[32P]dNTP—the ratio should bel$b; (2) different efficiency of incorporation
with each §2P]JdNTP, determined from the ratio seen when equal amounts of each
control template are incubated with the correspondifRjdNTP.

3.5. Direct Sequencing

1. Perform automated DNA sequencing using 10 ng of PCR product for each
100 bp in length, and the protocol supplied with the BigDyeTM Terminator
Cycle Sequencing Kit. Use dRhodamine Matrix Standards and filter E when
performing acrylamide gel electrophoresis.

2. For each sample, open the corresponding sequencing file in the GeneScan
program.

3. In the Settings menu, under Preferences, vary (1) Results Dye Scales, to
optimize ability to select minor peaks, and (2) Dye Indicators, so that the
color correspondence of the bases on the screen is the same as that of the
sequencing program. This window also provides a reference for the default
color correspondence used by GeneScan in tabulating peak heights of the bases.
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Then, under Auto-Analysis Defaults, select GS2500.1 as the size standard, and
R as the dye.

In the Sample menu, under Install New Matrix, open the dRhodamine matrix (this
must be done each time a sample is analyzed). Then select Analyze Sample.
Once the results of quantitative analysis appear in the window, use the caagnifi
tion tool to locate the base mismatch(es) of interest. Select the bases, then in the
View menu, select View Only Selected Rows.

Copy resulting table to Microsoft Excel or other spreadsheet.

To determine allelic ratio, compare ratio of peak heights to standard curve
obtained as in Fig. 1.

4. Notes

1.

2.

While overnight precipitation in 2-propanol has given the most consistent results,
in some cases a 2-h incubation at —20°C is @afit.

Use of variants of AmpliTaq Polymerase such as AmpliTag Gold (Perkin Elmer)
and HotStarTaq together with Q-Solution (Qiagen) often result in increased
RT-PCR signals. While we have not yet comiéd quantitative allele-spedifi
amplification from single cells using these polymerases, they may ultimately
prove to be superior to AmpliTag.

It is best to us{P]dNTPs within several days of arrival, and to store templates
and SNuUPE primers at 4°C or frozen in aliquots, to avoid repeated freezing
and thawing.

The sensitivity of the SNUPE assay depends on the particular mismatch. While
C/A can be measured down to the 0.001% level, G/C, C/G, and G/A mismatches
have a higher limit of ~1%. C/T, T/C, and A/G mismatches give backgrounds
similar to C/A.

When the base & the incorporated®P]dNTP is identical to it, (- 2) bands

of varying intensity will be obtained, wherdsithe length of the SNUPE primer.
These products should be included in the calculation along withnthRel{
products.

Occasional minor bands of incorrect size may be seen. These can be ignored as
long as control experiments show that the expected standard curve is obtained by
calculations using only the SNUPE product of the expected size(s).
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Allele-Specific In Situ Hybridization (ASISH)

Rolf Ohlsson, Kristian Svensson, Hengmi Cui,
Helena Malmikumpu, and Gail Adam

1. Introduction

An unexpected outcome of the diploid genome is that evolutionary strategies
have evolved to express only one of the alleles (1). The rapidly expanding list of
genes that are expressed monoallelically fall into three main categories: random
inactivation, allelic exclusion, and genomic imprinting. These categories are
distinguished by whether the expressed and inactivated alleles are maintained
from one cell division to the next (random inactivation occurs with each cell
division, compared to stable propagation through subsequent cell divisions
as seen for allelic exclusion and genomic imprinting) and whether allele
inactivation or expression is determined by parent of origin of inheritance
(this differentiates allelic exclusion from genomic imprinting). Genomically
imprinted genes are currently more numerous than members of the other
categories. This fact is likely to reflect that the persistent (in)activation of
one allele in a parent of origin-specifinanner has facilitated the detection
of monoallelic expression patterns in RNA extracted from homogenized
tissue. This crude approach does not take into account, however, different
imprinted states within a tissue, or, indeed, random allelic (in)activation. It is
not surprising, therefore, that well-known genes, such2a§2), were only
recently found to be monoallelically expressed in a random mdéiner

In order to avoid the problems posed by analysing tissue homogenates,
allele-specift expression needs to be examined at the individual cell level.
The need to visualize complex allelic expression patterns has promoted the
application of two complementary techniques. The first is@dkcentn situ
hybridization (FISH)-based visualization of nuclear transcripts still attached

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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Fig. 1. Heterogeneous allelic expression patterns ol @& gene in a Wilms’
tumor as determined by the ASISH method. Panels show expression analysed using
H19 and IGF2 riboprobes, as well as oligomers for the A and B alleles, as indicated in
the figure (seeFig. 2A for further information). The rightmost panel is a false-colored
overlay of X-ray images of allelic expression patterns. This image serves mainly to
illustrate the overall heterogeneity in allelic usage of Hi® gene in this tissue.
Original magnification is 1.3-fold for all panels.

to the corresponding genes (3). This approach has been successfully applied
to examine mechanisms underlying the random silencing oKittiegene
during X-inactivation in the soma, for examg®. The second technique,
allele-specift in situ hybridization (ASISH), is based on oligomers that are
designed to span polymorphic sites in exons of genes of in(B+4s).

By controlling hybridization conditions, allele-specifoligoprobes can
anneal specifally to expressed sequences from opposite alleles based on single
nucleotide differences. Although its resolution cannot currently be matched
with that of RNA FISH, it has two unique advantages. First, it provides an
excellent overview of allelic expression patterns in individual tissues or whole
embryos (Fig. 1). Second, in contrast to RNA FISH techniques, it allows a
determination of the parental origin of the expressed seq&nAt®.

1.1. Choice of Allele-Specific Probe

The oligo probe selected for the ASISH analysis depends on the availability
of polymorphic sequences within exons. Although these can initially be nar-
rowed down by restriction fragment length polymorphism (RFLP) or single-
stranded conformational polymorphism (SSCP) analysis, both alleles of the
region of interest must be sequenced not only at each polymorphic site, but
also in the region surrounding the polymorphism that will be encompassed
by the oligonucleotide probes. Once the polymorphic site has been &tbntifi
it is prudent to design oligomers with the mismatch or sequence difference
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Fig. 2. Fidelity of the allele-speaifin situ hybridization (ASISH) techniqugA)
Example from tissue material homozygous for the A& | noncutting) or BB
(Apa | cutting) alleles oflGF2, respectively (arrow indicates polymorphism within
the Apa | recognition sequence). The oligomers that were used to discriminate allelic
IGF2 expression patterns situ (the sequence polymorphism is boxed) are also
depicted(B) Control in situ hybridization analysis of Wilms’ tumor and neuroblastoma
(homozygous for the A and B alleles, respectively). The left panels of (B) are
hematoxylin (HE)-stained images of sections immediately adjacent to each other to
indicate the areas analyzed for H19 expression.

positioned in the center. The overall size of the oligomer should not exceed
35-40 bases, as it may otherwise beditfito find hybridization and posthy-
bridization wash conditions that prevent longer oligo probes from interacting
with opposite allele sequences. The base composition of the sequankigfl

the polymorphic site also plays a role: As a rule, the internal stabilitygwofi

of each oligo probe should be balanced across the polymorphic sequence; for
example, GC-rich sequences may be shorter and AT-rich sequences longer to
enable optimal allele-specific annealing. It should also be noted that the length
of the oligo is inversely proportional to the specific activity of the oligo probe
(see below). We have found it suitable, therefore, to limit the size of the probe
to around 30 bases, which is sufficiently long to ensure specific annealing to the
sequence of interest, but sufficiently short to enable allele-spaaifiealing

of a probe with optimal specific radioactivity. One such example (for IGF2)

is shown in Fig. 2A

1.2. Specificity of the Hybridization Signal

Given that the ASISH analysis exploits minor sequence differences, it is
important to define carefully the conditions that allow discrimination of allelic
expression patterns. This is performed by examining tissue specimens which
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are homozygous for either allele type ($&g. 2B, for example). Using such
specimens, hybridisation conditions where allele A probe does not anneal
to allele B sequences and vice versa can be established. In our experience,
however, the annealing conditions alone may be insufficient to establish allele-
specift hybridization signals satisfactorily. Indeed, in some cases, particularly
where only a single nucleotide mismatch is available for analysis, we have
found it helpful to anneal allele-specifprobes at a relatively stringent but
allele-nondiscriminative temperature and focus on the posthybridization
washes.

Although the mere fact that an allele-spectiiybridization signal can be
obtained depending on a single nucleotide difference is indicative of a high
degree of specificity, there is a need to rule out that one of the allelic probes
does not generate a false signal. The spdgifof the hybridization signal can
be assessed in several ways. First, it is imperative that homozygous control
specimens accompany each ASISH analysis. Second, it is essential to examine
adjacent sections with an antisense riboprobe covering a larger portion of the
same expressed region of interest and compare the signal patterns obtained by
the riboprobe and oligoprobe. Third, it is vital to reproduce the hybridization
signal in series of sections. A suitable strategy is to anneal allele-specifi
probes A and B, for example, and antisense riboprobes to a series of adjacent
slides in the following order: A, B, antisense riboprobe, As# Fig. 3) (9).

It is also advised that this strategy includes a sense control riboprobe. Fourth,
we have often found it helpful to include a severalfold excess of unlabeled
oligomer to reduce nonspecifhybridization of the oligo probe. Ideally, the
unlabeled oligomer employed as a cold competitor is derived from the opposite
allele. In this instance, any hybridization signal originating from the opposite
allele should be reduced. It should be noted, however, that if the allele<specifi
discriminative step in the ASISH protocol is dependent on the stringency of
posthybridization washes rather than hybridization temperature, the allele-
specifc cold competitor may fail to differentiate between the allelic sequences
during hybridization. If so, the inclusion of cold oligomers representing
sequences of the opposite allele may run the risk of reducing the alleleespecifi
hybridization signal without attaining increased speitifi

1.3. Sensitivity of Allele-Specific Probes

The low sequence complexity of the oligomers reduces the sensitivity of the
ASISH analysis. As a rule of thumb, we generally obtain a signal that is an
order of magnitude lower using the oligoprobes compared to the hybridization
signal obtained by using a 400- 500-nucleotide antisense RNA probe (covering
the same expressed region). Although nonisotopic detection systems, such as
alkaline phosphatase detection systems, provide higher resolution and might
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Fig. 3. Sequential ASISH analysis of allelic H19 expression patterns in dispermic
complete hydatidiform moles, illustrating the importance of verifying the reproduc-
ibility of the allele-specifi hybridization signal in series of adjacent sections. Two
different areas (upper and lower rows, respectively) were examined in sectiqms 200
apart. For details of the H19 ASISH protocsde Subheading 3.3.4.). The asterisks
indicate areas that generate false dark-field signals. Abbreviations: evtb = extravillous
cytotrophoblasts; vt = villous cytotrophoblasts. The bar corresponds to 0.2 mm.

even allow simultaneous analysis of allelic expression patterns, their sensitivity
is currently inferior to isotopic detection systems. The success of the ASISH
approach depends, therefore, on the generation of radioactive oligo probes with
an optimal specific activity. We have found it useful to end-label the oligomers
at their 3tend using®®S-dATP and terminal transferase. The resulting product
has a poly(A) tail, which can be exploited in the paafion process using
oligo dT columns (11). Ideally, the purified oligomer has a poly (A) tail with

a mean size of 20—40 bases, which in practical terms means that every second
base is labeled, on average. The specific radioactivity of the probe is limited,
therefore, by the specific activity of t{eS-dATP, the performance of the
terminal transferase used in the labeling process, and the initial length of the
oligomer. The poly (A) tail generated in the labeling process does not normally
generate a background problem, since the hybridization conditions used in
our protocol prevent the formation of any oligo (U)/poly (dA) hybrids (but
see Subheading 3.4.4.). Although we have so far failed to see any sigariit
difference with or without cold poly (A) competitor, we nevertheless routinely
include both poly (A) and poly (dA) in our hybridization cocktails.
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Following posthybridization washes, it is essential to assess the result and
estimate the time that the slides need to be exposed with autoradiographic
emulsion. We routinely expose the hybridized and washed slide, therefore, to
Kodak Biomax fims for 1-7 days. The image produced can be very helpful in
analyzing the overall allelic expression patterns and signal intensity. The slides
are then dipped in photographic emulsion and exposed for a time period that
may vary from a few days to a few weeks, depending on signal intensity. As a
rule of thumb, to estimate the time needed to expose the slides to photographic
emulsion, we multiply the time needed to generate an acceptable image on
the X-ray film approximately fivefold. An emulsion background control slide
should always be included when slides are intended for long-term emulsion
exposures.

2. Materials
2.1. Slide Preparation

2.1.1. Glass Slides and Rubber Cement

1. SuperFrost*/Plus (Menzel-Glaser) glass slides.
2. Rubber cement (Fastik, AB Thure Bunger, Sweden).

2.1.2. Removal of Paraffin

1. Coplin jars: oven-baked at 165°C overnight.
2. Xylene.
3. A series of 70%, 90%, 95%, and 99% ethanol.

2.1.3. Pretreatment

0.2M Tris-HCI, 2 mMCacCl, pH 7.2.

0.1xSSC (20 xSSC: 3 MNacCl, 0.3 MNa citrate).

0.2M HCI.

2xSSC.

Proteinase K (Merck); 10 mg/mL in 10 mivis-HCI, pH 7.4.
Acetic acidanhydride (BDH).

0.1M triethanolamine (BDH), pH 8.0.

A series of 70%, 90%, and 95% ethanol.

ONoGOR®WNE

. Labeling and Purification of Oligomers

2
1. Double-distilled water (ddj®D).

2. 5xTdT buffer (Boehringer-Mannheim).

3. 2 pmol oligo DNA (stored in 512 x 106 M aliquotes at —70°C).
4. 50uCi 3°S-dATP (Amersham SJ1334).

5. Terminal transferase (TdT, Boehringer-Mannheim).

6. OligoTex kit (Quiagen).
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2.3. Hybridization Cocktails
2.3.1. Prehybridization

Prehybridization mixture Final conc. Volume Notes
Formamide (Fluka) 50% 6Q0L
SSC (208SC =3 MNaCl ~ 3x 180pL (from 20xSSC
and 0.3 M\a citrate) stock)
Vanady! ribonucleoside 10 mM 60 L (from 200 mM
(Gibco BRL) stock)
ss Herring sperm DNA 0.2mg/mL 24 i (from 10 mg/mL) Denature at 95°C
(Gibco BRL) for 4 min
Yeast RNA (Sigma) 0.5mg/mL 12 | (from 50-mg/mL
stock)
Poly A (Sigma) 100pg/mL  12pL (from 10-mg/mL
stock)
Poly dA (Sigma) 50ug/mL  2pl (from 30-mg/mL
stock)
BSA (grade V, Sigma) 2mg/mL 24 Ju (from 100-mg/mL
stock)
Double-destilled water 2861

(ddHO)

Add 100 mg DTT (dithiotreitol, Sigma) immediately before use.

2.3.2. Hybridization

Hybridization mixture Final conc. Volume Notes
Dextran sulfate (Pharmacia) 10% See below
Formamide 50% 694L Seebelow
SSC 3x 180puL
(from 20xSSC stock)
Vanadyl ribonucleosides 10 mM 60 uL (from 200 mM
stock)
ss Herring sperm DNA 0.2mg/mL 24 1L Denature at 95°C
(from 10 mg/mL for 4 min
stock)
Yeast RNA 0.5 mg/mL 12 i (from 50-mg/mL
stock)
Poly A 100pg/mL 12pL (from 10-mg/mL
stock)
Poly dA 50pug/mL 2pL (from 30-mg/mL

stock)
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1. Dextran sulfate—formamide mixture should be prepared in advance by thoroughly
dissolving 12 g Dextran sulfate in 50 mL formamide at 60°C. The solution is
then divided into 696-u aliquots and stored at —20°C.

2. Afew hours before use, place desired number of aliquots into a heat block (37°C
for oligo probe hybridization cocktails).

3. Add 100 mg DTT immediately before use.

4. To make a 10@Qd final hybridization cocktail, take 83L of hybridization
mixture, add probe, and dd8 up to 98 |L. Denature at 95°C for 4 min, cool
rapidly on ice, and add 21 BSA. Mix thoroughly.

2.3.3. Autoradiography

1. 25 mL of ddHO/0.5% glycerol.

2. Solid emulsion shreds of Kodak NTB2 emulsion.

3. Dipping chamber. Should have the same depth as the slides lmiestidlume
to allow dipping of 10-15 slides without replenishing tmafiemulsion.

4. D19 developer.

5. 30% sodium thiosulfate.

3. Methods
3.1. Slide Preparation
3.1.1. Removal of Paraffin

1. Place slides in 60°C oven for 30 min to melt panaffi

2. Cool to room temperature and dissolve remnant paraffin by immersing sections
for 2 x4 min in xylene.

3. Remove xylene by sequential treatment with 99%—-95%—-90%-70% ethanol
(2 x 4 min in each).

4. Air dry.

3.1.2. Pretreatment

1. Place baked Coplin jars with 80 mL of 0.2TMs-HCI, 2 mMCaCl}, pH 7.2,
at 37°C.

2. Prewarm baked Coplin jars containing 80 mL of 09S€ at 56°C.

3. Incubate slides for 10 min in 0.2Vl in a baked Coplin jar.

4. Carefully transfer sections to a baked Coplin jar with 80 mL ofS5&€ and
incubate for 2 X6 min. Make certain that the slides are completely immersed
in the solution.

5. Transfer slides to a new baked Coplin jar &ep 2) and heat treat in 0.1 $SC
at 56°C for 30 min.

6. Transfer slides to a baked Coplin jsee(step 1) and permeabilize sections with
2-pg/mL proteinase K (1L of 10-mg/mL stock for 80 mL of solution) in
prewarmed 0.2 Mris-HCI, 2 mMCacCl, pH 7.2 at 37°C for 15 min.
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7. Dehydrate and rehydrate sequentially in 70%—-90%—-95%-90%—-70% ethanol
(4 min in each).

8. Rinse in 2 >8SC, 2 6 min.

9. Place slides in a baked coplin jar and acetylate slides (to reduce background
signals) by adding 200Luof acetic acid anhydride and 80 mL of 0ML
triethanolamine, pH 8.0, simultaneously. Vigorously rotate Coplin jar sideways
for 10 s and incubate for 10 min. It is important that the acetic acid anhydride
solution is rapidly distributed in the Coplin jar, due to its short half-life.

10. Rinse slides for 2 % min in 2 xSSC.
11. Dehydrate slides in 70% ethanol and store in 70% ethanol at —20°C. Use slides
within 2 wk.

3.2. Labeling and Purification of Oligo Probes
3.2.1. 3'-End Labeling

1. Reaction mixture contains 81, 10 pL of 5 x TdT buffer, 2 pmole oligo DNA,
50 uCi of 35S-dATP, 20-30 U of TdT, and dgbito make a total volume of 50..
2. Incubate for 1 h at 37°C

3.2.2. Purification (Using Quiagen Oligotex mRNA Mini Kit)

1. Prewarm binding buffer that contains SDS at 65°C for 1 h before use.
2. 10 min before use, prewarm oligotex at 37°C, vortex for 1 min, then store on ice.
3. Aliquot elution buffer into autoclaved microcentrifuge tube and prewarm at
75-95°C.
4. Add to the oligo labeling reaction mix the following: 150 ddH,O, 200 |L
binding buffer, and 10 luOligotex.
5. Vortex 10 min at room temperature.
6. Pulse-spin before transferring to spin columns.
7. Resuspend beads by gentle pipetting and transfer to spin column and spin for
30 s at 14,000 rpm in an Eppendorff centrifuge.
8. Resuspend beads by gentle pipetting, transfer spin column to fresh tube, and
wash with 2 x400-{L wash solution. Centrifuge as above.
9. Resuspend beads by gentle pipetting and transfer to fresh tube for elution. Elute
2 x 25-pL prewarmed elution buffer. Centrifuge for 1 min at 14,000 rpm.
10. Remove a 2{paliquot for scintillation counting.

3.3. Allele-specific hybridisation

3.3.1. Prehybridization

1. Remove slides from alcohol storage, dehydrate in 90%, 95%, 99% ethanaol,
and air dry.

2. Line tissue sections with rubber cement and allow this to dry while preparing
prehybridization cocktail (see above). It is important that the rubber cement layer
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is even and with a thickness of less than 1 mm. This can be facilitated by diluting
the rubber cement solution 10-50% with xylene.

Add prehybridization mix to sections and prehybridize without coverslips in
50% formamide, 2 >SSC saturated atmosphere for 2-3 h at the appropriate
hybridization temperature (see below).

3.3.2. General Hybridization Protocol

»w

Prepare hybridization cocktail and prewarm to hybridization temperature.

Add DTT (10 mg per 100L hybridisation solution) and oligo probe (10,000—
30,000 cpmdL hybridization solution) immediately before use.

Remove as much prehybridization solution from tissue section as possible.
Add hybridization cocktail (between 25 andgdcn?).

Cover sections with coverslips and hybridize overnight at the appropriate
hybridization temperature (see below).

3.3.3. General Posthybridization Washes

1.
2.

3.

4.
5.

Remove coverslips with a pair afidi forceps.

Wash sections 2 45 min at a temperature that is 5-15°C higher than that of the
hybridization temperature in prewarmec BZSC, 50% formamide, 20 mBITT
(approx. 150 mg DTT per Coplin jar). The optimal wash conditions have to be
established independently for each allele-specific probe (see below, for example).
Transfer slides to 2 SSC (2 x15 min), followed by 1 xSSC (2 x15 min at
room temperature) and 21xmin washes in cold tap water.

Dehydrate sequentially in 70%—90%—-95%—-99% ethanol.

Air dry (seeNotes 1-4).

3.3.4. Specific Hybridization and Posthybridization Protocols
3.3.4.1. Human H19

1.

2.
3.

Oligomers used for discrminating between H19 allelic transcripts are based on
anRsa | polymorphism in exon 5 (5).

Rsa (-) 5CTC ACG CAC ACT CGCACC GAG ACT CAAGGCC
Rsa (+) 5CTC ACG CAC ACT CGT ACT GAG ACT CAAGGCC

Prehybridisation and hybridization temperature: 33°C.
Posthybridization washes: 38°C.

3.3.4.2. HumaN IGF2

1.

Oligomers used for discriminating betwe@&#2 allelic transcripts are based on
anApa | polymorphic site in exon 9 (see alsig. 2A) (5).

IGF2 allele (A) 5-TGT GAT TTC TGG GGT CCTTCTTTT CTC TT
IGF2 allele (B) 5*TGT GAT TTC TGG GGC CCTTCTTTTCTC TT
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2.
3.

Prehybridization and hybridization temperature: 31°C.
Posthybridization washes: 38°C for the B probe and 45°C for the A probe.

3.3.5. Autoradiography

1.
2.

© 00

10.
11.

12.

13.

14.

15.
16.

3.4.

Expose to KODAK BioMax film for 1-3 d.

Develop to assess success of ASISH analysis and estimate time necessary for
subsequent exposure to dipped emulsion (as a general rule of thumb, the exposure
time to emulsion should be approximatelyefiold that used to generate an
acceptable image on X-rayrfi).

. The emulsion should be made freshly each time. Use safe-light Kodak 6B or

equivalent fiters.

. Prewarm 25 mL of ddj®©/0.5% glycerol in a 50-mL polypropylene screw-cap

Falcon tube to 43°C in a water bath.

. Add solid emulsion shreds of Kodak NTB2 emulsion to the prewarmegOddH

glycerol such that it displaces the liquid to the 50-mL mark.

. Wrap the Falcon tube in aluminium foil and allow the emulsion to melt for 30—45

min at 43°C. Gently invert the mixture to produce a homogenous solution, but
avoid creating air bubbles.

. Transfer emulsion to a dipping chamber that is kept at 43°C in a water bath. The

dipping chamber should be of the same depth as the glass slides.

. Dip slides individually into the chamber and allow to drain for 5-10 min.
. Transfer slides into a dark chamber that has capacity to hold 10-20 slides and

plenty of space for silica gels.

Keep at +4°C for the desired length of time.

On the day of defopment, slide boxes are allowed to warm up to room
temperature for 2-3 h.

Under safe-light conditions, slides are transferred into glass racks (Coplin jars,
for example) and immersed into freshly prepared D19 developer for 2—3 min.
Transfer slides into a freshly prepared solution of 30% sodium thiosulfate for
2-3 min.

Transfer slides to several baths of gdtand rinse for 10 min each time. Normal
lights can be turned on at this point.

Allow slides to air dry.

Staining is optional, since tissue morphology can be visualized under water or
glycerol coverslip without counterstain (using dark-field or Nomark&idi).

Multicolor Display of Allelic Expression Patterns

Allele-specift expression patterns can be illustrated in informative multico-
lour images (as, for example, in Fig. 1). These are based on scanned X-ray
images in which the allelic hybridization signal has been normalized between
allelic probes (by comparing hybridization signal in similar tissues homozygous
for either genotype). Differences in allelic hybridization signals require differ-
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ential exposure times (we analyze the hybridization signals in a phosphorimager
to determine the duration of film exposure for each allelic probe used). The
scanned images are then false-colored and overlayed in the computer according
to the following protocol.

1. Scan the desired images of two adjacent sections (hybridized to allelesspecifi
probes) at a high resolution (minimally 600 pixels per inch) and import into
Adobe Photoshop software, version 4.0 or higher.

2. Cropthe images to the desired size such that the hybridization signals from adjacent
sections occupy approximately the same surface and have similar orientations.

3. Set the mode to RGB colors if the X-ray images were scanned in gray scale.

4. Set the foreground color to blue by adjusting the RGB color map (4 [R], 4 [G],
251 [B], for example).

5. Color one of the images blue using the “fill-in” command (found under the “edit”
command). “Contents” should be set at “foreground color.” The opacity is set at
100% and the mode of blending is “screen.”

6. Set the foreground color to red by adjusting the RGB color map (251 [R],

4 [G], 4 [B], for example).

Color the image of the adjacent section red by repesttpd.

Save both images and create duplicates.

. Pick one of the duplicated images and enter the “apply image” command (found

under the “image” command).

10. Select as source the duplicated image from the adjacent section. Set opacity at

100% and use the “difference” command under the “blending” command.

11. Adjust the orientation and position of the two images by selecting one of the

layers.

12. Select the “rotate” command (found under the “layer” command, which is under

the “transform” command).

© N

3.5. Future Modifications

It is clearly of interest not only to perform simultaneous ASISH on the
very same cells, but also to increase the resolution of the hybridization signal.
Both of these current shortcomings of the ASISH technique could be resolved
by including both allelic probes in the same hybridization cocktail and by
establishing florescence-based detection of the hybridization signal. The
technical problems that may arise from this approach depend on whether
(1) the hybridization effiency between the allelic probes is different at a
given hybridization temperature, (2) the discrimination of the allelic signal is
based on hybridization temperature or posthybridization washes, and (3) the
sensitivity of the florescence detection systems can be readily normalized for
the allelic signals. It is possible that the most optimal approach to resolve these
issues requires that the allele-speciiigo probes detect different portions of
the transcript. This would not only neutralize the possibility of competition for
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the same exon-specific sequences between allele-specific oligo probes during
hybridization, but might also increase the flexibility in choosing the conditions
for posthybridization washes.

Additional improvements will refict more general advances in hybridization
technology. For example, currently much mention is made of single nucleotide
polymorphism (SNP) analysis, which demonstrates the need for the develop-
ment of techniques to allow analysis at the individual allele level. This will
be required for basic research purposes, such as the analysis of imprinted and
nonimprinted monoallelic expression at individual loci, for rapid diagnosis
of disease loci, and for disease treatment through improvements in individual
patient treatment and in new drug developments.

In the context of single nucleotide polymorphism analysis, hybridization-
based techniques have proved to be less straightforward in their applications
than might have been hoped, with optimal conditions having to be developed
for individual gene positions. Regarding future mawifions to the ASISH
technique, a number of contemporary developments may prove invaluable in
the future. One example, which might overcome the relatively low sensitivity
of the ASISH technique, is the adaptation of the “padlock” technique, which has
a very high degree of sensitivity due to a rolling-circle-based detection method
(12). Another example is the dynamic allele-spechibridization (DASH)
technique, which is based on advances in fluorescent labeling chemistry and
where signal emission is determined by whether the probe is single-stranded in
the hybridization solution or is bound to its target sequéti®e Advances in
the area of nucleotide analogs may also prove promising. For example, locked
nucleic acids (LNAs) have recently been described (14), in which incorporation
of one or more LNA base analogs into an oligonucleotide probe substantially
alters the temperature at which that oligonucleotide will hybridize to its
target sequence. Utilization of this type of technology in conjunction with
ASISH protocols may alleviate the need for individual allele hybridization and
wash temperatures to be optimized and allow a more general protocol to be
determined for a wider range of future applications, including a simultaneous
detection of allelic transcripts in the same cell.

4. Notes

1. Allele-specift hybridization signals cannot be discriminated: if optimal hybridization/
posthybridization conditions have not been found, it is generally a prudent
strategy to optimise allele-specifsignals by focusing on posthybridization
wash conditions. The reason for this is that optimization of the hybridiza-
tion conditions will tend to reduce hybridization efincy, whereas posthybrid-
ization wash conditions may achieve allele specificity without compromising
the signal intensity. In addition, the search for posthybridization wash condi-
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tions is less time-consuming thamding optimal hybridization conditions.To
increase the stringency of posthybridization wash conditions, begin by raising the
temperature at which the initial posthybridization washes are performed.

2. In cases in which the allele-specific hybridization signals are not identical with
the antisense riboprobe signal. This problem invokes two mutually exclusive
explanations. First, both parental alleles could be differentially expressed, such that
only their combined expression pattern is comparable with that of the riboprobe.
Alternatively, one of the parental alleles could be expressed in only a subpopulation
of cells. Second, the signal is unspecific, since it is found within a tissue that does
not hybridize to the riboprobe. It is advised that the chosen oligo sequence be
checked for the presence of repeat sequence by performing Blast analysis, for
example. The Web address for the Blast service is: http://mww.ncbi.nlm.nih.gov/
BLAST/. Also consider the possibility that the riboprobe may be enriched in exons
that are spliced in a tissue-specifnanner. This possibility can be tested be
examining a wider range of probes covering the gene of interest.

3. When there is excessive background, this can be traced to three main sources,
acting alone or in combination. First, the hybridization cocktail may contain
suboptimal components. Repeated freeze-thawing of the BSA stock, for example,
precipitates protein. The quality of the formamide stock is important not only
for hybridization stringency but also for the pH of the hybridization cocktail. It
is advisable, therefore, that the formamide stock be purchased in a recrystallized
form and immediately aliquoted and frozen at —70°C upon arrival. Second,
repeated freeze-thawing can rapidly degrade oligomers. As a consequence,
the reduced sequence complexity may interfer with the spdujfiridization
signal. This possibility is enhanced by the fact that the speadiivity of
degraded 3labeled oligomers will tend to be higher than that for the full-length
oligoprobe. The oligo DNA should be aliquoted, therefore, and stored at —70°C
upon arrival. Third, too little DTT in the hybridization cocktail or posthybridiza-
tion wash may lead to nonspecifbackground hybridizations (remedied by
increasing the DTT concentrations). Since DTT is hygroscopic, it is advisable
that freshly purchased DTT be kept in aliquots at +4°C under vacuum.

4. We have occasionally observed that the oligo probe may light up the nuclei of
some cells in a pattern that cannot explain expression of the gene in question. It
is probable that this artefact is due to that long stretches of poly (T)n sequence
annealing in a cooperative manner with oligo probes equipped with overlong
poly (A)n tails. Neither inclusion of competitive cold oligomer or oligo (A) nor
excess DTT will neutralize this problem. It is possible, however, to overcome
this background problem by decreasing the length of poly {@)s by slightly
increasing the number of oligo template molecules in the labeling reaction.
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RNA-FISH to Analyze Allele-Specific Expression

Giovanna Braidotti

1. Introduction
1.1. Gametic vs Random Imprinting vs Allelic Exclusion

One of the difficulties associated with the analysis of imprinted gene expres-
sion is the need to distinguish RNA synthesis occurring at the maternal vs
the paternally inherited copy of the gene. Most of the techniques used to
examine allele-specific expression exploit naturally occurring polymorphisms
and measure steady-state levels of RNA isolated from a pool of cells. Hence,
a restriction fragment length polymorphism (RFLP) an be exploited in a
heterozygote, by a reverse transcriptase polymerase chain reaction (RT-PCR)-
based procedure, to analyze maternal vs paternal gene expression. The human
IGF2R gene was analyzed in this way. Smrzka e{Bl.were thus able to
show that the IGF2Ryene possesses a hemimethylated, intronic CpG island
analogous to the mouse imprinting box. However, IGF2R mRNA was detected
that possessed the RFLP from both the maternal and paternal alleles in all but
one of the 70 lymphoblastoid samples. (The one monoallelic sample reactivated
its paternal allele with continued cell culturing.) It was concluded that monoal-
lelic expression of the human gene is a polymorphic trait occurring in a small
minority of all tested samples (reviewed in r&g8). Although this is a sound
conclusion, the question remains: Is the human IGF2R gene imprinted?

The difficulty associated with this question reflects, to a large extent, the
technical difficulties associated with the analysis of genes subject to epigenetic
regulation. For example, useful parent-of-origin polymorphism in heterozygous
states are not always readily available. Furthermore, procedures that measure
steady-state levels of RNA can only determine the overall or average level

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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of expression for all the cells within the examined tissue. Thismes fior
biallelically expressed genes that rely on cis-acting DNA regulatory sequences.
However, imprinted expression states can be limited to a subpopulation of cells
within a tissue, as observed for the molgf@ (4) gene. These subpopulations

of monoallelic cells are hard to detect in homogenates of tissues. Another
difficulty is provided by genes that randomly select one allele and express
it exclusively. These monoallelic genes can be difficult to detect in pooled
RNA that possess transcripts that arose from either allele. Allelic exclusion
has been reported for the mouse olfactory receptor cluster of genes (5) and
for the interleukin-2 locus in mature thymocytes and T g@js And then

there are the genes that combine strategies. For instanc€lShegene in
females is imprinted in placenta (associated with inactivation of the paternal
X chromosome) but is expressed from either allele in embryonic tissues,
resulting in random X inactivation (7). To complicate matters further, the silent
alleles of imprinted genes are known to “leak” reduced amounts of RNA.
This phenomenon has been observed at the mouse pdgfi2Zrabene(8).

It is extremely difficult to determine the mechanism underscoring this leaky
silencing. It may be due to a silencing mechanism that reduces transcription
at the paternal allele, leaving a very low level of expression in all cells.
Alternatively, a subpopulation of cells that fail to silence the paternal allele may
be responsible for all of the leaky expression. Although the former possibility
seemed the more likely, direct visualization of RNA synthesis unyrdscent

in situ hybridization (RNA-FISH) provided evidence for the latter, at least
for the cell lines examined (unpublished data). Although no paternal signal
was observed in the vast majority of nuclei, a few cells were seen to express
paternallgf2r at levels similar to the maternal allele. This leaky expression
seemed to occur in a nonclonal manner, suggesting that monoalleleic expression
can be dynamically established in a stochastic manner as opposed to requiring
a stably maintained, silenced state.

1.2. Gene Expression at the Single-Cell Level

The use of a florescenin situ hybridization (FISH) procedure that detects
RNA in intact, interphase cells can circumvent some of thecdiffes associ-
ated with the analysis of epigenetically regulated genes [see, for example,
work on the human (9) and mouse (D), Xist gene]. The procedure involves
hybridization of labeled probes to nondenatured cells that have been fixed on a
microscope slide, followed by visualization using standard immunocytochemi-
cal methods. Expression of mRNA is observed at the single-nucleus level as
discrete spots or “transcription foci” that localize, in cis, on the transcribed
gene. Gene expression can therefore be observed at the single-cell level
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and within a proper cellular context, permitting the correlation of gene expres-
sion with other cellular events. Furthermore, the subcellular localization of

imprinted, noncoding transcripts can be determined within both nuclear and
cytoplasmic compartments, as was done when the noncoding Xist transcript
was shown to coat the inactivated X chromosome (9-11).

Although discrete spots have been observed by RNA-FISH in a variety of
genes, the reason for the spatially restricted morphology of ubeeficent
signal is unclear. The spot could be due to the presence of multiple RNA
polymerases on the gene, which produce a nested set of nascent transcripts
that are targeted by the FISH probe. Alternatively, a rate-limiting step in the
posttranscriptional processing of full-length transcripts (such as intron splicing)
may act to retain RNA at the gene transiently. The question, therefore, arises as
to which step in RNA synthesis is detected by RNA-FISH to produce the spots.
The answer seems to vary depending on which gene is analyzed. Attempts
to detect nascent transcripts specifically (by using probes that target the short-
lived introns rather than the exons) have been made succeskfdl)y €f. 12;
B-globin, ref. 13). On the other hand, analysis of the inducible hsgéhe
indicated that the predominant source of the sighal was due to retention of
full-length RNA at the gene (14). These differences should be kept in mind
when setting up the procedure. It may be unwise to assume that the strength of
the RNA-FISH signal is analogous to the transcription rate. Posttranscriptional
events affecting RNA (or its “processing fate”) may also determine whether a
spot is observed. Having said this, it should be clear that only a combination
of RNA-FISH with nuclear run-on assays can provide unequivocal data about
transcription rates.

Using RNA-FISH to determine whether a particular cell line or tissue
expresses a gene mono- or biallelically involves counting the number of
fluorescent transcription foci within a nucleus and comparing it to the ploidy
number for that cell. However, there may be some instances (possibly rare)
when an average spot-per-nucleus number that is half the ploidy nhumber is not
an indication of imprinted expression. These would be instances where gene
expression is subject to strong cell timing phenomena. RNA-FISH visualizes
gene expression in cells that are at various stages of the cell cycle. However,
expression is not continuous in cells. For example, a general inhibition of
transcription occurs during the mitotic stages and is reinitiated in interphase
of the next cycle. If the gene to be analyzed is transcribed during a narrow
window of the cell cycle and the two alleles express at different stages, then
this allelic cell timing difference can result in nuclei that predominantly show a
fluorescent spot at just one allele (despite the absence of imprinted expression).
If there is an overlap in the timing of transcription between the two alleles, then
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a subset of nuclei will show two spots (the overall percentage will depend on
the duration of the overlap). Cell timing phenomenon has been observed with
B-globin transgenes carrying an incomplete locus control ré¢dB)n

Conversely, imprinted genes can be mistakenly classed as biallelic by RNA-
FISH if the imprinting mechanism does not involve transcriptional silencing
of one allele. This would occur if a gene is transcribed biallelically but the
transcripts from only one allele are stable enough to function. This has been
observed for mousgist in differentiated embryonic stem cells (11), where
use of different promoters at the two alleles produces transcripts with different
half-lives. Transcripts are detectable at both alleles by RNA-FISH with intronic
probes, although only one allele transcribes the stable form of the transcript
that coats the inactive X chromosome. With the appropriate controls, the RNA-
FISH procedure can distinguish between the above possibilities and produce an
increasingly more sophisticated picture of gene expression.

Several variants of the RNA-FISH procedure have been developed. The
primary difference between them is the way the fixed cells are permeabilized
in order to permit the probe access to the nucleus. Fixed cells can be treated
with a detergent such as Triton X-100 or digested with a proteinase such as
pepsin. Most cell types analyzed by RNA-FISH will produce results with either
procedure, although the exact conditions may vary slightly for different cell
types. The procedure outlined here is a singgifversion of the procedure
established by Roeland Dirks (16). It works well with a variety of cell types,
including cultured fibroblasts, embryonic stem cells, and cell suspensions from
homogenized tissues such as fetal liver. Precautions required for preventing the
degradation of RNA are discussed. The trickiest part of establishing RNA-FISH
frequently involves the preparation of the haptenized probe. A novel, PCR-
based procedure that reliably produces single-stranded probes is described,
and troubleshooting hints are provided.

2. Materials (see Note 1)
2.1. Probe Preparation

1. Taq polymerase (such as Gibco BRL).

2. 10xPCR buffer: 200 mMris-HCI, pH 8.4, 500 mMKCI.

3. 15 mMMgCl,.

4. 10xnucleotide solution: 2 mMach of dATP, dCTP, and dGTP, 1.9ndTTP
(lower concentrations of dTTP can be tried in order to increase the incorporation
of the haptenized ordbrochromized dUTP).

1 mMdigoxigenin-11-dUTP or biotin-16-dUTP (Boehringer Mannheim).

3M NaOAc, pH 5.5.

70% and 100% ethanol.

oo

~
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2.2. Slide Preparation

1. Cell culture media and disposables.

2. Adherent cell lines can be grown on sterilized microscope objects slides soaked
in 0.1% gelatin or poly-lysine (highest degree of polymerization). Alternatively,
nonadherent lines and cell suspensions can be spotted directly onto Poly-Prep
slides (Sigma).

3. 10x PBS (pH 7.4): 80 g NaCl, 2 g KCI, 14.4 g JM%O,2H,0, and 2.4 g
KH,PQO,. Adjust pH to 7.4 and the volume to 1 L. Autoclave the solution and
store at room temperature.

4. Fixatives: 4%formaldehyde, 5% acetic acid in phosphate-buffered saline
(PBS); 1% formaldehyde in PBS.

. RNA in Situ Hybridization

10% pepsin (Sigma) prepared in water and stored frozen.

Biotin- or digoxigenin-labeled DNA probes.

Formamide.

20xSSC: 3 MNaCl, 0.3 MNa citrate, pH 7.0.

2M Tris-HCI, pH 7.5 (do not diethyl pyrocarbonate [DEPC]-treat).

10« saline: 85 g NaCl dissolved in 1 L of distilled water. Autoclave the solution.
Tris-saline solution: 145 mMacCl, 100 mMTris-HCI, pH 7.5.

Tris-saline-Tween solution: 0.1 Mis-HCI, pH 7.5, 0.15 MNaCl, 0.05% Tween-20.

2< hybridization buffer: 4 SSC, 20% dextran sulfate, and 2% bovine serum
albumin (BSA).

10. Cot-1 DNA.

11. Herring sperm or salmon sperm DNA (Sigma).

12. Yeast tRNA (Sigma).

13. Biotin and/or digoxigenin detection reagents:

a. Avidin-FITC or TRITC for detection and biotinylated goat anti-avidin for
amplification of signal (Vector).

b. Sheep anti-digoxigenin-FITC or TRITC (Boehringer) for detection and
rabbit anti-sheep-FITC or TRITC and goat anti-rabbit-FITC or TRITC for
amplification.

14. 4.6-Diamidino-2-phenylindole (DAPI).

15. Vectashield embedding medium (Vector).

16. Graded series of 70%, 90%, and 100% ethanol.

17. Hybridization buffer: 50—-65% deionized formamide, 2%C, 50 mMsodium

phosphate, 5% dextran sulfate, pH 7.4.

18. Blocking buffer: 4XSSC, 0.1% Tween-20, 4 mg/mL BSA.

19. Detection buffer: 48SC, 0.1% Tween-20, 1 mg/mL BSA.

20. Epifuorescence microscope equipped with appropritey fiets and image-
capturing devices (such as a CCD camera and imaging software).

WoNOOT~ONE W
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3. Methods
3.1. Probe Preparation

Procedures for labeling DNA with haptenized (such as biotin or digoxigenin)
or fluorochromized dUTP have been published elsewl#sg Kits that
incorporate these nucleotides by nick translation and PCR are available com-
mercially (for example, see the Boehringer catalog).When choosing a detection
system, keep the following points in mind.

Fluorochromized nucleotides (i.e., directly labeled probes) generally
produce weaker signals compared to haptenized probes. For genes
expressed at low levels it is preferable to use a detection system in which
amplification of the signal is possible (i.e., digoxigenin and biotin-labeled
duTP).

When using biotinylated probes, check the endogenous level of biotin
in the fixed cell by hybridizing in buffer lacking probe and processing the
slide through the detection system. In mammalian cells, digoxigenin rou-
tinely produces lower background signals compared to biotin, especially
if amplification is required.

A convenient control for hybridization specity is provided by co-
hybridizing two different probes to the same target. Using different
probe-detection systems (i.e., two different colors) will ensure that the
probes can produce co-localized signals and that the signal is not due to
spurious hybridization. Conversely, two probes to distinct targets can also
be tested to ensure that distinct signals can be obtained. These controls
necessitate using at least a two color probe-detection system. A third color
(usually DAPI) is used to counterstain the entire nucleus. Alternatively, a
three-color hybridization is possible by treating fluorescein as a hapten.
The requirement for more than one detection system should be kept in
mind when deciding what immunocytochemical method to adopt for
detection of each probe, and therefore, what antibodies are purchased.

The probes synthesized by the above procedures will produce double-
stranded DNA that can simultaneously detect sense and antisense transcripts.
However, the discovery of noncoding, antisense transcripts at an increasing
number of imprinted loci (17-19) produces the need for strand-spexifibes.

The procedure listed below is a fast, PCR-based method first developed for the
antisense transcript present at the magi2r locus (manuscript in preparation)

and subsequently applied to studist (11). It relies on PCR amplidation

using oligos complementary to just one DNA strand (linear PCR).

1. Select the DNA template to be used for probe synthesis. Restriction fragments
from genomic clones, PCR products, or cDNA clones can all be used, but gel-
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purify the required inserts beforehand. Design a primer complementary to the
target strand (avoiding repetitive sequences). A cocktail of oligos distributed
over several kilobases can also be used. Use approximately 10-50 ng of template
DNA amplified with 1 M final concentration of oligo(s).

. Linear PCR reactions are performed inuk0n the presence ofifbrochromized

or haptenized dUTP as follows: & jof 10x PCR buffer, 5uL of 15 mM MgCl,
(although a range of concentrations ought to be tested in order to optimize each
PCR reaction), 5 lu of 10x nucleotide solution, 5luof 1 mM digoxigenin-
11-dUTP or biotin-16-dUTP, 5 units Taq polymerase (such as Gibco BRL).

. Labeled product is generated by 200 PCR cycles of 94°C for 20 s, the annealing

temperature for the oligo for 30 s, and 72°C for 1-2 min. Check the linear PCR
products by visualization on a 1% agarose gel. (To test the strandapeoffi

the probe, Southern-blot the agarose gel and hybridise with radiolabeled sense
and antisense oligos contained within the armgaiequence).

. The hybridization mix is prepared by precipitating approximately 50 ng of

labeled single-stranded DNA adding 0.05 vél BlaOAc, 2.5 vol 100% ethanol,

and 10 jg of carrier DNA (such as salmon sperm DNA) andutOof yeast
tRNA. Wash the precipitate several times in 70% ethanol and resuspenglin 10
formamide (for a 50% ffial concentration). Increased hybridization speityfi

can be achieved by increasing the concentration of formamide up to 75%. Before
hybridization, the mix is denatured at 75°C for 10 min, placed on ice, and diluted
with 10 (L of 2x hybridization buffer. Cot-1 DNA (Lug) can also be added to

the hybridization mix, in which case probe denaturation should be followed by
a 15-min incubation at 37°C.

. Cell Culture and Fixation
. Culture subcontlent cells in the appropriate medium, £L&mosphere, and

temperature. Trypsinize adherent cells and seed onto gelatin or-psiye-

coated glass object slides. Grow cells overnight to allow cells to attach. Nonadher-
ent cells and cell suspensions from organ homogenates can be cytospun onto
slides or spotted directly onto Poly-Prep slides (Sigma).

. If the slides have been in cell culture medium, rinse the slides briefly in PBS.
. Fix (4% formaldehyde, 5% acetic acid in PBS) for 20 min at room temperature.

Prepare the fative just before using.

. Wash three times in PBS for 5 min. Slides can be stored at this stage in 70%

ethanol at —20°C.

. RNA in Situ Hybridization
. Transfer slides from ethanol storage to Tris-saline solution for 5 min at room

temperature.

. Just before use, thaw and dilute the 10% pepsin stock (1/100 to 1/1000, depend-

ing on the cell type) in 0.01 MICI prewarmed to 37°C. The time of protease
treatment should be optimized for each cell type. Optimal incubation times
commonly fall between 2 and 10 min (dsete 2).
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Rinse slides in water for 1 min.

Incubate in 1% formaldehyde in PBS for 5 min at room temperature.

Rinse slides in PBS for 10 min.

Dehydrate the cells by immersing successively in 70%, 90%, and 100% ethanol
for 3 min each. Air-dry the slides. Apply the denatured probe to the slide (use
15-20puL with a 24 x 24-mn¥ coverslip). Hybridize overnight at 37°C in a
humidified container. The hybridization temperature can be increased if more
stringent conditions are required.

. Immunocytochemical Detection

Prewarm a solution ofx2SSC at 37°C. Wash the slides in 88C for 5 min

and ensure that the coverslips are released. Wash the slides a further three times
for 10 min.

Wash slides in Tris-saline-Tween solution for 5 min at room temperature.

Add 100uL of blocking buffer to each slide and incubate under a coverslip for
30 min at room temperature.

Wash with Tris-saline-Tween for 5 min.

Dilute each antibody required for hapten detection just before use in detection
buffer. Apply 100puL under a coverslip and incubate for 30 min at room
temperature.

Wash with Tris-saline-Tween two times for 5 min between each antibody
application in the detection system ($¢etes 3 and 4.

Rinse slides in Tris-saline for 5 min.

Dehydrate the slides through 70%, 90%, and 100% ethanol. Air-dry the slides.
Mount in 60pL of Vectashield containing 10 ngl DAPI and cover with

24 x 50 mn? coverslip.

Examine the slides with a fluorescence microscope equipped with appropriate
excitation and emissionltiers for FITC, TRITC, and DAPI dlorescencesée

Notes 5-7).

4. Notes

1.

To ensure the preservationiafsitu RNA, a few simple precautions can be
adopted. The fst is to wear gloves throughout the procedure, including when
preparing pipet tips, making solutions, and handling slides. The second is to
set aside chemicals reserved for RNA use only. These need not be the entire set
of solutions required for the procedure, but need only include those chemicals
and solutions that are likely to be contaminated if in general use. The third is to
heat-sterilize glassware and autoclave solutions. If feeling particularly cautious
about the need to preserve RNA, then water and solutions (with the exception of
Tris) can be DEPC-treated by adding 2000f DEPC (diethyl pyrocarbonate;
Sigma) to 1 L of solution, mix, and leave overnight before autoclaving.

When setting up the technique it will be necessary to verify that the signal
obtained is due to hybridization to cellular RNA. A useful set of controls involves
RNase A-treating two slides. One is hybridized in its native form. The other is heat-
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denatured to make the DNA available for hybridization. This will produce a slide

for RNA alone (no RNase treatment, nondenatured), a negative control (RNase

treated, nondenatured), and a DNA control (RNase treated and denatured).

The RNase treatment can be performed after pepsin treatment by incubating
the slide in 100 | of 0.1-mg/mL RNase A in 28SC. Apply a coverslip and
incubate at 37°C in a moist chamber. Wash the slide three times38Q>xand
continue as normal. Make sure the RNase A used in this way does not become a
source of contamination for the RNA-FISH.

To heat-denature and make DNA available for hybridization, incubate the
slide containing the hybridization mix on a hot plate set at 80°C for 5-10 min
before incubating overnight at 37°C.

3. If multiple antibodies are used to amplify hapten detection, they should be applied
sequentially and not combined except when an antibody aodotthrome-
conjugated avidin are involved.

4. Once fluorochrome-conjugated components of the hapten-detection system
are applied to the slides, precautions should be taken to reduce the amount of
exposure to light, to help prevent quenching.

5. Failure to obtain any signal may be due to inadequate permeabilization of the
cells and, therefore, failure of the probe to access the nucleus. This may be due to
overly long fixation times combined with inadequate pepsin treatment. However,
as tempting as it may be to blame the histological side of the procedure for the
failure to obtain a signal, it is generally more likely that the source of the problem
is the probe. Possible problems include:

a. Use of excessively long probes that fail to access nuclear RNA. Probes of
a length of around 300—600 bp are optimal. Try decreasing the length of
the PCR-amplified insert. However, note that, in a low percentage of nuclei,
targeting just one short stretch of the cellular RNA can result in weak signal.
If longer sequences need to be targeted, then label a large insert and digest
the linear PCR product with a 4-bp restriction enzyme that possesses single-
stranded DNA digestion activity (e.g., Mnl I).

b. Excessive competition between the probe and the salmon sperm and COT-1
DNA. Your probe may become “competed out” by the carrier DNA. This will
happen to any DNA fragment if the amount of competitor is high enough. Try
reducing the amount of carrier DNA used. If the signal obtained this way is
not specift for the targeted RNA, then consider labeling a different fragment
with a high content of unique sequence.

c. Inadequate incorporation of hapten into the probe. Try reducing the amount of
dTTP without altering the amount of haptenized dUTP in the PCR reaction.
This may only be necessary if the gene of interest is expressed in very low
amounts.

d. The simplest solution, of course, is to try and increase the amount of probe used
in the hybridization and decrease hybridization stringency until some signal
(even if just background) is obtained. It is easier to clean up a hybridization
than to work with no signal at all.
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6. Too much signal and background problems: Having gotten past the no-signal
stage, you are likely to experience too much signal as the next problem. You now
need to reverse most of the advice given above:

a. Increase the amount of competitor DNA.

b. Increase hybridization stringency, either by increasing the amount of for-
mamide in the hybridization solution or increasing the hybridization tempera-
ture to 42°C.

c. Try including COT-1 DNA and decrease the amount of probe used.

Having sent you round in a circle, you may now discover that you are in a no-win

situation: either you have no signal or you have persistent background problems.

There are two situations when background signal will persist to the point that

eliminating it will also eliminate the signal.

a. The fist situation involves probes with high G+C content that can hybridize
nonspeciftally to ribosomal RNA in the nucleolus. | know of no procedure
that will circumvent this problem, other than to choose a different sequence,
with a lower G+C content, for your probe.

b. The second situation involves persistenbriéscent spots on the surface of
the nucleus that commonly appear as “edge spots” on the periphery of the
nucleus. | suspect the cause of this problem is the presence of long strands
of DNA that are unable to penetrate the nucleus but capture the probe,
forming very intensely florescent spots. If the probe has been labeled by nick
translation, then reduce the size of the template DNA either by increasing the
concentration of DNase | or by using restriction enzyme digestion prior to
nick translation. If the probe has been generated by the linear PCR procedure,
then include a restriction enzyme digestion after anealifon. Choose a
combination of 4-bp cutters that will dramatically reduce the size of the
unlabeled, double stranded template DNA and also digest single-stranded
DNA. Heat-inactivate the reaction mixture before using.

7. Correcting problems of poor cellular morphology requires a balancing act
between the fixation step and the pepsin treatment. You must balance the need to
preserve cellular morphology and ensure probe accessibility to obtain an optimal
signal intensity. Inadequately fixed samples that are overly pepsin digested can
lead to loss of cellular structures, including the nucleus. Oveyl ftells with
too little pepsin treatment may produce excellent morphology but too little or
inconsistent signal. To correct this problems you will need to determine optimal
pepsin concentrations and digestion times empirically for each cell type that
causes problems.
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Flow Cytometry and FISH to Investigate
Allele-Specific Replication Timing and Homologous
Association of Imprinted Chromosomes

Janine LaSalle and Marc Lalande

1. Introduction

Chromosome replication banding studies show that homologous regions
on a pair of autosomes generally replicate at the same time in S phase (1).
Izumikawa et al. fist observed that this was not the case for the imprinted
chromosomal region 15q11-g13 (2). This observation has beenrroewffi
in other replication banding studi€¢3) as well by the fiorescencén situ
hybridization (FISH) replication assg¥—9). The latter technique has also
been used to observe DNA replication asynchrony in association with allelic
inactivation of genes such as those encoding olfactory receptors and the
cytokine, interleukin 2 (1Q,1). The latter genes are not imprinted but display
random silencing of an allele in individual cells. In imprinted regions, DNA
replication was generally observed to occur earlier on the paternal homologue
(5,6,9,12,13). The patterns of allele-specifieplication in the cells of Prader-
Willi (PWS) and Angelman syndrome (AS) patients, however, have generally
been synchronous 14). Furthermore, an investigation of the kinetics of
allele-specift replication timing in the GABRB3/A5 cluster on 15q11-13
revealed that cells from PWS and AS have lost the strict replication timing
observed on the parental chromosomes of normal ¢Ells These results
suggested the requirement of a biparental contribution for the regulation of
replication asynchrony and lead to the hypothesis that allelic cross-talk, perhaps
via pairing of homologous chromosomes, might play a role in the imprinting
process. This possibility was tested directly using three-dimensional (3-D)
FISH in spatially intact nuclei and confocal laser scanning microscopy to

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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determine the distance between homologous chromosomes in cell cycle
fractionated human lymphocytes (15). The results demonstrated that, in normal
cells, the chromosome 15 homologs pair during the late S phase. The most
tightly paired region was observed to be 15g11-q13, consistent with the
hypothesis that allelic cross-talk could be involved in the normal pattern of
imprinting in chromosome 15q11-q{85).

In this chapter, we detail the protocols used to perfoom @ytometry, to
fractionate cells on the basis of DNA content, before FISH analyses of DNA
replication and homologous chromosome pairing. Although FISH detection
of allele-specific replication can be performed on unsorted cycling cells,
comparisons between replication timing of loci in different cell lines (i.e.,
patient and normal) are imprecise due to differences in cell growth. The kinetic
approach to investigating both allele-specific replication and homologous
pairing outlined here was essential in determining the biparental requirement
for both normal replication timing and homologous pair{tg,15) that had
been overlooked by previous studies of unsorted cebsl@, In addition, the
protocol for culturing primary human T lymphocytes to obtain optimal numbers
of cycling cells is included, as it varies from that of standard cytogenetic
methods. Immortalized human cell lines such as lymphoblasts may be used
instead of primary cultures, but epigenetic and cytogenetic alterations may
occur as a result of long-term culture of these lines. FISH methods are given
for both the standard 2-D preparation for allele-spegiiplication timing
(Subheading 3.3.) and the 3-D preparation for investigating homologous
associations (Subheading 3.4.). Normally, well-spread 2-D nuclei are the best
target for FISH replication studies because separated sister chromatids can
be readily observed (4). Conversely, 3-D preparations in which the spatial
organization of nuclei is maintained are ideally suited for investigations of
nuclear chromosome organizati@). If a large number of cells in 2-D FISH
preparations are scored, however, 3-D organization can be extragib&iS)l
In the future, an automated approach to detecting homologous pairing on 2-D
FISH preparations may be possible by the new technology of laser scanning
cytometry(20).

2. Materials
2.1. Culture of Primary Human T Lymphocytes

20-60 mL of human peripheral blood collected in heparinized tubeNdsed).

PBS: Phosphate-buffered saline without*@ad Mg+, sterile.

Ficoll-PaquB-VS (Pharmacia).

RPMI 1640 cell culture medum: Roswell Park Medical Institute media.

Human sera, pooled male AB (Sigma). Prescreen sera samples for T-cell growth
and purchase enough sera to complete experimentbl@see?).

aogkrwnE
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6.
7.
8.

Penicillin, streptamycin, andglutamine.
24-well culture clusters (Costar).
PHA-P: Phytohemagglutinin P (HA17, Remmel).

2.2. Vital Staining for DNA Content

1.
2.
3.

RPMI, prewarmed to 37°C in tissue culture incubator.
Hoechst 33342 (Molecular Probes), 1-mg/mL stock in water, store in dark at 4°C.
PBS, 4°C.

2.3. Two-Dimensional FISH for Allele-Specific Replication

9.
10.
11.
12.
13.
14.
15.
16.

17.

18.
19.

Nogakr~owdhE

0.075M KCI.

Fixative 3/1 methanol/glacial acetic acid, make fresh, 4°C.

70%, 90%, 100% ethanol.

Clean glass microscope slides in 100% methanol, stored at —20°C.

Biotin- or digoxigenin-labeled DNA probes (d8ete 3).

Human placental DNA (Sigma) or Cot-1 DNA (Gibco).

Deionized formamide. Store in aliquots at —20°C and use within 2 wk of
thawing.

Hybridization solution (®): 40% dextran sulfate, 48SC. Make fresh, vortex
to a uniform viscosity.

Denaturation solution: 70% deionized formamideS&C, make fresh.

Rubber cement.

Wash A: 50% formamide (inexpensive grade)S3¢.

Wash B: 0.16SC.

Wash C: 486SC, 0.5% Tween-20.

Blocking solution: 3% bovine serum albumin (BSA),S8C, 0.1% Tween-20.
Detection solution: 1% BSA, 4SC, 0.1% Tween-20.

FITC-avidin (Vector Laboratories) and/or Rhodamine-anti-digoxigenin (Roche
Diagnostics).

Mounting media: Vectashield (Vector Laboratories) plug/tnL DAPI (Molecu-
lar Probes).

Cover glasses, No. 1, £8.8 mm, 20 x30 mm, and 20 0 mm.

Glass Coplin jars (at least 4).

2.4. Three-Dimensional FISH for Homologous Association

Most solutions and materials are the same &ubheading 2.3., except
see Note 4 and the following list:

1.

2.

Polyp-lysine, MW 30-70 kDa (Sigma), 100g/mL in water, store aliquots

at —20°C.

Microscope slides that have been wiped clean with 100% methanol (not cold as
underSubheading 2.3., step 4).

Fixative: 4% paraformaldehyde/1% methanol in PBS.st0ck, keep for 1 mo,
make up as follows: to 4 g paraformaldehyde (Kodak), add 6 mL water plus
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2 drops 4 NNaOH, heat slowly while stirring and do not allow to boil. Heat
until in solution. When solution is cool, add 1 mL methanol and bring volume
to 10 mL if needed. Filter and store protected from light. Make fresh dilution
in PBS before each use.

4. Postfkation wash and storage solution: M3glycine in PBS, dilute 1/10 in
PBS from 3 Mglycine stock, add 0.04% sodium azide from 186ck. Make
fresh each time.

5. Permeabilization solution: 0.5% Tween-20 in 0.B®I. Make fresh each time.

6. Wash solution: 0.5% Tween-20 in PBS.

7. Nalil polish.

8. Cytofuge and parts (StatSpin Technologies, Norwood, MA).

3. Methods
3.1. Culture of Human T Cells

1. Dilute peripheral blood:1 with sterile PBS in 50-mL conical tubes with @&l
volume of less than 30 mL per tube.

2. Underlay Ficoll (at least 1/3 blood volume) by placing a pipet at the bottom
of the tube and slowly releasing the Ficoll until a lower gradient has formed.
Handle tubes gently to maintain the gradient.

3. Centrifuge at 500fpr 30 min with the rotor brake turned off.

4. Aspirate and discard the upper serum layer. The white blood cells are at the
interface and should be carefully transferred with a pipet to a new 50-mL tube.
Discard the Ficoll layer and red cell pellet.

5. Wash cells twice with 50 mL PBS. Centrifuge at@fir 10 min for each wash.
The centrifuge brake can be turned back on.

6. Prepare T cell growth media: 20% human sera in RPMI with 10-U/mL penicillin,
streptomycin, and-glutamine.

7. Resuspend the cell pellet in 10 mL T-cell growth medium and couni@ 1
dilution on a hemacytometer.

8. Add T-cell growth medium to bring cells to 4L, Add 2ug/mL PHA-P.

9. Seed cultures in 24-well plates at 1-2 mL per well. Incubate for at least 72 h
at 37°C in 5% CQ Cells should form large clumps from PHA-P stimulation
after 24 h.

3.2. Vital Staining for DNA Content and Flow Sorting

1. Transfer cells from culture to a 50-mL tube, centrifuge a) 3010 min.

2. Make up staining buffer, use ~1 mL buffer pef @élls, dilute Hoechst 33342
1/100 in prewarmed RPMI 1640 (1@4mL final concentration).

3. Resuspend cell pellet in Hoechst 33342 stain buffer, place in a tissue culture
incubator for 30—45 min.

4. Centrifuge cells, resuspend in PBS dafrbhQ and keep on ice prior to sort.

5. Sort cells into 4 or 6 fractions based on DNA content as showig.iri. See

Note 5 for details of fbw cytometry setup.
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Fig. 1. Flow sorting cells on the basis of DNA content. PHA-stimulated T lympho-
cytes were stained with Hoechst 33342 (HO342) to allow ftytometric analysis
of DNA content in vitally stained cells. A representative histogram shows the distribu-
tion of DNA content (determined by HO34Zidirescence) in the cell population.
Fluorescence-activated cell sorting gates were set at positions represented by the dotted
lines. For kinetics of DNA replication, six fractions were collected and labeled G1, S1,
S2, S3, S4, or G2 as shown. For detection of homologous pairing, four fractions were
collected so that S1 and S2 were early S phase and S3 and S4 were late S phase.

3.3. Two-Dimensional FISH for Allele-Specific Replication
3.3.1. Fixation of Cells

1. Centrifuge cells from cell cycle sort (0.1 to 1.Q®) at 300g

2. Resuspend in 1 mL of 0.075 KCI.

3. Incubate at 37°C for 13 min. Centrifuge cells.

4. Aspirate, leaving some fluid, resuspend cell pellet in 1 mL fixative and incubate

for 20 min on ice.

Centrifuge cells and resuspend in 20—{10Gixative, depending on pellet size

(roughly 10/mL). Store cells at —20°C.

6. Drop 10pL of cell fixation solution on slides that have been immediately
removed from methanol and wiped dry. The drop should spread and dry quickly
(within 5-15 s) for optimal spreading (shiote 6).

7. Air-dry slides overnight. Dehydrate in a 70%, 90%, 100% ethanol series for
10 min each. Store desiccated for up to 1 mo.

.
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3.3.2. Hybridization and Washing

1. Prepare probe: combine 20-100 ng of labeled probg,d3 juman competitor

DNA, and 7 |g of salmon sperm DNA per slide. Lyophilize DNA in a Speed-

Vac. Resuspend DNA in Sper slide in deionized formamide. Vortex for 5-10

min using a tube attachment head for the vortex machine. Add gger slide

hybridization solution. Vortex for a further 5—-10 min.

Prewarm slides for hybridization in a 55°C oven.

3. Prepare denaturation solution with stiéfnt volume to cover sample area in a
Coplin jar. Cover jar, place in water bath, and heat bath to ~72°C.

4. Prepare postdenaturation ethanol series (70%, 90%, 100% ethanol) in Coplin jars
and chill on ice. Prepare an extra 70% ethanol jar ffstr diuick wash.

5. Test temperature inside jar of denaturation solution. Once it has reached
70 £ 2°C, add 3-4 slides. Denature for 3 min, monitoring the time exactly.
Transfer slides immediately to ice-cold 70% ethanol quick wash for 10 s. Repeat
as needed for additional slides.

6. Wash slides for 5 min each in a cold ethanol series. Air-dry and prewarm slides
in a 37°C oven.

7. Denature probe for 5 min at 72°C. Incubate at 37°C for 10 min to preanneal
competitor DNA.

8. Add 10uL denatured probe to slide. Spread the drop with>aZlmm coverslip,
using care to exclude and remove bubbles kate 7).

9. Sealthe coverslip with rubber cement. Place slides in a prewarmed moist chamber
at 37°C. Incubate overnight.

10. Prewarm wash solutions A and C to 45°C and wash solution B to 60°C.

11. Carefully remove the rubber cement seal with forceps to avoid removing or
dragging the coverslip. Place slides in Coplin jar with wash A at 45°C and agitate
to remove coverslips for 5 min. Transfer slides to new wash A jar and wash twice
for 5 min each at 45°C.

12. Wash 3 times in wash B for 5 min each at 60°C.

13. Blot excess liquidrom the back and sides of slide. Add 200D-blocking
solution per slide. Spread solution with a 28 mm coverslip, being careful
to exclude bubbles. The coverslip shouldafl very loosely on slide. Do not
allow slides to dry.

14. Incubate in a moist chamber for 30 m at 37°C.

15. Prepareftiorescent detection solution: dilute FITC-avidin 1/400 and Rhodamine-
anti-digoxigenin 1/100 in detection solution. Centrifuge for 5 min to remove
fluorescent debris. Protect from light.

16. Tilt slides to remove the coverslip and excess block solution. Pipettgl200
of the fluorescent detection solution onto slide and spread with a5 mm
coverslip.

17. Incubate in a moist chamber for 30 min at 37°C in the dark.

18. Tilt slides to remove coverslip and excess detection solution. Place slides in
Coplin jar with 45°C wash C solution for 5 min. Wash twice more in wash C
solution.

N
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19. Blot excess liquid from the back and sides of slide. Pipettd 20 mounting
medium per slide. Spread solution with a 280xmm coverslip, being careful
to exclude bubbles.

20. Store slides upright in a covered slide box at 4°C.

3.3.3. Fluorescence Microscopy and Scoring of Replication Events

Examine slides on aubrescent microscope with a mercury light source
(100-W bulb) and a 100gil objective with 1.4 numerical aperture. The
microscope should be equipped with filter sets appropriate for DAPI, FITC,
and Rhodamine/Texas red. A triple-bandpass filter is also useful for scoring
replication events, but brightness of signals may be compromised by this
approach. If FISH signals are dim and nuclear background is low, a cooled
CCD-based imaging system may be useful for merging multiple colors. A
Photometrics Sensys CCD camera and IPLab Spectrum software were used to
obtain the three-color images in Fig. 2.

The FISH signals used to determine allele-specific replication events (green
signals in Fig. 2) should be scored as singlets or doublets on each allele in
interphase nuclei. Fine focus adjustment should be performed while scoring,
to ensure that all FISH signals are counted. Doublets should be two closely
spaced but discernable signals. For determining hybridizatiariesitly, see
Note 8. A second FISH probe that detects a polymorphism can be used to
distinguish parental alleles (red signals in Fig. 2). In this case, the FISH
replication signal closest to the FISH polymorphism signal should be scored as
being on the same chromosome. Thalfdata analysis of kinetic allele-specifi
replication is performed as in ref2.

3.4. Three-Dimensional FISH for Homologous Association
3.4.1. Fixation of Cells

1. Centrifuge cells ~300gom the cell cycle sort (0.1-1:01(F cells).

2. Resuspend in 1 mLxttive at 4°C and incubate for 20 min on ice.

3. Centrifuge cells and resuspend in 2—4 mL of\d @lycine/PBS. Repeat once.

4. Resuspend cells at 1L in 0.3 M glycine/PBS (with addition of sodium
azide, cells can be stored for at least 2 mo at 4°C.

3.4.2. Slide Preparation

1. Polylysine coat slides: assemble cytospin gaskets and chambekto(ecg).
Pipette 20uL of Polyp-lysine per chamber, coat 5 m, wash twice with water
and then air-dry.

2. Cytospin: pipet 100-200L of fixed cell suspension (~1@ells) into each
chamber and centrifuge for 4 min at 5%gpirate solution from chamber.
Without allowing slides to dry, disassemble chamber and place in a Coplin jar
containing permeabilization solution for 10 min.
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Fig. 2. Two-dimensional FISH detection of allele-specific replication. FISH detec-
tion of allele-specific replication was performed on interphase nuclei from a normal
subject heterozygous for the chromosome 15 satellite size polymorphism detected by
digoxigenin-labeled D15Z1 (redubrescence). The chromosome 15 with the larger
D15Z1 signal is maternally derived and the shorter D15Z1 signal is paternal. Biotin-
labeled plasmid DNA was simultaneously hybridized to the nuclei to detect replica-
tion events (greenubrescence). Plasmid DNA signals appeared as either a singlet
(unreplicated) or doublet (replicated) on each parental chromosome. Representative
nuclei demonstrating the predominant parental allele spagifof asynchronous
replication (singlet-doublet) are shown for two probes. (A) Probe p386 from the 5’
end of GABRB3 displayed earlier replication on the paternal chromosome 15, as the
doublet is associated with the shorter D15@). In contrast, probe p438 from the
GABRB3/GABRAS intergenic domain detected earlier replication on the maternal
chromosome 15 shown by the proximity of the doublet to the larger D15Z1 signal.
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3. Wash twice for 5 min each ik2SSC at 45°C. Slides can be held in the last
wash prior to denaturation.

3.4.3. Hybridization and Washing

1. Prepare probe, as under Subheading 3.3.2., step 1.
2. Prepare denaturation solution, as under Subheading 3.3.2., step 3.
3. Prepare postdenaturation washes (two of PBS/0.5% Tween, twoS8Q)x
in Coplin jars and chill on ice.
4. Denaturation: as under Subheading 3.3.2., step 5, excepstfiransfer slides
to PBS/0.5% Tween and wash after denaturation.
5. Wash slides for 5 min each in a cold wash series. Do not air-dry. Slides may
be held in the last wash.
6. Denature and preanneal probe, as under Subheading 3.3.2., step 7.
7. Wipe excess liquid from around the cell sample, leavingd-8f fluid
remaining over cells. Do not allow cells to dry.
8-19. Same as under Subheading 3.3.2., steps 8-19, except Nate 10.
20. Seal coverslip with nail polish.
21. Store slides in covered slide box at 4°C.

3.4.4. Confocal Microscopy and Three-Dimensional
Distance Measurements

Slides should be imaged with a confocal laser scanning microscope equipped
with a 60xobjective with 1.4 numerical aperture and appropriate excitation
and emission to detect fluorophores. Clusters of 5-30 nuclei can be imaged in a
single field if cytospin preparations are sufficiently densefsge3A). Capture
optical sections of 0.4m z resolution through all focal planes containing
FISH signals. Measure 3-D distances between FISH signals using appropriate
software (such as Molecular Dynamics ImageSpace). For each nucleus in a
data set of at least 50 nuclei, take six different measurements, as shown in
Fig. 3B. The two distances between homologous chromosomes (red to red and
green to green) and four heterologous distances (red to green) are measured.
Measurement data is graphed as described previ(iigRi).

Fig. 3. (see previous page) Three-dimensional FISH detection of homologous
association(A) A field of densely distributed nuclei hybridized with D15Z1 (green)
and D12Z3 (red) was optically sectioned using a confocal laser scanning microscope.
Images are three-dimensional projection imadB$.Three-dimensional distance
measurements are determined using a mouse-driven cursor. Two homologous distances
(red to red and green to green) and four heterologous distances are determined for
each nucleus.



190 LaSalle and Lalande

4. Notes

1. If patient blood is limiting (less than 10 mL), the T-cell population in culture can
be doubled by adding 5% Human T-stim (Collaborative Research) to the culture
at 24-32 h and harvesting cells 4 d after PHA stimulation.

2. Fetal calf sera may be used in place of human sera, but the percentage of cells
cycling will generally be lower.

3. Probes may be obtained commercially or labeled by nick translation or random
priming methods. Probes may be labeled directly with fluorophores, but this is
usually possible only for repetitive target sequence (centromeric satellite DNA).
For replication studies, target sequence should be single-copy, and the ideal
probe size is generally 5-40 kb. Although larger probes are generally easier
to detect, doublets may be difficult to distinguish with signals obtained from
probes larger than 50 kb.

4. To control for pH variation, use MilliQ or double-distilled water for all solutions
before and during hybridization. Posthybridization washes can be done in
standard distilled water.

5. UV excitation with an argon-ion laser is required for cell sorting on the basis
of Hoechst 33342 staining. For cell sorting we have used a Becton Dickonson
FACSCaliber at 10 psi and a 7@pnozzle tip, collecting two fractions at a time.
More recently, sorting times have been reduced by simultaneous four-fraction
sorting on a Cytomation MoFlo run at 60 psi with a #B-pozzle tip.

6. Slides should be examined under a phase-contrast light microscope following air
drying of fixative. Interphase nuclei should be large and flat, with no cytoplasm
on top. If cells are not well spread, try placing slides briefly on a warm surface
for 1 min. If fixative dried too quickly and cells are not refractory to light, try
breathing on the slides after dropping, to increase the humidity. Theseaaodifi
tions are best practiced on more plentiful samples (unsorted lymphocytes), before
dropping sorted fractions.

7. To avoid getting bubbles under the coverslip, hold the coverslip with forceps at a
45° angle adjacent to one side of the drop. Slowly lower the coverslip, allowing
the drop’s leading edge to exclude bubbles. If a few bubbles remain, they may be
gently pushed to the edge of the coverslip with a pipet tip.

8. Hybridization efftiency of FISH probes should be tested on G1 nuclei prior
to analysis of replication events on all sorted fractions. At least two discrete
FISH signals should be observed in at least 90% of the nuclei. If hybridization
efficiency is low but background is also low, try increasing the amount of probe
or decreasing wash stringency. If nuclear background is high, resulting in too
many nonspecific signals, try reducing the amount of labeled probe, increasing
wash stringency, ordttening nuclei further.

9. StatSpin Cytofuge 3-well cell concentrator gaskets and use oneX4Ifmm
chamber closest to the middle of slide.

10. If probes labeled directly with fluorophores are used, skip Subheading 3.3.2,,
steps 13-18.
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Southern Analysis Using Methyl-Sensitive
Restriction Enzymes

Tom Moore

1. Introduction

Methylation of the cytosine base in cytosine-guanine (CG) dinucleotides
of genomic DNA is likely to be one of the primary epigenetic “imprints”
that results in parental allele-specific expression of certain mammalian genes
(1). Despite the increasing popularity of bisulphite sequenhgligation-
mediated polymerase chain reaction (PCR) (3), the availability of antibodies
to 5-methylcytosine®("CG) (4), and more recent developments in DNA array
technology(5), Southern analysis using methyl-sensitive DNA restriction
enzymes remains one of the more popular methods for the detection and
analysis of mammalian DNA methylation. However, it has two sicguifi
disadvantages. First, relatively large amounts of genomic DNA are required
for Southern blotting, thereby reducing its usefulness in the study of DNA
methylation in the female germline and preimplantation embryos. Second,
the analysis is limited to CGs that occur in a DNA sequence context that is
recognized by a methyl-sensitive restriction enzyme. However, despite these
drawbacks, the fact that the technique is still widely used is testament to its
robustness, reproducibility, and relative simplicity.

1.1. Sources of DNA for Imprinting-Related Methylation Studies

In general, 10—2Qg of good-quality genomic DNA is required for Southern
blotting. Such amounts are readily extracted from postimplantation mouse
embryos, human blood samples, tissue (e.g., tumor) biopsies, and cultured cells.
Diffi culties arise when particular cell types from tissues are to be analyzed
in isolation (requiring customized pudétion or contamination-monitoring

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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Fig. 1. Parental allele-spe@fDNA methylation analysis of the mougg2 upstream
region reproduced from (8), with permission. (A) Typical data from Southern analysis
of mouse genomic DNA using a probe spanning a methyl-senSitiak (Sm) site.
The panel on the left shows the results of analysis using embryos maternally disomic
for distal chromosome 7. The panel on the right shows the results of analysis of the same
region using a M. spretus BamHI polymorphism in (M. domesticus X SD7), lybrid
embryos. In this example, the SD7 genotype is derived from the repeated backcrossing
of the M. spretus Igf2-H19 gene region to the C57BL/6 genetic background; A
genotype represents the targeted deletion of the H19 gene upstream region. Subscripts
in parentheses, (d) and (s), refer, respectively, to M. domesticus- and M. spretus-gpecifi
RE sites and fragments.

procedures), or when the amounts of starting material are very limited, as with
female germ cells and preimplantation embryos. The latter problem has been
a significant complication in imprinting studies, and the use of PCR-based
alternatives can be problematic (seef. 6 for discussion). Cells cultured in
vitro provide ready access to large amounts of DNA. However, experiments in
vitro must be carefully controlled because DNA methylation at imprinted loci
may be susceptible to cell culture-induced chaliges
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Fig. 1. (continued) (B) Graphical representation of analysis of parental allele-
specifc DNA methylation in the mouskgf2 upstream region in a range of tissues
and genotypes, using probes A, B, and C. Parental alleles (maternal or paternal) are
shown separately, above and below the horizontal line; degree of methylation of
particularHpall (H) sites is represented by degree of circlénfi. “ul” & “u2” are
Igf2 “upstream” exons 1 and 2, respectively. (Copyri§t997 National Academy
of Sciences, U.S.A))

Imprinting studies, by ddiition, require that the two parental alleles be
discriminated. This requires the identification of suitable DNA restriction
fragment length polymorphisms (RFLPs) within the region to be studied. In
mice, this generally involves the use of interspediftbrids (usually between
Mus spretus or Mus castaneus, and an inbred Mus musculus laboratory strain).
However, an alternative that does not require the identification of RFLPs is the
comparison of normal tissues with tissues derived from individuals that are
uniparentally disomic for the region of interest (e.g., 8eFig. 1).

In the study of DNA methylation at imprinted loci in the human, the use of
samples from accessible tissues such as blood and term placenta is relatively
common. However, the occurrence of tissue-spedififerences in parental
allelic expression and DNA methylation must be considered, particularly when
extrapolating results to other tissues.

1.2. Analytical Strategies and Controls
1.2.1. Hpall and Mspl
The simplest and most reliable approach to DNA methylation analysis with

methyl-sensitive restriction enzymes involves the use of the isoschizomer pair,
Hpall and Mspl, which recognize the sequence CCG{pall, but notMspl,
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restriction activity is inhibited by methylation of the 5-carbon of the cytosine
ring in the CG dinucleotide, such that the sequerf€GG is not cutMspl
therefore serves as an excellent positive control for DNA quality and complete-
ness of digestion. (Note that most mammalian genomic DNA is methylated at
CCGG sequences, therefdtigall and Mspl genomic DNA digests will look

very different on agarose gel electrophoresis.) Other equivalent isoschizomer
pairs with a more restricted distribution of recognition sites may be used
to analyze specific sites within a region that contains many Hpall sites, for
example, Xmal—-Smal (recognition sequence: CCCGGG) (sete 1).

1.2.2. Parental Allele-Specific Polymorphisms and Probe Placement

RFLPs between the parental alleles are most reliably ideshtiff sequenc-
ing genomic DNA from a range of samples (by direct sequencing or by
subcloning and sequencing PCR products), or by restricting genomic DNA
with a range of enzymes, followed by Southern blotting and probing with
cloned DNA fragments from the region of interest.

Generally, the genomic DNA sample to be analyzed is restricted with an
enzyme that produces a previously characterized parental alleleespiif,
and then in parallel with either member of a chosen isoschizomer pair (e.g., Mspl
andHpall). Following gel electrophoresis and Southern blotting, the membrane
is hybridized to a radiolabeled DNA probe positioned between the parental
allele-specift polymorphic RE site and the RE site being analyzed for presence
of DNA methylation. However, an optimum strategy for the analysis of each
individual region or methyl-sensitive RE site must be designed empirically.

2. Materials
2.1. Genomic DNA Extraction and Quantification

1. Tris-buffered salinesée Note 2): Dissolve 8 g NaCl, 0.2 g KCI, and 3 g Tris base
in 800 mL HO, pH to 7.4 with HCI, add 0 to 1 L and autoclave (9).

2. DNA extraction (lysis) buffer: 10 i Tris-HCI pH 8.0, 50 mMNaCl, 50 mM
ethylenediaminetetraacetic acid (EDTA), pH 8.0, 1@0nL proteinase K, 0.5%
sodium dodecyl sulfate (SDS). (Proteinase K stock solution at 20 mg/mL in
H,0. Store —20°C).

3. Phenol containing 0.1% 8-hydroxyquinoline and equilibrated withMOTkis-

HCI (pH 8.0) and 0.2%nercaptoethanol. Store at 4°C.

Chloroform/isoamy! alcohol (24/1).

5M NacCl.

100% and 70% isopropanol.

Tris-EDTA (TE) buffer, pH 8.0: 10 mNlris-HCI, pH 8.0, 1 mMEDTA pH 8.0.

UV spectrophotometer.

© N aA
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2.2.

Digestion of Genomic DNA with Restriction Enzymes

Restriction enzymes and 1Geaction buffers are widely available com-
mercially. Suitable standard buffer conditions ggall and Mspl are 10 mM
Tris-acetate (pH 7.5), 10 vh magnesium acetate, and 5Mnpotassium
acetate.Smal requires a special buffer consisting of 2MnKCl, 10 mM
MgCl,, 10 mMTris-HCI (pH 8.0), and 1 mMithiothreitol (DTT).

2.3.

1.
2.

3.

E

© N g

gD

o

wNP A

Gel Electrophoresis

Molecular biology-grade agarose.

Tris-borate-EDTA (TBE) electrophoresis bufferxXock/liter): 54 g Tris base,
27.5 g boric acid, 20 mL of 0.5 EDTA, pH 8.0.

Ethidium bromide (10 mg/mL inJ@).

6xgel loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 40%
(w/v) sucrose in H20. Store at 4°C.

DNA molecular-weight markers (e.g., bacteriophagindili-digested DNA).

Southern Blotting

Gel denaturing buffer: 1.5 MaCl, 0.5 NNaOH.

Gel neutralizing buffer: 1 Mris (pH 7.4), 1.5V NacCl.

20xSSC: Dissolve 175.3 g NaCl and 88.2 g sodium citrate in 800 mL,@f H
pH to 7.0 with 10 NNaOH, add HO to 1 L, and autoclave (9).

20xSSPE: Dissolve 175.3 g NaCl, 27.6 g NBBy, and 7.4 g EDTA in 800 mL
H,0, pH to 7.4 with 10 NNaOH, add HO to 1 L, and autoclave (9).

0.2N HCI.

0.4N NaOH (Store as 4 Btock solution) (sedlote 3).

Membrane neutralizing buffer: 0.5Nis-HCI (pH 7.2), 1 MNaCl (seeNote 3).
Charged nylon membrane (e.g., Nytran SuperCharge, Schleicher & Schuell).
(Refer to manufacturer’s instructions.)

Whatman 3MM chromatography paper.

Probe Labeling

5x “oligolabeling” buffer (9): 250 mMTris-Cl (pH 8), 25 mMMgCl,, 5 mM

B-mercaptoethanol, 2 kh each dATP, dGTP, dTTP, M HEPES (pH 6.6),
1-mg/mL random oligonucleotides.

Bovine serum albumin (Fraction V; Sigma), 10 mg/mL.

DNA polymerase (Klenow fragment): 5-10 U/p

[0-32P]-dCTP (3,000 Ci/mmol).

Buffer A(9): 50 mMTris-Cl (pH 7.5), 50 vl NaCl, 5 mMEDTA (pH 8), and
0.5% SDS.

Sepharose G-25 column (3dete 4).
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2.6. Blot Hybridization and Washing

1. Church hybridization buffefl0): 1 mM EDTA, 0.5 MNaHPO,/NaH,PO,,
pH 7.2, 7% SDS. (For 1 L, mix ¥ Na,HPQO, and 1 MNaH,PO, in the
approximate ratio 1@ (~385:115 mL), until pH 7.2 is achieved. Add 500 mL
of this solution to 70 g of SDS and 2 mL of GFEDTA. Add deionized water to
800 mL. Stir to homogeneity on a heating block and add water to 1 L).

2. Church wash buffgfl0): 1 mMEDTA, 40 mMNaHPO,/NaH,PO, pH 7.2, 1%
SDS. (For 5 L, mix 1 MNaHPQ, and 1 MNaH,PQ, in the approximate ratio
10:3 (~19258 mL), until pH 7.2 is achieved. Add 250 mL of this solution to
50 g of SDS and 10 mL of 0.5 BDTA. Add deionized water to 3 L. Stir to
homogeneity in a 5-L beaker on a heating block and add water to 5 L).

3. Medical X-ray film (e.g., Fuji RX or Kodak BioMax) and autoradiograplny fi
cassette.

3. Methods
3.1. Genomic DNA Extraction and Quantification

1. Disrupt soft tissues or pellets of cultured cells in 2-5 mL TBS using a hand-held
or powered (e.g., Polytron) homogenizer.

2. Centrifuge the homogenate at 1500g for 10 min at 4°C.

3. Pour off the supernatant and add 0.5—-1 mL of lysis buffer.

4. Cap the tube, vortex briefly to resuspend the pellet, and place in a (preferably,
shaking) waterbath at 50°C for 4 h or overnight. (Loosely fitting caps may blow
off and must be fixed in place with tape or other restraint.)

5. In a fume hood, add an equal volume of phenol to the lysate, cap, and shake
gently for 10 min.

6. Centrifuge at 15009 for 10 min at room temperature.

7. Carefully remove the (DNA-containing) upper aqueous phase using a 1-mL
Gilson or other pipet and transfer to a clean tube.

8. Add an equal volume of chloroform/isoamyl alcohol, cap the tube, and shake
gently for 10 min.

9. Centrifuge, then remove the upper agueous phase as in steps Ghouel

10. Add anequal volume of 100% isopropanol, andvbNaCl in the ratio of
50 uL/mL of supernatant. Cap and invert the tube to ensure even mixing, and
stand at room temperature for 10 min.

11. Using a plastic spatula or Gilson pipet tip, transfer the white DNA precipitate
to an Eppendorf tube containing 1 mL of 70% isopropanol for 10 min. (This
washing step removes excess salts.)

12. Asinstep 11, transfer the DNA to a 1-mL Eppendorf tube containing a suitable
(50- to 500-|L) volume of nuclease-free water or TE buffer.

3.2. Digestion of Genomic DNA with Restriction Enzymes

1. Add 10-2Qug genomic DNA, 5 L1 of 10x RE buffer, 10—20 units (142L) of
each of appropriate enzymes (e.g., Hpall or Mspl, and flanking RE), s0ddd
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3.4.

50 pL total volume. (When digesting multiple samples, it is convenient to make
up a stock solution of 0, RE buffer, and restriction enzymes).

. Incubate for at least 3 h (or overnight) at 37°C to ensure complete digestion.

This can be monitored by removing small aliquots of the reaction and running
on an agarose minigel).

. Following digestion, samples can be used immediately or stored at 4°C.

. Gel Electrophoresis

. Digested genomic DNA is usually run in 0.8% agarose gels. Add appropriate

qguantity of agarose andxITBE buffer to a 500-mL flask and heat to boiling
in a microwave oven.

. Allow agarose solution to cool to ~60°C and add ethidium bromide tah fi

concentration of 0.5g/mL.

. Swirl the flask contents and pour into gel tray, allowing 30 min to set.
. Remove comb, and flood gel with 1— TBE buffer.
. Add 8pL of 6x gel loading buffer to each sample and gently pipet up and

down to mix.

. Load up to 2ug of A-Hindlll DNA molecular weight marker, skip one lane,

and load the samples in the desired order (e.g., Mspl and Hpall digests of each
sample adjacent, etc.).

. Run the gel slowly (at ~1 V/cm) to enhance resolution. (Running a 0.8% gel at

40 V overnight will give good resolution and retention of a wide range of DNA
fragment sizes; this can also be monitored by viewing the gel under UV.)

. Place a tlorescent ruler or other marker alongside the gel and photograph the

gel using a UV light source.

. The gel can now be blotted, or stored flat at 40C in Saran wrap or bfing fi

for up to 24 h.

Southern Blotting

3.4.1. Neutral Transfer (see Note 3)

;

1. Soak the gel for 30—60 min in gel denaturing buffer.

2. Rinse in distilled or deionized water for 1 min.

3.

4. Set up capillary blot using 1BSC or SSPE in the reservoir and transfer for the

Soak in gel neutralizing buffer for 30 min.

desired period, usually overnight (Fig. 2).

Dismantle the blot apparatus and wash the membrane 3% for 15 min to
remove adherent agarose.

Place the membrane between two pieces of 3MM paper to dry for approximately
30-60 min.

Fix the DNA to the membrane using a UV cross-linker. (Refer to manufacturer’s
instructions.)
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Fig. 2. Methods of transferring DNA to membranes (usually charged nylon)
vary considerably; however, the widely used capillary methodg9klatively
straightforward. The gel rests on a wick consisting of four layers of 3MM paper, which
contact the reservoir of transfer buffer at both ends. The membrane is placed directly
on the gel and overlaid with two exactly fitting sheets of 3MM prewetted in transfer
buffer, two sheets of dry 3MM, a stack of dry towels, a glass sheet, and (optionally)
a ~500-g weight to exclude air and to ensure even blotting pressure. (Some protocols
include a layer of Saran wrap between the gel and the membrane, in which the Saran
overlaps the edges of the gel by ~0.5 cm and overhangs the sides of the reservoir: this
will prevent “short-circuiting” of the blotting process.)

3.5. Probe Labelling

The following protocol and several commercially available kits (e.g.,
Pharmacia) are based on the technique of “oligolabel{gd’l,12). The
protocol produces probes of high specictivity (>16 dpm/Lg).

1. Prepare probe DNA by heating 50—-100 ng in a 30&ppendorf tube to 100°C
for 5 min to denature.

2. Place tube on ice for 2-5 min, then centrifuge briefly to collect condensate.

3. Add 10uL 5% “oligolabeling” buffer, 2 L BSA stock, 50—100 ng DNA in 32
H,0, 5 |L [a-32P]dCTP, 1 | (5-10 U) Klenow fragment.

4. Incubate at room temperature for 3—-12 h.

5. Add 200uL buffer A to the reaction.

6. Denature probe by heating to 100°C for 5 min, regiep, and use immediately
(see Note 4).
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3.6. Blot Hybridization and Washing

1. Wet the membrane briefly in deionized water and place in a hybridization bottle
or bag. Add ~10 mL preheated (65°C) hybridization buffer and incubate in a
rotary hybridization oven for 1-2 h (If necessary, this prehybridization step may
be extended to overnight.)

2. Toward the end of the prehybridization period, denature the double-stranded
DNA probe by heating to 100°C for 5 min in a water bath or heating block.

3. Using heat-resistant gloves, pour off approximately half (5 mL) of the hybridiza-
tion buffer and add the denatured probe to the remaining buffer (do not pipet the
concentrated probe directly on to the membrane).

4. Carefully seal the hybridization bottle or bag and replace in 65°C oven over-
night.

5. Toward the end of the hybridization period, add ~500 mL of wash buffer to a
conical flask and heat to 65°C.

6. Remove the hybridization bottle from the oven and pour the radioactive hybridiza-
tion buffer into a 20-mL polypropylene tube. (This can be discarded or stored
at —20°C for future use).

7. Half-fill the hybridization bottle with 65°C wash buffer and return to the oven
for 15 min.

8. Remove the membrane from the bottle and wash in a shallow covered dish in
100-200 mL of wash buffer at 65°C for 15 min. Repeat as required. (The severity
of washing must be determined empirically; however, removal of unwanted
background radioactivity can be monitored using a hand-held counter.)

9. Place the membrane between two sheets of Saran wrap. Place the covered blot
in an autoradiography cassette with intensifying screens and tape to the back
of the cassette to immobilize.

10. Expose thelfn overnight at —70°C.

4. Notes

1. A comprehensive list of methyl-sensitive restriction enzymes, their DNA
recognition sequences, and isoschizomers is availabtij13,

2. Phosphate-buffered saline (PBS) is also suitable: Dissolve 8 g NaCl, 0.2 g KCl,
1.44 g NgHPQ, and 0.24 g KH2PO4 in 800 mL,8, pH to 7.4 with HCI, add
H,0O to 1 L, and autoclave (9).

3. Gels can also be blotted in alkaline conditions usinglON&OH in the blotting
reservoir. Use membrane neutralizing buffer insteadx83C (or SSPE) in
step 5. (In some protocols the gel is soaked in 0.6l for ~30 min to nick
the DNA and enhance blotting efficiency. If this is done, the gel must be soaked
in 0.4 NNaOH before blotting.).

4. ltis recommended that, before using probe, unincorporated dNTPs are removed
by G-25 column chromatography. Sepharose G-25 columns, and other alterna-
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tives for probe purification, are available commercially (e.g., N&Bolumns,
Pharmacia). However, detailed instructions for cheaply constructing and using
Sepharose “spin columns” in 1-mL syringe barrels have been described (9).
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A PCR-Based Method for Studying DNA Methylation

Mira Ariel

1. Introduction

DNA methylation is a mechanism for regulation of gene expression in
animals(1-3). The addition of a methyl group at the 5-position of cytosine
bases occurs exclusively at CpG dinucleotides. CpG dinucleotides in the
vertebrate genome are underrepresented and amount to 1% of the ¢&nome
However, in some regions of the genome, CpG residues amount to 6% or more
of the dinucleotides in the genome. These regions, known as CpG islands, are
usually associated with the promoter regions of housekeeping genes and, in
contrast to CpGs throughout the genome, are unmethy&&dMethylation
of CpG islands occurs only in silenced genes on the inactive X chromosome
and in parentally imprinted genes (7). In addition, CpG islands may become
methylated upon oncogenic transformation. These alterations in the methyla-
tion profile are correlated with silencing of tumor suppressor genes such as
pl15, pl16, Rb, VHL, e-cadherin, ER, and HIC1 (8).

Mapping methylated regions in the genome and detection of methylation
changes is important for understanding both normal and pathological gene
expression events such as silencing by methylation of tumor-suppressor genes.
Another purpose is to study the role of methylation in imprinting (7). Although
not completely proven, methylation has been proposed to be the imprint signal
(9-11). Over the years, studies of cytosine methylation have focused on the
adult organisn{12). Only with the development of polymerase chain reaction
(PCR) methods to amplify small amounts of DNA has it become possible
to determine the state of DNA methylation at CpG sites in specific genes in
the embryo(13-15). The accurate mapping of DNA methylation at different
stages of development is essential for understanding how speeifhylation

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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patterns are established and maintained in imprinted as well as other genes
(9,13,14). An additional feld that requires methylation analysis is the evalua-
tion of the pattern of X-chromosome inactivation, especially for the detection
of female carriers of X-linked diseas€ks). X-chromosome inactivation is
random in the majority of females. However, in asymptomatic female carriers
of X-linked diseases, there is a preferential selection of the normal X chro-
mosome, resulting in nonrandom inactivation. This pattern is currently evalu-
ated by assays of differential methylation between the active and the inactive
X chromosome (17).

1.1. General Methods for DNA Methylation Analysis

Until recently, mapping of methylated DNA regions relied mainly on
Southern hybridization approach@s) following digestion of the genomic
DNA with methylation-sensitive restriction enzymes that cleave only unmethyl-
ated CpG sites (1%ee Chapter 14). These analyses are limited to the avail-
able sites in the region studied, which account for a small proportion of the
potentially methylated CpG sites. Another limitation of these techniques is the
relatively large quantity of DNA (5—10g) necessary for each sample. Maxam
and Gilbert(20) sequencing techniques have also been used to determine
methylation statug2l), but these chemical cleavage reactions have two
disadvantages with respect to determining 5-methylcytosine residues. First,
5-methylcytosine is identidid by the lack of a band in all the tracks of a
sequencing gel; any background cleavage ladder or close spacing of bands
can cause difficulties in interpretation. Second, this method also requires a
relatively large amount of DNA (50guper lane).

Another method of studying DNA methylation, which avoids the use of
restriction enzymes, is the chemical mazhtion of cytosine, but not methyl-
ated cytosine, to uracil, by bisulfite treatment 232,see Chapter 16). This
method determines the methylation status of every CpG site. It involves
amplification of the modified DNA, cloning of the amplified region, and
sequencing individual clones. This method requires only small amounts
of DNA, but it is technically difficult and rather laborious. Bisiglfsequenc-
ing has not been widely applied to the analysis of cytosine methylation in
preimplantation embryos.

1.2. PCR-Based Methods of DNA Methylation Analysis

Because of the above-mentioned limitations, researchers have taken advan-
tage of PCR techniques developed in the last decade. PCR-based methods for
methylation analysis were developed for assaying small quantities of DNA
available from embryo samples and other sources of DNA. These methods
require prior information of the sequence being analyzed.
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There are two main approaches in the PCR-based methods for determining
DNA methylation. One approach relies on the link between DNA methylation
and sensitivity to DNA restriction enzymé¢24,25). Methylation can be
determined by digestion with a methylation-sensitive restriction enzyme
followed by PCR amplification. This assay is sensitive and quantitatively
applicable to small quantities of DNA available from as little as 100-200 cells.
The assay is technically very simple and rapid.

A second approach is based on PCR angpliidon of bisulfite treated DNA
by methylation-specifi PCR(26-28). This assay allows analysis of any group
of CpG sites. It is especially useful for mapping methylation patterns of CpG
islands, but it cannot be used to determine the methylation state of an individual
CpG dinucleotide. The method suffers also from the disadvantage of having
to treat the DNA with bisulfe, which renders it more laborious than the
methylation-sensitive restriction enzyme-coupled PCR assay that is the focus
of this chapter.

1.2.1. Methylation-Sensitive Restriction Enzyme-Coupled PCR Assay

Singer-Sam et al. (225) developed a sensitive technique in which digestion
of genomic DNA with a methylation-sensitive enzyme is coupled with PCR.
The amplified product of genomic DNA does not retain the genomideprofi
of cytosine methylation. Thus, restriction of the methylation-sensitive site
studied must be done on the genomic DNA harboring its methylation pattern,
before the PCR amplification. Following digestion with Hpall, or any other
methylation-sensitive restriction enzyme, PCR is performed with primers that
flank the methylation-sensitive site being assayed. Only intact DNA can serve
as a template for PCR amptifition. Unmethylated sites will be digested by
the methylation-sensitive enzyme, thus destroying the template. However, if
the site is protected by methylation, it will not be cleaved, the template will
remain intact, and a PCR product will be produd&d. ().

Similar to Southern-based approaches, this method can only detect CpG
methylation if suitable restriction sites are available. Moreover, the cleavage
of unmethylated DNA must be complete, since any uncleaved DNA will be
amplified by PCR, yielding a false-positive result for methylation.

1.2.1.1. APPLICATION FOR ALLELE-SPECIFIC METHYLATION DETERMINATION

Methylation-sensitive restriction enzyme-coupled PCR assay can be used
to determine allele-specific methylation in imprinted gene8480). A
differentially methylated site where only one allele is methylated will always
give a PCR product. In order to determine which allele is methylated, one
must identify a polymorphism located adjacent to the Hpall or to another
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Fig. 1. Methylation-sensitive restriction enzyme-coupled PCR assay, unmethylated
DNA on right, methylated DNA on right. Primers 1 and 2 flank the site being assayed.
Their amplification product is A. Primers 2 and 3 are nested primers for internal
control. Their amplitation product is B.

methylation-sensitive enzyme site in the imprinted gene. By restricting the
polymorphic site after PCR amplification, the methylation state of each allele
can be determined. If the site is methylated on the allele with the polymorphic
site, the PCR product will be cleaved by the enzyme. If the polymorphic allele
is unmethylated and the template is destroyed by the Hpall restriction, the
cleavage of the polymorphic site will not be visualized. The PCR product of
the methylated allele will remain intact.

An example of an imprinted gene that has been studied in this manner is the
SNRPN gene. SNRPN is a very well characterized gene from the 15911-q13
cluster of imprinted genes (31), and is a useful diagnostic marker for Prader-
Willi syndrome (PWS) and Angelman syndrome (AS) (32). These two disorders
are characterized by deletions in a common region of chromosome 15¢q11-13,
uniparental disomy for chromosome 15, and abnormal methylation of the
imprinted genes in the region. Patients with PWS have a deletion in the paternal
allele, while patients with AS have a deletion in the maternal allele. A rapid
diagnostic test that was developed by Chotai and Payne (33) is based on the
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digestion of the unmethylated paternally expressed SNRPN sequence with the
methylation-sensitive enzyme Notl or digestion of the methylated maternally
repressed&NRPN sequence with the methylation-requiring nuclease McrBC
followed by PCR amplification of tfBNRPN promoter and first exon. This test
enables determination of the methylation state of the paternal or the maternal
allele in order to diagnose PWS and AS. PWS is expected to give an SNRPN
product only after digestion with Notl, because PWS patients have only a
maternal methylate@NRPN, which is not cleaved by Notl. AS, on the other
hand, is expected to give a PCR product only after McrBC digestion because
AS patients have only a paternal unmethyla®RPN, which will not be
digested by the McrBC. Normal control DNA is expected to yield a product
after both Notl and McrBC digestion.

Imprinted genes may also play a role as tumor suppred$0EsY2 (34),
for example, is a maternally imprinted tumor-suppressor gene that loses its
expression in ovarian and breast cancer because of deletion of the paternally
expressed allele. The maternal allele can be distinguished from the paternal
allele on the basis of a TA repeat polymorphism. Methylation can be determined
by digesting the genomic DNA with the methylation-sensitive restriction
enzyme BstUl and PCR amplification of the DNA. Only the methylated allele
will be amplified.

1.2.1.2. ApPLICATION FOR X-CHROMOSOME INACTIVATION DETERMINATION

Another example of the use of methylation-sensitive enzyme-coupled PCR
for diagnostic purposes is the application of the novel human androgen recep-
tor assay (HUMARA) for analyzing X inactivatiofl6,35). This assay is a
sensitive means for detecting nonrandom X inactivation. The HUMARA gene
includes a CAG repeat which is highly polymorphic. In the assay, the CAG
repeat is amplified together with its flanking DNA which contains two Hpall
restriction sites. The close proximity of the restriction enzyme sites to the short
tandem CAG repeat allows the PCR assay to distinguish between the maternal
and paternal alleles according to the size of the CAG repeat of each allele and
identify their methylation status. Genomic DNA is digested with Hpall before
PCR amplifcation. In an active X chromosome the Hpall site is unmethylated
and PCR amplification fails to yield a product. On the other hand, the inactive
X chromosome is methylated and resistant to Hpall digestion, thus yielding
a PCR product. In females with random X inactivation, the maternal and
the paternal inactive X chromosomes will be ametifiequally. However,
in females who are nonsymptomatic X-linked-disease carriers, one of the X
chromosomes is selectively inactivated and methylated, and in the HUMARA
assay it will be selectively amplil.
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1.2.2. Arbitrarily Primed PCR

A further development of the methylation-sensitive restriction enzyme-
coupled PCR was the application to arbitrarily primed PCR (AP-PCR) in order
to identify specific methylation changes at multiple sites in genomic DNA with
unknown sequences (36). This method uses a single pair of primers without
any prior information of the sequence studied. It involves restricting the DNA
with a methylation-sensitive restriction enzyme before two cycles of low-
stringency amplification followed by 30 or 40 cycles of high-stringency PCR.
Reproducible faigerprints are generated . The random association of primers
with genomic DNA at low annealing temperatures generates multiple PCR
fragments. When the two primers flank a methylated Hpall restriction site in a
single fragment, amplification takes place. However, no PCR product would be
expected if the site is unmethylated. Methylation-sensitive AP-PCR has been
applied to identify CpG islands that became hypermethylated in human lung
cancer cells (37and in bladder and colon tumor DNAs (38). Methylation-
sensitive AP-PCR is rapid and simple. It can be used to screen methylation
changes in different tissues and to isolate DNA fragments associated with
such changes. This method can detect such changes in as little as 200 ng of
genomic DNA.

2. Materials

2.1. Digestion of the Genomic DNA
1. Arestriction enzyme that does not cut in the target sequence and its appropriate

buffer.
2. ADNA for carrier.

2.2. Dialysis of the Digested DNA

1. Millipore VSWP mixed esterdltiers: 0.025-m 25 mM
2. Petri dishes.
3. Double-distiiled water (dd}®).

2.3. Digestion of the Dialyzed DNA with a Methylation-Sensitive
Restriction Enzyme

1. A methylation-sensitive restriction enzyme that has a restriction site in the
sequence studied, and its appropriate buffer.
2. A 37°Cincubator.

2.4. Dialysis of the Methylation-Sensitive Restricted DNA

1. Millipore filters as speciid above.
2. Petri dishes.
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2.5. PCR Amplification

1. Taq DNA polymerase and 2PCR buffer (usually supplied together, e.g.,
Promega Corporation).

. A concentrated Mg€ltypically 15-25 mM solution (seeNote 1).

. A mix of the four dNTPs (2 mMach).

. Primers 300-50AM each in separate solutions ($&ete 2 and Fig. 1).

. A thermal cycler.

. Mineral oil (not needed if the thermal cycler has a heated lid).

OO WN

. Gel Electrophoresis

. Agarose.

. 10« TAE buffer: 2 nM Tris-acetate, 0.081 ethylenediaminetetraacetic acid
(EDTA).

. 10-mg/mL ethidium bromide.

4. Gel electrophoresis apparatus.

N O

w

2.7. Determination of Allele-Specific Methylation

1. Arestriction enzyme that cleaves a polymorphic site unique to one allele.

3. Methods
3.1. Digestion of the Genomic DNA

Digest genomic DNA with a restriction enzyme that does not cut in the
sequence studied. The amount of genomic DNA can range from 200 pgto 1 p
(see Note 3). For amounts less than DADNA (1 pg per sample) should
be added as carrier. The purpose of the digestion is to reduce the size of the
genomic DNA and thus increase accessibility of the methylation-sensitive
enzyme to its site and to assure complete digestion.

3.2. Dialysis of the Digested DNA

Dialyze 100 ng-200 pg of the digested DNA in a final volume of 150 p
through a Millipore VSWP mixed esteridir as follows:

1. Place the disk of the Millipordtir on top of 12 mL of ddyD in a Petri dish.

2. Aliquot the digested DNA on top of the filter disk. Cover the Petri dish with
its top to avoid evaporation.

3. Dialyze for 2 h at room temperature.

4. Collect the sample into an Eppendorf tube.

The purpose of the dialysis is to eliminate all the electrolytes of the DNA
sample and thus produce optimal conditions in the buffer for the next restriction
enzyme digest (seblote 4).
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3.3. Digestion of the Dialyzed DNA with a Methylation-Sensitive
Restriction Enzyme

Divide the dialyzed DNA into two portions: one for an uncut control and
the second for the digestion of the next step.

1. Digest the dialyzed DNA with Hpall or another methylation-sensitive restric-
tion enzyme in the appropriate buffer and according to the manufacturer’s
instructions.

2. Incubate for 16 h at 37°C.

3.4. Dialysis of the Methylation-Sensitive Restricted DNA

Dialyze through Millipore filters by repeating the details of Subheading 3.2.
The purpose of the dialysis at this stage is to eliminate all the electrolytes from the
digested DNA and provide optimal conditions for the PCR reactiorN@ae4).

3.5. PCR Amplification

1. Perform the PCR amplification in a 10D-mixture as follows: 13PCR buffer,
1.5 mMMgCl, (but seeNote 1), 200 pmol of each of the four dNTPs, énol of
each of the two primers, 1-2.5 U Taq polymerase.

2. Mix all the components well.

3. Add 25pL of the DNA collected after the dialysis &ibheading 3.4. (see
Note 5).

4. Make up the volume of the reaction to 310 with ddH,O. A control with
unmethylated DNA to confin full cleavage with the methylation-sensitive
restriction enzyme (seblote 6) and an additional control without DNA should
be included. Each assay should also include a PCR amplification with the control
of the nested primers.

5. Add 4-5 drops of mineral oil to each sample (this is not necessary if using a
thermal cycler with a heated lid). The mineral oil should completely cover the
surface of the reaction mixture, to prevent evaporation.

6. PCR amplify in a thermal cycler with the following steps:

a. 4 min at 95°C (denaturation)

b. 1 min at 95°C (denaturation)

€. 2 min at 55°C (annealing to primers)

d. 3 min at 72°C (elongation)

Perform 35-40 cycles (each cycle is from step b to step d). These are general
conditions; however, optimization of conditions (particularly MgCI2 concentration
and annealling temperature) is recommended for each pair of primexo(ecd.

3.6. Gel Electrophoresis

After amplification, load 20 luof each sample onto 2% agarose gel contain-
ing ethidium bromide. Electrophorese and identify the band of the product
under UV illumination (seeNote 8).
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3.7.

Determination of Allele-Specific Methylation

For identifying allele-specific methylation, restrict the PCR product with an
enzyme that cleaves a polymorphic site unique to one allele. Electrophorese on
an agarose gel to distinguish between the two alleles and determine whether
methylated or nonmethylated.

4. Notes

1.
2.

MgCl concentration will need to be optimized for each specific PCR reaction.
The design of the primers is one of the most critical steps in the assay. The primers
should be 20-24 bp in length and flank the methylation-sensitive restriction
site being examined. The sequence of the primers should not include the same
methylation-sensitive restriction site. Nested primers should be constructed to
serve as an internal standard and to ensure the specificity of the PCR reaction.
One primer can be shared with one of the flanking primers. The second primer
should avoid the methylation-sensitive site so that the PCR araibifin product

will not include the site (se€ig. 1).

The fist digestion step can be performed on relatively large amounts of DNA
(1 pg) if available. The digested DNA should be aliquoted and stored at —20°C.
The desired number of aliquots can be removed for each experiment.

It is advisable to measure the sample volume after each of the dialysis steps,
since dialysis may cause an increase in sample volume. When this occurs, a
correction of DNA concentration should be made.

Because the amount of genomic DNA in each sample is very small, contamina-
tion can mask the true results. Consequently, it is advisable to keep the genomic
DNA separate from any other DNA samples.

To ensure full cleavage with the methylation-sensitive enzyme prior to the PCR
amplification, it is suggested to amplify another sequence of the genomic DNA,
preferably a CpG island that includes the same methylation-sensitive restriction
site as that assayed in the experiment.

. The initial denaturation step (95°C for 4 min) of the PCR amplification is of

critical importance for PCR yield, especially with the very small amounts of
DNA for which the PCR method is the method of choice.

. Optional: Southern blotting can be performed in cases where you cannot observe

the expected product as a band(s) on the ethidium bromide-stained gel.
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2. Irreversible hydrolytic deamination of cytosine-6-sulfonate to uracil-6-sulfonate.
This reaction is favored at higher concentrations of sodium bisulfite and at higher
temperatures; the pH optimum is between pH 5 and 6.

3. Reversible desulfonation of uracil-6-sulfonate to uracil. The elimination reaction
is favored at high pH.

Only non-base-paired cytosines, i.e., in single-stranded DNA, can be
efficiently modifed by sodium bisulfite. Cytosines in nondenatured, double-
stranded DNA are almost refractory to the readfidi). Furthermore, under the
conditions described, the reaction is highly selective and almost complete for
nonmethylated cytosine residues, whereas nearly 100% of 5-methylcytosines
remain unconverted (15).

2. Materials
2.1. Embedding of Material into Agarose and Bisulfite Reaction

1. Trypsin (Biochrom), 0.25% (w/v) in phosphate-buffered saline (PBS).

2. Mineral oil (heavy white mineral oil, Sigma).

3. LMP agarose (SeaPlaque agarose, FMC) 2% in PBS and in water.

4. Tris-EDTA (TE) buffers, pH 7.0 and pH 8.0: 10nTris-HCI, 1 mMethylene-
diaminetetraacetic acid (EDTA).

. Proteinase K (Boehringer Mannheim).

. Hydroquinone (Sigma).

7. 40ug/mL phenylmethylsulfonyl floride (PMSF, purchased from Sigma) in
TE buffer.

8. 2.5M sodium bisulfie solution (pH 5). Prepare as follows: dissolve 1.9 g of
sodium metabisulfite (Merck) in a mix of 2.5 mL®and 750 . of 2 M NaOH
(freshly prepared), dissolve 55 mg of hydroquinone injp0@f H,O at 50°C,
and mix the two solutions (sédotes 1-3).

9. Phosphate-buffered saline (PBS).

10. Lysis solution: 10 i Tris-HCI, 10 mMEDTA, 1% sodium dodecyl sulfate
(SDS), 20 jg/mL proteinase K (seblotes4 and 5.

11. Restriction enzymes and buffers.

12. NaOH (0.2\, 0.4 M 2.0 M.

o Ol

2.2. Purification and Cloning of PCR Products

1. Tag polymerase (Boehringer Mannheim).

2. Geneclean Il (Bio 101) or comparable kit for padfion of PCR fragments
from agarose gels.

3. TA cloning kit (Invitrogen) with INV F'ultracompetent E. colcells (see
Note 6).
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3. Methods

3.1. Bisulfite-Based Cytosine Methylation Analysis
of Agarose-Embedded Material

3.1.1. Preparation of Cells for Bisulfite Treatment

The following procedure should be used when working with limited amounts
of tissue or with only a few cells for which DNA isolation is ditfit. When
larger quantities of cellular material are available—from biopsies, paraffi
embedded tissues, sperm samples, or other sources—we recommend isolating
the genomic DNA using standard procedures and then following the protocol
of Subheading 3.1.2.

1. When starting with tissue samples, this material should be trypsinized to obtain
a suspension of single cells. In the case of individually collected cells (oocytes,
zygotes, etc.), proceed directly to step 2.

2. Wash and recover the cells in & BBS solution at a maximum density of
60 cells/|L.

3. Mix 3L of the cell suspension withj8_ of hot (80°C) 2% (w/v) LMP agarose,
prepared in £ PBS. Use a 2-mL Eppendorf tube.

4. Add 50QuL of heavy mineral oil, incubate in a boiling water bath for 20 min, and
transfer to ice (additional 30 min) to solidify the agarose/cell mixture.

5. Incubate the agarose bead in %00of the lysis solution, overlaid with the
mineral oil, at 37°C overnight.

6. Remove the lysis solution and the oil and inactivate proteinase K by adding
500 pL of 1x TE pH 7.0 containing 4Qig/mL PMSF (2x45 min) at room
temperature. This step is optional.

7. Remove the solution and wash withTix (pH 8) for Z 15 min.

Equilibrate against 1Q@L of restriction buffer for & 15 min.

9. Remove the solution and add 300of 1x restriction buffer containing 20 units
of restriction endonuclease and incubate overnight. (Alternatively, add 50 units
for 1 h digestion).

10. Remove the restriction buffer and incubate with G00f 0.4 M NaOH for

2x 15 min.

11. Wash with 1 mL of 0.1 MlaOH for 5 min.

12. Remove all the solution and overlay with 5Q0qf mineral oil.

13. Boil the bead in a water bath for 20-30 min to separate the individual DNA

strands.

14. Chill on ice for 30 min to resolidify the agarose bead.

15. Add 1 mL of the 2.5 Modium bisulfie solution (ice-cold). The agarose bead

should enter the aqueous (lower) phase Ksate 3).
16. Proceed with the bisuli treatment (Subheading 3.1.2., step 8).

&
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3.1.2. Bisulfite Treatment of Isolated DNA

1.

13.

3.2.

Digest the genomic DNA with a suitable restriction enzyme (which does not cut
within the region to be amplified) in a volume of 21 in order to achieve a
complete bisulte conversion we recommend not using more than 700 ng DNA
for the restriction, so that the DNA content of each agarose-DNA bead formed
later (seestep 8) does not exceed 100 ng.

. Boil for 5-10 min in a water bath.
. Chill on ice and quickly spin down.
. Add 4pL of 2 M NaOH (final concentration 0.3 MaOH) and incubate for

15 min at 50°C.

. Mix with 2 vol (50puL) of hot (liquid) 2% (w/v) LMP agarose (prepared in

water).

. Pipet 1 mL of the 2.M sodium bisulfite solution into a 2-mL Eppendorf tube

and overlay with 750 lu of heavy mineral oil (tubes should be kept for 30 min
on ice before proceeding) (shéote 3).

. Pipet up to seven 1@- aliquots of the DNA—agarose mixture into ice-cold

mineral oil to form beads (each bead containing up to 100 ng of DNA). Make
sure that all beads have entered the aqueous phase; beads can be pushed into the
bisulfite solution using a pipet tip (sééotes 7-10).

. Leave on ice for 30 min.

. Incubate at 50°C for 3.5 h.
10.
11.
12.

Remove all solution; wash with 1 mL of TE (pH 8) for 2 x15 min.

Incubate in 500L of 0.2 MNaOH, 2 x15 min.

Remove NaOH solution and wash with 1 mL»fTE (pH 8), 3 x10 min. Store

in a small volume of TE (pH 8) at 4°C (beads are stable for at least several
weeks).

Before PCR amplification, wash the beads wi® Fbr 2 x15 min.

PCR Amplification of Bisulfite-Treated DNA

3.2.1. Primer Design

The following guidelines for primer design for the amplification of bitasfi
treated DNA should be considered when performing a bisdifised methyla-
tion analysis of imprinted genes.

1.

The region to be analyzed should contain sequence polymorphisms (e.g., G-to-A
transitions), which allows the identification of the parental alleles after bésulfi
treatment. This may limit the analysis to either the lower or upper strand.

A “bisulfite-converted” DNA sequence should be generated using computational
support by substituting all C residues for T residues except at CpG sites. Such a
sequence e can be used by any primer-designing software to test the selected
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primers to avoid hairpin structures, false priming sites, and possible primer
dimers.

Overlapping of the primers with CpG dinucleotides and hence inclusion of
wobble positions (T/C) should be strictly avoided especially at then@ of

the oligos. This should ensure that PCR products of the region of interest are
amplified regardless of whether they contain a high or low degree of nonconverted
CpG residues after the bistéfitreatment.

The length of the oligos should be between 25-30 nucleotides to achieve a high
PCR specifttity.

The primers should be located in an originally cytosine-rich region so that they
selectively amplify converted DNA (see alddotes 11-12).

Extensive T and A stretches in both primers, which are common to tbisulfi
treated DNA, should be avoided to minimize the formation of primer dimers.

If a T/A cloning vector is used for cloning of amplified products, it is recom-
mended that the ®nd of the oligomers be T or A. (This will favor the nonspecifi
addition of flanking adenine residues by the Taq polymerase at the end of the
synthesized DNA strands.)

3.2.2. Optimizing PCR Conditions

1.

The PCR conditions for amplifying bisulfite-treated material should be carefully
optimized. The bisulfe treatment reduces the sequence specificity (by changing
all non-CpG cytosines to uracils) and thus the selectivity for primer annealing.

It is recommended that the length of the product does not exceed 600-700 bp, as
longer fragments may be more difficult to amplify from bisetfreated DNA

(due to depurination and fragmentation of DNA as a result of low pH during
the bisulfte treatment).

. A nested or at least a seminested approach for amplifying the target region is

recommended to increase the sensitivity when working with limited numbers of
cells and to ensure the specificity of the product.

To avoid any contamination with previous PCR products, the béstrfatment

and handling of the DNA or cells should be carried out in a separate room and
using separate pipets.

. We advise that a gradient PCR cycler be used to optimize the annealing tem-

perature for the PCR reaction (with the aim of obtaining as high an annealing
temperature as possible in thedi reaction).

3.2.3. Cloning and Sequencing

1.

2.

To increase the efficiency of cloning, the specific PCR product should begurifi
from any nonspeciéiband(s) or primer dimers by agarose gel elution.

Cloning of the PCR product can be improved by additional incubation of the
purified product in the presence of dATP and Taq polymerase for 5 min at 95°C,
followed by 60 min at 72°C. This will increase the percentage of DNA molecules
with flanking A residues at the 8hd (this step is optional).
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3. To verify positive clones, we routinely apply a colony PCR protocol. Products of
the correct size can be subsequently sequenced using internal primers.

4. According to our experience, blue/white screening of colonies is not always
reliable (especially when short fragments are cloned). In such situations it is
recommended to analyze all colonies, as the blue ones may also contain an insert
(see also Note 5).

3.2.4. Drawbacks of the Bisulfite-Based Methylation Analysis

Although the bisulfite-based methylation analysis is a powerful tool to obtain
detailed genomic methylation data, it is connected with spemxfperimental
or technical problems which are briefly discussed below.

1. In order to perform a bisuid-based methylation analysis, detailed sequence
information about the genomic region of interest is required.

2. The upper and lower strands of the bisulfite-treated DNA samples are analyzed
separately. Therefore it is impossible (except in the case of single-cell analysis)
to obtain data about the original double-stranded DNA.

3. Amplifications (or cloning of PCR products) from the upper and lower strands
may not work equally well in all cases.

4. In cases of analyses of non-CpG methylation on nonsymmetrical methylation
patterns, as, for example, in plants and fungi, it may be difficult to design primers
for the PCR amplification of the bisulfite-treated DNA. In this case primers can
be designed that contain either C or T at the respective positions. However, the
use of such primers with “wobble” positions greatly reduces the spscifif
the PCR reaction and may cause a bias in the amplification of certain products
(mostly those products that were not fully converted).

5. A systematic analysis by Warnecke et al. (17) nicely demonstrated that the choice
of primers might cause a bias in the PCR reaction, such that either a low or
highly methylated template DNA is predominantly ametifi The problem of
biased amplification or cloning has to be tested individually, and several control
experiments should be carried out. First, different templates with a known
content of methylated cytosine residues should be mixed in different ratios and
the bisulfite treatment and amplification steps carried out as usual. The distribu-
tion of nonconverted and converted cytosine residues in the analyzed products
will then allow determination of whether, and to what magnitude, a bias has
occurred. One strategy to avoid such problems is to perform independent experi-
ments (including different techniques) to analyze the methylationlgmiffia
given template, for example, by conventional Southern blot hybridization or
Ms-SNuPHE®8). Both techniques can be very helpful in obtaining an independent
estimation of the real ratio of modifi and unmodified cytosines within the
sequence of interest.

6. During the cloning procedure, a selection against a spexiiset of PCR
products may occur. This problem might be overcome by the use of different
cloning vectors or a different strain of cells for the cloning.
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7. Quite frequently, especially if only a few cells are used for the analysis, the
observed methylation patterns after the sequencing of single clones show a clonal
distribution. To rule out that this is due to the preferential amoptibtn and
cloning of only a single or a few converted chromosomal fragments, theteisulfi
treatment and in consequence also the following PCR and analysis steps have
to be repeated at least once.

4. Notes

1. The sodium bisulfite solution and NaOH solutions should always be prepared
fresh and stored for not longer than 24 h before use.

2. Batches of commercially available sodium bisulfite are mixtures of sodium
bisulfite and sodium metabisulfite. The ratio between the substances may vary
among different batches. We recommend using pure sodium metabjsuitfich
facilitates accurate preparation of solutions with the desired molarity.

3. Bisulfite and hydroquinone solutions are light sensitive, thus should be protected
from light in all steps.

4. To favor the dissolving of the chemicals during the preparation of the solutions,
these may be heated up to 50°C.

5. Common laboratory solutions and buffers for molecular biology, such as SDS,
EDTA, PBS, Tris-HCI (pH 8.0), NaOH, and TE, were prepared according to
ref. 16.

6. For some PCR fragments amplified from bisulfite-treated DNA, we observed a
clonal selection against fully converted templates. In those cases we were able
to overcome the problem using a different cloning vector system (e.g., pGEM-T,
Promega) in combination with differeit coli cells.

7. If ice crystals appear during incubation of the big#fiydroquinone solution
on ice, proceed normally; this will not affect the results.

8. During pipetting of the agarose—DNA mixture into the mineral oil, some or
all of the mixture might remain inside the pipet tip. This is usually because
the agarose—DNA mixture has become too cold: the mixture should be kept at
50°C-65°C until formation of the beads. Also, as the agarose—DNA mixture is
discharged into the cold mineral oil, the pipet tip should be only slightly inserted
in the cold oil layer and the content should be discharged rapidly.

9. If the agarose beads dissolve after entering the béssiiiution, the layer of
mineral oil is not cold enough. To prevent that, the tubes containing mineral oil
should be preincubated on ice for at least 20 min or, alternatively, kept at —20°C
for 10 min (in that case the bisulfite solution should be added separately after the
formation of the beads). Moreover, only heavy mineral oil of pure quality (e.g.,
from Sigma) should be used. If the problem nevertheless persists, we recommend
that the concentration of LMP agarose be increased.

10. During bead formation, two or more beads can collide and fuse to form one big
bead. To avoid this, the beads should be pipetted into opposite sides of the tube
and the number of beads added should not exceed four per tube.
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11

12.

. In cases when unconverted sequences are observed frequently, the following
should be considered: (a) Primers are not selective enough for converted DNA.
The primers should be located in a C-rich region to increase the selectivity
of amplification toward fully converted sequences. (b) Incomplete hisulfi
conversion may be caused by an excess of DNA in the reaction. The maximum
recommended amount of DNA is 100 ng per bead. (c) The DNA was not properly
denatured. Make sure that denaturation steps and desulfonation steps are carried
out using fresh NaOH solution and sodium biselfiolution.

Failure of PCR amplification may be caused by (a) gieffi bisulfite conversion

(see Subheading 3.1.2.); (b) insufficient amount of template DNA; (c) size of

a desired PCR product—try to amplify a smaller fragment; (d) low sensitivity
of the amplification—a nested PCR approach is recommended, or, alternatively,
the use of a different set of primers.
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Direct Analysis of Chromosome Methylation

Déborah Bourc’his and Evani Viegas-Péquignot

1. Introduction

DNA methylation is a possible candidate for a genomic imprinting marker
in mammals. This epigenetic modification of DNA satisfies several essential
criteria for the identittation of the parental origin of individual alleles and
larger portions of the genome: DNA methylation is stably propagated in
somatic cells during cell division, it is reversible, it may inactivate the target
sequence, and male and female gametes have different methylation patterns
(reviewed in refl).

Various methods for identifying methylated or unmethylated cytosines on
DNA have been proposed. Their spaiifi, sensitivity, resolution, and potential
artefacts determine theirefd of application and affect the interpretation of
data. Despite their inherent limitations, these methods each provide a different
level of information about the distribution of 5-MeC in mammalian genomes.

Chromosome methylation analysis is a method for the large-scale screening
of genome methylation that has several advantages over global methylation
analysis using extracted genomic DNA. Overall, methylation is placed in the
context of chromosome architecture and can therefore be related to chromo-
some components, such as centromeres, telomeres, heterochromatin, and
euchromatin, for which information concerning sequence mapping, replication
timing, or the content of a particular protein may be available. This topologi-
cal assessment of chromosome methylation makes it possible to identify
relationships between functional or structural parameters on the largest scale
of genome organization. In addition, chromosome methylationlgsafan be
evaluated in individual cells and in parental sets of chromosomes, provided
they carry adequate parental chromosome markers and, as chromosomes can

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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be fixed just after each S phase, temporal changes in methylation related to
DNA replication can be easily followed.

1.1. Detection of Chromosome Methylation

Two major alternatives exist for mapping the distribution of 5-MeC in mam-
malian chromosomes. Methylated sites can be identified using af#is rar
monoclonal(4) antibodies against 5-MeC, followed by immuneflescence
or immunoperoxidase detection. Unmethylated sites can be evaluated by
situ digestion of chromosomes with methyl-sensitive restriction enzymes such
asHhal or Hpall, followed by labeling the cut site with nonradioactive (or
radioactive) markers and immunocytochemical detection (5-7).

5-MeC antibody binding is a convenient way of rapidly labeling hemimethyl-
ated and methylated DNA. After enzyme digestion, only unmethylated sites are
detected and the specific sequence recognition of the enzymes may severely
bias extrapolations of overall DNA methylation ple$i. This brings us back
to the problem of data interpretation in the context of a given approach.
Apparently conikting results may, in fact, reftt only misinterpretation or
overestimation.

1.2. Specificity and Sensitivity of Chromosome
Methylation Analysis

Chromosome methylation préds have been established for normal and
methylation-defective cells from somatic, germinal, and embryonic tissues.
Specift patterns have been observed on ideation of methylated (5-MeC
antibody labeling) or unmethylated sites (restriction digestion).

The major difficulty in chromosome analysis is the choice of appropriate
experimental conditions that will preserve the target and chromosome morphol-
ogy while ensuring optimal accessibility. Conditions that prove to be very
efficient for the detection of targets on isolated DNA may fail to give satisfac-
tory results with chromosomes, in which DNA is tightly packaged and sur-
rounded by proteins. Thus, to identify methylated or unmethylated sites,
chromosomes are prepared under harsh fixation conditions (methanol or
ethanol/acetic acid fixative), known to extract most of the chromatin proteins
(8). The accessibility of the DNA may then be increased by additiongdyjVv
enzymatic, or alkaline treatments (9), but, in any case, experimental protocols
must be carefully chosen to prevent DNA loss or degradation and damage to
chromosome architecture.

Convenient control experiments can be performed to ensure theapeoffi
chromosome labeling. They may include: (1) methylase-spémftments (or
a universal methylase) prior to chromosome digestion with a methyl-sensitive
enzyme or antibody binding; (2) in siigestion with a methyl-insensitive
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restriction endonuclease, and (3) the use of checking procedures (e.g., omission,
competition, blocking, or adsorption of reagents) currently used in classical
immunocytochemical methods.

The resolution and sensitivity of chromosome analyses are determined by
chromosome structure and are limited principally by the commercial avail-
ability of efficient stains (e.g., stable fluorochromes) and by current microscopy
techniques. Comparative analysis of the chromosome methylation patterns
generated by 5-MeC monoclonal antibody and sequence-spaethylation
evaluated by classical molecular approaches has shown that chromosome
analysis provides direct and reliable information about the methylation
status of highly and moderately repeated sequences located in constitutive
heterochromatin and in euchromatin, respectidly Repeated sequences
include most of the potentially methylated CpG sites in the genomes of humans
and other mammals (10). Current chromosome methylation analysis cannot
detect individual CpGs and single-copy genes because only clustered methyl-
ated and unmethylated CpGs can be idexttifit the chromosome level.

Antisera directed against 5-MeC and indirect immuraréscence have been
used with mouse and human chromosomes and have demonstrated preferential
binding to constitutive heterochromatin, composed of highly repeated DNA and
located mainly in centromeric or pericentromeric regior®)(X4ore recently,
it has been shown using a monoclonal antibody that somatic euchromatin
(chromosome arms) can also display spedbifinding(4). A weak but reproduc-
ible R-like banding pattern, with some T bands stronger than others, is gener-
ated on human chromosom&sd. 1A). This labeling was correlated with the
methylation of interspersed repeated Alu sequences that preferentially map to
R bands and are heavily methylated in somatic ¢Ell42). Both euchromatin
and heterochromatin have been found to be labeled in species as diverse as
mice (Fig. 1B) and f§h(13), in mouse Dnmtl (methyltransferase 1) mutants
(ref. 14 and unpublished results) and in ICF syndrome (Figitset), the only
genetic disorder known to involve a defective genomic methylation péern
In situ enzyme digestion of mammalian somatic chromosorkas {C, D,
andE) has provided specdfiinformation about differential Hhal methylation
patterns on human X chromosomes (5) and about differences in the methyl
content of parental and hybrid spediés

In early development, a differential chromosome methylation pattern related
to the parental origin of chromosomes is observed just after fertilization
(Fig. 2). This chromosome imprinting is erased during sucessive cleavages
by a passive mechanism revealed by the progressive decrease in the numbers
of asymmetrically labeled chromosomes, composed of hemimethylated and
demethylated DNA strands (13ipall and Hhal digestions in situ of mouse
embryonic chromosome have confirmed these results.
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Fig. 1. Distribution of methylated (5-MeC antibody binding) and unmethylated
(Hhal digestion) sites on somatic human and mouse chromoseeedading page).
(A) Chromosomes from lymphocyte cultures of normal individuals. Euchromatin is
heterogeneously labeled (e.g., chromosome 7 displays an R-like banding pattern,
long arrow) and constitutive heterochromatin is intensely labeled (juxtacentromeric
regions of chromosomes 1 and 16, small arrows). Isketws chromosome from
patients carrying a constitutional methylation defect (ICF syndrome). Constitutive
heterochromatin (chromosomes 1 and 16) and facultative heterochromatin (inactive X
chromosome, Xi) are faintly labeled, indicating hypomethylat{&).Chromosomes
from mouse fibroblast cultures. As in human cells, euchromatin shows a banding
pattern (long arrow) and constitutive heterochromatin is strongly methylated (small
arrow). (C, D, E) Chromosomes from lymphocyte culture of normal human females
after Hhal digestion and biotin 14-dATP end-labeling. (C) streptavidin—Texas red
staining. Euchromatin displays a banding pattern, similar to R banding; short arm
of acrocentic chromosomes (long arrows) are in general labeled, and the two X
chromosomes are differently stained. The Xi (below) is more stained than the Xa
(active X). (D, E) Hhal digestion and immunoperoxidase labeling. The Xi is shown
before (D) and after (E) DAB intengifition. (see refs. B).

Fig. 2. Chromosome methylation patterns of embrgessfacing page). Methylated
sites were revealed by indirect immunofluorescence labeling with 5-MeC monoclonal
antibody.Hpall unmethylated sites were revealed by immunoperoxidase staining
after biotin 14-dATP end-labelindA, B) Metaphases from mouse (A) and human
(B) embryos at the one-cell stage. Two distinct sets of chromosomes are observed.
Chromosomes of paternal origin (small arrow) are faintly labeled, and those of maternal
origin are intensely labeled (long arrow). Maternally inherited chromosomes display
an R-like banding pattern in euchromatin. Centromeric heterochromatin is intensely
labeled in most chromosomes of the paternal set, whereas it is brighly stained in only
a few chromosomes of the maternal set. @romosomes from a two-cell mouse
embryo. An asymmetrical labeling (arrows) of the two sister chromatids is clearly
observed in chromosomes from maternal origin. Insets: Asymmetrical chromosomes of
two-cell embryos obtained after Hpall digestion and immunoperoxidase labeling. (D)
Chromosomes from an eight-cell embryo. Most of the chromosomes are symmetrically
and weakly labeled, chromosomal asymmetry is rarely observed at this stage (arrows).
From the one-cell stage to the eight-cell stage the decreasingiadtence labeling
is associated with DNA replication indicating the existence of a passive demethylation
(seeref. 15).



Fig. 1. Distribution of methylated (5-MeC antibody binding) and unmethylated
(Hhal digestion) sites on somatic human and mouse chromosseadadging page).
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2. Materials
2.1. Chromosome Preparations

2.1.1. Human Lymphocyte Cultures

1. Culture medium: TC199 (Seromed) supplemented with streptomycin and penicil-
lin (BioMérieux) (final concentrations of 100 IU/mL and B§/mL, respectively),
phytohemagglutinin (PHA, Gibco BRL), and 20% human serum.

Thymidine (Sigma) at arfal concentration of 0.3 mg/mL.

Colchicine: 10 mg/L stock solution (Eurobio).

Hypotonic buffer: Human serum/sterile distilled water (1/6, v/v).
Ethylenediaminetetraacetic acid (EDTA): 40-mg/mL stock solution.

Fixative: Ethanol/acetic acid (3/1, v/v).

ouhswn

2.1.2. Fibroblast Cultures

1. Culture medium: RPMI 1640 containingylutamine (Gibco BRL), kanamycin
(final concentration of 80 UG/mL), and supplemented with 10% fetal calf
serum.

Colchicine: 10-mg/L stock solution (Eurobio).

Hypotonic buffer: Human or fetal calf serum/sterile distilled water (1/6, v/v).
EDTA: 40 mg/mL stock solution.

1xTrypsine-EDTA (Gibco BRL).

PBS: 0.2\ phosphate buffer, 0.15 MaCl, pH 7.3-7.4, filtered before use.
Fixative: Ethanol/acetic acid (3/1, v/v).

Nogakown

2.1.3. Embryonic Cells

PMSG and hCG (Chorulon) hormones (Intervet).

Recovery medium: M2 (Sigma).

Hyaluronidase (Sigma): Final concentration of B80mL in M2 medium.
Culture medium: M16 (Sigma).

Light paraffh oil (Merck).

Colchicine: 10-mg/L stock solution (Eurobio).

Hypotonic buffer: Fetal calf serum/sterile distilled water (1/6, v/v).
EDTA: 40-mg/mL stock solution.

Fixative: Methanol/acetic acid (3/1, v/v).

Stereomicroscope with understage illumination.

CLOONGORWNE

=

2.2. 5-MeC Antibody Binding to Chromosomes

1. PBS solution (seSubheading 2.1.2.).

2. PBT: 0.1% Tween-20, 0.15% bovine serum albumun (BSA), in phosphate-
buffered saline (PBS),Ifered before use.

3. Germicidal 30-W lamp (UV light, 254 nm).
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4.

5.

Antibodies: anti-5MeC monoclonal antibofy6), RAM-FITC (anti-mouse
conjugate, Nordic Immunology).

Antifadingp-phenylenediamine (PPD) free base (Sigma): 0.1% solution in PBS/
glycerol (1/9, viv), adjusted to pH 8 with 0.1N&OH, stored at —20°C.

2.3. Direct Restriction Enzyme Digestion of Chromosomes

1.
2.

3.

00 ~NO O

2.4.

1.

2.

3.
4,

Methyl-sensitive restriction enzyméshal and Hpall (New England Biolabs).
Terminal deoxynucleotidyltransferase (TdT) (Boehringer) and T4 polymerase
(New England Biolabs).

Methyl-sensitive enzyme digestion and T4 polymerase buffers prepared as
recommended by the manufacturers.

. TdT buffer: 100 il sodium cacodylate, pH 7, 1 m&bCL/0.2 mMdithiothrei-

tol, 0.1% BSA. Prepare just before use and protect against light.

. 2% SSC (0.3 MNaCl/30 nM sodium citrate) and 0x1SSC (15 mMNacCl/

1.5 mMsodium citrate).

. PBS and PBT as described under Subheadings 2.1.2. and 2.2.

. Deoxynucleotide dGTP, dCTP, dTTP: 1 mddck solution.

. Biotin 14-dATP (Gibco BRL): 1 mMtock solution.

. Antibodies: anti-biotin polyclonal antibody (Vector laboratories), RAG (rabbit

anti-goat) conjugated to a fluorochrome (fluorescein or rhodamine), RAG-
IgG(H+L) peroxidase-conjugate (Nordic Immunology), and streptavidin-TR
(Texas red) (Gibco BRL).

Microscopy

Conventional microscope equipped for epifluorescence and transmitted light
illumination (ordinary and phase-contrast equipment).

Filter sets specdifor the fuorochromes (florescein and rhodamine or Texas
red).

Color slide film, Kodak 400 ASA.

High-resolution CCD (charged coupled device)-cooled camera (Hamamatsu),
Explorer (Alcatel-Samba system), and Adobe Photoshop software.

3. Methods

3.1.

Chromosome Preparations

3.1.1. Short-Term Lymphocyte Cultures

1.

2.

3.

Add 0.5 mL of adult whole blood (collected in a Venoject tube containing lithium
heparin) to 7.5 mL of culture medium (TC 199, antibiotics, PHA, and human
serum) and incubate for 72 h at 37°C.

Add 30uL of colchicine (final concentration of 0.044mL) to each 8 mL of
culture. Incubate at 37°C for 2 h to obtain metaphase chromosomes.
Centrifuge for 10 min at 40Gg room temperature.
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4.

10.
11.
12.

13.

14.
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Remove the supernatant and add gradually to the pellet 10 mL of hypotonic
buffer prewarmed at 37°C. The hypotonic solution should be added in three or
four steps and mixed gently with a Pasteur pipet.

Add 100uL of EDTA (400-g/uL final concentration), mix, and incubate for

10 min at 37°C.

Add 1 mL of fkative, and resuspend gently and centrifuge for 10 min a 400

at room temperature.

Remove the supernatant, add 1 mL xditfive, and gently resuspend the pellet.
Repeat this action several times to increase the amountativé gradually.

In total, 8 mL of fixative/tube should be used. Centrifuge for 10 min at 400g
at room temperature.

Remove the supernatant and add 6 mL of fixative to the pellet. Gently resuspend
and store the cell suspension at 4°C overnight.

Centrifuge for 10 min at 40Gg room temperature.

Replace theXative (fnal volume of 4 mL) at least twice.

Centrifuge for 10 min at 40Gd room temperature.

Discard the supernatant and add about 0.5 mL of fixative to obtain a concentrated
cell suspension.

Put 1 drop of this preparation on a precleaned, soaked slide kept in distilled
water at 4°C until use. If chromosome spread is not dense enough, increase the
number of drops on subsequent slides.

Air-dry the slides for at least 24 h and store slides at —20°C. Slides may be
stored for several months.

3.1.2. Fibroblast Cultures

1.
2.
3.

No o

8.

Remove the culture medium from a culture (254task) of conflient fibroblasts.
Rinse with 2-3 mL PBS.

Add 2 mL of trypsin-EDTA to the attached cells, incubate at 37°C until they
detach, and then divide the cell suspension into two resksland add 6 mL

of culture medium to each.

Incubate for 24 or 48 h at 37°C, then adduBof colchicine and incubate at
37°C for 2 h (seeNote 1).

Rinse the culture with 2-3 mL PBS.

Add 2 mL of trypsin-EDTA to the attached cells.

Centrifuge for 10 min at 400g

The remaining steps are identical to those described for lymphocyte preparation.

3.1.3. Preimplantation Embryo Cultures

Chromosomes are prepared (15) according to a modified version of the air-
drying method of Tarkowskil7). Embryos at the pronuclear stage axedi
28-32 h after injecting hCG, when the pronuclei have disappeared completely,
with or without mitotic arrest (colchicine treatment), in the night of d 0.
For all other cell stages (two-cell to blastocyst stages), colchicine treatment
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is recommended. Hypotonic anddtive treatments are performed under a
stereomicroscope with understage illumination, and each embryo is treated
individually.

1.

Make mature female mice superovulate by intraperitoneal injection of 5 U
PMSF, followed by an injection of 5 IU hCG 46-48 h later. Allow the mice to
mate overnight, kill the females with a vaginal plug, and remove the fertilized
eggs by oviduct puncture.

Release the cumulus cells by hyaluronidase treatment (§00OLUin M2
medium).

Rinse embryos with M2 medium and transfer them to microdrops (00 u

of M16 medium under paraffioil. Culture embryos in 35-mm Petri dishes.
Incubate at 37°C in an atmosphere containing 5%. CO

Incubate with 1QuL of colchicine (final concentration of 1 ug/mL) for 9-12 h

to obtain chromosomes from embryos at 1-, 2-, 4-, and 8-cell stages and for
7 h and 4 h to obtain chromosomes from morula and blastocyst embryos,
respectively.

Place the embryos singly in 500 pf hypotonic solution at room temperature.
Transfer the embryo to a new bath of 500 of hypotonic solution until no
cellular membrane limits are visible (sBote 2). The time required to achieve

this depends on the stage of development and may be from 1 to 5 min (blastocyst).
Hypotonic treatment is performed in 4-well multidishes (Nunc). EDTA is added
during hypotonic treatment, at a final concentration of d§fonL for 4-cell to
16-cell embryos and of 80@{mL for morula and blastocyst embryos.

. After hypotonic treatment, transfer each embryo onto a clean microscope slide

in a droplet of hypotonic solution.

Place 1 drop of methanol/acetic acid fixative (3/1) on the embryo usiegRafteur

pipet and blow to quickly evaporate the fixative. Place several embryos separately on
each slide and use a diamond pen to mark the position of each embryo.

Air-dry for 24 h and then inspect the quality of the preparation with a phase-
contrast micoscope and store the slides at —20°C until use.

3.2. 5-MeC Antibody Binding to Chromosomes

Several procedures for increasing the accessibility of methylated chromo-
some regions to 5-MeC antibody have been proposed, including alkaline,
pepsin/HCI, and other enzyme treatments (9). In our hands, reproducible results
have been obtained only by controlled UV light treatment (4) as recommended
in the early work of Miller et al(2). Optimal results were obtained using
slides stored for at least 1 wk at —20°C and defrosted at room temperature
before use.

1.

Immerse slides in PBSeg Note 3) in a Petri dish and place them under a
germicidal lamp for 15 h (chromosomes from lymphocytes ewallasts) or
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8 h (embryo chromosomes). Place the slides at 30-35 cm from the germicidal
lamp (seeNote 4).

2. Immerse the slides briefly in cold PBT.

3. Add 100uL of 5-MeC antibody diluted 1/10 in PBT to the slides and cover
with a precleaned 24 32 mm glass coverslip. Incubate for 45 min at room
temperature in a dark, humid chamber.

. Wash the slides in PBT for 5 min at room temperature.

. Incubate the slides (covered with ax2d82 mm glass coverslip) with 10Q jof
RAM-FITC antibody diluted 1/40 in PBT for 45 min at room temperature.

. Wash the slides with PBS (about 1 mL, using a Pasteur pipet).

7. Put a few drops of PBS onto the slides and cover with & @3 mm glass

coverslip. Store the slides at 4°C and add L®f{ithe antifading PPD solution,

pH 8, before microscope observation. Photomicrographs may be obtained
directly using a florescein fter or a dual-color bandpas#di. However, as the
fluorescent signals are not very intense, the use of a high-resolution CCD-cooled
camera is recommended.

[S20 3

(o2

3.3. In Situ Chromosome Digestion

Direct methyl-sensitive enzyme digestion of metaphase chromosomes
provides information about the chromosomal organization of unmethylated
sites. The method is based on the ability of modifying enzymes such as terminal
deoxynucleotidyltransferase (TdT) and T4 polymerase to use the terminus
generated by restriction endonucleases as a primer for the polymerization of
labeled nucleotides (biotinylated or digoxygenin labeling;etes 5 and §

(5,6). The labeled tails are immunocytochemically detected brstasipecific
antibody (anti-biotin or anti-digoxygenin) and then by an IgG-peroxidase
or fluorescein-conjugate or directly with streptavidin-TR (biotin taiés (
Note 7).

3.3.1. Hhal Digestion

Hhal cleaves the GCGC sequence provided that the internal C is unmethyl-
ated generating a 8ydroxyl terminus. Terminal deoxynucleotidyltransferase
(TdT) then has the ability to use this terminus as primer for polymerization in
the presence of a labeled nucleotide (e.g., biotin 14-dATP).

1. Equilibrate the slides for 10 min at room temperature with the appropriate
restriction enzyme buffer, as recommended by the manufacturer.

2. Apply to each slide 50Luof 0.1 U/l Hhal enzyme diluted in the appropriate
buffer. Cover with a precleaned glass coverslip (Z2>mm) and incubate for
30 min at 37°C in a humid chamber.

3. Rinse the slides ikhal buffer for 5 min and then equilibrate the slides with
freshly prepared TdT buffer.
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4. Add to each slide 50L of a mixture containing 0.25 WL TdT diluted in
the reaction buffer, 4@umol biotin 14-dATP, and 3@mol of each unlabeled
deoxynucleotide (dGTP, dCTP, dTTP). Cover with a glass coverslip and incubate
for 30 min at 37°C in a humid chamber.

5. Wash the slides successively in2SC for 30 min at room temperature X0SISC

for 30 min at 43°C, andrfally in 2xSSC for 20 min at room temperature.

Incubate the slides in PBT for 10 min at room temperature.

7. Add 100uL of anti-biotin IgG antibody diluted 1/500 in PBT. Cover with a glass

coverslip and incubate for 45 min at 37°C.

Rinse the slides twice for 5 min each in PBT at room temperature.

Apply 100uL of the second antibody, anti-goat IgG peroxidase- or FITC-labeled,

diluted 1/40 in PBT. Cover with a glass coverslip. For a TR detection , after step

8, incubate and apply 10Q_of streptavidin-TR, diluted in PBT.

10. Incubate for 45 min at 37°C.

11. Wash the slides in PBS for 8 min for peroxidase detection. For FITC detection,
simply rinse the slides with a few drops of PBS and store covered with a 24 x
60 mm coverslip, at 4°C. Just before microscope observation, add antifading
PPD solution, pH8. Microscopy is performed as described for 5-MeC antibody
binding (Subheading 3.2.,step 7).

12. For peroxidase detection, develop the slides in the dark by incubating for about
5 minin a 0.5-mg/mL DAB solution in PBS and adding 10®f130% hydrogen
peroxide immediately before use. The time of DAB incubation may be adjusted;
it varies from 4 to 7 min.

13. Rinse the slides thoroughly in distilled water and air dry. Before the standard
light or phase-contrast microscopy, apply several drops of PBS to chromosomes
and cover with a 24 60 mm coverslip.

14. DAB intensiftation using gold reaction and silver precipitation may be performed
to enhance labeling (sddote 8).

o

© ®

3.3.2. Hpall Digestion

Hpall cleaves the CCGG sequence if the internal C is unmethylated. T4
polymerase is used after Hpaligestion, its 3-5' exonuclease activity being used
to expose the Extremity of DNA. This extremity is then used as a template for
the B-3' polymerase activity of T4 polymerase. The labeled nucleotide incorpo-
rated during the polymerization is then detected by immunocytochemistry.

1. Equilibrate the slides for 10 min at room temperature with the restriction enzyme
buffer recommended by the manufacturer.

2. Apply to each slide 50L of 0.2 U/iL Hpall enzyme diluted in the appropriate buffer.
Cover with a glass coverslip and incubate for 30 min at 37°C in a humid chamber.

3. Rinse the slides in Hpall buffer for 5 min.

4. Equilibrate the slides with T4 polymerase buffer for 10 min at room temperature.
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Add 50puL of 0.2-UjL T4 polymerase diluted in the buffer supplied by the
manufacturer, and allow the exonuclease reaction to proceed for 30 min at 37°C
on the slide cover with a glass coverslip (282xmm), in a humid chamber.

Rinse the slides in T4 buffer for 5 min at room temperature.

For polymerization, add 50L of a mixture of 0.2 UiL of T4 polymerase,

40 umol biotin 14-dATP, and 30mol of each each unlabeled deoxynucleotide
(dGTP, dCTP, dTTP) to the slides. Cover with a glass coverslip and incubate for
30 min at 37°C in a humid chamber.

Wash the slides and carry out immunodetection as describéthdbr(steps

5-14).

otes

Cultures may be synchronized using thymidine (18) to increase the number of
metaphase or prometaphase cells per slide: add thymidineal edincentration

of 0.3 mg/mL after 48 or 72 h of culture. Rinse the cells after 15-17 h, and incu-
bate them in culture medium without thymidine for 7 h. Add colchicine during

2 h to obtain metaphase chromosomes and for 30 min to obtain prometaphase
chromosomes.

The presence of oil during the hypotonic treatment of embryo cells may disturb
the quality of chromosome spreading. The transfer of embryos to a second
hypotonic bath is strongly recommended.

PBS, PBT, and other buffers are freshly prepared dtedefi before use to
avoid background.

UV treatment before 5-MeC antibody binding must be performed in an open
environment to avoid slide and PBS warming.

In some cases, nick-translation, rather than end-labeling, may be used to
incorporate labeled nucleotides into chromosome cut{&ljeslowever, resolu-

tion and specificity seem to be higher with end-labeling methods.

Radioisotopes and autoradiography have also been used after enzyme digestion.
However, nonradioactive methods have several advantages, including safety,
high stability, rapidity, and high resolution.

Other procedures for chromosome digestion have been described, involving
the use of a high concentration of enzyme followed by simple Giemsa staining
(19,20). However, the resulting labeling is compromised by the disruption of
chromosome morphology and DNA degradation or loss due to the very high
enzyme concentration and by the nonspeitjfof Giemsa staining, in which only

the remaining and possibily slightly digested chromosomal DNA is labeled.

The DAB (3,3diaminobenzidine tetrahydrochloride) peroxidase substrate signal
could be intensiéd by a gold reaction and silver precipitation, resulting in a very
sensitive and high-contrast signal (5).
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In Vitro Methylation of Predetermined Regions
in Recombinant DNA Constructs

llse Van den Wyngaert, Roger L. P. Adams, and Stefan U. Kass

1. Introduction

DNA methylation at position 5 in the cytosine ring in the sequence CpG can
be detrimental to the transcription of a variety of genes in higher eukaryotes
(1,2). Although the significance of this transcriptional repression is currently
under debate (8), there is little disagreement that it plays an important role in
genomic imprinting and X-chromosome inactivatior6]57o study the effects
of DNA methylation on transcription in an experimental system, bacterial
DNA methyltransferases have been used widely in order to mimic the DNA
methylation pattern of eukaryotic genes. However, usually every target site
in a given recombinant DNA molecule will be subject to DNA methylation
by making use of those enzymes. This might result in an exaggeration of the
effects of DNA methylation, as most recombinant DNA molecules contain a
high degree of prokaryotic DNA, which is rich in CpGs. This methylated CpG-
rich DNA can contribute to the effects of DNA methylation by formation of a
repressive chromatin structu¢é8). In addition, selective DNA methylation
is required to distinguish the effects of DNA methylation on transcription
initiation and transcript elongatiof8,9). Thus, there is a requirement for
a method to generate recombinant DNA molecules that are methylated in a
predetermined region. The chapter following this one will describe a method
that makes use of ligation of methylated DNA fragments into unmethylated
vector DNA. This method relies on the availability of suitable restriction sites,
which allow directional cloning of the fragment and, in addition, requires
a highly effcient ligation reaction. The method described in this chapter
generates CpG-methylated regions in recombinant plasmids by making use

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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Fig. 1. Regional methylation of plasmid DNA. Single-stranded DNA (ssDNA) and a
restriction fragment are isolated from the same plasmid and annealed. A single-stranded
DNA-binding (ssb) protein is added and the double-stranded DNA (dsDNA) patch
methylated using MSssl DNA methyltransferase. The gap is theoh ifi ligated.
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of targeted methylation on a double-stranded patch in a single-stranded DNA
molecule.

1.1. Principle of the Method

Any double-stranded DNA (dsDNA) fragment originating from the plasmid
can be annealed to a single-stranded DNA (ssDNA) plasmid molecule to
generate a single-stranded molecule with a dsDNA patch. A single-stranded
DNA-binding protein is added in order to prevent the CpG methyltransferase
M.Sssl (10) from methylating or binding to the ssDNA. Thereafter DNA
methyltransferase Mssl is used to methylate all CpGs in the dsDNA patch.
Subsequently the ssDNA gap ikl in and a dsDNA plasmid is generated that
contains a region of methylated DNge¢ Fig. 1 for a schematic representation
of the method). The amounts and quantities specified in this method are
sufficient to generate approximately 6—i§ of double-stranded plasmid
DNA. This is sufficient to carry out at least duplicate transfections into tissue
culture cells. We recommend carrying out mock methylation reactions which
will serve as controls in the vehtion of DNA methylation as well as in
transcription assays.
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2. Materials
2.1. DNA

1. 5ug (approximately 3 pmol) of single-stranded (ss) plasmid Dééé Note 1).
2. Approximately 9 pmol fragment DNA is required (&ete 2).

2.2. Annealing of dsDNA Fragment to ssDNA Plasmid

1. 99% ethanol.

2. 75% ethanol.

3. 3M Na-acetate, pH 6.9.

4. Annealing buffer: 20 M Tris-HCI, pH 7.5, 10 mMMgCl,, 50 mM NacCl,
1 mMDTT.

95°C water bath/heating block.

Annealing bath/incubator (from 70°C to 30°C in 1 h).

oo

2.3. DNA Methylation Reaction

1. T4 gene 32 protein (10g/uL; ssDNA-binding protein, Roche Molecular
Biochemicals).

DNA methyltransferasgssl (2 units/|.L; New England Biolabs).

10x methylation buffer: 100 mMTris-HCI, pH 7.9, 100 mMMgCl,, 500 mM
NaCl, 10 mMDTT).

S-adenosyl-methionine (32 myNew England Biolabs).

Proteinase K (25 mg/mL; Roche Molecular Biochemicals).

Phenol, TE-equilibrated.

Chloroform.

Ethanol (99% and 75%).

10% sodium dodecyl sulfate (SDS).

10. 0.5M ethylenediaminetetraacetic acid.

wn

©No Ok

2.4. Filling in and Ligation Reaction

1. Fill-in buffer: 100umol each of dATP, dCTP, dGTP, dTTP, MnDTT, 50 mM
Tris-HCI, pH 7.5, 10 mMMgCl,).

Klenow fragment, 35'exo- (5 units/L; New England Biolabs).

T4 DNA ligase (400 unitgL, New England Biolabs).

ATP, 100 mM

37°C incubator/oven.

Nucleotide Removal Kit (Qiagen).

ok wn

2.5. Agarose Gel Electrophoresis and Southern Blot Analysis

It is advised to verify the DNA methylation of the constructs using methyl-
ation-sensitive restriction enzymes with a subsequent agarose gel electrophore-
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sis and Southern blot analysis. Standard protocols were used for these
proceduregll).

3. Methods
3.1. Annealing of dsDNA Fragment to sSDNA Plasmid

1. Mix 3 pmol ssDNA plasmid with approximately 9 pmol of a restriction fragment
derived from the same plasmid.

2. Add 1/10 volume of 3 NNa-acetate (pH 6.9), add 2.88lume of 99% ethanol.

3. Mix, store for 10 min on ice, then centrifuge for 10 min at 17,900 relative
centrifugal force (rcf) (note that all centrifugations are carried out in a microcen-
trifuge and 17,900 rcf corresponds to 13,000 rpm), room temperature.

4. Discard supernatant, add 500 ethanol (75%), vortex, store for 10 min on ice,
then centrifuge as before.

5. Repeastep 4, then air-dry the DNA pellet for 10 min.

6. Dissolve the DNA pellet in 50Lpannealing buffer.

7. Heat for 5 min at 95°C.

8. Allow to anneal for 1 h from 70°C to 30°C.

9. Add 1/10 volume of 31 Na-acetate (pH 6.9), and 2.5®lumes of 99%
ethanol.

10. Mix, store for 10 min on ice, then centrifuge for 10 min, 15§0®om

temperature.

11. Discard the supernatant, add 5Q0ethanol (75%), vortex, store for 10 min on
ice, then centrifuge as before.
12. Repeattep 11, then air-dry DNA pellet for 10 min.

. DNA Methylation Reaction

2

1. Dissolve the DNA pellet in 1191H,0.

2. Add 15pL 10x methylation buffer

3. Add 5pL T4 gene 32 protein (10gduL).

4. Incubate 15 min, 37°C.

5. Add 10pL DNA methyltransferas&ssl.

6. Add 0.75uL S-adenosyl-methionine (32 mMinal concentration: 160NY).

7. Incubate for 16 h at 37°C (preferably in an oven, to avoid condensation).

8. Add 7.5uL SDS 10%, 1.5 p EDTA 0.5 M, 1.5 |L proteinase K (25 mg/mL);
incubate for 30 min at 55°C.

9. Add 160pL phenol and 16QuL chloroform, vortex, centrifuge 10 min at
17,900 rcf, room temperature.

10. Transfer agueous phase to fresh tube, add82@hloroform, vortex, and
centrifuge as before.

11. Transfer aqueous phase to fresh tube, add 1/10 volumeMbNa-acetate

(pH 6.9), and 2.5x0lumes of 99% ethanol.
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Fig. 2. Aragose gel analysis of regionally methylated plasmid DNA. A 1.1-kb
restriction fragment was used to generate a methylated patch. The DNA was restricted
with the appropriate restriction enzymes as indicated and resolved on a 1.2% gel.
Lanes 1 and 2, control plasmidjanes 3—6, mock-methylated (C) and methylated
(M) constructs before transfection into cellanes 7-10, total DNA isolated from
mammalian cells after transfection with constructs. All samples were digested to
release the fragment used to generate the methylated patch (dashed arrow). H indicates
digestion withHpall.

12. Mix, store for 10 min on ice, then centrifuge for 10 min, 15,088gm temperature.

13. Discard supernatant, add 500gthanol (75%), vortex, store for 10 min on ice,
then centrifuge as before.

14. Repeattep 13, then air-dry the DNA pellet for 10 min.

3.3. Filling in and Ligation Reaction

1. Dissolve the DNA pellet in 92Lfill-in buffer.
2. Add 5pL Klenow enzyme.
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Fig. 3. Southern blot analysis of regionally methylated plasmid DNA. The gel from
Fig. 2 was subjected to Southern blot analysis using the 1.1-kb fragment as a probe.
Labeling is as foFig. 2. Exposure of the X-raylfn was longer for lanes 7—10 in order
to obtain comparable band intensities.

3. Incubate for 2 h at 37°C.
4. Add 2uL T4 DNA ligase and incubate for 5 h at room temperature.
5. Purify the mixture using the Nucleotide Removal Kit (Qiagen).

3.4. Agarose Gel Electrophoresis and Southern Blot Analysis
of Regionally Methylated Fragments

To test whether DNA methylation went to completion in the predetermined
region, the DNA was digested prior or subsequent to transfection into mam-
malian tissue culture cells with the methylation-sensitive restriction enzyme
Hpall. Figure 2 shows an agarose gel of a restriction digest of a regionally
methylated construct. A 1.1-kb DNA fragment was used in the methylation
reaction, and it can be seen that this is resistant to digestibipddy(Fig. 2,
lane 6) when methylated, but not in the control (mock-methylated) saRigle (

2, lane 4). The gel frorRig. 2 was subjected to Southern blot analysis in order
to reveal methylation patterns of DNA after transfection into mammalian cells.
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Figure 3 shows that upon Hpall digestion, the methylated DNA remains largely
undigested (Fig. 3, lane 6), whereas control plasrhid. 3, lane 2) and mock-
methylated control (Fig. 3, lane 4) reveal the expected digestion pattern.
Furthermore, after transfecting the plasmid DNA into c€lig.@, lanes 7-10),
the same digestion pattern is observed, indicating that the preimposed DNA
methylation on the 1.1-kb fragment was stable for at least 2 d after transfection.
Before transfection, small amounts lépall digestion products are seen
(Fig. 3, lane 6) which are due to incomplete methylation of the threefold excess
of fragment DNA. During transfection this fragment DNA is degraded and
thus not detectable anymore (Fig. 3, lane 10).

4. Notes

1. Most plasmid vectors contain an f1 origin of replication, which allows the
isolation of single-stranded DNA (ssDNA) from plasmid vectors. Blondel and
Thillet (12) describe an efficient method that we have used routinely.

2. Restriction fragments are annealed at a molar ratio :df @ragment
DNA:ssDNA). Therefore, for each fragment to be methylated, approximately
9 pmol fragment DNA is required. High-quality fragment DNA can be isolated
from agarose gel slices using the QlAquick gel extraction kit (Qiagen).
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In Vitro Methylation of Specific Regions
in Recombinant DNA Constructs
by Excision and Religation

Ghislaine Dell, Marika Charalambous, and Andrew Ward

1. Introduction

The first imprinted genes were identified in the early 1990s (efg.,1,2)
and there are now over 40 mammalian genes known to be regulated by genomic
imprinting (for an up-to-date list, seeef. 3). The details of the mechanism
that discriminates between the active and silent alleles of these genes, based
on their parent of origin, may differ from one imprinted gene to the next, but
must include some form of epigenetic mark that distinguishes alleles that have
passed through the male or female germline (4—7). The addition of methyl
groups to cytosine residues of CpG dinucleotides might provide such a mark,
since regions of differential methylation have been idemtiin the vicinity
of many of the known imprinted genes98,Moreover, analysis of imprinted
gene expression in a methyltransferase knockda{17-) mouse has shown
that the imprint is lost in a number of cases, resulting in either two silent
alleles (Igf2,1gf2r and Kviqt) or two expressed alleles (Hp57P2, Sarpn,
andXist) (4,10-12). Although there may be exceptions (for instance, imprinted
expression of Mash2 is maintained in Dmntiembryos; ref13), differential
methylation is likely to be an important aspect of the imprinting mechanism that
is relevant to most of the imprinted genes in mammals. There is accumulating
evidence that methylation is also important for the imprinting of plant genes
(reviewed in refl4).

In this chapter we describe a method that can be used to change the methyla-
tion status of defied regions in recombinant DNA so that effects on gene
expression can be assessed following transfection of plasmid constructs into

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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cultured cells. Using conventional molecular techniq{ig, the region of

DNA to be methylated is excised from the parent construct, purified, and then
methylated in vitro using the CpG methylaSssl. The methylated region

is then ligated back into the construct backbone, yielding a plasmid that is
methylated only in the region of interest. Using this method we have been able
to modify a variety of recombinant DNA constructs for testing in transfection
assays.

2. Materials
2.1. Plasmid to Be Methylated

It is very important that the region to be excised and methylated is bounded
by two different restriction sites that are each unique within the parent construct.
This is to ensure that once the insert has been methylated, it can be ligated back
into the construct backbone in the correct orientation. It also ensures that the
vector cannot recircularise during ligation without taking up insert (although
it does not exclude the possibility that two vectors might ligate to each other).
A large amount of plasmid DNA starting material is needed (at leapy20
is recommended), especially if the region to be methylated is small in rela-
tion to the remainder of the construseg Note 1), and should be prepared
using a method that yields plasmid of a quality suitable for mammalian cell
transfection.

2.2. Enzymes

1. Restriction enzymes to excise the region of interest (used with buffers supplied
by the manufacturer).

2. Sssl methylase (2000 units/mL; New England Biolabs), supplied withti.Gfer
(500 mMNaCl, 100 mMMgCl,, 10m MDTT, 100 mMTris-HCI, pH 7.9) and
32 mM S-adenosyl methionine (SAM) methyl donor cofactor (dete 2).

3. Enzymes to check extent of methylation reaction. Widely available methyl-
sensitive restriction enzymes are Hhal and Hpall (8ete 3), recognizing
the sequences GCGC and CCGG, respectively (used with buffers supplied by
the manufacturer).

4. T4 DNA ligase. Use high-concentration preparations to maximize ligation
efficiency (e.g., 20,000—-30,000 Weiss units/mL enyme supplied by Promega
or New England Biolabs). Aliquot the 2Qeaction buffer (100 mMVgCl,,

10 mMDTT, 10 mMATP, 500 mMTris-HCI, pH 7.5, 250 g/mL bovine serum
albumin) supplied with enzyme into single-use amounts, as it deteriorates with
freeze-thawing.

2.3. DNA Purification

1. QIAquick gel extraction kit (QIAGEN).
2. QIlAquick nucleotide removal kit (QIAGEN).
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2.4.

1.
2.

Electrophoresis

Agarose (ultrapure, electrophoresis grade; Gibco-BRL).

Ix TAE buffer: 0.04M Tris-acetate, 0.00M ethylenediaminetetraacetic acid
(EDTA), pH 8.0. Note that a 50KAE stock can be stored at room temperature
and diluted as required.

. Horizontal gel apparatus and power supply. Two sizes of gel combs are needed for

molding of either small wells, with approximately 20 toj80volume capacity
(for analysis of restriction reactions), or large wells, with approximately 200-u
volume capacity (for purification of relevant restriction fragments).

. DNA markers of known size and concentration (e.g., phaD&A digested

with Hindlll is widely available).

. 10xgel loading buffer: 0.4% (w/v) bromophenol blue, 0.4% (w/v) xylene cyanol

FF, 25% (v/v) fcoll (type 400, Pharmacia).

. 10-mg/mL ethidium bromide stock solution for gel staining, and UV light source

for visualization of stained DNA.

. Miscellaneous

Absolute ethanol, for diluting DNA purifation buffer solutions and for DNA
precipitation steps.

3M sodium acetate, pH 5.5, for DNA precipitations.

Scalpel for removing bands from gels.

3. Method

1.

Digest 2Qug each of the insert-containing and vector-containing plasmid DNAs
(see Note 4) overnight with the chosen restriction enzymes. Use a reaction
volume of 100 [, containing 50 U of each restriction enzyme. If the enzymes
require sequential digestion (i.e., because they have incompatible reaction
conditions), carry out each reaction overnight, precipitating the DNA in between
by adding 1/10 volume 3 Modium acetate, pH 5.5, and 3 vol absolute ethanol.
Mix gently, by inverting the tube several times, and place at —20°C for at least
1 h. Collect precipitated DNA by microcentrifugation at 10,000-14,000 rpm
(9,000-17,000gfor 10 min, wash the pellet with 70% ethanol, spin again, dry,
and resuspend in sterile distilled water.

. After each phase of the digestion, remove gE3around 500 ng) of each

sample, add 1 lu10x loading buffer, and make up the volume todOwith

water. Run this out on a gel to ensure that the digests are complete. Pour a 1%
(w/v) agarose gel, st dissolving the agarose in TAE buffer and then adding

0.5 pg/uL ethidium bromide, using a comb with small wells (in adjacent wells
run one sample of 500 ng undigested plasmid for comparison and one sample
of DNA size markers). Run the gel, submerged inTAE buffer, at 100-150 V

for 90-120 min.

Having confimed that the restriction digests have gone to completemn (
Note5), add 1/10th volume 10gel loading buffer to the remainder of the digest
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11.
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and load this onto another 1% agarose (w/v) gel using a comb with large wells
so that the entire sample can be separateiNote 6).

Run the digest at 100 V until the required DNA fragment is well separated from
any other fragments (progress can be monitored at intervals by viewing the
gel with a UV light source, then returning it to the electrophoresis tank and
continuing the run if necessary).

Once good separation has been achieved, excise the required DNA fragments
(i.e., vector, or construct backbone, as well as the insert, or region to be methyl-
ated) from the gel using a scalpel. Trim the gel slice on all sides to remove as
much as possible of the excess, unstained agarose. DNA can then be recovered
from the gel slice using a QIAquick gel extraction kit (Qiagen) as detailed by
the manufacturer (seblote 7), but note the following details: not more than
300 mg of agarose should be loaded per QIAquick spin column, anchéhe fi
elution step is performed with 50L elution buffer (EB, 10 i Tris HCI,

pH 8.5) per column.

Run 1uL of the vector and insert DNA on a 1% agarose gel to check its
integrity. On the same gel, run DNA markers containing bands of known size and
concentration to allow an estimation of the yield of the pdifdDNA fragment.

At this point, the vector (construct backbone) can be stored at —20°C until it is
needed for the ligatiorstep 13).

Divide the insert (region to be methylated) DNA into two tubes. One will be
methylated and the other mock-methylated, to serve as a control.

Set up the methylation reactions. Given here is @al58pecimen reaction

(see Notes 8 and 9: 25 . DNA, 5 pL 10x reaction buffer, fuL (2000 U/LL)

Sssl methylase (replace this with water or enzyme storage buffer for the mock-
methylated tube), 1AL sterile distilled water, 1 [d SAM.

Incubate the methylation reactions for 4 h at 37°C. It is then vital that the SAM be
replenished, as it is heat-labile and deteriorates quite quickly at this temperature.
Add another 1 1 of the SAM and return the tubes to 37°C overnigiee (

Note 10).

Digest approximately 100 ng of the mock-methylated and methylated reaction
with a methylation-sensitive restriction enzyme that will allow determination
of whether the methylation reaction was successful and complete. Common
enzymes to use are Hhal and Hpall, as they each recognize a four-base motif that
is frequently present in DNA sequences (Site 3). Digest for 1-2 h at 37°C
using 5-10 U enzyme. Run the DNA on a 1% agarose gel; the mock-methylated
DNA should digest while the methylated DNA remains intact. If the methylation
is not complete, the overnight incubation can be repeated. Add 10,000 U more
enzyme, 1 l1 fresh SAM, and sufficient buffer and sterile distilled water to make
the volume up to 100Lu

Once the methylation is complete, the DNA can be pdrdivay from enzymes

and salts using a QIAquick nucleotide removal kit (Qiagen), following the
manufacturer’s instructions but with thadi elution step performed using gD

elution buffer (EB, 10 mMrtis HCI, pH 8.5). Between 1 and & jof the sample
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13.

14.

15.

16.

is then checked on a 1% agarose gel to oworifitegrity and to estimate the yield

by comparison with DNA markers of known concentration.

Ligate the insert (both methylated and mock-methylated fragments) with vector
at a molar ratio of 3-8 insertvector. Use all of the available insesed

Note 11) and adjust the amount of vector accordingly. Ligase buffer should be
added to provide 1final concentration, with 1luligase (20-30 YiL), with

any extra reaction volume made up with sterile distilled water and the reactions
incubated overnight at 4°C.

DNA can again be puréil away from enzymes and salts using a QIlAquick
nucleotide removal kit (Qiagen), as in step 12.

It is necessary to check the progress of the ligation to see how much of the
desired product is present. This is not always straightforward, as there are
usually multiple possible ligation products. Digest the ligation mix with one
of the enzymes used in the original insert/vector preparation. Cut an amount
approximating 250 ng (base this calculation on the amount of DNA that went
into the ligation reaction) for 2 h at 37°C, then run it on a 1% agarose gel at
around 50 V until the ligation products have separated as fully as possible. In
addition to single-insert ligation products, you may also see on the gel bands that
represent (a) single unligated insert fragments, (b) two insert fragments ligated
together, or (c) two vector fragments ligated together. Typically, the yield of
vector containing a single insert is around 30—-40% of the ligation product (this
is one reason that it is important to have a mock-methylated control sample). The
described protocol has been successful for inserts of 0.8-2.8 kb, being ligated
back into vector constructs of 6-14 kb.

The DNA constructs are now in a form that allows the effects of methylation
of specift regions to be examined following their introduction into cede (

Note 12).

4. Notes

1.

It is recommended that a large quantity of DNA be used from the outset, because
there are several purification steps at which some loss of material is unavoidable.
Beginning with 20—5@g DNA will usually result in around 2—3g each of the
methylated and mock-methylated construct samples. It is possible to prepare
insert in batches that are then pooled in the ligation reactioiN(seel11).

S-adenosyl methionine (SAM) is unstable at 37°C and when subjected to repeated
freeze—thaw cycles. Consequently, it is advisable to prepare several aliquots from
the tube supplied with the enzyme on the first occasion that it is thawed and use
a fresh aliquot each time these reactions are carried out.

A comprehensive database of restriction enzymes and their properties, including
details of recognition sequences and methylation sensitivity, is maintained at the
following location of the World Wide Welhttp://rebase.neb.com/rebase/.

Suffcient DNA must be cut (a) to allow generation of a mock-methylated as well
as a methylated plasmid (the mock-methylated plasmid will serve as a control,
given that the ligations will not be 100% efficient) and (b) to allow for the loss of
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some DNA during the purification steps. In some instances the insert-containing

and vector-containing constructs will be the same plasmid, and it may be possible
to purify both fragments from the same digest. Exceptions to this are cases in
which the two fragments are similar in size and cannot be adequately resolved on
an agarose gel. This problem can be circumvented by carrying out two separate
reactions, including in each an enzyme that cuts one of the fragments into two
smaller pieces, allowing the other fragment to be cleanly excised from the gel

(atstep 5).

. For restriction digests that fail to reach completion, more enzyme can be added and

the reaction continued for several more hours. However, the volume of enzyme
in the reaction should never exceed 10% of the total reaction volume, because the
glycerol used in enzyme storage buffers can interfere with enzyme activity at higher
concentrations. Where the addition of extra enzyme would exceed this 10% limit,
or for digests that fail completely, protein can be removed by phenol/chloroform
extraction and the DNA recovered following precipitation (as in step 1). Repeat
the digest, using a new batch of restriction enzyme if necessary.

. Some care is needed to ensure that an optimal amount of digested DNA is loaded

into the available wells of the agarose gel. A high concentration of DNA is
desirable, as this will ensure a good yield of the purified fragment. However, if
the concentration is too high, it will be impossible to achieve good separation of
the required fragment from other products of the restriction digest. Aim for about
1 ug of digested DNA for every 1 mm of well (measured across the gel), in the
first instance, but note that quantities may need to be adjusted empirically for each
particular digest (for example, more DNA can be loaded in cases where the size of
the required fragment differs greatly from that of any additional fragments).

. A number of kits are available for the purpose of DNA maifon from agarose;

the one recommended here works well. An effective alternative to commercial
kits is the following, adapted from the method described by Hdé)y First, a

spin column is made from one 1.5-mL and one 0.5-mL microfuge tube. Remove
the lids from both tubes and pierce the bottom of the smaller tube using a
narrow-gage syringe needle. Plug the small tube with a ball (approximately
5 mm diameter) of polyallomer wool (this is used as the filter material in tropical
fish tanks and can be obtained from pet shops; it can be sterilized by autoclaving)
and place the gel slice in the small tube, on top of this plug. Place the small tube
inside the large tube and microcentrifuge at 10,000 rpm (9)0@0dLO min.

Buffer containing the DNA fragment will collect in the 1.5-mL microfuge tube,
while the gel matrix will remain above the polyallomer wool plug (the eluted
DNA can be visualized in solution under UV light). Next, the eluted DNA can
be purified away from any contaminating small molecules by passing it through
a column made from a 1-mL syringe barrel (again plugged with a ball of polyal-
lomer wool), containing Sephadex-G50 (hydrate 10 g in 150 mLE buffer:
0.01M Tris-HCI pH 7.6, 0.001 MEDTA pH 8.0, and sterilize by autoclaving).
Place the filled syringe barrel in a 15-mL plastic disposable centrifuge tube and
spin in a bench-top centrifuge at 26@round 1200 rpm) for 2 min to remove
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excess buffer. Transfer the column to a fresh 15-mL tube, add the solution eluted
from the gel slice to the top of the column, and recentrifuge atf25@min. A
solution containing most of the puati DNA fragment should elute at this step
(this can again be monitored under UV light), and more of the DNA fragment
can usually be recovered by adding 1@01x TE buffer and centrifuging once
more.

8. The methylation reaction can be scaled up successfully to a volume of at least
150pL.

9. TheSssl enzyme mimics mammalian methyltransferase, in that it methylates
cytosine residues in CpG dinucleotide pairs, but differs in that it will use both
fully methylated and hemimethylated DNA as subst(a®. In the absence of
Mg?*, Sssl is highly processive, tending to methylate cytosines at all CpGs along
a DNA template molecule. It should be possible to produce random, distributed
patterns of methylation by increasing the gontent of the reaction buffer
(18), but we have not investigated this in our own experiments.

10. The methylase reaction shown will usually result in complete methylation of the
DNA fragment. If this is not the case, then a fresh aliquot of SAM, and/or a new
batch of enzyme, may be required (btete 2).

11. Ligation reactions containing 2@ of either methylated or mock-methylated
insert, together with 10gquvector work well. Ligations on this scale may require
pooling of two or more batches of methylated DNA fragments, but allogieaffi
preparation of large quantities of thedi product.

12. In our experiments the methylated constructs and controls have been assayed
for gene expression following their introduction into various mammalian cell
lines. A high transfection efficiency is desirable, since the yield of each construct
preparation is typically very low (2—g of the correct ligation product). To
achieve high transfection efficiencies with small amounts of plasmid DNA
(0.25-1ug), we favor the use of FUGENE 6 transfection reagent (Roche). Gene
expression from the transfected constructs can be measured in a transient assay
or following stable maintenance of the exogenous DNA. In the latter case, the
pattern of DNA methylation established in vitro can be maintained through DNA
replication in vivo in at least some cell types (19).
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Detection of Methyl-Sensitive DNA-Binding
Proteins with Possible Involvement
in the Imprinting Phenomenon

Kerstin Otte and Bjorn Rozell

1. Introduction
1.1. Cytosine Methylation in Gene Regulation and Imprinting

The molecular basis of parental imprinting is still unknown, but strong
evidence points to DNA methylation as one of the mechanisms involved.
Expression of imprinted genes was found to be altered in transgenic mice
deficient in DNA methyltransferase 1 (Dnmill). Recently two new methyl-
transferases have been identified, Dnmt2 and D@8}, but it remains
unclear which of these enzymes llasiovo activity and differentially methyl-
ates imprinted genes. Parent-speaifiethylation patterns have been detected
in regions of the human and mouse imprinted genes (4—6). These regions may
present cis-acting elements recognized by methylation-sensitive protein factors
that control the allele-spedifitranscription of imprinted genes. Recently a
family of methyl-CpG binding proteins was described (7). The finembers of
this family share a similar methyl-CpG binding domain. One of these proteins,
MeCP2, is known to be necessary for embryonic development, although the
effects on imprinted genes are not as drastic as those seen in Dnmtl null
mutants. MeCP2 binds to methyl-CpGs without apparent sequence specificity
and mediates transcriptional repress{Bn This silencing of transcription is
mediated by recruitment of a histone deacetylase complex to chromatin-bound
MeCP2, causing a local deacetylation of histones and remodeling of chromatin
structure(9,10). However, no involvement of MeCP2 in the recognition of
differentially methylated regions of imprinted genes has yet been shown.

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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To date, only a few potential methylation-sensitive proteins binding to dif-
ferential methylated regions have been described. (1) A methylation-dependent
factor was shown to bind to a GC-rich sequence in the promoter region of
the imprinted mouse Xist gene (11), which is required for transcription. (2)
In a previous study we investigated one of the differential methylated regions
(DMRs) of the imprinted Igf2 gene (12). The transcribed paternal allélgf »f
is methylated in this region, while the silenced maternal allele is unmethylated
on specift CpG residue$b,6). Since this methylation is tissue-speciéind
correlates directly with expression, the presence of a silencer element under
epigenetic control has been suggested (6). We revealed a stem-loop structure
in this DMR that was shown to bind a specifiethylation-sensitive protein in
a developmental fashion (Fig. 1). One possible role of the stem-loop structure
could be to act as a structural silencer element that is recognized bycspecifi
protein factors depending on its methylation status. In the light of recent
evidence showing that inverted repeats directlyugrice gene silencing by
methylation, the presence of a conserved inverted repeat ilgfthgene
suggests a potential involvement in the methylation of the GIMER4). (3)
Several groups have recently shown that the CTCF silencer protein binds in a
methylation-sensitive manner to an imprinting control region located between
the oppositely imprinted 1gf2 and H19 genes (15-17).

1.2. Gel Mobility-Shift Assay to Identify
Methylation-Sensitive Proteins

This chapter presents the gel mobility-shift assay as a method to identify
methylation-sensitive DNA binding proteins. This assay can be a very effective
point of first entry into a more detailed investigation of the proteins involved
in recognition and binding to methylated sequences.

In the gel mobility-shift assay, the binding of a protein to a radiolabeled DNA
fragment reduces the mobility of the DNA in a nondenaturing polyacrylamide
gel and thus results in a complex that can be distinguished electrophoretically
from the unbound probe. If the protein component is sensitive to methylation of
cytosine residues of the target DNA, this complex should not form. Comparison
of methylated and unmethylated DNA fragments in this assay can therefore
identify methylation-sensitive proteinsi@. 1). This method can be performed
with whole-cell or nuclear extracts to initially identify methylation-dependent
binding proteins or with partially or completely pueifi proteins to assess
whether they are sensitive to cytosine methylation. Here we describe in detail
the extraction of proteins, preparation and labeling of the DNA to be analyzed,
and the DNA-protein binding reaction itself.
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Fig. 1. Methylation-sensitive protein binding to a murine stem-loop structure
examined by gel mobility-shift assay. Three distinct bands (indicated by arrows)
represent binding of proteins to the native oligonucleotide (lane 2). This binding was
reduced upon methylation of all CpGs (lane 4). Furthermore, protein binding was
crucially dependent on the presence of the loop as the stem area (S) or the half-sites
(HS) were only weakly bound (lanes 648p). Reactions contain nuclear protein
extract from mouse neonatal liver (mouse: lanes 2—8). Native oligonucleotide (native)
was added in lanes 1-3. The methylated counterpart (methyl) was added in lanes 4 and
5. No protein extract (ne) was added to the sample in lane 1. Competition analysis was
performed by addition of 100molar excess of unlabeled oligonucleotide (lanes 3 and
5). Lane 6 contains oligonucleotide corresponding to the stem area only (S), and lanes
7 and 8 one of the half-sites each (HS).

2. Materials
2.1. Protein Preparation

1. Phosphate buffered saline (PBS): Dissolve 8 g NaCl, 0.2 g KCI, 1.4HpPN4,
0.24 g KHPGO, in 800 mL dHO. Adjust pH to 7.4 with HCI. Add djD to 1 L.

2. Buffer A: 15 nM NaCl, 5 mMMgCl,, 60 mMKCI, 0.1 mMethylene glycol-bis-
N,N,N’,N'-tetraacetic acid (EGTA), 15 mNIris-HCI (pH 7.4), 15 mMlithio-
threitol (DTT), 0.1 mMMPMSF (seeNote 1).



262 Otte and Rozell

3. Sucrose cushion: 1.2 8licrose, 5% glycerol, buffer A, in a microfuge tube.

4. Buffer B: 10 M HEPES pH 7.9, 1.5 mMgCl,, 10 mMKCI, 0.5 mMDTT (see
Note 2), 0.5 mMphenylmethylsulfonyl fioride (PMSF) (sedote 1).

5. Buffer C: 20 mVHEPES (pH 7.5), 1 mNW?MSF (seeNote 1), 2 mMDTT (see
Note 2), 400 mMKCI, and 20% glycerol.

2.2. Preparation of DNA Probe

1. 1xmethylase buffer: 50 M NaCl, 10 mMTris-HCI, 10 mMMgCl,, 1 mMDTT
(see Note 2). Adjust pH to 7.9.
2. Sssl methylase and 5-adenosylmethionine (SAM) (both from New England
Biolabs).
3. 10x CIP buffer: 0.5 mMTris-HCI (pH 9.0), 10 mMMgCl,, 1 mM ZnCl,,
10 mMspermidine.
4. 1x kinase buffer: 50 Ml Tris-HCI (pH 7.6), 10 vl MgCl,, 5 mM DTT,
0.1 mMEDTA.

2.3. Binding Reaction

1. 5x binding buffer: 50 M HEPES (pH 7.5), 50% glycerol, 250MnKClI,
0.5 MMEDTA, 5 mMDTT (seeNote 2), 12.5 mMMgCl,.

2. 5x TBE: 14 g boric acid, 10 mL 0.81 EDTA, 27 g Tris-base, make up to
500 mL with dBO (seeNote 3).

3. Polyacrylamide gel: To prepare a 4% mini g&l18 cm), mix 0.8 mL 30% acrylamide/
bisacrylamide (37.5/1), 1.2 mL 5FBE (see Note 3), 4 mL dH,0O. Add 40uL 10%
ammonium persulfate (sédote 4) and 16 pL N,N,N’,N'-tetramethylenediamine
(TEMED) and allow the gel to polymerize for approximately 1 h.

3. Methods
3.1. Protein Preparation

Nuclear and whole-cell extracts may be prepared from cell cultures and
tissues. The preparation of extracts from whole cells enables the entire DNA-
binding protein content of the cell to be examined. Whole-cell extracts are
easier to prepare, requiring less steps in their preparation, which makes their
use favorable when a tissue sample is limiting. It is also necessary to prepare
whole-cell extracts when the tissue has been frozen. On the other hand,
preparation of nuclei gives between 10- and 100-fold enrichment of a nuclear-
localized protein, depending on the size of cells.

3.1.1. Preparation of Nuclei from Tissues

Samples should be kept on ice at all times, and centrifugation should be
carried out at 4°C.

1. Dissect tissue of interest into PBS on ice, and rinse in PBS several times to
remove blood cells.
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2. Homogenize tissue samples (around 10 mg) inu2d6e-cold buffer A contain-
ing 0.3 Msucrose, 10% glycerol.

3. Overlay the homogenate on a 1 mL sucrose cushion.

4. Centrifuge the samples for 20 min in a microcentrifuge at 150000 rpm)
at 4°C.

5. Resuspend the pelleted nuclei in buffer A/Bl3ucrose/10% glycerol, and
store at —70°C.

6. To prepare protein extracts follow steps 2—4 under Subheading 3.1.3.

3.1.2. Preparation of Nuclei from Cell Lines

Samples should be kept on ice at all times, and centrifugation should be
carried out at 4°C.

Harvest 5 107 to 1 x1( cells and centrifuge at 256@gr 10 min.

Wash with PBS.

Centrifuge at 250fpr 10 min.

Resuspend in 5 vol buffer B.

Incubate for 10 min.

Centrifuge at 250fpr 10 min.

Resuspend in 3 vol buffer B. Add Nonidet P-40 to 0.05% and homogenize to
release the nuclei. Check the successful release of nuclei by microscopy.

8. Centrifuge at 250fpr 10 min to pellet the nuclei.

9. To prepare protein extracts, follow steps 2—4 under Subheading 3.1.3.

Noga,rwhE

3.1.3. Preparation of Whole-Cell Extracts

Samples should be kept on ice at all times, and centrifugation should be
carried out at 4°C.

=

If a cell line is to be used, harvest cells and centrifuge a #6010 min. If
tissue is to be used, dissect and wash in ice-cold PBS.

2. Homogenize sample in 3 vol buffer C with a pessle.

3. Centrifuge at 20,000@r 1 h.

4. Determine protein concentration, for example, by Bradford §$8ay

5. Aliguot and store at —70°C.

3.2. Preparation of DNA Probe

To examine protein binding to a DNA sequence, both restriction fragment
or oligonucleotide probes may be used. If the protein-binding site is known
or a previously identified factor is to be studied, a short oligonucleotide
probe representing the binding site should be used. Oligonucleotides can be
synthesized with internal methyl-cytosine residues and are dephosphorylated at
their 5'ends. They therefore can be readily end-labeled. Restriction fragments
have to be methylated and dephosphorylated in vitro before labeling.
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3.2.1. In Vitro Methylation and Dephosphorylation
of Restriction Fragments

1. Digest the DNA of interest and purify the DNA fragment by gel electrophoresis.

2. Mix 1pg of restriction fragment, 1 Sssl methylase, and 5 mmol S-adenosyl-
methionine (SAM) in methylase buffeseé Note 5). Sssl methylates all cytosine
residues within the dinucleotide recognition sequende®'3".

3. Incubate for 1 h or longer at 37°C ($dete 5).

4. Extract DNA with and equal volume of phenol/chloroform/isoamyl alcohol
(25/24/1).

5. Precipitate the sample with 2 vol 100% ethanol and 0.1 vokB8dilm acetate
for 30 min at —20°C.

6. Centrifuge at 15,000 rpm for 30 min, wash the pellet in 70% ethanol, and
resuspend in djO.

7. Treat an aliquot of the methylated DNA with a methyl-sensitive restriction
enzyme (e.g., Hpall does not cut methylated DNA within the 4-base recognition
sequence, BCCGG-3) to check the degree of methylation.

8. By agarose gel electrophoresis, a high degree of uncut fragment should be
observed.

9. To dephosphorylate the restriction fragments, add 4@k CIP buffer and
0.01 U of calf intestinal phosphatase per picomole DNA ends and make up
to 50 L.

10. Incubate at 37°C for 30 min.

11. Extract DNA with an equal volume of phenol/chloroform/isoamyl alcohol
(25/24/1).

12. Take the upper aqueous layer and precipitate the DNA with 2 vol of ethanol and
0.1 vol 3 Msodium acetate for 30 min at —20°C.

13. Centrifuge at 20,09015,000 rpm) for 30 min, wash the pellet in 70% ethanol,
and resuspend in gB. Store at —20°C.

3.2.2. Radioactive Labeling of DNA

The easiest way of labeling oligonucleotides is to adg-dabeled phosphate
to the 5'end using T4 kinase. Single-stranded oligonucleotides have to be
annealed with the complementary oligonucleotide before they are labeled.
Restriction fragments can also be labeled using this method once the terminal
phosphate groups have been removed.

3.2.3. Annealing of Oligonucleotides

1. Mix 2 pmol of each oligonucleotide in 10 MEPES.
2. Denature at 95°C for 5 min.

3. Cool down to room temperature over a few hours.
4. Store at —20°C.
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3.2.4. End-Labeling of DNA

1. Mix 2 pmol of annealed oligonucleotide or dephosphorylated restriction fragment
with 2 L y32P-dATP in 1xkinase buffer and add 5 U of T4 DNA kinase.

2. Incubate 30 min at 37°C.

3. Precipitate DNA with 4 vol 100% ethanol and 0.1 vaM4.iCl at —70°C for

30 min.

Centrifuge at 15,000 rpm for 30 min and wash the pellet in 70% ethanol.

Resuspend DNA in 100pdH,0 and store at 4°C.

ok

3.3. Binding Reaction

Conditions for the binding of proteins to DNA depend on the stability of the
formed protein/DNA complex. The method described here uses incubation on
ice for 30 min, but longer incubation periods or reactions at room temperature
may be advisable for certain complexes and should therefore be determined
experimentally. Poly dIdC is added as nonspeaibmpetitor for general
DNA-binding proteins. The amount to be used in the binding reaction may
vary depending on the concentration of proteins and abundance amty affi
of the factor studied. It is advisable to determine the amount giving the best
results experimentally.

An approach to determine the spatifi of the binding activity is to test
whether an oligonucleotide containing the consensus sequence effectively
abolishes the gel mobility-shift complex by competition with the radiolabeled
fragment. Ideally, these studies should be conducted with the wild-type
sequence, a variety of point-mutated derivatives, and an unrelated sequence.
Usually a range of up to a 1000-fold excess of competitor DNA is added to
the binding reaction (Fig. 1).

1. Prepare a 4% polyacrylamide gsdgSubheading 2.3.3.). Prerun the gel in
freshly prepared 0.5¥BE at 150 V for 1 h before electrophoresis. Exchange
buffers before loading the probes.

2. For a 154L binding reaction, mix 5 @ of protein, 30 fmol radiolabeled DNA,
and 500 ng poly dIdC (Pharmacia), in linding buffer.

3. Incubate on ice for 30 min.

4. Run 10uL of each reaction on a 4% polyacrylamide gel. Bromphenol blue
in glycerol may be added to a spare track as marker. The samples are run at
150 V. The length of the run depends on the length of the oligonucleotide or
restriction fragment used.

5. Dry the gel on a filter paper (80°C for 1 h under vacuum) and autoradiograph
overnight.
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4. Notes
1. PMSF functions as a protease inhibitor. It should be prepared as a stock solution

of 10 mMin isopropanol and aliquots are kept at —20°C. Since it is rapidly
inactivated in aqueous solutions, it should be added to the buffer immediately
before use.

DTT should be prepared as #istock solution in water and stored at —20°C.
DTT solutions should not be autoclaved.

. TBE older than 1 wk may inhibit the binding reaction of proteins to DNA and

should therefore be prepared freshly.

The 10% ammonium persulfate (APS) solution is not stable for longer than a
week and should be stored at 4°C.

SAM is unstable at 37°C and should be replenished in reactions incubated for
longer than 4 h.
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Probing Chromatin Structure
with Nuclease Sensitivity Assays

Richard I. Gregory, Sanjeev Khosla, and Robert Feil

1. Introduction

To further our understanding of genomic imprinting it will be essential
to identify key control elements, and to investigate their regulation by both
epigenetic moditiations (such as DNA methylation) and trans-acting factors.
So far, sequence elements that regulate parental allele-specific gene expression
have been identified in a number of imprinted loci, either because of their
differential DNA methylation or through functional studies in transgenic mice
(1,2). A systematic search for allele-specific chromatin features constitutes an
alternative strategy to identify elements that regulate imprinting. The validity
of such an in vivo chromatin approach derives from the fact that in several
known imprinting control-elements, a specialized organization of chromatin
characterized by nuclease hypersensitivity is present on only one of the two
parental chromosome (3). For example, the differentially methylatedriion
of the human SNRPN gene—a sequence element that controls imprinting in
the Prader-Willi and Angelman syndromes’ domain on chromosome 15¢q11-
gl3—has strong DNase-l hypersensitive sites on the unmethylated paternal
chromosomé4). A differentially methylated region that regulates the imprint-
ing of H19 and that of the neighboring insulin-like growth factor-2 gene
on mouse chromosome 7 was also found to have parental chromosome-
specifc hypersensitive site®,6). The precise nature of the allelic nuclease
hypersensitivity in these and other imprinted loci remains to be determined in
more detail, for example, by applying complementary chromatin methodologies
(7,8). However, it is commonly observed that a huclease hypersensitive site cor-
responds to a small region where nucleosomes are absent or partially disrupted.
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This lack of canonical nucleosomes is caused by binding of nonhistone proteins.
These are most often a variety of different nuclear factors, some of which
are responsible for the observed hypersensiti{8tyll). In addition to the
identification and the mapping of nuclease hypersensitive sites, in vivo nuclease-
sensitivity assays allow one to investigate how chromatin is organized throughout
larger domains. The differences detected in “generalized nuclease sensitivity”
between the parental chromosomes may be indicative of spetranucleo-
somal modiftations (such as core-histone acetylatid@-14). This chapter
presents nuclease-sensitivity assays that allow one to analyze chromatin in a
parental chromosome-specifimanner. They all determine the disappearance
of DNA fragments, or the appearance of specific digestion products, as a
consequence of nuclease digestion in nuclei. The protocols presented are based
on commonly used methodologi€ks,16) that involve purification of nuclei

from tissues or cultured cells (17-19), followed by incubation of the nuclei with
different amounts of the nuclease of choice, typically at stepwise increasing
enzyme concentrations in a series of 5-10 tubes. After termination of the
nuclease digestions by the addition of a “stop solution,” genomic DNA is
extracted from the nuclei and redigested with a restriction enzyme. The restric-
tion enzyme-digested DNA samples are analyzed by Southern hybridization
subsequently, in order to deduce to what extent the chromosomal region of
interest has become digested by the nuclease (in the nuclei).

1.1. Appropriate Cells and Tissues

In chromatin studies on imprinted genes it is crucial to be able to distinguish
the parental chromosomes in a chromosomal region of interest. One way of
achieving this is by comparing cells that have only either maternal copies or
paternal copies of the region of interest. For example, parthenogenetic cells or
embryos can be compared with androgenetic cells or embryos. Alternatively,
animals may be available for comparative studies that are either maternally or
paternally disomic for the chromosomal region of interest. There are, however,
a number of factors that may complicate comparisons between different cell
lines and tissues. First, such comparisons necessarily imply performing differ-
ent experiments. Given the many variables involved in nuclease sensitivity
assays, in practice it is difficult to reproduce exactly the same conditions for
each experiment. In addition, when different cell lines are being compared,
one would need to ensure that they are of the same cell type and have been
grown under the same conditions for a comparable period of time. This may be
particularly important for undifferentiated early-embryonic cells, for which it
has been found that extended in-vitro culture can affect chromatin organization
and DNA methylation at imprinted 10¢6,20). Given these limitations, it is
possibly best to compare parental chromosomes within a single experiment,
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Fig. 1. Parental allele-specific DNase-| cleavage in the mo@sél-rsl gene.
Nuclei were purified from (M. musculug M. spretus) F1 embryonic stem cells (13)
as described under Subheading 3.1.2., and incubated with increasing concentrations
of DNase-I according to Protocol A (0, 100, 200, 300, 400, 600, 750, 1000 U/mL for
lanes 1-8, respectively). DNA was then purified, and @0fieach DNA sample was
redigested with Bglll (1A) or Bglll+Sacl (1B). After electrophoresis on a 1% agarose
gel the DNA was transferred onto nylon membrane and Southern hybridization was
performed with a probe from tHé2afl-rs1 gene. (A) An autoradiogram that shows
the use of a Bglll RFLP to assay allele-specific nuclease sensitivity in U2afl-rs1 and
its upstream sequences (13). The maternal (M. musculus-spgditagment (Mat.)
is less sensitive to DNase-I than the paternal (M. spretus-spg&ifigment (Pat.). This
results mostly from the presence of paternal hypersensitive sites (indicated with arrows)
in the promoter and thé-BITR of the U2af1-rs1 gene. (B) In this Bglll+Sacl digestion,
the 3 part of theU2afl-rsl gene is assayed. Although no DNase-I hypersensitive
sites are detected upon hybridization with the U2aflpsibe, a two- to fourfold
difference in “generalized sensitivity” is apparent between the maternal (Mat.) and
paternal (Pat.) alleles.

that is, within the same batch of purified nuclei. This can be achieved by
studying animals or cells that have maternal and paternal complements that
are genetically different for the chromosomal region of interest. Genetic
nonequivalence facilitates identéition of restriction fragment length poly-
morphisms (RFLPs) and other sequence polymorphisms (see below) that allow
one to tell the parental chromosomes apart. In several recent imprinting
studies, interspecific hybrid mice and cells have been generated for this reason,
for instance by crossing Mus m. domesticus with Mus m. castaneus or (21)
Mus spretus mice (618). Figure 1 presents a typical example of a nuclease
sensitivity assay on an interspecifiybrid mouse, an assay in which an RFLP

is used to distinguish the parental alleles in the Southern hybridization step.
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Fig. 2. SSCP-based analysis of DNase-| sensitivity on pdrifuclei(A) Primers
from the 5-portion of U2afl-rsl were used to PCR-amplify a 293-bp fragment from
different genomic DNA samples. PCR products were denatured. Upon SSCP gel
electrophoresis, denatured PCR fragments araglifrom theM. musculus (Mus.)
allele migrate differently than the M. spretus (Spret.)-specific PCR fragments. Note
that in the PCR product amplified from (M. musculydVl. spretus) F1 hybrid DNA
(Mus. x Spret.) the M. musculus- and the M. spretus-specifsingle-stranded bands
are of the same intensitie®) Allele-specifc DNase-I sensitivity in kidney cells.
Nuclei were isolated from (M. musculus M. spretus) F1 adult kidney, and DNase-I
digestions were performed according to protocol A (at 0, 100, 200, 300, 400, 600, 750,
1000 U/mL for lanes 1-8, respectively). PCR amplifications and SSCP analysis were
performed as in Fig. 2A. Note that in the region analyzed (tperdion of U2afl-rsl),
the paternal chromosome (M. spretus) is more sensitive to DNase-| than the maternal
chromosome (M. musculus)

1.2. Southern Blotting or PCR-Based Assays

In spite of the fact that the parental genomes are genetically different in
interspecifc and other hybrid mice, suitable RFLPs are not always detectable
in chromosomal regions of interest. It is therefore important to use alternative
means to discriminate the parental alleles—for example, by applying the
polymerase chain reaction (PCQR2-23). UnderSubheading 3.4., we describe
a PCR-based assay that allows one to distinguish the parental é4les
Briefly, it consists of PCR amplification from a region in which there is a single-
or a multinucleotide polymorphism between the maternal and the paternal
genome. After amplification, maternal and paternal chromosome-specific
PCR products are distinguished by single-strand conformation polymorphism
(SSCP), a method widely used in human genetics for mutation detection
(25-27). An example of how PCR-SSCP can be applied to analyze parental
allele-specific DNase-| sensitivity is presented in Fig. 2.

Both Southern hybridization and PCR-SSCP can be used to analyze DNA
samples that have been extracted from nuclease-treated rsaelBirgtocols
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Fig. 3. SSCP-based analysis of nuclease sensitivity on limited numbers of cells.
Nuclei from congenic mouse fibroblasts, F1 (C57BLI. 3pretus) for chromosome 11,
were incubated with DNase-I as described for Protocol B. Samples 1-8 correspond to O,
0.5, 1, 2, 3, 5, 8, and 10 min of incubation at 25°C, respectively. After DNase-I diges-
tion, a fragment from the U2afl-rsl gene was amplified by PCR. Arogtifin products
were denatured followed by SSCP gel electrophoresis. This differentiates the maternal
(Mat.) and paternal (Pat.) alleles for one of the two single-stranded molecules.

A, C, and D). However the two detection methods have their own advantages
and limitations. Southern blot analysis, using RFLPs, assays larger (1-15 kb)
chromosomal regions, whereas PCR-SSCP considers allelic nuclease sensitiv-
ity in localized small (150-300 bp) regions. For the visualization of nuclease
hypersensitive sites, Southern blotting should be the method of choice (see
Fig. 1A). For the analysis of relative levels of generalized nuclease sensitivity,
the two methodologies are equally valid and the choice will depend on the
availability of RFLPs and other sequence polymorphisms between the parental
chromosomes. Finally, PCR-SSCP, being based on the aafibfi from
template genomic DNA, uniquely allows analysis of small numbers of cells.
For certain cell types and tissues, and in case one sets out to study chromatin
structure in early embryos, the availability of cells is limited, and in these
instances nuclease digestions cannot be performed oneguniiclei. To
circumvent the problem of limited cell availability, we and oth@%24)
developed assays in which DNase-| digestions are performed on cells that
have been permeabilized with a nonionic detergsa Protocol B). After
termination of the nuclease digestion, the permeabilized cells are treated
with proteinase K, and PCR amptifitions are performed directly thereafter
using the cell lysate as a template. PCR products are analyzed by SSCP gel
electrophoresis to determine the parental allele-sgelefiels of DNase-I
sensitivity. An example of this PCR-SSCP-based approach to study allelic
nuclease sensitivity in limited numbers of cells is present&dgirs.
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1.3. DNase-I, MNase, or Restriction Endonucleases

Many exogenous nucleases and chemical treatments can be used to study
chromatin structure (1%6,28). In this chapter we focus on the use of DNase-I,
restriction endonucleases, and micrococcal nuclease (MNase). These are the
most commonly used DNA nucleases and each has its own sipgdifiereby
allowing analysis of different aspects of chromatin. DNase-l is a nuclease that
introduces single-strand cuts into double-stranded DNA,; it also cuts single-
stranded DNA but much less &iténtly (16). The enzyme does not have any
sequence (base) preferences but seems to digest more readily certain structural
modifications of DNA (29). For studies of DNase-| sensitivity in nuclei, it is
therefore advisable to digest naked DNA in a control experiment (for example,
using purifed genomic DNA). However, since DNase-I normally digests all
sequences at about the same efficiency, it constitutes an excellent general
marker of chromatin structure. DNase-l is frequently used for the detection
of hypersensitive sites in chromosomal regions of interest, by applying mild
conditions of digestion. At higher concentrations one can analyze the overall
organisation of larger chromatin domains by assaying its “generalized sensitiv-
ity” to DNase-1 (L3,18; Fig. 1). In contrast to DNase-I, the use of restriction
endonucleases has the advantage that one knows the DNA sequences that are
recognized by the enzyme. All restriction enzymes have their own recognition
sequence (the restriction site) into which the enzyme introduces a double-strand
cut. This allows for studies to focus on the nuclease sensitivity of chromatin
at these specific site$,21). However, not all restriction endonucleases
are suitable for sensitivity assays on purified nuclei. For certain restriction
endonucleases, optimal enzyme activity is achieved in digestion buffers that
are not compatible with chromatin stability or allow for excessive digestion
by endogenous nucleases ($gbheading 2.2.3.). The last DNA nuclease
discussed here is MNase. This enzyme (it requirés fOmits activity) intro-
duces double-strand cuts into the DNA molecule and has both an endonuclease
and a (much less important) exonuclease activity.

On naked DNA, MNase cuts pA and pT much more quickly than pC and pG;
however, this nucleotide preference isueficed by the surrounding sequence
context(29). When studying its action on chromatin, it is therefore important
to include a control experiment on naked DNA. Although in imprinting studies
on purified nuclei, MNase can be used to analyze both hypersensitive sites and
generalized sensitivity6,13), it specifically allows studies on nucleosomal
positioning. This is because in chromatin the enzyme digests preferentially in
the “linker DNA” between nucleosomes. In a typical experiment, chromatin
is partially digested with MNase, after which genomic DNA is extracted and
analyzed by Southern blot hybridization. Careful selection of the fragments
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that are used as probes allows one to determine the nucleosomal organization
of a region of intereqb).

2. Materials
2.1. Purification of Nuclei from Tissues and Cells

1. Appropriate medium for culturing mammalian cells, for example, Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (v/v) fetal calf serum.

2. Phosphate-buffered saline (PBS), pH 7.3.

3. 0.05% (w/v) trypsin solution (Sigma).

4. Homogenizers (we use a tissue grinder/homogenizer [from BDH] that has a glass

mortar [tube] and a pestle with a hard plastic head. The clearance between pestle

and mortar is 0.15—-0.25 mm).

14-mL polypropylene tubes (e.g., 1260 mm Falcofi tubes).

Muslin cheese cloth.

7. Buffer I: 0.3 Msucrose, 60 mMCl, 15 mMNacCl, 5 mMMgCl,, 0.1 mMethylene
glycol-bis N,N,N’'N’'-tetraacetic acid (EGTA), 15 mNiris-HCI (pH 7.5),

0.5 mMdithiothreitol (DTT), 0.1 mMphenylmethylsulfonyl fioride (PMSF),
and 3.6-ng/mL aprotinin (Sigma).

8. Buffer II: 0.3M sucrose, 60 M KCI, 15 mM NaCl, 5 nM MgCl,, 0.1 M
EGTA, 15 mMTris-HCI (pH 7.5), 0.5 ivl DTT, 0.1 mMPMSF, and 3.6-ng/mL
aprotinin, 0.4% (v/v) Nonid&tP40 (NP40, Sigma).

9. Buffer lll: 1.2M Sucrose, 60 mMKCI, 15 mM NaCl, 5 mMMgCl,, 0.1 mM
EGTA, 15 mMTris-HCI (pH 7.5), 0.5 ivl DTT, 0.1 mMPMSF, and 3.6-ng/mL
aprotinin.

10. Parafm® (Sigma).
11. Equipment: A high-speed centrifuge with a swinging bucket rotor that takes
14-mL polypropylene tubes.

S

2.2. Nuclease Digestions
2.2.1. DNase-I Digestion on Purified Nuclei (Protocol A)

1. DNase-I digestion buffer: 0.8 sucrose, 60 mMKCI, 15 mM NaCl, 5 nM
MgCl,, 0.1 mMEGTA, 15 mMTris-HCI (pH 7.5), 0.5 mMDTT.

2. DNase-l (e.g., Boehringer [Mannheim, Germany] grade | enzyme) atpd0 U/
(unit definition as defined by supplier) in 100AnNaCl, 10 mMTris-HCI, pH
7.5, 100-g/mL bovine serum albumin (BSA), 50% (v/v) glycerol. 10 top20
aliquots are frozen, and each aliquot should be used only once after thawing.

3. Water baths set at 25°C and 50°C.

4. Stop solution: 20 M ethylenediaminetetraacetic acid (EDTA), pH 8.0, 1% (w/v)
sodium dodecyl sulfate (SDS).

5. Proteinase K at 20 mg/mL in TE buffer: 1@riris-HCI pH 7.5, 1 mMEDTA.
Proteinase K solution needs to be made nuclease-free: incubate at 37°C for
15 min before use.
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. Phenol-Sevag (phenol/chloroform/2-amyl alcohol, 25/24/1 viviv).
. Sevag (chloroform/2-amyl alcohol, 24/1 v/v).

. 5M NacCl.

. 2-Propanol.

10. 70% (v/v) Ethanol.

11. TE buffer: 10 mMris-HCI pH 7.5, 1 mMEDTA.

O©oo~NO®

2.2.2. DNase-I Digestion on Permeabilized Cells (Protocol B)

. Cells grown in appropriate medium.

. PBS, pH 7.3.

. 0.05% (w/v) trypsin solution.

. DNase-I digestion buffer (sé&ubheading 2.2.1.).

. DNase-I digestion buffer containing 0.4% (v/v) NP40.

. DNase-l (e.g., grade | enzyme from Boehringer Mannheim) atjdlo U/

. Water baths set at 25°C and 50°C.

. Proteinase K at 20 mg/mL in TE buffer: 10nTris-HCI, pH 7.5, 1 riv1
EDTA.

O~NO OIS WN P

2.2.3. Restriction Endonuclease Digestion on Purified Nuclei (Protocol C)

1. A DTT-containing endonuclease restriction buffer that is suitable for most
restriction enzymes but does not affect the nuclease assay: 50risiMCI
(pH 7.9), 10 mMMgCl,, 100 mMNaCl, 1 mMDTT.
2. A restriction enzyme of choice (e.§spl) at a high concentration (40 or
100 U/W).
3. Water baths set at 37°C and 50°C.
4-11. See Subheading 2.2.1.

2.2.4. MNase Digestion on Purified Nuclei (Protocol D)

1. MNase digestion buffer: 15MhTris-HCI, pH 7.5, 60 mMKCI, 15 mMNacl,
1 mM CaCl, 1 mMMgCl,, 0.15 mM2-mercapto-ethanol, 0.15 m$permine,
0.5 mMspermidine, 0.1 mNPMSF, 0.34 Msucrose.
2. MNase (from Pharmacia, at 150 U/in 50% (v/v) glycerol).
3. Water baths set at 37°C and 50°C.
4-11. See Subheading 2.2.1.

2.3. DNA Electrophoresis and Southern Hybridization

1. Restriction endonuclease of choice and its corresponding digestion buffer.
Ficoll loading buffer: 0.25% (w/v) bromphenol blue, 30% (w/v) Ficdi00,
2% (w/v) SDS (in 5 xTBE buffer: 0.45 MTris-borate, 10 mMEDTA).
Horizontal gel electrophoresis tank for agarose gels of 20-25 cm in length.
1xTBE buffer: 0.09 Mrris-borate, 2 mMEDTA, pH 8.0.

Nylon membrane (we use Hybond tiembrane; Amersham).

0.25N HCI.

0.4N NaOH.

N

No ok~
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8. Neutralization buffer: 1.5 MaCl, 0.5 MTris-HCI, pH 7.2, 1 mMEDTA.
9. UV cross-linker (e.g., Stratalinker, Stratagene).

2.4. PCR-SSCP Analysis
2.4.1. PCR Amplification for SSCP Analysis

1. Template DNA (2 1 when continuing from Protocol B, 50-100 ng of DNA
when continuing from Protocol A).

Forward and reverse primers (stock solution: 1d). u

dNTP mix (stock solution at 10 mfdr each dNTP).

a32P-dCTP (10 i/uL, specific activity 3000 Ci/mmol).

10xPCR amplifcation buffer (supplied with the enzyme).

Taq polymerase (at 5 U/u

Thermal cycler.

NoohkwnN

2.4.2. SSCP Analysis of Nuclease Sensitivity

1. Acrylamide solution for SSCP gels: we use RMDE® solution (FMC, from
Flowgen Ltd).
0.6xTBE buffer: 0.054M Tris-borate, 1.2 mMMEDTA.
N,N,N’N'-Tetramethylethylenediamine (TEMED).
10% (w/v) Ammonium persulfate (APS), freshly prepared.
Whatman #1 ltier paper.
A standard DNA sequencing gel apparatus withx38.5-cm glass plates,
0.4-mm spacers, and shark tooth comb.
PCR product.
8. Loading dye: 95% (v/v) formamide, 10MmNaOH, 0.25% (w/v) bromphenol
blue, 0.25% (w/v) xylene cyanol.
9. Whatman 3-MM paper.
10. Thin transparent plastic wrap (e.g, S&rdfrap).
11. Gel dryer (e.g., Bio-R&model 583).

oakrwnN

N

2.5. Image Analysis

1. X-ray fims.

2. Cassettes with scintillation screens for exposure of X-irag.fi

3. Imaging equipment for densitometric measurements on exposed Xnnay fi
(e.g., Bio-Rad Geldoc-1000 apparatus).

4. Phosphor imager (e.g., Molecular Imager FX system from Bio-Rad).

3. Methods
3.1. Purification of Nuclei
3.1.1. Purification of Nuclei from Tissues

1. Dissect fresh tissue (e.g., half an adult mouse liver) and rinse it in€8S (
Notes 1 and 2.
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3.1.2.
1.

2.

3.

4-8.

Gregory, Khosla, and Feil

Homogenize tissue in a prechilled glass homogenizer with 5-10 mL of ice-cold
buffer I, until no clumps of cells persist (about 10-20 strokes). Filter the cell
suspension through four layers of muslin cheesecloth that has been moistened
with 2 mL of buffer I.

. Transfer suspension into a 14-mL tube, and spin down the cells in a swing-out

rotor (at 6000dgor 20 min, at 4°C).

Pour off the supernatant and resuspend the cells in 2 mL of ice-cold buffer I.
Add 2 mL of ice-cold buffer II, mix gently, and place on ice for 5 min.

Prepare two 14-mL tubes containing 8 mL of ice-cold buffer 11l each. Carefully
layer 2 mL of the cell suspension (frostep 4) onto each of these 8-mL
sucrose cushions.

Centrifuge in a swing-out rotor, at 10,0061 20 min at 4°C (sedlote 3).

. Very carefully take off the supernatant with a Pasteur pipet. This is a critical

step, and one should take care that the top solution (which contains NP40)
does not come into contact with the nuclear pellet at the bottom of the tube
(see Note 3).

Resuspend the nuclei pellet into an appropriate volume of DNase-I digestion
buffer or restriction endonuclease buffer (Sebheading 3.2.).

Purification of Nuclei from Cultured Cells

Culture 5¢ 107 to 5 x10® cells in appropriate culture medium. Ensure that cells
are not grown beyond semicamdincy.

Rinse cells in PBS, add 2 mL of trypsin solution (for adhering cells only), and
incubate at 37°C. When trypsinization is complete (after ~2 min), add 5 mL
of culture medium to the cells.

Divide suspension into two 14-mL tubes, and spin down cells in a swing-out
rotor (4000g 5 min at 4°C).

Identical tsteps 4-8 under Subheading 3.1.1. (seeNote 4).

3.2. Nuclease Digestion

3.2.1.
1.

g~ w

DNase-I Digestion on Purified Nuclei (Protocol A)

Resuspend each nuclear pellet (Subheading 3.1.1., step 8) in 1 mL of ice-cold
DNase-I digestion buffer. Combine the two samples in one tube, to obtain
2 mL of nuclei suspension.

. Aliquot 200pL of the suspension in ten 1.5-mL Eppendorf tubes that are

numbered 1-10. Place the tubes 1-10 on ice, and add appropriate volumes
of DNase-l (e.g., add 0, 1, 2, 4, 6, 8, 10, 12, 16, and2@tubes 1-10,
respectively) (sedNote 5).

. Place tubes 1-10 into a 25°C water bath and incubate for 10 min.
. Stop the DNase-I digestions by adding 20M®fistop solution to each tube.
. Add proteinase K to a final concentration of 2mL and incubate overnight

at 50°C.
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6.

Extract the DNA twice with Phenol-Sevag ($t¢ete 1). This is followed by an
extraction with Sevag. In case the DNA in the first few tubes of the series is too
viscous to allow extraction, DNA should be slightly sheared by passage through
a fine syringe needle (2-3 times).

Add 20uL of 5 M NaCl, mix well, and then add 4QfL of 2-propanol and
precipitate the DNA for 5 min at room temperature. After centrifugation in a
bench-top microcentrifuge (20 min at full speed), rinse the DNA pellets with 70%
ethanol. Air-dry the pellets and dissolve them irukOof TE buffer.

3.2.2. DNase-I Digestion on Permeabilized Cells (Protocol B)

1.

4.

5.

Collect cells (>5000) by trypsinization followed by centrifugation (described
under Subheading 3.1.2.). Resuspend the cells in 6Q |of ice-cold DNase-|
buffer and transfer to a 0.5-mL Eppendorf tube. Add BE®fiDNase-I buffer
containing 0.4% NP40 to obtain a total volume of 120 mix gently, and
incubate on ice for 5 min (sddote 6).

Add 1uL of DNase-I (10 units) and incubate for 20 min at 25°C.

At sequential time points after the initiation of the DNase-| digestion (e.qg.,
0, 0.5, 1, 2, 4, 10 min, respectively), remove a RQ@Jiquot from the reaction
and heat-inactivate it at 95°C for 20 min (in a thermal cycler with heated lid,
to prevent condensation).

After heat-inactivation of all six 20k aliquots, add proteinase K to a concentra-
tion of 200 (g/mL, and incubate at 50°C overnight.

Heat-inactivate the proteinase K by incubation of the samples at 95°C for 1 h.

3.2.3. Restriction Endonuclease Digestion on Purified Nuclei (Protocol C)
1. Nuclei (purifed as described in Subheadings 3.1.1. and 3.1.2.) are resuspended

in 1.6 mL of ice-cold endonuclease restriction buffer. Add restriction enzyme
to a final concentration of 4—10 unjtk/(Note: This should dilute the enzyme

at least tenfold), and distribute 200-gamples among eight 1.5-mL Eppendorf
tubes that sit on ice.

Incubate the eight tubes (labeled 1-8) for increasing periods of time at 37°C
(e.g., for 0, 0.5, 1, 2, 4, 8, 16, and 30 min, in tubes 1-8 respectively). At the
sequential time points the enzyme digestions are stopped by addition of 200
pL of Stop Solution.

3-5. Identical teteps 5-7 in Subheading 3.2.1.

3.2.4. MNase Digestion on Purified Nuclei (Protocol D)
1. Nuclei (purifed as described in Subheadings 3.1.1. and 3.1.2.) are resuspended

in 1.6 mL of ice-cold MNase digestion buffer and placed on ice.

2. Add 1.5uL of MNase to the tube and distribute 200-gamples among eight

1.5-mL Eppendorf tubes that are placed on ice.
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3. Incubate the eight tubes (labeled 1-8) for increasing periods of time at 37°C
(e.g, for 0, 10, 30, 60, 120, 240, 300, and 600 s, in tubes 1-8, respectively).
At the sequential time points, the enzyme digestions are stopped by addition
of 200 |L of stop solution.
4—6. ldentical tsteps 5-7 under Subheading 3.2.1.

3.3. DNA Electrophoresis and Southern Hybridization

To determine the nuclease sensitivity in a genomic region of interest, DNA
samples are extracted from the nuclease digests (performed using Protocol A,
C, or D), and are then studied by Southern analgsesNote 7). Digestion
of genomic DNA samples with restriction enzymes, gel electrophoresis, and
hybridization with radioactive probes are performed using standard methodolo-
gies (see Chapter 14). However, there are a number of specific points that are
important for the analysis of nuclease sensitivity in nuclei:

1. Take 20-3Qg of each purified DNA sample (tubes 1-10 from Protocol A, tubes
1-8 from Protocols C and D) to digest with the restriction enzyme of choice.
Given the relatively large amount of DNA, digestions should be performed in a
volume of 100-15@L and for 16—18 h.

2. Precipitate the digested DNA samples (with an equal volume of 2-propanol, then
rinse the pellet with 70% ethanol and dry the pellet) and dissolve the DNA in
minimal volume (20 1) of TE buffer.

3. Add 5L of a 5xloading dye that gives a homogeneous migration of the DNA in
an agarose gel (we use Ficoll loading buffer), to obtain a total volumepf. 25

4. For the (usually 1%) agarose gel it is important to use a thin comb, so that the
volume of the wells is less than g0. This considerably improves the resolution
of bands upon Southern analysis.

5. To separate nuclease digestion products, it is advisable to migrate the DNA on a
long (20—25 cm) horizontal gel (1% [w/v] agarose #nTBE buffer).

6. Preferably hybridize theltér with a radioactively labeled end-probe for the
specific region of interest.

3.4. PCR-SSCP Analysis of Nuclease-Digested Chromatin

1. Prepare, on ice, 240L of “master mix” containing 4.8L of each primer,
4.8 uL dNTP mix, 1uL of [32P]-dCTP, and 2.uL of Tag polymerase in
1x PCR amplification buffer. For stock solutions referStdbheading 2.4.1.
(see Notes8 and 9.

2. Aliquot 28uL of the ice-cold master mix into seven 0.5-mL Eppendorf tubes
that are kept on ice.

3. Take 2uL of each DNA sample corresponding to time points 1-6 of Protocol B,
and add to tubes 1-6. PCR amplify for 30—40 cycles in a thermal cycler (tube
7 is a negative control without template; for details on how to amplify from
genomic DNA, see ref30).
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4.

10.

Prepare the solution for the nondenaturing MEl (a polyacrylamide-like
matrix, speciftally optimized for SSCP): mix 25 mL o&2MDE® solution,

6 mL of 10xTBE buffer, and 69 mL of deionized water. Filter through What-
man #1 fiter paper and degas the solution for 5 min. AdquUUOrEMED and
400uL freshly prepared 10% APS.

Pour the gel immediately. Insert the shark-tooth comb with teeth pointing upward
to form a single well the width of the gel, and clamp on all sides. Lay the gel
flat, and polymerize the matrix for at least 60 min.

After polymerization, remove the clamps, the tape, and the comb. Place the
glass plates into the sequencing gel apparatus. Replace the comb with the teeth
pointing downward and just in contact with the gel surface. Add DBE buffer

to the top and bottom tanks.

Take 1uL of PCR product and add 10_of loading dye. Heat-denature the
sample to 94°C for 3 min, then place on ice.

Load 1-3uL of the sample into the gel. Run the gel at 4—-8 W for 24 h (at room
temperature). (Alternatively, gels can be run at 4°C, at about 30 W for 2—4 h).
After electrophoresis (when the Bromphenol blue has reached the bottom of the
gel), transfer the gel onto a sheet of Whatman 3MM paper and cover with plastic
wrap. Dry in a gel dryer for 45 min at 80°C.

The gel is exposed to an X-film for 4-16 h at —70°C. In addition, one can expose
the gel to a phosphor imager to determine the relative intensities of the bands.
Typical results are shown in Fig. 2 (sbéotes 10 and 11).

4. Notes

1.

2.

Wear gloves throughout all procedures and respect other usual safety precautions,
in particular when handling phenol, chloroform, and acrylamide solutions.

Nuclei purifcation and subsequent nuclease sensitivity assays (Protocols A and
C) work best on fresh tissues. However, tissues that have been frozen in liquid
nitrogen can be used as well. They should be broken into small pieces (in liquid
nitrogen) immediately followed by homogenization in ice-cold buffer I.

To prevent chromatin degradation by endogenous nucleases, all steps of the
nuclei purification procedure (Subheading 3.1.) should be performed on ice

or at 4°C (precool the centrifuge rotor). At step 4, it is critical not to extend
the incubation in NP40-containing buffer for more than 5 min. At step 6, the
nuclei pellet should be white (e.g., for liver nuclei preparation, all red color
(hemoglobin) should remain in the layer on top of the sucrose cushion). At
step 7, avoid any trace of the NP40-containing top layer to come in contact with
the nuclear pellet (if required, nuclei can be rinsed with buffer 11l in an additional
step, before proceeding with step 8).

When one assesses generalized DNase-| sensitivity in undifferentiated cells, we
suggest addition of sodium butyrate (to maficoncentration of 5 mMo the

buffers (I, 1l, and Ill) that are used for nuclei purification. This prevents artifacts
due to the action of endogenous histone deacetylases (and therefore, possible
changes in generalized nuclease sensitivity).
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5.

6.

10.

11.

Gregory, Khosla, and Feil

In the DNase-I digestion series on nuclei (Protocol A), DNase-I concentrations
may need to be adjusted for chromosomal regions of interest.

Protocol B is designed to study nuclease sensitivity in small numbers of cells, but
can be used for the analysis of early mammalian embryos a@d)elHowever,
post-blastocyst-stage embryos seem unsuitable because with excessive clumping
of cells, the nucleases will not penetrate all nuclei uniformly.

DNase-l (and restriction endonuclease) hypersensitive sites are most readily
detected when small (~4 kb) restriction fragments are analyzed in the Southern
hybridization step (Subheading 3.3.).

Experiments involving PCR require extremely careful technique to prevent
contaminatior(30).

Instead of adding radioactive dNT&#EP-dCTP to the PCR reactions for SSCP
analysis, one can radioactively end-label the PCR primers (forward and reverse)
using T4 polynucleotide kinase andR-dATP.

Inmost cases, SSCP separates 150 to 300-bp single-stranded DNA molecules that
have one or more nucleotide difference (25-27). However, the migration of single-
stranded fragments in the gel is strongly temperature-dependent. Ideally, therefore,
samples to be compared should be run on the same gel. In addition, SSCP is more
efficient for DNA with a relatively high G+C content. SSCP analysis of fragments
with a lower G+C content can be enhanced by electrophoresis at 4°C.

The PCR-SSCP methodology was originally designed to analyze alleleespecifi
DNase-| sensitivity in limited numbers of cells (24). However, it is suitable also

to analyze DNA samples obtained with Protocols A, C, and DHigpe2).
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Examining Histone Acetlylation
at Specific Genomic Regions

Ji-Fan Hu and Andrew R. Hoffman

1. Introduction

The acetylation of core histones can modulate the expression of numerous
genes. In general, the deacetylation of histones results in transcriptional
repression, whereas increases in histone acetylation lead to the enhancement
of gene transcription. Since histone acetylation is maintained during mitosis,
the acetylation pattern may contribute a heritable epigenetic imprint that
can continue to influence gene transcriptign These fildings suggest that
the degree of histone acetylation may represent one of several nonexclusive
mechanisms that can initiate or maintain the allele-sgesiiéincing of genomic
imprinting. We have recently shown that the inhibition of histone deacetylation
by Trichostatin A (TSA) induces the expression of the normally imprinted
maternallGF2 allele (2), leading to biallelic expression in both human and
murine cells. Partial loss of imprinting of both sense and antisgiaes also
observed after TSA treatment. It has also been shown that exposure of mouse
conceptuses to TSA leads to lossHif9 imprinting (3). In X-chromosome
inactivation, the inactive chromosome is associated with relatively underacety-
lated histones (4). Changes in histone acetylation become apparent after the
expression ofXist, the gene responsible for X-chromosome gene silencing,
and after the downregulation of the inactivated X-chromosome déhes
suggesting that decreased histone acetylation may mark or otherwise stabilize
transcriptional repression rather than actually initiate it.

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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2.1. Histone Acetylation and DNA Methylation

The interaction of histones with DNA methylation has been intensively
studied. The inhibition of transcription after DNA methylation is seen only after
chromatin formation (6). DNA that is rich in methylated CpGs is associated
with underacetylated histones, while DNA containing CpG islands that are
unmethylated is associated with chromatin enriched in hyperacetylated histone
cores(7). DNA methylation may lead to repression of transcription by prevent-
ing access to and binding of transcription factors or by enhancing the binding
of transcription-inhibitory proteing8). Methylation of DNA also generates
an inactive DNase-resistant local chromatin structure with underacetylated
core histones. It has been demonstrated that the inactive chromatin structure
generated by the methylated CpGs can spread to adjacent nonmethylated DNA,
thereby potentially inhibiting gene transcription over a larger segment of the
chromosomg9). The production of this inactive chromatin structure may
lead to the creation of regions containing clusters of imprinted genes (such
as human chromosome 11p15.5). The methyl-CpG-binding protein MeCP2
is found in a complex with histone deacetylase and other proteins that might
regulate transcription. Moreover, it has recently been shown that DNA meth-
yltransferase 1 (Dnmtl), the enzyme responsible for CpG methylation, is
associated with histone deacetylase activity in vivo. In vitro, the histone
deacetylating enzyme HDACL1 binds to Dnmt1 (10).

Inhibitors of histone deacetylase can overcome DNA methylation-induced
transcriptional repression, indicating a linkage between these two known
mechanisms of transcriptional repression 121, However, changes in histone
acetylation appear before the increases in DNA methylation, and histone
underacetylation is also correlated with X-inactivation in marsupials, animals
in which CpG methylation does not ocodi3). In conjunction with DNA
methylation, histone acetylation may represent a crucial molecular mechanism
for initiating, maintaining and/or transmitting the genomic imprint.

2.2. Methods for Assessing Histone Acetylation in Vitro

The role of acetylated histones has traditionally been examined by using
inhibitors of histone deacetylase. Application of these inhibitors leads to the
development of hyperacetylated histones. Sodium butyrate is a reversible
but nonspecific inhibitor of histone deacetylase; its effects are thought to be
mediated through the activation of a protein phosphatbe®e Trichostatin
A is considered to be a specifinhibitor of histone deacetylase. In most
experiments, TSA (0.3—3M) or sodium butyrate (1-5 nMs added to the
culture medium for 48 h, and the cells are then harvested for allelic expression
analysis.
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Although several groups have shown that incubation of cells with TSA leads
to changes in gene expression, it is necessary to show directly that histones
that are associated with particular regions of DNA (e.g., those containing CpG
islands) undergo changes in the amount of histone acetylation that correlate
with the allele-specific gene expression. Since histone acetylation is associated
with increased gene transcription, it would be predicted that the expressed allele
would be associated with acetylated histones while the imprinted, nonexpressed
allele would be associated with nonacetylated histones. It has recently been
shown that the expressed maternal H19 allele is in fact preferentially associated
with acetylated histones (15).

The method described here will focus on the assessment of histone acetyla-
tion in livers collected from interspecific mice that are derived fius
spretus crossed with Mus musculus (C57BL/6). The same method can be easily
adopted for the quantitation of histone acetylation in samples collected from
cultured cells and other tissues. In order to determine if there is allele-specifi
histone acetylation, it is necessary to use tissue that is informative for one or
more polymorphisms in the gene of interest. In our model, polymorphisms have
readily been found between these two strains of mice in most genes.

Allelic histone acetylation in tissues or cells is assessed by a four-step
procedure: (1) oligonucleosomes are prepared from mild digestion of chromatin
using micrococcal nuclease (16); (2) acetylated-H4 linked oligonucleosomes
are separated from unacetylated-H4 linked oligonucleosomes by immunopre-
cipitation with antiserum spedcififor acetylated histon€l6); (3) genomic
DNA is extracted from the isolated acetylated-H4 oligonucleosomes and
is then amplifed with PCR primers that are specifor the genomic DNA
region of interest (2); and (4) PCR products are digested with parent-specifi
polymorphic restriction enzymes and are separated on polyacrylamide-urea or
agarose gel to distinguish and to quantitate the status of histone acetylation
between two parental alleles (2).

2. Materials
2.1. Tissue Collection

1. Ketamine HCI (Ketaset, 100 mg/mL, Burns Veterinary Supply, Rockville Centre,
NY).

2. Xylazine, (Gemini SA, 20 mg/mL, Burns Veterinary Supply, Rockville Centre,
NY).

3. Phosphate-buffered saline (PBS): Dissolve 8.0 g NaCl, 0.2 g KCI, 1.44 g
Na,HPQO,, and 0.24 g KEPQ, in 800 mL distilled HO. Adjust pH to 7.4, add
H,O to 1 L, and autoclave for use.

4. 35x 10 mm Petri dish.
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5. 1-mL syringe.
6. Scissors and other surgical materials.

2.2. Cell Preparation

1. Dounce tissue grinders with loose and tight pestles (Daigger, Lincolnshire, IL).
2. Phosphate-buffered saline (PBS).

3. Nylon gauze (20Am).

4. Beckman centrifuge.

2.3. Nucleus Preparation

1. Tris-buffered saline (TBS): 0.01 Mis-HCI, pH 7.5, 3 mMCaCl, 2 mMMgCl,,
5 mM sodium butyrate.

2. Buffer A (suspension buffer): 0.0 Tris-HCI, pH 7.5, 3 v CaCl, 2 nM
MgCl,, 5 mMsodium butyrate, 0.5% Tween-40, 0.5mphenylmethylsulfonyl
fluoride (PMSF).

. 25% sucrose.

. 50% sucrose.

. Buffer B (digestion buffer): 0.32 Mucrose, 50 mMris-HCI, pH 7.5, 4 mM
MgCl,, 1 mMCaCl, 0.1 mMPMSF, 5 mMsodium butyrate.

. Microscope.

Hw

()]

. Oligonucleosome Preparation

Micrococcal nuclease (Amersham Pharmacia, Piscataway, NJ).

250 mMethylenediaminetetraacetic acid (EDTA).

Buffer C (lysis buffer): 1 i Tris-HCI, pH 7.5, 0.2 mM\a,-EDTA, 0.2 mM
PMSF, 5 mMsodium butyrate.

Dialysis bag.

Phenol/chloroform.

wppE A o

o s

2.5. Immunoprecipitation

1. Buffer D (incubation buffer): 50 kh NaCl, 20 mMTris-HCI, pH 7.5, 20 mM
sodium butyrate, 5 mMla,-EDTA, 0.1 mMPMSF.

2. Acetylated histone antiserum (Serological, Inc., Raleigh, NC).

3. Protein-Sepharose CL-4B (Amersham Pharmacia, Piscataway, NJ): Weigh
0.2 g of protein-Sepharose and wash with 20 mL distilled H20O. Centrifuge at
2000 rpm for 10 min and keep the gel at 4°C for immunoprecipitation.

4. Buffer E (washing buffer): 50 kh Tris-HCI, pH 7.5, 10 mMEDTA, 5 mM
sodium butyrate.

5. 1M NaCl.

6. 10% sodium dodecyl sulfate (SDS).

2.6. Genomic DNA Extraction

1. Phenol/chloroform.
2. 100% ethanol.
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3.
4.

2.7.
1.

ONOUTAWN

75% ethanol.
7.5M ammonium acetate.

PCR Amplification

dNTP mix (2.5 iv): Dilute 10 nM dNTP (dATP, dTTP, dCTP, dGTP) mix
(Gibco Life Technologies, Rockville, MD) to 2.5 mNNTP with distilled
water.

. Tfl DNA polymerase (Epicentre Technologies, Madison, WI) ket 1).
. V[32P]-ATP (Amersham Life Science, Arlington Heights, IL).

. T4 polynucleotide kinase (10U/uBioLabs, Beverly, MA).

. Liquid wax (Chill-out 14), (J Research, Boston, MA).

0.2-mL 8-strip PCR tube.

. PCR primer (20 M).
. 3xPCR master mixture (for anfal 100-[L reaction):

Mix 10 uL 10x Tfl DNA polymerase buffer, gL 2.5 mM 4-dNTP, 2.5 U Tfl
Tag DNA polymerase, and add distilled H20 to make a final volume of.33 p
The prepared PCR master mixture can be stored at 4°C for as long as 1 mo.

. 96-well Programmable Thermal Controller (MJ Research, Watertown, MA).

2.8. Quantitation of Allelic Histone Acetylation

=

arwd

2x restriction enzyme digestion mixture: For a singlel6+gaction, add
0.6 L of 10xrestriction enzyme digestion buffer, 1 U of polymorphic restriction
enzyme, and addJ@ to make a total of 3lu Diluted PCR product (314 will

be added later (Subheading 3.8., step 3) to makeph. The digestion mixture
can be made for multiple samples by using the same ratio.

5% Polyacrylamide-urea gel or 2% agarose gel.

Electrophoresis apparatus.

Phospholmager scanner or agarose gel scanner.

X-ray fim.

3. Methods
3.1. Liver Tissue Collection

1.
2.
3.

Place PBS on ice for 30 min.

Add 2 mL PBS to 35 £0 mm Petri dishes, and put the dishes on ice.

Prepare ketamine/xylazine anaesthetizing solution by mixing 0.4 mL ketamine,
0.3 mL xylazine, and 0.7 mL distilled water in a 1.5-mL tube.

Anaesthetize animals by injectingiB0of the ketamine/xylazine mixed solution
intraperitoneally.

After animals are completely unconscious, make an abdominal incision with
Sscissors.

Remove the liver and place it in the>330 mm Petri dish containing ice-cold
PBS.
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3.2. Liver Cell Preparation

1. Mince the liver into small pieces with the scissors.

2. Transfer the minced liver pieces into a glass homogenizer.

3. Wash the Petri dish with 9 mL ice-cold PBS and combine this wash with the
samples in the glass homogenizer.

4. Gently homogenize the liver pieces with the loose pestle, up and down 20 times,
to release single cells.

5. Pass the cells through the nylon layer to remdreds connective tissues.

6. Centrifuge the samples at 60fxg4°C, for 15 min, to collect the cells.

7. Wash the cells two times with 10 mL ice-cold PBS.

If cultured cells are being used instead of whole tissues for the measurement
of histone acetylation, detach the cells using an EDTA-trypsin solution, and
then proceed from step 5.

3.3. Nucleus Preparation

1. Suspend the cells in 5 mk ITBS and transfer them to another glass homogeniz-
ing tube. Save 3QL of the cell suspension in a 0.6-mL tube on ice at this
step for comparison with the nuclei that will be collected laSebleading
3.3, step 8).

2. Add 5 mL suspension buffer (buffer A). Homogenize the cells with a tight pestle
up and down 20 times to release the nuclei from the cells.

3. Centrifuge the homogenates at 6@0¢4°C, for 20 min.

4. Suspend the pellet containing the nuclei in 25% sucrose solution and gently
transfer the suspension to a polynylon tube that has been underlayered with 50%
sucrose for the gradient separation of the nuclei.

5. Centrifuge the suspension at 15@g°C for 20 min to collect the nuclei in
the pellet.

6. Wash the pellet once with 10 mL 25% sucrose solution and centrifuge again at
1500gat 4°C for 20 min.

7. Suspend the pellet in 0.5-1.0 mL digestion buffer (buffer B).

8. Take a small drop of this suspension of nuclei and compare it with the cells
collected at Subheading 3.3., step 1, under a microscope. Nuclei will look like
small shiny particles under the microscope, and they should differ from the shape
of cells collected at step 1 (seotes 2 and 3.

9. Measure the DNA content of the nuclear extracts at 260 nm. The extracts
collected at this step can be aliquoted and saved at —80°C for future use.

3.4. Oligonucleosome Preparation

1. Take a portion of the suspension of nuclei(@®f equivalent DNA) and dilute
it to a concentration of 0.ag/uL with digestion buffer (buffer B). The total
reaction volume will be 400Lu



Histone Acetylation 291
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Fig. 1. Nucleosome DNA following digestion with micrococcal nuclease. Nuclei
(equivalent to 20 g DNA) were digested with various amounts of micrococcal
nuclease, as indicated (0.1-100 U). After phenol/chloroform extraction, DNA was
precipitated with ethanol and analyzed on a 2% agarose gel. Nucleosomes that were
treated with the optimal nuclease concentration (0.5-2.0 U, lanes 3 and 4) were used
for immunoprecipitation.

N

o gk w

~

10.

11.

Add 0.5-2.0 U of micrococcal nuclease, and then incubate at 37°C for 5 min
(see Note 4).

Terminate the nuclease reaction by adding 8250 mMMEDTA.

Centrifuge at 12,000at 4°C, for 10 min.

Suspend the pellet in 10Q jysis buffer (buffer C).

Transfer the suspension into a small dialysis bag and dialyze it against 2 L of
lysis buffer (buffer C) at 4°C overnight.

Centrifuge at 12,000and 4°C for 10 min. Aliquot and save the oligonucleosome
supernatants at —80°C.

. Take one aliquot of the supernatant to check the distribution of oligonucleosomes

following steps 9-11.

Extract the oligonucleosome supernatant with an equal volume of phenol/
chloroform.

Precipitate DNA by adding one-half volume of 7.5aMmonium acetate and
three volumes of absolute ethanol, then place at —20°C for 1 h. Centrifuge at
12,000gin a microcentrifuge and wash the pellet once with 75% ethanol.

Check DNA size on a 2% agarose gel. A proper nuclease digestion should produce
an oligonucleosome DNA ladder, varying from 123 bp (mononucleosome) to
700 bp (pentonucleosomes) (Fig. 1).
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3.5. Immunoprecipitation

1. Place aliquots of nuclease-digested oligonucleosomeg) (ito 0.6-mL tubes
and dilute to 100 p with incubation buffer (buffer D).

2. Add 0.0-4.QuL acetylated histone antiserum (@/uL). Mix and incubate on a
rotation plate at 4°C overnight. (The sample without H4 antiserum will serve as
the experimental control, which should give equal amounts of the two parental
alleles in the PCR ampldation).

3. Add 10pL protein A-Sepharose gel solution and incubate at room temperature
for 3 h.

4. Centrifuge at 12,000gt 4°C for 10 min to separate bound (acetylated) and
unbound (unacetylated) nucleosomes.

5. Suspend the bound nucleosome pellet (acetylated form) imll@@ashing
buffer (buffer E) containing 50 mMacl.

6. Layer the suspension onto 900 huffer E and centrifuge at 60@md 4°C.

7. Wash the pellet with 500Lpbuffer E containing 100 mNNaCl and then with
500pL buffer E containing 150 mNilaCl.

8. Elute DNA twice with 60 L incubation buffer (buffer D) containing 1% SDS.
Combine eluates for PCR analysis. The eluates contain oligonucleosomes in
which histone H4 is acetylated.

3.6. Genomic DNA Extraction

1. Extract eluates with an equal volume of phenol/chloroform.

2. Add one-half volume of 7.1 ammonium acetate and precipitate DNA with
three volumes of absolute ethanol usinggsglycogen as carrier.

3. Suspend the DNA pellet into 10Q water in preparation for PCR amptiéition.

3.7. PCR Amplification of Parental Alleles
3.7.1. Primer End-Labeling

1. Into a 0.6-mL microcentrifuge tube, add {2 chill-out 14 liquid wax, 3 L
20 mM Bor 3' primer, 5 uLy[*?P]-ATP, 1 uL 10x T4 polynucleotide kinase buffer,
1pL 0.1 M DTT, and 1.0 pL T4 polynucleotide kinase (bgtes 5 and 6).

2. Mix, then spin for 5 s in microcentrifuge. Incubate the tube at 37°C for
15-30 min.

3. Inactivate T4 polynucleotide kinase by heating the tube at 99°C for 3 min.

4. Add 20pL H,0 to dilute the end-labeled PCR primer. Mix the end-labeled PCR
primer with an equal amount of the other cold (unlabeled) primer as the primer
set for the following PCR ampliation.

3.7.2. PCR Ampilification

1. Into 0.2-mL 8-strip tubes, add 2 Chill-out 14 liquid wax, 1 L PCR primer
set, and 1 l diluted DNA template.
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Set the PCR program for an initial denature at 96°C for 1.5 min, followed
by 30-35 cycles of amplification: denaturing at 9582 s, annealing at
65°Cx 40 s, and extension at 72%C30 s.

Start the PCR program and pause PCR amplification at the first annealing stage
(65°C) by using the PCR PAUSE function key.

Add 1uL 3x PCR master mixture.

Release the PAUSE function key to continue PCR airgiidin.

Quantitation of Allelic Histone Acetylation

After PCR amplifiation, remove as much of the wax that has been added in
PCR amplification as possible.

Add 8uL distilled water to dilute the PCR products for restriction enzyme
digestion.

Remove 3uL of the diluted PCR-derived DNA and adduB of restriction
enzyme digestion mixture.

Incubate the reaction tubes at 37°C for 2—3 h in order to obtain complete digestion
of the PCR products.

Add 12uL of sequencing loading buffer.

Heat the samples at 96°C for 1.5 min and immediately put the samples on ice.
Load 3-51L of the sample solution onto a polyacrylamide-urea gel.

Run the electrophoresis at 1000 V until thet flye reaches the bottom of the gel.
Unload the gel, attach it to 3MMtér paper, and cover it with Saran wrap.

. Expose the gel to X-rayrfi or to a Phospholmager screen.
. Scan the PCR bands and quantitate the relative densities of the two parental alleles

that have been separated by the digestion of the polymorphic restriction enzyme
(see Note 6). An example of differential histone acetylation in the insulin-like
growth factor Il receptor (Igf2r) promoter region is shown in Fig. 2.

4. Notes

1.

Other PCR enzymes and PCR programs can also be used to amplify genomic
DNA, depending on the preference of the PCR method and availability of DNA
polymerase in each laboratory.

Under the microscope, nuclei should look like small uniform particles. Nuclei
should be round and shiny when the focus is slightly changed. Tissue and
cell debris will appear as irregular shapes and should not be present if pure
suspensions of nucleus extracts have been achieved.

Other methods that stain specifically for nuclei, such as Hoechst Dye (Molecular
Probes, Eugene, OR), can also be used to examine the nuclei collected.
Complete digestion of chromatin into mononucleosomes by micrococcal nuclease
may not suitable for PCR amptition, especially when PCR primers cover

a relatively long fragment. Thus, it will be necessary to achieve the optimal
micrococcal nuclease digestion to produce oligonucleosomes varying from 1 to 5
nucleosomes, such that the interested region can be amplified easily by PCR.
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Fig. 2. Differential allelic histone acetylation of Igf2r promoter. Oligonucleosomes,
prepared from the liver of backcross mice (F1 female5¥BL male), were immu-
noprecipitated with acetylated histone antiserum, as indiated (0.p3d.MNA
was extracted from immunoprecipitated (acetylated) nucleosomebgtndsense
RNA promoter regions were amplified with PCR primers. Two parental alleles were
separated following digestion at the polymorphic Ddel restriction enzyme site that is
present in M. spretusbut not in C57BL. Samples were: 100-bp DNA ladder (lane
1); PCR products ampléd from genomic DNA isolated from. spretus (lane 2);
C57BL (lane 3); and F1 miceV, spretus male xC57BL female) (lane 4); PCR
products derived from F1 DNA incubated with increasing amounts of acetylated
histone antiserum (lanes 5-8). Most, but not all, of the acetylated histone DNAs are
associated with the expressed maternal Igf2r allele.

5. For primer end-labeling, the total reaction volume can be scaled up or down
using appropriate ratios, depending on the volume of PCR reactions.

6. PCR amplifiation can also be performed using random incorporation of
a[32P]dCTP (which can be included in the PCR master mixture) in place of
the labeled primer. Furthermore, PCR amplification can be performed without
radioisotopes when PCR products are separable on an agarose gel. In this case, an
agarose-gel scanner can be used for the quantitation of the two parental alleles.
However, the relative amounts of the two parental alleles cannot be quantitated
as accurately as when end-labeled primer PCR is used. The signal density from
the unlabeled PCR on agarose gel or from random incorporataii?®dCTP
is closely related to the length of the PCR products. In the end-labeled primer
reaction, the PCR products are quantitated strictly on the basis of molecule
number.
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Purification of the MeCP2/Histone Deacetylase
Complex from Xenopus laevis

Peter L. Jones, Paul A. Wade, and Alan P. Wolffe

1. Introduction

DNA methylation has long been associated with stable transcriptional
silencing and a repressive chromatin structure (reviewe@fs 1,2). Dif-
ferential methylation is associated with imprinting, carcinogenesis, silencing
of repetitive DNA, and allows for differentiating cells to efficiently shut off
unnecessary genes. In vertebrates, where 60-90% of genomic CpG dinucleo-
tides are methylated, methylation-dependent repression is vital for proper
embryonic developmen(3). Microinjection experiments using methylated
DNA templates implicate chromatin structure as an underlying mechanism
of methylation-dependent silencing,5). Methyl-specific transcriptional
repression requires chromatin assembly, and can be patrtially relieved by the
histone deacetylase inhibitor Trichostatin A. In addition, several proteins
have been identified that specdily bind to methylated DNA (6-8). Two of
these methyl-DNA binding proteins, MeCP1 and MeCP2, have been shown to
mediate transcriptional repression/)}gMeCPL1 is a relatively uncharacterized
complex that requires at least 12 symmetrical methyl-CpGs for DNA binding
(6). MeCP2 is a single polypeptide containing a methyl-binding domain capable
of binding a single methyl-CpG, and a transcriptional repression dd®ain
Recently MeCP2 was shown to interact with the Sin3 corepressor and histone
deacetylas€10,11). Changes in the acetylation state of the core histone tails
correlates with changes in transcription (reviewed in rEd3), and several
transcriptional repression complexes containing histone deacetylases have
recently been described (14,15). These data provide a direct link between
methyl-dependent transcriptional repression and the modification of chromatin

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
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Fig. 1. Southwestern blot analysis of (A) recombinant X. laevis MeCP2 and (B)
endogenouX. laevis MeCP2 shows the preference of MeCP2 binding for methylated
DNA. (A) Increasing amounts of recombinant xMeCP2 (75 to 900 ng) hybridized
with either a methylated (left) or control unmethylated (right) pré®gFractionation
of oocyte extract over BioRex70 resin hybridized with either a methylated (left) or
control unmethylated (right) prob&enopus MeCP2 migrates at 87 kDa (* indicates
a degradation product).

structure. Here, we describe techniques for purifying the MeCP2-contining
histone deacetylase complex frofenopus laevis oocytes.

Purification schemes for DNA-binding proteins often utilize the specifi
DNA-binding site sequences for the protein of interest in a DNA-binding
assay. Southwestern analysis allows for the separation of multiple peptides
in a sample that may bind to the same probe. Southwestern analysis is based
on the ability of many proteins to be denatured with guanidine hydrochloride
(G-HCI) and renatured such that the protein, or a portion thereof, refolds such
that the DNA-binding activity is retained (16, (Note 1). Protein samples are
separated by size on sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), immobilized to a membrane, denatured with G-HCI followed
by renaturation, and then hybridized with a radiolabeled nucleic acid probe.
MeCP2 was originally characterized from rat by the Southwestern technique
(7) and was cloned fronX. laevis (migrating at a molecular weight of
87 kDa on SDS-PAGE) (10). Thus, MeCP2 can be accurately monitored by
Southwestern assay by its very high binding preference for methylated DNA
(Fig. 1A,B).

Due to the association of MeCP2 with a histone deacetylase complex, it is
useful to follow histone deacetylase enzymatic activity. The patitin of
histone deacetylase complexes depends in large part on having a sensitive and
reliable assay. We outline an assay that utilizes purified recombinant histone
acetyltransferase and purified chicken erythrocyte histones to spkgifabel
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Fig. 2. Equal volumes of fractions from BioRex70 step-elutions of oocyte extract
were assayed for deacetylase activity as described.

a desired histone to a high specific activity. This assay allows for monitoring
the histone deacetylase activity of the MeCP2 complex during gatrdn
from oocyte extract.

The major advantage in using X. laedigcyte extracts is that many chromatin
components including MeCP2 are present in large quantities in storage forms,
and these chromatin components can be extracted in low salt, preserving the
integrity of the complexes (18). Oocyte extracts prepared by this method
contain robust histone deacetylase activiig( 2; refs. 10,14). Using the
assays described to monitor MeCP2 and histone deacetylase activities through
the following chromatography protocols, the MeCP2-histone deacetylase
complex can be purdid.

2. Materials
2.1. Southwestern Oligo Preparation

1. Complementary oligonucleotides were synthesized (Operon Technologies) either
with (oligos 3 and 4) or without (oligos 1 and 2) 5-methylcytosine (M) at each
CpG residue for the following sequend@s
Oligo 1: GATC(CGA),TC
Oligo 2: GA(TCG),GATC
Oligo 3: GATC(MGA),,TC
Oligo 4: GA(TMG),,GATC

2. Elution buffer: 0.BM ammonium acetate and 1 mdthylenediaminetetraacetic
acid (EDTA).

3. Kinase reagents’?P]y-ATP (3000 Ci/mmol), and T4 polynucleotide kinase.
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2.2. Southwestern Assay

1. 8% SDS gel with 4% stacking gel.

2. 2xSDS-PAGE loading buffer: 30 M Tris-HCI, pH 6.8, 1% SDS, 5% glycerol,
2.5%p-mercaptoethanol, 0.1% bromophenol blue.

. Nitrocellulose membrane (séote 2).

. SW transfer buffer: 25 mNWris base and 190 mBiglycine.

. SW buffer: 20 mMHEPES (pH 7.9), 3 mMAgCl,, 40 mMKCI, and 10 mM
2-mercaptoethanol.

. SW buffer + 6 Myuanidine hydrochloride (G-HCI) (avoid contact with skin).

. Blocking buffer: SW buffer + 2% nonfat dried milk.

8. Binding buffer: SW buffer, 2fig/mL sonicated native Escherichia coli DNA,

2-pg/mL denatured E. coli DNA, and 0.1% Triton X-100.
9. SW washing buffer: SW buffer + 0.01% Triton X-100.

a s~ w

~N O

2.3. In-Vitro Histone Acetylation

1. Purified chicken erythrocyte histones (19).

2. Acetylation buffer (1x 25 mMTris-HCI pH 8.0, 100 mMNaCl, 0.1 mMEDTA,
0.2% pheylmethylsulfonyl fioride (PMSF), and 10% glycerol.

3. Recombinant Hatlp (sé¢ote 3).

4. [H]Acetyl-coenzyme A (4.90 Ci/mmol) (Amersham Life Science).

5. Buffer A(200): 10 mMrris-HCI (pH 8.0), 0.1 mMEDTA, and 200 mMNacCl.

6. Buffer A(2000): 10 mMis-HCI (pH 8.0), 0.1 mMEDTA, and 2 MNacCl.

7. BioRex70 resin (Bio-Rad, Inc).

4

1

. Histone Deacetylase Assay

. Deacetylase buffer (3x25 mMTris-HCI pH 8.0, 10 % glycerol, 50 mMacCl,
and 1 mMEDTA.
2. [BH] histone octamers (see above).
3. Deacetylase stop solution: 0.1HCI and 0.16 Macetic acid.
4. Ethyl acetate.

2.5. Oocyte Extract Preparation
2.5.1. Equipment

1. FemaleXenopus laevis.
2. Dissection scissors and forceps.
3. SW-41Ti ultracentrifuge rotor and 12-mL tubes.

2.5.2. Reagents

1. OR-2 buffer: 5 mMMHEPES (pH 7.9), 1 mMla,HPQO,, 82.5 mMNaCl, 2.5 mM
KCI, and 1 mMMgCl,.

2. Extraction buffer: 20 mNHEPES (pH 7.5), 5 mNKCI, 1.5 mMMgCl,, 1 mM
EGTA, 10% glycerol, 10 m\3-glycerophosphate, 0.5 mtithiothreitol (DTT),
1 mMPMSF, 2-1g/mL pepstatin A, and 1gdmL leupeptin.
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2.6. Chromatography
2.6.1. Equipment

1.
2.
3.
4,

BioRex 70 resin 100—-200 mesh (Bio-Rad ) equilibrated tofdden.

Superose 6 HR 10/30 FPLC column (Pharmacia Biotech).

MonoQ Sepharose HR 5/5 or HR 10/10 FPLC column (Pharmacia Biotech).
HiTrap Heparin 1-mL column (Pharmacia Biotech).

2.6.2. Reagents

All buffers are at 4°C. DTT and protease inhibitors are added just prior to use.
All buffers must be filtered through a 0.4Bfilter before use with the FPLC.

1.

Buffer B(0): 20 i HEPES, pH 7.5, 1.5 m MgCl,, 1 nM EGTA, 10 mM
B-glycerophosphate, 10% glycerol, 0.5 MM T, 1 mMPMSF, 2-ig/mL pep-
statin A, and 1-g/mL leupeptin.

Buffer B(100): 100 ml NaCl, 20 mMHEPES, pH 7.5, 1.5 mNWIgCl,, 1 mM
EGTA, 10 mMp-glycerophosphate, 10% glycerol, 0.5 niM T, 1 mMPMSF,
2-pg/mL pepstatin A, 1-g/mL leupeptin.

Buffer B(500): 500 ml NaCl, 20 mMHEPES, pH 7.5, 1.5 mNWIgCl,, 1 mM
EGTA, 10 mMp-glycerophosphate, 10% glycerol, 0.5 niM T, 1 mMPMSF,
2-pg/mL pepstatin A, 1-g/mL leupeptin.

Buffer B(1000): 1 MNaCl, 20 mMHEPES, pH 7.5, 1.5 mNgCl,, 1 mM
EGTA, 10 mMp-glycerophosphate, 10% glycerol, 0.5 niM T, 1 mMPMSF,
2-pg/mL pepstatin A, 1-g/mL leupeptin.

3. Methods
3.1. Probe Preparation

1.

2.

Mix equimolar quantities of oligos 1 and 2 (@d final) and make to 1¥E +

0.1M KCl in a 500-1L Eppendorf tube.

Heat the oligos to 100°C for 2 min in a thermocyler and bring back to 30°C over
60 min, then immediately cool to 4°C.

Radiolabel using 4 pmol of duplex oligo (8-pmol ends) with 16 FAel-ATP

and T4 polynucleotide kinase for 60 min at 37°C.

Gel-purify the kinase reactions on a 5% native polyacrylamide gel run at 200 V
for 2 h (seeNote 4).

Excised the labeled duples from the gel with a razor blade and elute overnight in
0.5 mL elution buffer at 37°C with shaking.

Ethanol-precipitate the probe and resuspendEl(pH 8.0). This purifiation step
removes all unincorporated label as well as any single-strand oligonucleotides.

3.2. Southwestern Blotting

Depending on the concentration of MeCP2 in the sample, a TCA precipitia-
tion may have to be performed before running the SDS-PAGEN@EEe5).
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1. The protein sample is made ibh SDS-PAGE loading buffer and loaded directly
onto an 8% SDS-PAGE gel with a 4% stacking gel and electrophoresced at 100V
in 4°C until the bromphenol blue reaches the botttom of the gel.

2. Transfer the proteins to nitrocellulose in 1 L SW transfer buffer at 4°C in a Mini
Trans-blot transfer cell (Bio-Rad) for 5 h at 350 mA.

3. Remove the membranes from the cell and soak in SW buffer eH@I for
5 min with shaking at 4°C.

4. Renature thelfers by four twofold dilutions with SW buffer for 5 min each
at 4°C with shaking.

5. Wash once with straight SW buffer.

6. Block the fiters for 10 min at room temperature with SW blocking buffer.

7. Rinse the filters once in SW buffer.

8. Hybridize in binding buffer with  10° CPM/mL labeled probe for 1 h at room
temperature (sedlote 6).

9. Wash the fiers twice with SW buffer for 5 min at room temperature, air-dry on
3MM paper, and expose to film overnight with an intensifying screen.

3.3. In-Vitro Histone Acetylation

1. Incubate 1 mg core histones with 10§ rHatlp and 100 lu [3H] acety!
coenzyme A (Amersham) in lacetylation buffer in a final volume of 8.8 mL
for 30 min at 37°C.

2. Chase by adding 100 nmol unlabeled acetyl coenzyme A and incubating for

30 min at 37°C.

. Equilibrate a 1-mL BioRex70 column with Buffer A(200).

. Load the acetylation reaction and allow it to enter the column by gravity.

. Wash the column with 5 mL buffer A(200).

. Elute the histones with careful addition of 5 mL buffer A(2000).

. Collect the eluate in 0.5-mL fractions and assay by liquid scintillates (

Note 7).

~NOoO ol h W

3.4. Deacetylase Assay

Incubate a small volume of sample (1410 in a 200-|L reaction (made to 1x
deacetylase buffer) with 1guacetylated histones, for 30 min at 30°C.

Add 50uL stop solution.

Extracted the acetate from the reaction with@0@thyl acetate.

Remove 45QL of the organic phase to a liquid-scintillation vial.

Add liquid-scintillation fliid and count the samples in a liquid-scintillation
counter.

=

abrwn

3.5. Preparation of Oocyte Extracts (see Note 8)

1. Dissect ovaries from mature female X. laevis and rinse in OR-2 buffer.
2. Cut ovaries into small pieces and put into 50-mL conical tubes (15-20 mL ovary
tissue per tube).
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oakw

8.
9.
10.
11.

Rinse several times with OR-2.

Add fresh OR-2 is to arfal volume of about 35 mL.

Add collagenase type Il (Sigma Chemical) to 0.75 mg/mL.

Place the ovaries on a platform shaker and agitate for 60—90 min, until the
oocytes are dispersed.

Wash the oocytes at least 10 times in OR-2 with rapid decanting to remove the
immature oocytes and follicle cells.

Transfer the oocytes to SW-41 tubes (6 mL per tube).

Wash twice with extraction buffer, antl fo 12 mL with extraction buffer.
Centrifuge in a SW-41Ti rotor at 38,000 rpm (250,006g1 h at 4°C.

Carefully remove the clear supernatant using a 21-gage needle.

3.6. Extract Fractionation
All procedures are performed at 4°C. Fractions are stored at —70°C.

3.6.1. BioRex 70 Fractionation (see Note 9)

1.

2.
3.

Equilibrate BioRex 70 column (1 mL packed bed volume per 10 mg extract to
be applied) in buffer B(100).

Apply extract and wash with three column volumes (cv) buffer B(100)

Elute bound protein with buffer B(500).

3.6.2. Superose 6 Gel Filtration

1.

abrwn

Equilibrate the Superose 6 HR 10/30 (Pharmacia) FPLC column in buffer
B(500).

Filter BioRex 70 B(500) fraction through 0.4B3syringe fiter.

Load onto column at 2 mg protein in 500yolume.

Run FPLC at 0.1 mL/min and collect 25D{nactions.

Assay fractions by Southwestern analysis for MeCP2 and by Western analysis
for Sin3 (Fig. 3).

3.6.3. MonoQ Sepharose Fractionation

1.

2.
3.

o o

Dialyze the BioRex 500 kh elution against 200 vol buffer B(0) until the
conductivity of the sample is <100 mNAaCI.

Centrifuge at 12,000and 4°C for 20 min to remove insoluble material.
Equilibrate a MonoQ Sepharose (Pharmacia) HR10/10 (>20 mg protein to
be applied) or HR5/5 (<20 mg protein to be applied) FPLC column in buffer
B(100).

Apply the sample to the column, wash with 5 cv buffer B(100), and elute in a
20-cv linear gradient from buffer B(100) to buffer B(500).

Collect fractions of 0.5 cv (sédote 10).

Analyze fractions for histone deacetylase activity and by Western and/or
Southwestern analysis for MeCP2. The MeCP2/histone deactylase complex
elutes between 270 mihd 310 mMNacCl.
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Fig. 3. Cofractionation of MeCP2 and Sin3 by gékdtion. Equal volumes of
fractions from the BioRex70 high-salt (0.5 Btep elution separated over a Superose
6 HR 6/30 gel firation column were assayed by Western blot for MeCP2 and Sin3
(lower), or stained with Coomassie blue (upper).

3.6.4. Heparin Fractionation

The fraction(s) from the MonoQ fractionation containing MeCP2 are used
for further purification as follows.

1. Dialyze the sample against 200 vol buffer B(0) until the conductivity of the
sample is <100 mNWacCl.

2. Filter the sample through a 0.4B3syringe fiter.

3. Equilibrate a 1-mL HiTrap heparin FPLC column (Pharmacia) in buffer B(100).

4. Load the sample onto the column, wash with 5 cv buffer B(100), and elute in a
20-cv linear gradient from buffer B(100) to buffer B(1000).

5. Fractions are collected in 0.4-mL volumes and assayed for deacetylase activity
and by Western/Southwestern blotting for MeCP2 (Fig. 4A).

Using this purification protocol, a complex containing MeCP2, Sin3, and
histone deacetylase activity, as well as several currently uniéengifoteins
(Fig. 4B), is routinely isolated from Xenopus oocytes.

4. Notes

1. It is important to remember that for MeCP2, the binding preference is for
the symmetrically modifid 5-methylcytosine CpG dinucleotide with no other
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Fig. 4. MeCP2, Sin3, and histone deacetylase copyAfy.Flow chart showing
the fractionation of MeCP2 and Sin3 (upper). Fractions were assayed by Western blot
for MeCP2 and Sin3 and for histone deacteylase activity. Assays fon#hdndiparin
fractionation are shown. (Bfoomassie blue stain of protein |(g) from the peak
fractions at each step of purification shows that MeCP2 and Sin3 cofractionate with
nine additional proteins.

sequence specificity. Therefore, assays must be done in duplicate with probes
identical in sequences and differing only in their methylation status.

2. Alternatively, PVDF membrane can be used with an SDS-containing transfer
buffer.

3. For the purification of the MeCP2-containing deacetylase complex, recombinant
yeast Hatlp (generous gift of Dr. Mark. Parthun, Ohio State University) (20) was
used to specifically acetylate histone H4. Other sp#@f can be obtained by
using other histone acetyltransferases.

4. We have also successfully used G-25 spin columns (5Prime to 3Prime, Inc.) to
purify the labeled oligonucleotides as per the manufacturer’s instructions.

5. The sensitivity of the Southwestern assay depends on how efficiently the
protein of interest is able to regain its DNA-binding ability after denaturation,
immobilization, and renaturation. For MeCP2 frienopus oocyte extract, it is
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10.

necessary to precipitate a large protein samplagbth cold 20% trichloroacetic

acid followed by a cold acidic acetone wash. For fractions, a smaller sample is
needed because the MeCP2 becomes much more concentrated. The sensitivity
of the assay for recombinant MeCP2 is about 25 ng.

. The hybridization can easily be done in a plastic bag on a rotating platform to

allow for smaller volumes of hybridizatioruftl and thus less probe is needed.

The extent of acetylation can be assayed by Triton acid urgi@péihis method
achieves a specific activity of 2000-5000 dpm per pmol histone H4.

We generally use 6 female X. laevisto do one oocyte extract preparation, yielding
around 400 mg soluble protein. It is very important to wash the collagenase
treated oocytes thoroughly. In addition to the collagenase itself being a protease,
it is by no means a pure preparation and may contain additional protease activity.
If proteolysis persists despite all efforts at protease inhibition, eggs may be used
instead of oocytes and following the same extraction and atidh scheme
presented, starting with loading the eggs into the centrifuge t8abhdading

3.5., step 8). The reason for using oocytes is that they are easier than eggs to
obtain in large numbers; however, eggs do not need the collagenase treatment.
All of the detectable MeCP2 elutes from the BioRex70 column between 250 mM
NaCl and 375 mMNaCl. Performing this step elution increases the patifin

at this stage five- to eightfold and can be used for accommodating the smaller
MonoQ HR5/5 at the next step.

The cv for MonoQ HR5/5 is 1 mL and for HR10/10 is 8 mL.
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Reconstitution of Chromatin In Vitro

Kiyoe Ura and Yasufumi Kaneda

1. Introduction
1.1. Chromatin and DNA Methylation

Itis now generally believed that DNA methylation is responsible for genomic
imprinting in mammals (1). Recent experimental evidence has provided an
elegant mechanism for repression of gene expression by DNA methylation. This
evidence suggests that proteins that recognize spabifimethylated CpGs
may contribute to the formation of inactive chromatin (2-5). Nucleosomes are
the basic unit of chromatin, consisting of a core of 146 bp of DNA wrapped
around a histone octamer (two molecules of each of H2A, H2B, H3, and H4)
and a stretch of linker DNA between adjacent nucleosomes. The binding of
a fifth histone, known as a linker histone or H1, promotes the packaging of
strings of nucleosomes into a 30 nm chromatierf(6). Packaging of DNA
into nucleosomes and the chromatin fiber greatly restricts the availability of
the DNA for nuclear processes such as transcription.

It has been observed that a tight correlation exists between high levels
of DNA methylation and specialized nuclease-resistant chromatin structure
in cultured cells(2,3). Recent studies demonstrating that the methylated
DNA-binding protein MeCP2 is associated with histone deacetylases strongly
suggests a functional link between DNA methylation and chromatin structure
(7,8). Control of DNA methylation may also be affected by higher-order
chromatin structures (9). Therefore, elucidation of structure—function relation-
ships of DNA/protein interaction at the chromatin level is critical for the
understanding of the regulatory events of gene expression.

A powerful approach for the analysis of structure—function relationships
within chromatin has been the use of reconstituted model chromatin complexes.

From: Methods in Molecular Biology, vol. 181: Genomic Imprinting: Methods and Protocols
Edited by: A. Ward © Humana Press Inc., Totowa, NJ
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For example, it has been reported that DNA methylation can alter the stability
and the positioning of reconstituted mononucleosomes on the promoter of
the fragile-X mental retardation gene (10), but not on the Xenopus 5S rRNA
gene(11). Histone H1 binding to reconstituted chromatin is not affected by
methylation of CpG using two different nucleosome assembly sy$idmg).
However, under certain condition, a slight preference of this protein for naked
methylated DNA can be detected (13).

1.2. Assembly of Chromatin in Vitro

There are several methods for assembly of chromatin on DNA fragments or
plasmids. The simplest methods include: (1) the salt dialysis method, in which
DNA and purifed core histones are mixed and then dialyzed against a series
of buffers starting from 2 M NaCl to low ionic strength; and (2) the histone
octamer transfer method, in which histone octamers are redistributed from a
purified donor chromatin to labeled specific DNA fragments during incubation
in buffer with 1 M NacCl, followed by reduction of the salt concentration either
by dialysis or stepwise dilution (14). In both methods the composition of the
reconstituted chromatin is well defined and such chromatin is useful for analysis
of nucleosome positioning due to intrinsic sequence-dependent DNA structure
and assays of the binding of sequence-specific transcription factors or structural
proteins to nucleosomal DNA. In vertebrates, core histones are highly conserved
and, so far, any limited interspecies variation has had no functional caguié
at this level of analysis. Therefore, cultured cells or chicken erythrocytes
are a convenient source of core histones or chromatin because of the low
contamination of proteases and nucleases in these preparations.

Importantly, it should be noted that salt-mediated nucleosome assembly
methods fail to space nucleosomes at the physiological nucleosomal repeat
length of about 200 bp on general DNA fragme(it4). Rather, multiple
nucleosomes reconstituted by these methods are generally “closely packed,”
with one nucleosome every ~150 bp and little or no resulting linker DNA.
However, salt dialysis methods can be used to produce physiologically spaced
oligonucleosomes by employing DNA templates containing tandem repeats of
strong nucleosome positioning sequences. For example, a template containing
about 200-bp tandem repeats of a DNA fragment containing a Lytechinus 5S
rRNA gene has been used to assemble properly spaced oligonucleosomes (15).
Such oligonucleosomes have proven to be very useful systems for studying
higher-order chromatin structures and transcription (16,17).

Alternative methods for assembly of chromatin employ crude cell extracts, or
histone chaperones (18) at physiological ionic strength. We will not describe
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the detail of these methods here. It is notable that assembly of chromatin using
cell extracts derived from Xenopus eg¢s9) or Drosophila embryog20), can
produce regularly spaced chromatin in vitro, although the composition of the
reconstitutes is complicated.

1.3. 5S Dinucleosome

A useful approach to investigate the relationship between chromatin structure
and transcription has been to use short DNA fragments that are long enough
to be competent for transcription but short enough for all aspects of their
nucleoprotein organization to be determined. We established a physiologically
spaced dinucleosome system in which both chromatin structural and tran-
scriptional analyses were possilf#l). Our dinucleosome DNA template
is 424 bp long and is constructed from two tandem repeats of afEagA
ment containing Xenopusborealissomatic 5S rRNA gene. This DNA contains
intrinsic DNA structure sufficient to direct the translational and rotational
positioning of a histone octamer with respect to the DNA sequence. The
5S gene encodes a short transcript (120 bp) and has an internal promoter located
near one end of the nucleosome paosition. Linker histones can be incorporated
onto the 5S dinucleosome without aggregation. The reconstituted dinucleosome
system was used to demonstrate that spaced histone octamers could repress
transcription partially and the addition of linker histone H1 or H5 established
a completely repressive chromatin state by fixing histone-DNA contacts over
essential promoter elements (24). Model dinucleosome templates showed
no significant difference of nucleosome positioning or stability as a result
of acetylation of the N-terminal core histone tails. However, transcriptional
activity was significantly induced in response to acetylation (23).

This chapter describes the methods used for reconstitution of chromatin
and characterization of reconstitutes in vitro, using the 5S dinucleosome as
a model chromatin system.

2. Materials
2.1. Isolation and Labeling of DNA Fragments

Plasmid DNA (pX5S197-2, which contains the 424xbal-Xho | dinucleosome
template).

Restriction enzymes (Xba I, Xho ).

Calf intestinal alkaline phosphatase.

T4 polynucleotide kinase.

[y32P]ATP.

Sephadex G-50 spin column (e.g., Amersham Pharmacia).

=

o0k wd
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10.
11.
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19/1 acrylamide/bisacrylamide, 6% (w/v) polyacrylamide gel containiidBE
(20x 20 x0.1 cm gel size).

1xTBE: 90 mMTris-HCI, 90 mMboric acid, 2.5 mMthylenediaminetetraacetic
acid (EDTA), pH 8.3.

Vertical DNA gel electrophoresis apparatus and power supply.

Equipment for autoradiography.

Extraction buffer: 10 M Tris-HCI pH 8.0, 1 vl EDTA, 0.1% sodium dodecyl
sulfate (SDS).

12. Micropure separator (Amicon, 0.2thpore size).
13. TE buffer: 10 mMris-HCI pH 8.0, 1 mMEDTA.
2.2. Preparation of Nuclei from HelLa Cells
1. Phosphate-buffered saline (PBS), pH 7.4.
2. Nuclei isolation buffer: 10 mNris-HCI pH 7.5, 1.5 mMVIgCl,, 1.0 mMCacCl,
0.25M sucrose, 0.1 mMhenylmethylsulfonyl fioride (PMSF).
3. 20% (v/v) Triton X-100.
4. Saturated NaCl-Urea: @ NacCl, 8 M urea, stir overnight and store at room
temperature.
5. Dounce homogenizer (B pestle).
2.3. Preparation of Histone H1-Depleted Chromatin
1. Nuclei isolation buffer: 10 mNiris-HCI pH 7.5, 1.5 mMvgCl,, 1.0 mMCacCl,
0.25M sucrose, 0.1 mNPMSF.
2. Micrococcal nuclease (Worthington). Dissolve at 15,000 U/mL in water and
store frozen at —20°C.
3. 100 mMethyleneglycol-bis-(2-amino ethylether-tetraacetic acid (EGTA).
4. Lysis buffer: 10 mMTis-HCI, pH 6.85, 5 mMEDTA, 0.1 mMPMSF.
5. Protease inhibitor cocktail (Boehringer).
6. Dialysis bag (Spectrum, molecular weight cutoff (MWCO) 12,000-14,000).
Protocol A
7. Buffer A: 0.1 mMPMSF.
8. Buffer B: 1 MK-phosphate pH 6.8, 0,1 mRMSF.
9. 20 mL hydroxyapatite column (Bio-Rad, Bio-Gel HTP gel).
10. FPLC system (Amersham Pharmacia).
11. TEP buffer: 10 mMris-HCI, pH 7.5, 1 mMEDTA, 0.1 mMPMSF.
12. Concentrator (e.g., Filtron or Amicon YM membrane, MWCO 30 K).
Protocol B
7. Phosphate buffer: 50 mNka-phosphate pH 7.0, 0.15N&CI, 0.1 mMPMSF.
8. Cation-exchange resin AG 50W-X2 (Bio-Rad).
9. TEP buffer: 10 mMris-HCI, pH 7.5, 1 mMEDTA, 0.1 mMPMSF.
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2.4. Preparation of Core Histones

2.4.1. Preparation of Core Histones Using Fast Performance Liquid
Chromatography (FPLC) System

1. Buffer A: 50 mMNa-phosphate, pH 6.8, 0.1 mRMSF.

2. Buffer B: 50 mMNa-phosphate, pH 6.8, 2 NaCl, 0.1 mMPMSF.

3. Dialysis bag (Spectrum, MWCO 12,000-14,000).

4. Concentrator (e.g., Filtron or Amicon YM membrane, MWCO 30K and MWCO
10K).

5. 20 mL Hydroxyapatite column (Bio-Rad, Bio-Gel HTP Gel).

6. FPLC system (Amersham Pharmacia).

2.4.2. Further Purification and Concentration of Core Histones

1. Dialysis buffer: 0.2\ NaCl, 10 mMTris-HCI, pH7.5, 1 mMEDTA, 0.1 mM
PMSF.

2. Elution buffer: 2M NaCl, 10 mMTris-HCI, pH 7.5, 1 vl EDTA, 0.1 ni
PMSF.

3. 2-mL CM52 column (Whatman) (5 mg histone/mL bed volume).

4. Dialysis bag (Spectrum, MWCO 6000-8000).

2.5. Reconstitution of Chromatin
2.5.1. Reconstitution of Chromatin with Purified Core Histones

1. Radiolabeled DNA fragments.

2. Carrier DNA (cold DNA fragment or plasmid).

3. Core histones.

4. TEMP buffer: 10 mMris-HCI, pH 7.5, 1 mMEDTA, 1 mM2-mercaptoethanol,
0.1 mMPMSF.

5. 2M,1.5M 1 M, and 0.75 MNaCl in TEMP buffer.

6. Dialysis bag (Spectrum, MWCO 6000-8000, flat width 1 cm).

2.5.2. Reconstitution of Chromatin by the Histone Octamer
Exchange Method

1. Radiolabeled DNA fragments.

2. Histone H1-depleted chromatin.

3. 5M NaCl.

4. TEMP buffer: 10 mMris-HCI, pH 7.5, 1 mMEDTA, 1 mM2-mercaptoethanol,
0.1 mMPMSF.

5. Dialysis bag (Spectrum, MWCO 6000-8000, flat width 1 cm).

2.6. Agarose Nucleoprotein Gel Analysis

1. 10% (v/v) glycerol.
2. 0.7% agarose gel containing ®BBE (20x 25 x0.5 cm gel size).
3. TBE 1% 90 mMTris-borate, 2.5 mMEDTA, pH 8.3.
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4. Horizontal DNA gel electrophoresis apparatus and power supply.
5. 3MM paper (Whatman).

6. Gel dryer.

7. Equipment for autoradiography.

2.7. Purification of Reconstituted Oligonucleosomes
Using Sucrose Gradient

1. Sucrose solutions: 5% and 20% (w/v) in 10 id-HCI, pH 7.5, 1 mMEDTA,
0.1 mMPMSF.
2. Gradient maker: pump, gradient former, magnetic stirrer, and capillary or gradient
master (BioComp).
. Ultracentrifuge, swing rotor (e.g., Beckman SW41Ti) and tubes.
. Equipment for fractionation: fraction collector, pump.
. Nucleoprotein agarose gel (as in un@gsheading 2.6.).
. Microcon-30 (Amicon).

. Binding of Linker Histones to Reconstituted Chromatin

. Binding buffer: 10 mMris-Cl, pH 7.5, 50 vl NaCl, 0.1 mMEDTA, 3% (v/v)
glycerol.
2. Nucleoprotein agarose gel (as unSiginheading 2.6.).

~ 0 ouoh~w

2.9. DNasel Footprinting Analysis

1. DNase | solution: Dilute DNase | stock solution (Boehringer, RNase free,
10 U/WL) to 10 U/mL in water, just before use.

. 40 mMMqgCI.

. Stop solution: 50 mMMEDTA, 30% (v/v) glycerol.

. Nucleoprotein agarose gel (as unSigibheading 2.6.).

. Formamide loading buffer: 90% (v/v) formamides TIBE, 10 mMMEDTA,
0.005% bromophenol blue, 0.05% xylene cyanol.

. 19/1 acrylamide/bisacrylamide, 6% (w/v) denaturing polyacrylamide gel contain-
ing 7 Murea, 1XTBE (31x 38.5 x0.04 cm gel size).

. 1xTBE: 90 mMTris-borate, 2.5 mMEDTA, pH 8.3.

. Sequencing gel electrophoresis apparatus and power supply.

. Gel dryer.

10. Equipment for autoradiography.

» a b wN
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3. Methods
3.1. Isolation of 5'-End Radiolabeled DNA Fragments (see Note 1)

The 424-bp fragment from pS5S197-2 is long enough to accommodate two
nucleosomes and contains two tandem repeats of the Xenopus 5S nucleosome
positioning element. Templates to be used for nucleosome reconstitution are
typically radiolabeled to allow easy monitoring of the extent of reconstitution
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on nucleoprotein gels, isolation of particles from sucrose gradients, and for
subsequent footprinting analysis.

1.

3.2.

Digest ~20ug pX5S197-2 plasmid DNA with Xb& and subsequently treat
with calf intestinal alkaline phosphatase at 37°C for 60 min. Purify the DNA by
ethanol precipitation and remove excess salt by gently rinsing the pellet with
ice-cold 70% ethanol.

. Radiolabel the &nd of restriction endonuclease cleavage site using T4 poly-

nucleotide kinase ang-[32P]ATP by standard methods. Remove unincorporated
labeled nucleotide using a Sephadex G-50 microcolumn, followed by ethanol
precipitation as above.

. Digest radiolabeled DNA with Xho I, liberating the 424-bp end-labeled DNA

fragment.

. Isolate the end-labeled DNA fragment on a preparative 6% nondenaturing

polyacrylamide gel in 15 BE.

. After autoradiography of the wet gel, excise the radiolabeled band and crush the

gel slice in an Eppendorf tube with a siliconized glass rod or a pestle.

. Add ~300uL elution buffer to the crushed gel, resuspend, and incubate at 37°C

to elute the end-labeled DNA fragment.

. Filter elution buffer using a micropure separator to remove gel pieces, followed

by extraction with phenol/chloroform/isoamyl alcohol and ethanol precipitation
of the labeled DNA fragment. Resuspend in TE buffer.

Preparation of Nuclei from HelLa Cells

The following method is used to isolate nuclei not only from HelLa but also
from other mammalian cell lines.

1.

2.

Harvest Hela S3 cells from a 2-L spinner flask culture at abot5cells/mL

by centrifugation at 5@pfor 10 min at 4°C.

Wash the cell pellet by gentle resuspension in ice-cold PBS and repeat the
centrifugation as above.

Wash the cell pellet again with ice-cold nuclei isolation buffer and resuspend the
cell pellet in 50 mL ice-cold nuclei isolation buffer plus 0.5% (v/v) Triton X-100
with gentle agitation. Allow the cells to swell for 10 min on ice.

Homogenize the swollen cells on ice with 15 strokes of a Dounce homogenizer
on ice. The homogenized cells (about 60 mL) are poured into two 50-mL conical
tubes and centrifuged at 50fiy 5 min at 4°C.

Discard the cloudy supernatants slowly and gently resuspend each nuclear pellet
in about 5 mL of nuclei isolation buffer without Triton X-100. Add nuclei
isolation buffer to the bring to the original volume (about 30 mL each) and spin
down the nuclei again at 59®@or 5 min at 4°C.

Repeattep 5 at least twice, until the nuclei are pure white and supernatant
becomes clear.
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Resuspend each nuclear pellet gently in about 5 mL of nuclei isolation buffer and
combine in one conical tube. Adjust the total volume to approximately 20 mL
with nuclei isolation buffer. Remove a %-jaliquot and measure the absorbance

at 260 nm in 1 mL saturated NaCl-urea using saturated NaCl-urea as a blank
to quantify the amount of chromatin DNA (20 @B,»= 1 mg/mL DNA). The

total yield should be about 30 mg of chromatin as DNA. Spin down the nuclei
and carefully remove the supernatant. Freeze the nuclear pellet in liquid nitrogen
and store at —80°C.

3.3. Preparation of Histone H1-Depleted Chromatin

In order to solubilize chromatin of isolated nuclei, the mostiefit method
is micrococcal nuclease digestion ($dete 2). Linker histones are removed
from solubilized chromatin by chromatography on a hydroxyapatite FPLC
column (protocol A) or by a batch method with a cation-exchange resin

(protocol B) (24).

1.
2.

3.

Thaw the nucler pellet quickly at 37°C with gentle agitation.

Dilute the nuclear pellet to 2 mg/mL DNA with nuclei isolation buffer and
preincubate at 35°C for 5 min with constant gentle agitation.

Add micrococcal nuclease (25 U/mg DNA) and digest for 10 min at 35°C with
constant gentle agitation to break chromatin in the nuclei.

Stop the digestion by adding 100 nBGTA to 2 mMfinal concentration. Spin
down the nuclei at 500i@r 5 min at 4°C and remove the supernatant.

To lyse the nuclei, resuspend the nuclear pellet in 10 mL of lysis buffer and
vortex vigorously.

Transfer the lysed nuclei to a dialysis bag and dialyze against lysis buffer
overnight at 4°C.

Spin out the nuclear debris at 10,§®0r 10 min at 4°C and save the superna-
tant, which contains the solubilized chromatin (the chromatin ranges in size from
1 to 10 nucleosomes). Measure the absorbance of a small aliquot in water at
260 nm to determine the concentration of chromatin DNA. The yield should be
about 50% of the original total DNA (sddote 3). Add the protease inhibitor
cocktail to the solubilized chromatin.

Protocol A

8.

10.

Equilibrate hydroxyapatite in buffer A, after removingefiparticles. Prepare a
20-mL hydroxyapatite FPLC column. Equilibrate at 4°C and wash the column
with 200 mL of 1% buffer B (10 mNK-phosphate) at a flow rate of 8 mL/min
using the FPLC system.

Apply no more than 15 mg (DNA content) of solubilized chromatin to the
hydroxyapatite column at aoflv rate of 4 mL/min in 1% buffer B. Wash the
column with the same buffer over 20 min.

Use the following elution conditions: linear gradient 1-9% buffer B (100 m
K-phosphate) over 5 min, linear gradient 9—-35% (90-350Kkmdosphate) over
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70 min (H1-depleted chromatin is eluted), linear gradient 35—-100% (0Na5-1
K-phosphate) over 30 min (H1 is eluted), atoavftate of 4 mL/min. The fraction
collector is programmed to collect 8-mL fractions.

11. Analyze proteins in each fraction by an 18% (w/v) SDS/polyacrylamide gel
electrophoresis (seilote 4). Collect H1-depleted chromatin.

12. Dialyze against TEP buffer overnight. Determine the concentration of
H1-depleted chromatin DNA from the QF (20 OD,so= 1 mg/mL DNA).
Concentrate chromatin to 0.3 mg/mL (DNA content) using a concentrator
(MWCO 30K) for chromatin reconstitution, if necessary. Freeze the chromatin
sample rapidly and store at —80°C (déete 5).

Protocol B

13. Dialyze the solubilized chromatin against phosphate buffer at 4°C.

14. Add 4 mL cation-exchange resin AG 50W-X2 equilibrated with phosphate buffer
to 20 mL of solubilized chromatin. Stir or shake gently at 4°C for 90 min.

15. Filter or decant the H1-depleted chromatin from the resin. Check proteins in an
18% (w/v) SDS/polyacrylamide gel (sééote 4).

16. Dialyze against TEP buffer overnight. Determine the concentration of H1-depleted
chromatin DNA from the OBy, (20 OD,go = 1 mg/mL DNA). Freeze the
chromatin sample rapidly and store at —80°C (¢ete 5).

3.4. Preparation of Core Histones
3.4.1. Preparation of Core Histones Using FPLC System (see Note 6)

The most defined and useful source of material for reconstitution of chro-
matin is purified core histones. These can be prepared from either solubilized
chromatin or H1-depleted chromatin using hydroxyapatite column chromatog-
raphy. To keep the correct stoichiometry of all histones, it is recommended to
prepare from H1-depleted chromatin by a single step elution withNa®I
(see Note 7).

1. Dialyze the pooled H1-depleted chromatin against buffer A overnight at 4°C.

2. Equilibrate a 20-mL hydroxyapatite column with buffer A and apply H1-depleted
chromatin at a élw rate of 2 mL/min, 0% buffer B#e Note 8). Wash the column
with the same buffer conditions for 30 min.

3. Elute nonhistone chromatin proteins with 25% buffer B {(@.B5laCl), at a
flow rate of 2 mL/min over 30 min. Elute the core histones as octamers with
100% buffer B (2M NacCl) over 15 min (collect 2-mL fractions). Determine
the concentration of core histones in each fraction from thg;Q@D,3,
= 4.2 for 1 mg/mL). Analyze the proteins of each fraction in an 18%(w/v)
SDS/polyacrylamide gel (sedote 4).

4. Pool fractions containing core histones. Concentrate to more than 0.1 mg/mL for
reconstitution of chromatin, if necessary, using a concentrator (MWCO 10K) or a
CM52 column (Subheading 3.4.2.). Store at —20°C in siliconized tubes.
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3.4.2. Further Purification and Concentration of Core Histones

1. Dialyze core histones against dialysis buffer at 4°C.

2. Prepare a 2-mL CM52 column (5 mg histone/mL bed volume) and equilibrate
with dialysis buffer.

3. Apply core histones to the column, wash thoroughly with 15 mL dialysis buffer, and
elute with 5 mL elution buffer. Measure the absorbance of a small aliquot in water at
230 nm to quantify the amount of histones. Store at —20°C in siliconized tubes.

3.5. Reconstitution of Chromatin

Dinucleosomes can be reconstituted onto 424-bp radiolabeled DNA frag-
ments (seeNotes 9 and 10) either by salt dialysis using pwdicore histones
or by histone octamer transfer from donor H1l-depleted chromatin. Usually,
reconstitutes contain naked DNA, mono-, di-, and trinucleosome cores.

3.5.1. Salt Dialysis Using Purified Core Histones

1. Mix 5pug of DNA (50-500 ng radiolabeled DNA and unlabeled carrier DNA)
and 5 |g core histones in 75-1QQ of 2 M NaCl, TEMP buffer on ice, to give a
histone-to-DNA ratio (w/w) of 1/1 (seBlotes 11 and 12).

2. Transfer the mixture into a dialysis bag and dialyze at 4°C against 1 L TEMP
buffer containing NaCl as follows: 2 MaCl, overnight; 1.5 MNaCl, 1 h; 1 M
NacCl, 4 h; 0.75 MNaCl, 4 h; and without NaCl, overnight.

3. Change to another 1 L TEMP buffer and dialyze for 4 h. Keep reconstituted
chromatin samples in siliconized tubes on ice until see=Note 13).

3.5.2. Octamer Transfer from Donor Chromatin (see Note 14)

1. Mix 50-500 ng radiolabeled DNA fragments with H1-depleted donor chromatin
to give a chromatin DNA-to-fragment DNA ratio (w/w) of 50/1-100/1) in
80 uL TEME buffer followed by slow adjustment of NaCl concentration to
1M with 20 iL 5 M NacCl.

2. Incubate at 37°C for 20 min and transfer the mixture into a dialysis bag. Dialyze
at 4°C against 1 L TEMP buffer containingLNaCl for 4 h and then dialyze
against TEMP buffer containing 0.®6 NacCl for 4 h.

3. Finally, the samples are dialyzed against TEMP buffer overnight.

4. Change to another 1 L TEMP buffer and dialyze for 4 h. Keep reconstituted
chromatin samples in siliconized tubes on ice until seeNote 13).

3.6. Nucleoprotein Agarose Gel Analysis
The reconstitution effiency and the number of nucleosome cores on a
labeled DNA fragment can be analyzed by agarose gel electrophoresis.

1. Load samples in 3% (v/v) glycerol without dye onto a 0.7% agarose gel in
2 L 0.5X TBE.
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Fig. 1. Purification of reconstituted dinucleosomes using sucrose gradient. Recon-
stituted oligonucleosomes on dinucleosome DNA were fractionated on 5-20%
sucrose gradients, and each fraction was analyzed by 0.7% nucleoprotein agarose gel
electrophoresis (left is bottom fraction). The reconstitutes were separated into four
bands as indicated by the bars at the right-hand side. The bottom band represents free

DNA.

2.

3.

Fractions containing mono-, di-, or trinucleosomes are indicated above.

Run the gel at room temperature at 130 V, for 3—4 h (less than 6GamA [
Note 15]). After electrophoresis, put the gel on two sheets of 3MM paper and
start drying the gel without heating. Turn on the heater of the gel dryer after
flattening the gel.

Subiject to autoradiography.

3.7. Purification of Reconstituted Chromatin
Using Sucrose Gradient (25)

Reconstituted oligonucleosomes are separated by sucrose gradient centrifu-
gation depending on the number of histone octamers bound to the DNA frag-
ment. We use 5-20% (w/v) sucrose linear gradients to isolate dinucleosomes

from

1.

unreconstituted DNA and histones, mono-, and trinucleosomes.

Prepare 12 mL 5-20% (w/v) sucrose linear gradients using a gradient former or
gradient master (selote 16) at room temperature. Cool down gradients at 4°C
and keep up to a few hours until use.

Load samples (less than 300 jon gradients and centrifuge at 36,000 rpm for

18 h at 4°C in a Beckman SW41Ti rotor.

Fractionate the gradients by pumping out from the bottom. The fraction collector
is programmed to collect about 300 fractions. Analyze each fraction (10 u
each) by 0.7% nucleoprotein agarose gel electrophoresis asSutdeading

3.6. (Fig. 1).

Pool fractions containing mono-, di-, or trinucleosomes separately, concentrate
to more than 5ug/mL using Microcon-30, and dialyze against TEMP buffer
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Fig. 2. Binding of histone H1 to reconstituted dinucleosomes. Reconstituted
dinucleosomes were mixed with free DNA before various amounts of histone H1 were
added, and analyzed by 0.7% nucleoprotein agarose gel electrophoresis. In lanes 1-5,
10 ng (DNA content) of reconstituted dinuleosome cores were mixed with 0, 1, 2, 4,
and 8 ng of histone H1 from calf thymus, respectiy®. The positions of free DNA,
dinucleosome, and H1-dinucleosome, are indicated.

at 4°C to remove sucrose. Store samples in siliconized tubes on ice until use
(see Note 13).

3.8. Binding of Linker Histones to Reconstituted Chromatin

Reconstituted short chromatin is a useful substrate to investigate binding
of chromatin proteins—for example, linker histones—and sequence-specifi
DNA binding proteins to nucleosomal DN@A1,21,26). By several criteria,
the native interaction between histone H1 and the spaced dinucleosome can
be recapitulated in vitro.

1. Incubate dinucleosomes (20 ng DNA content) with various amounts oegurifi
histone H1 in 10 p of binding buffer at 25°C for 20 mi¢27).

2. Analyze histone H1 binding by loading the sample directly onto a 0.7% agarose
nucleoprotein gel as und8ubheading 3.6. (Fig. 2). The gel may be dried and
subjected to autoradiography.
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3.9. DNase | Footprinting Analysis

The DNase | cleavage pattern of reconstituted chromatin shows the position-
ing of nucleosome cores. Well-positioned nucleosome such as the 5S dinucleo-
some give typical 10 nucleotide cleavage ladders because the nuclease cuts
preferentially where the DNA backbone is maximally exposed on the nucleo-
some surface.

1. End-labeled dinucleosomes (200 ng DNA content, >50,000 cpm) are adjusted to
2 mM MgCl, and digested with 1luDNase | solution at 25°C for 4 min. In a
parallel experiment, naked DNA is digested withL1gi 10-fold-diluted DNase
I. Digestion is stopped by addition of 1/10 volume of stop solution.

2. Transfer the reaction mixture to a 0.7% nucleoprotein agarose gel. After electro-
phoresis, wrap the wet gel with plastic and subject to autoradiography at 4°C
for several hours.

3. Excise nucleoprotein complexes from the wet gel. Isolate DNA fragments,
ethanol precipitate, and resuspend in5@rmamide loading buffer.

4. Apply samples on a 6% denaturing polyacrylamide gel. Run at 80 W for 1-2 h.
After electrophoresis, put the gel on two sheets of 3MM paper and dry the gel.

5. Subject to autoradiography (Fig. 3).

4. Notes

1. A suitable DNA length for mononucleosome reconstitution is probably 200-270 bp
(14). The 3‘end of the DNA is labeled using Klenow DNA polymerase and
[0-32P]-NTPs.

2. Sonication of isolated nuclei in ice-cold 0.RIr&DTA, pH 7.5, 0.25 mMPMSF,
is also a possible way to break chromatin. Insufficient sonication results in loss
of most of the chromatin in the pellet of nuclear debris.

3. Yield depends on the conditions during nuclease digestion of nuclei. The length
of digested chromatin DNA should be checked by 1% agarose gel electrophoresis.
It should be approximately 146 bp to 2 kb.

4. 37.5/1 acrylamide/bisacrylamide, 18% (w/v) SDS/polyacrylamide separating
gel containing 0.375 Mris-HCI, pH 8.8, and 4% (w/v) SDS/polyacrylamide
stacking gel containing 0.125 M™is-HCI, pH 6.8.

5. In order to purify core histones from H1-depleted chromatin, skip this dialysis
step.

6. Itis not necessary to use the FPLC system, but column chromatography without
an FPLC system will take a long time.

7. In the case that solubilized chromatin is applied to the hydroxyapatite column,
wash out H1 first with 0.6 MlaCl buffer. During this washing, some H2A/H2B
are lost and ruin the core histone stoichiometry. Therefore, it is necessary to elute
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Fig. 3. DNase | footprinting of dinucleosomes. Bound or unbound histone H5
dinucleosomes were prepared and digested with DNase I. Individual complexes were
isolated by 0.7% nucleoprotein agarose gel electrphoresis. DNA from these complexes
was isolated and analyzed by 6% denaturing polyacrylamide gel electrophoresis. The
3'-end-radiolabeled coding strand of the 5S dinucleosome DNA is used as a template.
Lane 1 contains a G-specific cleavage reaction used as markers (M). Digestion of naked
DNA (lane 2), of dinucleosomes (lanes 3 and 4), and of dinucleosomes containing
histone H5 (lanes 5 and 6) is shown, as indicated at the top. Filled triangles indicate
increasing tamounts of DNase | (twofold) for digestion. The large vertical arrows show
the location and orientation of 5S RNA gene. Solid and dotted ovals indicate the regions
contacted by the nucleosome cores and nucleosomes containing H5, respectively.
Arrowheads highlight selected positions protected around linker DNA after binding
of histone H5 (21).
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H2A/H2B and H3/H4 separately, withM NaCl and with 2 MNaCl, respectively
(28), and adjust histone stoichiometry again for chromatin reconstitution.

8. The total volume of H1l-depleted chromatin prepared by protocol A should be
large (~50 mL). In this case, apply sample chromatin to a column using 50 mL
super loop (Amersham Pharmacia) or after concentrating H1-depleted chromatin
to 1 mg/mL using a concentrator (MWCO 30K).

9. Itis possible to use biotinylated DNA fragments that are generated by PCR using
5'-unlabeled and Siotinylated primers (29). Biotin-labeled dinucleosome are
detected by streptavidin conjugated with alkaline phosphatase and chemilumines-
cent substrate, e.g., CPD-Star (Boehringer), on nylon membrane after nucleoprotein
gel electrophoresis. Biotinylated nucleosome is not suitable for footprinting
analysis. It is also possible to make use of DNA fragments that contain unique
DNA damage sites or DNA methylation sites at spegfisitions. They can be
generated by using single-stranded DNA and mediifiligonucleotideg30).

10. When a high concentration of specifihromatin templates is necessary for
a subsequent assay (e.g., in vitro transcription assay), use coldcspdofi
fragments as carrier DNA.

11. The nucleosome contains 200 bp DNA (MW 130,000) and a histone octamer
(MW 108,000), so that the ratio of histone to DNA (w/w) is almost equal to the
molar ratio of histone octamer to nucleosome DNA.

12. Reconstitution effiency is affected by the length and structure of both labeled
and carrier DNA. It is recommended that at least three different ratios of histone
to DNA (w/w), for example, 0.6/1, 0.9/1, 1.2/1, are tested in tiséreconstitu-
tion to find the best condition. A ratio that is too high (>2) makes aggregates.
Also, it is not recommended that either the volume is belowl76rithe DNA
concentration is below 50gmL.

13. Reconstituted chromatin should be stable for a few months under these conditions.

14. It should be noted that chromatin reconstituted by this method contains a large
amount of nonspecific donor chromatin.

15. Reconstituted nucleosomes are destabilized by heating the gel during electro-
phoresis. Do not run the gel at current in excess of 2.5 mA/cm.

16. Six gradients may be prepared simultaneously using the gradient master in a
short time.
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Genomic Imprinting in Plants

Rinke Vinkenoog, Melissa Spielman, Sally Adams,
Hugh G. Dickinson, and Rod J. Scott

1. Imprinting in Plants Affects the Endosperm but Not the Embryo

Genomic imprinting, though most extensively studied in mammals, has long
been known to perform an important role in seed developmenbvireriing
plants. In this chapter, an overview of what is known to date about genomic
imprinting in flowering plants and how this knowledge came into being will
be given.

Flowering plants (Angiosperms) are unique in that their initial development
requires a double fertilization. After pollination, one sperm nucleus fertilizes
the egg cell, giving rise to the embryo. A second sperm nucleus from the same
pollen fuses with the two central cell nuclei of the female gametophyte. The
triploid cell that results from this fertilization event will develop into a distinct
tissue, the endosperm. As in most species both the central cell and the egg
originate from a single meoitic product, they are genetically identical. The
same holds true for the two sperm in the pollen. As a consequence, embryo and
endosperm are genetically identical, their only difference being that the embryo
is diploid, containing one maternal and one paternal set of chromosomes, while
the endosperm is triploid, with two sets of maternal and one set of paternal
chromosomes. Despite their common ancestry, embryo and endosperm develop
along very different pathways.

One of the most dramatic consequences of imprinting in mammals is that
embryos with a uniparental genetic contribution are inviable. Parthenogenetic
mouse embryos, which are derived by the activation of an oocyte and therefore
contain only a maternal genome, never develop to term (1). Androgenetic
embryos, derived by nuclear transfer of two male gamete nuclei, and gynoge-
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netic embryos, derived by the fusion of two female gamete nuclei, also result
in abortion(2—4). The phenotypes of all three types of embryo in mice
show a parent-of-origin effect. In parthenogenetic and gynogenetic mice, the
embryo proper is relatively well developed, but the extraembryonic tissues
are poorly developed or even absent. In androgenones, on the other hand,
the extraembryonic tissues are well developed (3-5). The underlying reasons
for the differences between androgenetic and parthenogenetic/gynogenetic
cells have been extensively studied in chimeric embryos. In chimeras between
parthenogenetic and androgenetic cells, the parthenogenetic cells aneaonfi

to the embryo while androgenetic cells constitute the bulk of the extraembryonic
trophoblast. Both cell types contribute to the yolk saf) (Bndrogenetic cells

have a higher proliferation rate than gynogenetic or parthenogenetic cells.
While the presence of androgenetic cells in chimeras increases the weight of
the embryo, the presence of parthenogenetic cells decreases embryo weight
by 30-50%(8,9). Thus, even though paternally derived cells are located in
the extraembryonic tissues, their presence leads to an increase in embryo
weight.

In contrast to the situation in mammals, in flowering plants embryos with a
genome inherited from either the seed parent or the pollen parent are viable in
many species. Parthenogenesis has long been known to occur in, for instance,
dandelion (Taraxacum sp.) and hawkweedHieracium sp.) (10-12) and in
buttercup (Ranunculus sp. (13). In agamospermousraxacummicrospecies, a
defective meiosis leads to an oocyte with an unreduced number of chromosomes
(14-16). In some hawkweed species the megaspore is replaced by a cell of the
nucellus or the chalaza (17). Gynogenesis has been reported for many species,
including commercially important plants such as onion (Allium cepa), durum
wheat (Triticumtugidum), sugar beeBéta vulgaris), and pot gerbera (Gerbera
jamesonii) (18-23). Similarly, plants with only a paternal genome contribution
can be derived via the process of anther culture. By culturing anthers or pollen
on appropriate media, pollen cells can develop into haploid embryoids and
eventually grow into plants. In most species, androgenetic plants are derived
from the vegetative cell of the pollen. This has been reported in, for example,
oil seed rape (Brassica napus), maize (Zea mais), tulip (Tulipa gesneriana),
wheat (Triticum aestivum), and barley (Hordeum vulgar€p4—28; reviewed in
29). Androgenesis via the sperm of the pollen is less frequently observed, but
has been reported for henbane (Hyoscamus niger) and carrot (Daucus carota)
(30,31). One has to bear in mind that most flowering plants are hermaphrodite
and thus act as both seed and as pollen parents. With regard to this, it can
be argued whether embryos derived from the vegetative pollen cell (which
is not a gamete insofar as it is never involved in fertilization) can be called true
androgenones. However, the fact that plants obtained from haploid or diploid
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embryos derived from one parent are viable indicates that, in contrast to mam-
mals, genomic imprinting has little or no severe impact on the development
of the Angiosperm embryo.

The correct genomic constitution of the endosperm, however, is of great
importance for seed development. With a few rare exceptions, restricted mainly
to the Asteraceae family, apomictic plants still need pollination and fertilization
of the central cell to form a functional endosp€16,32,33). Strikingly, in
many species, shifting the usual balance of the two maternal genomes to one
paternal genome in the endosperm results in parent-of-origin effects analogous
to those described above for mice. Thus, it seems that though in the early
development of the seed abflering plants both the embryo and the endosperm
are of vital importance, genomic imprinting in most species affects the
development of the endosperm and not of the embryo. Where there are effects
on embryo development, these are thought to be of secondary origin and as a
result of imprinting effects on the endosperm.

Given the relative importance of the endosperm in genomic imprinting in
plants, its function and development will be discussed fpriefl

2. Function of the Endosperm

In contrast to Gymnosperms, in which the female gametophyte is a source
of nutrients for the developing embryo, the ovule awkring plants contains
limited food reserves. In most Angiosperms, the endosperm has taken over this
embryo-feeding role. Most probably, in dicotyledons the embryo can develop
without nutrient influx from the endosperm until it has reached the globular or
the heart stage (35). From this stage on, the endosperm apparently becomes
indispensable as it functions as a sink and a source that acquires resources
from maternal tissues for later use by the developing or germinating embryo
(36,37). In this respect, the endosperm performs an analogous function to the
placenta in mammals.

3. Endosperm Development

Within the Angiosperms there is a great variety in size, structure, and
development of the endosperm. At its maximum size, the endosperm can
constitute the bulk of the mature kernel as in, for instance, maize and other
cereals. In the other extreme, the endosperm can be very small indeed, as for
example in the orchids, where, after initial fertilization of the central cell
nuclei little or no proliferation takes place. In general, two types of endosperm
can be distinguished. The persistent endosperm is maintained into the mature
seed and functions as a nutrient store for the seedling during and shortly after
germination. This type of endosperm is found in many monocotyledonous
(monocot) plant species, for instance, cereals. Many dicotyledonous (dicot)
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Fig. 1. Double fertilization and seed development in Arabidopsis thaliana. Meiosis
in the female germline gives rise to an ovule containing eight genetically identical,
haploid nuclei. In the male germline, a pollen is formed containing three genetically
identical, haploid nuclei: two generative sperm nuclei and one vegetative nucleus.
Fertilization of the egg by a sperm gives rise to a diploid embryo. Fertilization of the
two polar nuclei of the central cell by the second sperm results in the formation of
a triploid primary endosperm nucleus. Replication and division of this nucleus leads
to the formation of a syncytial endosperm lining the inner wall of the seedApat
Three different types of endosperm can be distinguished: chalazal, micropylar, and
peripheral. When the embryo is in late heart stage, the micropylar and peripheral
endosperm cellularise (B). In a mature seed, the embryo has absorbed virtually the
whole endosperm (C).

seeds havéransient endosperms, which reach their maximum size before
the seed reaches maturity and are then consumed by the growing embryo. In
mature seeds of such plants, the endosperm is thus reduced to a few cell layers
or may be even completely absent.

As an example of an transient endosperm, the growth and development of
the endosperm of Arabidopsis thaliana will be discussed.

3.1. Endosperm Development in Arabidopsis Thaliana

After fertilization, the now triploid primary endosperm nucleus replicates
and divides (Fig. 1). As in many other specidsabidopsis endosperm
development is initially free nuclear: the mitotic cycle does not include cyto-
kinesis. Consequently, the central cell forms a syncytium, which can consist of
hundreds of individual nuclei. The endosperm differentiates into three distinct
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types. At the micropylar pole, micropylar peripheral endosperm surrounds the
embryo and the suspensor. Central peripheral endosperm constitutes the bulk
of the endosperm. A third type of endosperm develops at the chalazal pole.
This chalazal endosperm is easily distinguished from both other types because
of the high density of its cell mass. The chalazal endosperm is located adjacent
to the chalazal proliferating tissue, a maternal tissue that lies adjacent to the
site of nutrient unloading from the vascular system. This location suggests
that the chalazal endosperm may be involved in translocation of nutrients into
the endosperm (38-40). Further indications for a nutrient-importing function
of the chalazal endosperm come from seed ultrastructure studies in several
species and radiolabeling of water-insoluble photoassimilates in developing
soybean seeds (3843). This is reminiscent of the situation in cereals, where
the cells in either the chalazal and/or the micropylar endosperm develop into
special transfer cells that have extensive wall ingrowths into the maternal
tissue. In these haustoria the surface area available for transport isaiglyifi
increased35,44-46).

In Arabidopsis, the central cell expands as the peripheral endosperm prolifer-
ates. When the embryo is approximately in late heart stage, the seed reaches its
maximum size. Starting at the micropylar pole, the endosperm now cellularizes.
First, anticlinal cell walls are formed. The nuclei lining the inner cell wall of
the central cell replicate and divide once more and subsequently are separated
by periclinal cell walls. This process is repeated by the newly formed second
layer of nuclei, until the whole former central cell ikefi with cellularized
micropylar and peripheral endosperm. Endosperm cells, once formed, no longer
replicate(47,48). Cellularization thus seems to mark the end of endosperm
proliferation. The chalazal endosperm cellularizes |4@). Exceptions do
occur, however: in the pea, the endosperm never cellularizes but is absorbed
by the embryo in the free-nuclear sté4®). From the time of endosperm
cellularization onwards, the developing embryo absorbs the endosperm, and
presumably assimilates the endosperm cells and its contents (Fig. 1).

4. Genomic Imprinting in Plants—Historical Overview
4.1. The Origin of Seed Failure in Interploidy Crosses

The first clues to the existence of genomic imprinting in plants came from
the study of seed development following interploidy crosses (for a review, see
alsoref. 50). In some plant species, crosses between diploid and tetraploid
plants give rise to viable seed. However, in most plant species,42xand
4x x 2x crosses result in seed failure. As this was found to be the case even
between diploids and their colchicine-derived autotetraploids, the realization
grew that seed failure must be the result of quantitative rather than qualitative
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differences between the genomes contributed by either parent. In the course of
the last century, different hypotheses were proposed to explain seed failure in
interploidy crosses. Muntzin®1,52) suggested that the ploidy balance between
maternal endospermembryo tissues was critical for normal seed development.
Any deviation from the observed 22 ratio was predicted to result in seed
failure. Although this theory seems to have been widely accepted and referred
to over a long time, as early as 1932, Watkins was able to rule out the
importance of the ploidy of the maternal tissue (53). Working with diploid
and autotetraploid Primula and Campanula species, he came to the conclusion
that it is the endosperrambryo relation that is important. His@iing that

the relative ploidy of the maternal tissue is of no importance for the success
of seed development was confirmed by Howard in 1939 (54). Using diploid
and autotetraploid Brassica oleracea, he found that seeds from a 2x eross
develop to a comparable size to exceptional 2x seeds in which the mother
plant had produced diploid instead of haploid embryo sacs. While the maternal
tissue ploidy differs between the crosses, being 4x for the first and 2x for the
latter, in both cases the embrgmdosperm ratio is 3%6x.

Cooper and Brink (4%5) were the fist to report that the seed failure in
interploidy crosses is due to failure of the endosperm itself. They proposed that
embryo death is only a secondary effect of a disturbed endosperm development
in interploidy crosses. Cooper and Brink were among tts¢ fo make a
detailed study of the initial development of embryo and endosperm in crosses
between diploid and tetraploid plants. This would eventually shed light on the
impact of genomic imprinting in plant development.

4.2. Seed Development in Interploidy Crosses

In the early 1950s, Hakansson and other researchers provided detailed
descriptions of the phenotypes of seeds produced in reciprocal crosses between
diploid and tetraploid plants, in both monocot and dicot spg&i@ss9).

It became apparent that in many species such seeds showcspafit-of-

origin effects dependent on the ploidy of the seed and the pollen parent. These
characteristics of 2x ¥x and 4x x2x crosses were reciprocal in nature.

In 2x x 4x seeds, Hakansson emphasised the following peculiarities of the
endosperm:

1. Mitotic irregularities were frequently observed. In both r@ecdle cereale,
ref. 59) and barley (Hordeum vulgarey ef. 58), endomitosis and resulting giant
nuclei were observed in the endosperm. Mitotic endosperm irregularities were
also commonly seen in the offspring of interploidy crosses of the @Galaim
mollugo (60) and in interploidy crosses between different species within the
genusTriticum (61) or within the genus Avenés2).
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2. Cellularization of the syncytial endosperm is delayed. In barley and maize a slight
delay in the onset of formation of cell walls was observed (58). In 2x x 4x rye
seeds, however, there was no sign of cellularization, or at its best it was very much
delayed, even though high numbers of endosperm nuclei were achieved.

3. In some species, abnormal meristematic activity was observed in the mycropylar
region of the endosperm. Growth of this part of the endosperm resulted in
enclosement of the embryo in endosperm tissue both in barley (58) and in maize
(56). This is reminiscent of the situation in the di€adleopsis pubescens,
where in 2x x4x seeds the micropylar haustorium is well developed and shows
extraovular outgrowth with large nuclé7). This may indicate a tendency
for enhanced development of those (basal) parts of the endosperm that are in
close contact with maternal tissues and presumably play an important role in the
import of nutrients into the endosperm.

4. Deposition of starch occurred late compared to 2x seeds, and usually in
small quantities, for example, in barley (58) and in maize (56). This late onset of
starch synthesis and deposition may be correlated with the delay in cellularization
observed in these species.

In endosperm of the reciprocal 42x cross Hakansson noted the following
characteristics:

1. Mitotic irregularities were rare or absent.

2. Cellularization occurred early in many species, including maize, barley, and
rye. Fagerlind (60) reported in 1937 that “cell walls in ax42x cross in the
dicot Galium mollugo were formed earlier than | ever observed in any other
Galium-cross.”

3. Abnormal meristematic activity was not observed; the volume of the endosperm
remains small and mitosis stops early.

4. Starch deposition began early.

Although all interploidy crosses described above resulted in seed failure at
some stage during development, the early stages of endosperm development
displayed a strong indication of a parent-of-origin effect pattern. High ploidy
x low ploidy crosses showed a tendency to form a small endosperm with a low
cell cycle activity that cellularized early, while seed of the reciprocal cross
had a tendency toward a bigger endosperm in which a longer and more active
mitotic stage was correlated with a later onset of cell wall formation. As for
the cause of these phenotypes, Hakansson and others still believed this had be
sought in the different ploidy ratios of embryo and endosperm.

4.3. Parental Ratios Within the Endosperm Are Critical

It was not until the 1960s that the emphasis finally shifted from the ploidy
ratio between different tissues toward the balance of paternal and maternal
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genomes within the endosperm itself. In 1962, von Wangenheim published his
results on the development of endosperm resulting from interploidy crosses in
the evening primrose, Oenothergs3). Oenothera is an exception within the
Angiosperms in that its central cell has a single haploid nucleus rather than
the usual two. As a consequence, after pollination and double fertilization,
both embryo and endosperm have the same number of chromosomes. Thus,
Oenothera provided a uniqgue means of testing the importance of ploidy ratio
of maternal, embryo, and endosperm to the development of the seed. Both a
4x x 2x and a 2x *x cross resulted in a 3mbryo and a 3endosperm.

In the former cross both “zygotes” consisted of two sets of maternal and
one set of paternal and in the latter of one maternal and two paternal sets of
chromosomes. Despite both reciprocal crosses having the same ploidy and the
same endosperrambryo ratio, the phenotypes of the developing seeds and
endosperms were strikingly different. In line with the results of interploidy
crosses in cereals described abovex2&x crosses irDenothera resulted

in seeds with large, late-cellularizing endosperms, in whose nuclei endopoly-
ploidy was frequently observed. In many seeds the chalazal endosperm was
overproliferated. On the other hand, #X2x seeds developed small, early-
cellularizing endosperms with a small chalazal endosperm. Von Wangenheim,
in excluding a role for the ploidy level of the maternal tissue, concluded that
the different parental contributions to the endosperm were responsible for the
opposite phenotypes in the reciprocal crosses. Since the pateatatnal

ratio represented the only difference between the genomes of &xamnd

a 2x x4x seed, von Wangenheim proposed that the origin of the differences
had to be extrachromosomal. Extrapolating a theory proposed by Kihara and
Nishiyama, he fst speculated that pollen, in addition to its genome, contributed

a certain unknown active compound that inhibited the formation of cell walls
as well as differentiation of parts of the endosperm. Only after a series of
mitoses and the accompanying growth of the endosperm syncytium would this
compound have become so diluted that cellularization finally could take place.
In order for this theory to be consistent, the concentration of this compound
had to be related to both the ploidy of the pollen nucleus and that of the
recipient central cell nucleus. However, calculations of how the concentration
of this hypothetical compound would decrease in the course of endosperm
development in both 2x 4x and 4x X2x seeds could not explain the reciprocal
outcomes observed in both crosses. A second theory, which states that it is the
embryo sac that carries an extrachromosomal compound that stimulates the
formation of cell walls, proved even harder to defend. Von Wangenheim
finally concluded that “the observed phenomena are more likely to be caused
by [the presence of] an extrachromosomal compound which is capable of
autoreduplication.”
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Von Wangenheim'’s observation that it was the ratio of paternal to maternal
genomes in the endosperm that is critical for endosperm development was
confirmed in 1966 by Nishiyama and Inomé&ébd). Working with diploid and
autotetraploidBrassica, they concluded that a materrternal ratio of 2L is
required for normal development . Deviation from this ratio led to endosperm
dysfunction and hence to seed failure. A more restricted theory was proposed
by Sarkar and Coe (65), who from their work with maize suggested that the
triploidy of the endosperm itself is of vital importance for proper endosperm
development.

A definitive answer to the question of what is required for normal endosperm
development was provided by tlmdeterminate gametophyte (ig) mutation
in maize. Maize plants carrying this mutation are aberrant in the formation of
polar nuclei. This may result in the production of female gametophytes with
extra polar nuclei in the central cell. Kermicle was able to obtain a number of
viable triploid plants from a cross between a diploid ig/ig and a tetraploid wt
pollen donor (66). He explained this by assuming that those plants resulted
from seeds that combined a triploid (1 mater@apaternal) embryo with
a hexaploid (4 maternz2 paternal) endosperm, in which the required 2
balance was restored. This hypothesis was goefi by Lin in 198467).

Using diploid ig/ig females and both diploid and tetraploid pollen donors, he
obtained diploid as well as triploid embryos, which were combined with a range
of different endosperm karyotypes. Both triploid and hexaploid endosperms
could yield normal seeds, but only if the materpaternal contribution was
either 21 or 42. Endosperms with a ratio of 5or 22 invariably failed

to produce viable seeds. Strikingly, tetraploid endosperms with an aberrant
constitution of 3 maternal: paternal genomes were also found to give rise to
viable seeds. Although such seeds were smaller than seeds witloaa?42
endosperm, their survival indicates that althoughladbsage of maternal and
paternal genomes in the endosperm is required for normal seed development,
at least in certain species small deviations from this ratio are tolerated (67,
reviewed in 68). In this regard it is noteworthy that whereas in maize an
endosperm with one extra set of maternal genomds (8viable, the recipro-

cal endosperm, that is, with an extra set of paternal genon®sitnot. This

is reminiscent of the outcome of interploidy crosses of other species: there
are several reports of interploidy crosses that fail to give viable seed when the
pollen parent has the highest ploidy, even when the reciprocal cross may be
successful (e.g., 440,53,59,69,70).

4.4. Parent-of-Origin Effects in Arabidopsis thaliana

In Arabidopsis sp., Rédei analysed seed set following interploidy crosses
(71). He found that 4x 2x crosses produced a high proportion of good seed,
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but the reciprocal 4x 2x cross resulted in a low percentage of viable seeds.
However, the fist study in which seed development following interploidy
crosses was analyzed in detail was by Scott et73d). They found that in
contrast to the findings of Rédei and unlike the closely related Brassica species,
in Arabidopsis crosses between diploid and tetraploid plants in either direction
gave rise to a high percentage of viable seeds. This offered the opportunity
to study seed development in such crosses in detail from the moment of
fertilization until the seed reaches maturity.

Although viable seeds were produced in both 4&>and 2x *4x crosses,
these seeds were very different from each other, as well as from balanced seeds
produced by self-pollinated 2x, 4x, or 6x plants, in final size, weight, and
development of the different parts of the endosperm. Seeds ot 2X4xkross
are significantly smaller and lighter than 22x% seeds, while a 2x 4x cross
gives rise to bigger and heavier mature seeds. Using Feulgen staining combined
with confocal microscopy, the development of embryo and endosperm in the
different crosses was analyzed. In 42x crosses, both endosperm mitosis
and embryo differentiation were found to be slower than in balanced crosses.
Endosperm cellularization began slightly early compared to balanced crosses.
As a result of this, cellularization led to a small endosperm with a limited
number of large cells. The chalazal endosperm remained small and binucleate
and often began to collapse after 5 DAP (days after pollination), when the
embryo is still only at the heart stage. Seeds with a paternal excess showed
complementary phenotypes to those with a maternal excess, that is, endosperm
hyperplasia. In 2x ¥x crosses, embryos developed at about the same rate as
in balanced crosses. The central peripheral endosperm, however, underwent
accelerated mitosis, giving rise to a large number of peripheral endosperm
nuclei. The endosperm also cellularized late, so that when cytokirnesly fi
occured there were many, small endosperm cells. The chalazal endosperm
was often enlarged and vacuolated. Chalazal nodules, peripheral endosperm
protoplasts that developed characteristics of the chalazal endosperm, could
also be very large.

Although crosses between diploid and tetraploid plants yield viable seed,
interploidy crosses between diploid and hexaploid nearly always resulted in
seed failure. For the first few days, embryogenesis m@xcrosses proceeded
at about the same rate as in>2¥4x crosses, but never passed the heart stage.
Hyperplasia of the endosperm was very dramatic. The central peripheral
endosperm divided rapidly without cellularizing. Both micropylar and chalazal
endosperm, as well as chalazal nodules, became hugely overgrown and vacu-
olate, eventually engulfing the embryo and filling the seed. Seeds from 6x x 2x
crosses had a similar but more extreme hypoplasic phenotype than those from
4x x 2x crosses. The peripheral endosperm cellularized early, and embryos
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Fig. 2. The effect of imbalanced crosses on seed developmemalidopsis
thaliana. Left, a seed from a 6x x cross at DAP 5. Characteristic for this extreme
maternal excess phenotype are the absence of chalazal endosperm and a small seed
with few peripheral endosperm nuclei. The peripheral endosperm has cellularized
prematurely, resulting in a few, large cells. Right, a seed from & &« cross at
DAP 5, with a large, uncellularized peripheral endosperm containing many nuclei and
a massive chalazal endosperm with a number of chalazal nodules. In both crosses the
embryo is at the globular stage. Seeds from both crosses fail to germinate.

aborted by the globular to heart stage. No distinct micropylar peripheral endo-
sperm was seen, and the chalazal endosperm disappeared by 5 DAP (Fig. 2).

The results from the interploidy crosses in Arabidopsis are very much in
line with the earlier observations on initial seed development in other species,
discussed above (57-59). Seeds with double the number of paternal relative to
maternal genomes show accelerated mitosis and delayed cellularization of the
endosperm, have a well-developed chalazal endosperm, and are abnormally
large at maturity. In contrast, those containing a double dose of maternal
genomes exhibit reduced endosperm mitosis and precocious cellularization.
They develop small chalazal endosperms and are abnormally small at maturity.
In all cases, embryo development appears roughly normal (though slow when
there is a maternal excess).
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As others working predominantly on maize @Q73-78) had previously,
Scott et al. concluded that the observed parent-of-origin effects were best
explained by assuming that endosperm development requires the activity of
imprinted genes.

4.5. Parental Conflict and Imprinting in Flowering Plants

The results of the interploidy crosses in Arabidopsis and other species are in
accordance with the parental conflict theory of Haig and Westobgg[5This
model predicts that maternally and paternally derived alleles will be selected to
have opposite effects on endosperm (and, hence, ultimately embryo) growth.
Adding paternal genomes to the seed is expected to provide extra doses of the
uniparentally expressed alleles that increase seed size, while extra maternal
genomes are predicted to provide an excess of alleles that limit seed size.
The Arabidopsis results provide support for the parental ciebftheory, as
Arabidopsis seeds with double the normal dose of paternal genomes produce
large endosperms and embryos, whereas those containing a double dose of
maternal genomes have the opposite effect (Fig. 3).

There is an apparent contradiction in the assumed presence of genomic
imprinting in Arabidopsis thaliana. As this species is an inbreeding plant that
in the wild reproduces almost solely by self-fertilization, it unites mother and
father in a single individual (79). As in this case one can hardly speak of a
“parental conflict,” it seems there should be no need for uniparentally expressed

Fig. 3. (opposite page) Model of the effect of parental genome dosage on seed
development in @wering plants(A) In this model it is assumed that some loci
affecting endosperm growth are imprintable, while some are nonimprintable. Each of
these types can be subdivided into loci that promote endosperm grahité) @nd
those that inhibit (black). Here we represent only the imprintable loci (vertical lines on
upstream regions are sites for imprint associated methylation). A crucial aspect of the
model is that imprintable growth-promoting genes are maternally inactivated, while
imprintable growth inhibiting genes are paternally inactivated. (B) Each “germline”
nucleus contains both classes of loci. Germ cellsoindting plants are derived from
somatic cells late in development. There is no sequestered germline, and inactivation
via imprinting is presumed to occur during gametogenesis (the polar nuclei as well as
the egg are considered as female gametes here) In this model, polar nuclei transmit
inactivated growth-promoting genes (white) as well as active growth-inhibiting genes
(black), while sperm transmit the reciprocal. Both polar nuclei and sperm also carry
potentially active growth-promoting and -inhibiting genes that are not imprintable
(not shown) Double fertilization yields a triploid endosperm containing two maternal
genomes and one paternal genome (as well as a diploid emiB)oLrosses
between individuals of different ploidies generate unbalanced endosperm, which
results in abnormal seed development. In the model, this is explained in terms of the
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Fig. 3. (continued) relative numbers of active imprintable growth-promoting and
inhibiting genes in the endosperm. Paternal excess generates endosperms with a high
activepositive: negative ratio (>1:2) and consequently increased vigor because sperm
genomes contribute active growth-promoting genes but only inactive growth-inhibiting
genes. Maternal excess has the reciprocal effect.
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genes. However, it is probable that A. thaliana, like other inbreeding plants,

evolved from outcrossers (80). Therefore it is suggested that A. thaliana retains
a parental imprinting system inherited from outcrossing ancestors, which
has partially broken down as inbreeding has become predominant, allowing
development of viable seeds with a limited degree of maternal or paternal
excess (72).

The advantage of using Arabidopsis studies of imprinting and parent-
of-origin effects lies in the fact that interploidy crosses in this species do
lead to viable seeds. It demonstrates that, by influencing the development of
the transient endosperm, eventually the embryo and thus the whole seed are
affected by altering the ratio of maternal to paternal genomes in the endosperm.
In other words, extra paternal genomes, which are expected to contribute
active copies of maternally imprinted genes, stimulate endosperm growth
and development, leading to a bigger endosperm with most probably a larger
capacity for storing nutrients. As a result, the embryo in such a seed will reach
a larger size at maturity.

5. Mechanisms of Imprinting in Flowering Plants:
The Role of Methylation

Little is known about the parental imprinting mechanism in plants, although
there is evidence that, as in mammals, DNA methylation is involved. In maize
endosperm, imprintedein genes are expressed only when inherited from
the seed parent, and these loci are methylated at fewer sites on maternally
then paternally derived chromosom@g). Differential methylation also
corresponds with parent-specific expression of thecks (7681).

Recently, Adams et al. (82) analyzed seed development in crosses in which
the genome of one or either parent had undergone extensive demethylation.
TransgenicArabidopsis lines expressing thBlethyltransferase | antisense
gene (METI a/s) have only 15% of the methylation level of a wild-type plant
(83). If DNA methylation is indeed essential to the imprinting mechanism
in Arabidopsis, and if the antisense transgene prevents imprinting-specifi
methylation, one would predict that hypomethylated plants produce gametes
in which imprinted alleles have lost most or all of their silencing. Indeed,
in crosses using MET&/s plants as one of the parents, both seed weight
and the development of the endosperm showed that hypomethylation closely
phenocopies the effect of interploidy crosse&ETl a/s x2x seeds had a
strong paternal excess phenotype with high seed weight, many endosperm
nuclei, delayed endosperm cellularization, and overgrown chalazal endosperm,
although both parents were diploid, and the seed was nourished by a hypo-
methylated mother that suffers a variety of defects in vegetative arad fl
developmen{83). This behavior is consistent with a model in which hypo-
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methylation of the maternal genomeMIETI a/s plants has prevented silencing

of endosperm-promoting genes that would normally be expressed only from
the paternal genomg0,72,75). Meanwhile, the wild-type paternal genome
contributes its normal complement of silenced endosperm-inhibiting genes and
active endosperm-promoting genes. The net effect, according to the model, is
that endosperm has an excess of imprinted genes that behave as if they were
inherited from the father, thus phenocopying an excess of paternal genomes.

As predicted, seed resulting from a 2XMETI a/s cross phenocopied the
maternal excess obtained in ax2x cross. Hypomethylated pollen gave rise
to small seeds with fewer peripheral endosperm nuclei and a small chalazal
endosperm. Cellularization in such endosperms was early compared to wild-type
seeds. This phenotype can be explained by assuming that in the pollen donor, the
activity of the METI a/s gene has erased genomic imprints from, or prevented
silencing of, paternally imprinted genes, thereby reactivating these genes.
As paternally imprinted genes are predicted to have an endosperm-inhibiting
effect, the endosperm genome after fertilization will have an extra set of active,
endosperm-inhibiting genes. In other words, demethylation of pollen genomes
“maternalizes” such genomes, whereas demethylation in female gametes leads
to “paternalization” (Fig. 4). Crosses with demethylated plants that were
hemizygous for the METI a/s gene (hemi-Met) demonstrated that the determining
factor is the demethylated status of the gamete genome and not the presence of
the transgene. Seed development in offspring of crosses with a hemi-Met as a
parent showed the expected, above-described phenotypes, independently of the
presence or absence of the METI a/s transgene in the seed.

It is not known in which way methylation may lead to gene silencing in
flowering plants. In a number of plant species, transgene silencing has been
found to be correlated with a change in both methylation level and in chromatin
structure. In Petunia hybrida, the maize Al transgene is expressed in some lines
but silent in others. In Al-expressing lines the transgene is hypomethylated and
sensitive to DNase | and nuclease S7 digestion. In lines where the transgene is
silent, however, the locus is hypermethylated and sagmifly less sensitive to
digestion, suggesting a more condensed chromatin structure on the transgenic
locus (84). Likewise, in Arabidopsis, transgene silencing of the HPT gene is
correlated with both increased methylation and an increased resistance to DNase
I and micrococcal nuclease, again indicating a change in chromatin structure
(85,86). These data suggest that, as in animals (reviewed i87®efin plants
methylation, chromatin structure and gene silencing may well be linked. This
need not be always the case, however. Activation of the pea rbcSgene involves a
change in chromatin structure, but not in methylation s(&88)s

Recently, an Arabidopsis gene has been cloned that plays an important role
in the maintenance of transcriptional gene silencing (89). A mutation in this
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Fig. 4. Model of the effect of global DNA hypomethylation on parental imprinting
in Arabidopsisthaliana. (A) Normally, endosperms contain two copies of the maternal
genome, contributed by the polar nuclei, and one copy of the paternal genome,
contributed by the sperm. In the maternally inherited genomes, endosperm-promoting
genes are expected to be imprinted and hence silenced. In paternally inherited
genomes, these genes will be expressed, but endosperm-inhibiting genes are expected
to be imprinted. When maternal genomes are contributed MRI| a/s parent,
the endosperm-promoting genes are expected to be largely derepressed, producing a
“paternalized” genome. Similarly, a MET | a/s pollen parent is expected to contribute
a “maternalized” genomé€B) Interploidy crosses (e.g., 4X2x or 2x x4x) result in
seeds with extra maternal or paternal genomes, and therefore extra doses of active
maternal or paternal alleles of imprinted loci. Maternal or paternal excess has dramatic
and complementary effects on seed development. A diploid MET | a/s parent does not
contribute extra genomes but appears to contribute extra doses of active endosperm-
promoting or -inhibiting genes, resulting in phenotypes similar to those produced by
parental genomic imbalance.
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Morpheus Molecule (MOM) gene leads to reactivation of transcriptionally
silent transgenic loci. Interestingly, the methylation level of at least one
of these loci does not change: even after nine generations, the reactivated
HPT transgenic locus remains hypermethylated. As in addition no change in
methylation status of a 180-bp CEN repeat could be detected, it is likely that
in a mom mutant background reactivation of silenced genes and methylation
patterns are inherited independently.

What is the function of MOM in gene silencing? The MOM protein may
act downstream of methylation. It may for instance be involved in the link
between methylation and the actual transcriptional silencing. Alternatively, it is
also possible tha¥ilOM regulates gene expression in a separate, methylation-
independent way. It will be interesting to determine what effectribm
mutation has on the chromatin structure of affected genes, and to what extent
MOM regulates the expression of imprinted genes.

6. Imprints in Arabidopsis Are Not Essential for Development

The seed development of plants with a hypomethylated parent suggests the
importance of methylation and the activity of tethyltransferase | gene in
Arabidopsis in establishing imprinting-associated methylation. As inbreeding
of demethylated plants yields viable seeds, one can also conclude that genomic
imprinting is not a prerequisite for seed development in this species. Appar-
ently, removal of all or most genomic imprints from both parental genomes
does not prevent embryo or endosperm development. Ja€d®gbroposed
that removal of imprints or of imprinted genes themselves should have few
developmental consequences, as they exist in “paired sets’ of genes involved
in the same pathway” (e.g., of growth promoters and inhibitors, as predicted
by Haig and colleagues). This has been difficult to test in mammals as embryos
with reduced methylation die during gestat{).

In contrast to mammals, in flowering plants one would expect to observe
consequences for seed development if imprints are erased in both parents. It is
the endosperm genome that is mainly subject to imprinting, and as described
earlier, this genome consists of two maternally inherited and one paternally
inherited genome copies. As a consequence of this, paternally imprinted
genes are expressed from two copies of the maternally inherited genome.
Maternally imprinted genes, on the other hand, are expressed from only one
allele, inherited via the pollen donor. Thus, in the endosperm genome the bias
of two sets of maternally expressed, endosperm-inhibiting genes to one of
paternally expressed, endosperm-promoting genes is the normal, “balanced”
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situation that results in a wild-type endosperm. Overall removal of imprints
in both parents would shift this bias from &l 2atio to a 33 ratio: all three
copies of the endosperm genome are now allowing expression from formerly
imprinted genes. This is predicted to mimic the effect of a 2x xross, in

which the endosperm genome consists of two maternal and two paternal copies
of the genome. In other words, a “paternal excess” phenotype with a large
endosperm containing many peripheral endosperm nuclei that cellularizes late
and forms a large chalazal endosperm would be expected.

What is seen, however, is that in Arabidopsis, seeds resulting frfEH
a/sx METI a/s cross more closely resemble wild-type seeds than those produced
by crosses between one METI a/s and one wild-type plant. They do, however,
contain small chalazal endosperms and weigh less than wild-type seeds, both
features indicating a maternal excess. One aspect of the phenotype, however,
is consistent with this prediction: the number of peripheral endosperm nuclei
in METI a/s xMETI a/s crosses is higher than in 2@2x and about sixfold
greater than in 4x 2x crosses (782).

It is not known why self-fertilization of hypomethylated plants leads to
seeds that show a combination of maternal and paternal excess phenotypes,
but several factors may contribute. First, demethylation is not complete in
METI a/s plants (83), perhaps in part because of other methyltransferases in the
Arabidopsis genome that are not affected by the METI a/s transgen@3)92,
Partial demethylation could affect gamete genomes or individual sequences
unequally. In addition, some genes may even become hypermethylated in
a METI a/s background, like the (nonimprinte8YPERMAN locus (94).

Finally, due to the complicated regulation of imprinted genes, global DNA
hypomethylation in mouse can repress as well as activate imprinted alleles
(95,96). It is conceivable that the same occurs in plants, although it seems
more likely that the overwhelming effect of hypomethylation is to activate
normally silent imprinted alleles.

7. Imprinted Genes in Flowering Plants

In contrast to the situation in mammals, where several well-characterized
examples of imprinted genes are known, owiring plants to date only a
small number of genes are known or even suspected to be imprinted. In
maize, four loci show a strong parent of origin effect and hence are likely to be
imprinted. These are the gene, which encodes a transcription factor active
in the regulation of anthocyanin biosynthesis in the aleuron layer of the
endosperm, the delta zein-regulator (dzr), a storage protein regulator, a zein
gene, and an alpha tubulin gene (76-98; reviewed in 98)9). None of these
genes seems to be involved in seed development.
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Recently, three mutants have been isolatedrabidopsis thaliana that
shed more light on the backgrounds of genomic imprinting in this species.
All three genes, MEDEA/FISI/EMB173 (Fertilization Independent Seed-1),
FIS (Fertilization Independent Seed 2) and FIE (Fertilization Independent
Endosperm)/FIS3 (100-106) are involved in the regulation of the development
of the endosperm. FIS2 contains a putative zinc-finger motif and three putative
nuclear localization signals, suggesting that the FIS2 protein might be a
transcription factor (106).

7.1. A role for MEDEA, FIS2, and FIE in Endosperm Development

Some mutant alleles of FIBEA, and FIS2 confer a degree of autonomous
endosperm development; in other words, the central cell proliferates and
develops into an endosperm-like structure even in the absence of pollination
and fertilization. Without being stimulated by fertilization, the central cell
nucleus starts replicating and dividing and the central cell develops into a
premature endosperm in the absence of embryo development. In addition
to endosperm development, both the seed coat and the silique wall, which
constitute maternal tissue, proliferate. Autonomous endosperm development
is limited: differentiation into either chalazal or micropylar endosperm does
not take place. In an unpollinated mutantdieile, endosperm development
arrests in the free nuclear stage (103). In contrast, the autonomous endosperm
in a mutant mea or fisbvule will cellularize (101103). One of the functions
of MEA, FIS2, and FIE must be to control the fertilization-dependent block
of endosperm development in the female gametophyte. Mutant seeds cannot
be rescued by fertilization with pollen carrying the wild-type allele. One of
the possible explanations would be to assume that the genes are paternally
imprinted, in which case the wild-type allele carried by the pollen would be
silenced.

A closer look at what happens after fertilization of a mutaest or fieovule
by wild-type pollen provides an insight into the processes regulating seed
development. Pollination of an ovule carrying the putative loss-of-function
mea-3 allele with wild-type pollen leads to a seed in which the embryo arrests
at the heart stage. In such seeds, the peripheral endosperm overproliferates
without cellularization, resulting in endosperm with approximately 150%
the number of nuclei produced by a wild-type seed (105). Fertilization of a
fie mutant ovule with wild-type pollen leads to a comparable phenotype. A
fieeUFIE heterozygote as seed parent pollinated by a wild-type pollen donor
produces viable and shriveled seeds inZratio. In the plump seeds, which
carry a wild-type maternal FIE allele, embryos reach maturity, and endosperm
development appears to be identical to that in wild-type seed4020107). In
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shriveled seeds, inferred to be the result of the fertilizatioriehautant ovule,

the embryo becomes vacuolate and does not develop past the late heart—early
torpedo stage, the endosperm fails to cellularize, and the chalazal endosperm
undergoes massive overproliferation. Both fieeand meaphenotypes are
reminiscent of the lethal paternal excess phenotype obtained in G&2srass

in Arabidopsis (72). If MEA and FIE are assumed to be involved in inhibiting
proliferation of the central cell and endosperm, this would explain why these
undergo extra divisions in both unpollinated and pollindied and mea-3
mutants. According to this model, the seed phenotypes of pollinatedifig-1
mea-3 mutants on one hand and wild-type»228x seeds on the other all result
from failure to inhibit endosperm proliferation. In the casenedi-3 andfie-1,

the loss of wild-type MEA and FIE protein causes derepression of gene activity
promoting endosperm growth. In the case of the interploidy cross, an overdose
of paternal genomes contributes to the seed extra active alleles of genes that
promote endosperm growth.

The analogy between tHee and meamutants and the (lethal) paternal
excess in a 2x Bx seed can be extended. If either mutant leads to a lethal
“paternalizing” effect on seed development, then introducing factors that
“maternalize” seed development are predicted to shift back the paternal excess
phenotype, possibly to such an extent that seed viability could be restored.
In the case of MEA, it has been found that mea mutant ovules can be rescued
by pollination, provided that the resulting seed is homozygous for a loss-of-
function mutant allele of the Decrease in DNA-Methylation 1 gene (DDM1)
(108). In homozygousidml mutants, the overall cytosine methylation has
been reduced by 70% (109). However, ddml mutations do not affect methyl-
transferase activity (110) and DDM1 has recently been found to be a member
of the SWI2/SNF2 family of chromatin remodeling proteins (112). It is
possible that hypomethylation or chromatin remodeling or both have activated
the silenced paternal copy of thEA gene (108). Alternatively, it is also
possible that it is the altering of the methylation status of the sperm genome
itself that rescues the matermatda mutant, possibly by activating genes that
function downstream d¥l1EA.

Ovules carrying die-1 mutant allele can be rescued by hypomethylated
pollen from a plant expressing th&ETI a/s transgen€l07). Interestingly,
rescue of fieseeds was only obtained by using demethylated pollen carrying
the wild-typeFIE allele. It was concluded that an active wild-type paternal
FIE allele is needed for tHdETI a/s-mediated rescue. Most probaBl\E is a
paternally imprinted gene that is silent in wild-type pollen. In a hypomethylated
background of the pollen genome, the normally silerki&dallele apparently
becomes reactivated. The rescue of a materaahfitant by such pollen can
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be explained in two ways. It is possible thdE is crucial for endosperm
development. The paternally inherited, active copy ofRttegene, probably
in concert with the overall “maternalizing” of the paternal genome, inhibits
endosperm development to such an extent that the lethal paternal overexcess
phenotype caused by the mateffimmutation is attenuated to a state in which
the seed can survive. It is also possible, however, that the maternalization of
the sperm genome is due entirely to the overall demethylation of the pollen
genome, which is predicted to lead to removal of imprints from endosperm-
inhibiting genes. Indeed, as described earlier, demethylation of the genome
of a pollen parent has been shown to have such an effect (82). An Ridive
allele may be needed for proper embryo development. In this case, the failure
of demethylatedie pollen to rescue a mutant figule would not be due to an
endosperm, but to an embryo defect. With regard to this, it is interesting to note
that while mea/mea and fis2/fis2homozygous plants do occur sporadically,
despite extensive searching fieffiants have not been recorded (1083)).
Rescuedie-1 mutant seeds showed many features of paternal genomic
excess, including large size and weight, and overproliferation and delayed
cellularization of endosperm (107). Vielle-Calzada et al. (108) also reported
that rescued mea/MEAeeds were enlarged, containing large embryos and
sometimes excess persistent and partially cellularized endosperm. These phe-
notypes can be interpreted as indicating that reactivation of paternally silenced
alleles—which in effect maternalizes the sperm genome—can compensate
partially but not completely for the paternalizing effect of matefigal or
mea-3 mutations. The activity of wild-type FIE and MEA will probably inhibit
(over)expression of endosperm-promoting genes, which would otherwise result
in a lethal paternal excess phenotype. This endosperm-inhibiting activity might
come too late to fully restore the mutant phenotype caused by the FiI&saf
MEA function in the female gametophyte, though. It is also possible, however,
that the partial rescue is due to a gene dosage effect of the Polycomb proteins
(e.g.,113). The single copy of activateldlE or MEA from the paternally
inherited genome might not be as effective as the two copies normally transmit-
ted by the diploid central cell.

7.2. Uniparental Expression in the Endosperm

Interestinglymes, fis2, and fieare all maternal effect mutations: the aberrant
phenotype is observed only when the mutant allele is inherited via the mother.
A heterozygote seed in which the mutant allele is inherited via the father is
indistinguishable from a homozygote wild-type seed. This could be explained
by assuming that these three genes are subject to paternal imprinting and
hence are expressed only from the maternal copy of the genome. There are
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several indications that for MEA as well as FIS, in the endosperm genome
the paternally inherited allele is silenced throughout the initial stages of seed
development. Expression ofgducoronidase (GUS) driven by either the FIE or
theFIS2 promoter could only be detected in the endosperm when the construct
was inherited via the seed parent and not when it was inherited via the pollen
parent (Luo and Chaudhury; reviewed in 1@3).

Vielle-Calzada et al(108) analyzed the expression of MEA embryo
and endosperm using in situ hybridization. UsinylBA-specifc probe, they
showed the presence of two nuclear dots in the polar nuclei both before and
after fertilization. Nuclear dots have been observed in mammals and insects. In
Drosophila, they are indicative of the presence of nascent transcripts of actively
expressed genes (114). The presence of only two nuclear dots after fertilization
suggests that the paterndEA allele remains silent after fertilization and
that the observed dots correspond to the two maternal MEA alleles. No dots
could be observed in the nucleus of the egg (108). Using parent plants with
distinguishableMEA alleles, the parent specific expression of the MEA gene
was analyzed. With reverse transcriptase polymerase chain reaction (RT-PCR)
analysis on cDNA isolated from complete siliques at 54 h after pollination,
when the embryos are in the midglobular stage, only expression of the
maternally inherited allele could be detected. The authors conclude that in the
early stages of seed development the paternally inhéiidalleles are silent
in both embryo and endosperm.

Silencing of the paternal allele in the endosperm, but not the embryo, was
confirmed by Kinoshita et al. (115). They managed to dissect Arabidopsis seeds
under a stereomicroscope into embryo and endosperm plus seed coat fractions
at 4, 6, 7, and 8 DAP, corresponding to the heart, torpedo, walking stick, and
early maturation stages of embryo development. Pure endosperm fractions were
obtained from seeds of 7 DAP. Using ecotypes that have distinguisfible
alleles, the expression of both parental alleles in reciprocal crosses was analysed
by RT-PCR. Expression of the paternal allele in whole-seed samples could be
detected in all stages under study. Paternal and maternal MEA mRNA could be
detected in embryos at 6, 7, and 8 DAP. In contrast, only expression from the
maternal allele could be detected in endosperm plus seed coat material at 6 and
7 DAP, and in isolated endosperm at 7 DAP. From these observations, it can
be concluded that during these stages the paternally inheritedalVdté is
specifically silenced in the endosperm, but not in the embryo.

The MEA gene thus provides thadi example of a plant gene where an
observed parent-of-origin effect on seed morphogenesis can be linked to and
explained by genomic imprinting at the molecular level. If the expression
pattern of the MEA gene is representative of other paternally imprinted genes in
flowering plants, it at least partially explains why the effects of interploidy
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and interspecific crosses are observed only in the endosperm and not in the
embryo. Apparently the uniparental silencing of imprinted genes, at least
during some stages of seed development, takes place only in the endosperm
and not in the embryo.

Interestingly, Vielle-Calzada et al. (116) recently published data that suggest
that the whole paternal genome in both embryo and endosperm may be silenced
during the first 3 or 4 d after fertilization Amabidopsisthaliana. By screening
a library of enhancer detector and gene trap lines expressirgUuSaene,
they identified 19 transposants that show GUS expression in the developing
seed, either in embryo, endosperm, or both. In reciprocal crosses between
these transposants and wild-type plants, it became apparent that when the
transposants were used as seed donors, GUSexpression was detected from very
early stages of seed development onwards. In contrast, when the transposants
were used as pollen donors to fertilize wild-type ovul@dS expression
could only be detected in the seeds from up to 80 h after pollination, when the
embryo is in the globular stage. Having shown that in at least one of these genes
the absence of expression from the paternal allele is not related to transgene
silencing, the authors concluded that in all genes under study, the paternal
allele is silenced. As the genes tested are distributed throughout the genome
and represent a wide variety of functions, they proposed that most, if not all, of
the paternal genome is silenced during early seed development in both embryo
and endosperm. This overall silencing early during seed development may
explain why Vielle-Calzada et ql108) could not detect expression of the FIE
gene in the embryo at 54 h after pollination, whereas Kinoshita &tl1&l.
detected embryonic expression from 4 DAP onwards.

The reason for this delayed transcriptional activation of the paternally
inherited genome is not clear, nor is the mechanism behind it. The authors
suggest that the silencing of the paternal genome probably occurs during sperm
cell differentiation and may be related to either a tight packaging of the DNA
into heterochromatin, or an alternative methylation level of sperm DNA. As a
consequence of the overall silencing of the paternal genome in the initial stages
of seed development, one would have to assume that at 3 or 4 DAP the barriers
preventing expression from the paternal genome are removed. An exception
would have to be made for the paternally imprinted genes in the endosperm
genome. Alternatively, these would have to become silenced immediately after
the activation of the paternal genome.

8.The Role of Polycomb Group Proteins in Genomic Imprinting

Both the FIEand the MEAgene encode Polycomb group proteins. In
Drosophila the best-understood function of Polycomb proteins is to maintain
transcriptional repression of homeotic genes through many rounds of cell divi-
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sion by forming complexes that modulate chromatin configuration or prevent
access of transcription factors (117). Both MBAd FIEare expressed in
flowers before fertilization and in developing siliques afterwards 1092,05).

The MEA protein contains a SET domain (so called because it was initially
found in the Drosophila genesuppressor of variegation,nBancer of Zeste,

and Trithorax), and shows homology to the SET domain polycomb protein
Enhancer of Zeste [E(z)] iDrosophila. The FIE protein contains several
WD40 motifs, and shows highest homology to the extra sex combs (esc) protein
in Drosophila and the Embryonic ectoderm development (Eed) protein in mice
and humans (11819). The WD40 motif is thought to promote protein—protein
interactions. The presence of multiple WD motifs allows the protein to be
bind to multiple other proteins at the same ti(20,121). WD polycomb
proteins have been reported to be active in repressing expression of insect
and mammalian genes during embryo development. In Drosofit123),
mouse(118), and human (119) it has been reported that WD polycomb group
proteins interact with a SET domain polycomb group protein.

In Drosophila and in mammals, polycomb group proteins function to
maintain a repressed state of homeotic genes. Polycomb group proteins function
in complexes that bind to chromatin and downregulate gene expression through
epigenetic silencing (11724,125). The polycomb group proteins are thought
not to initially repress expression, but to maintain a repressed state of already
silenced target genes (117). The protein complexes formed by polycomb group
proteins and other proteins interact with Polycomb-response elements (PRE)
in the DNA. Silencing of the gene containing the PRE and presumably other
genes in the vicinity as well is thought to take place though packaging the
DNA in a higher level of condensation (117).

Given the observation that loss of function mutations in MEA, or FIS2
gives rise to highly comparable phenotypes, it is possible that the proteins
of these genes also form a complex. The absence of any one of them may
lead to disruption or inactivation of the whole complexDirosophila, the
WDA40 polycomb protein esc is thought to form a complex that comprises other
polycomb group proteins plus the zinc-finger transcription factor Hunchback.
Interaction of this complex with the transcription machinery atXeabitho-
rax locus leads to silencing of the Ubx gene, most likely by packaging the DNA
into a condensed chromatin for{i26). As the WD polycomb group protein
FIE is an Arabidopsis homolog of esc, it is not unlikely that it will perform a
similar function in the plant's genome. In this case, FIE may form a complex
with FIS2, a putative zinciiger transcription factor, and the SET-polycomb
protein MEA. In earlyArabidopsis seed development, this complex would then
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negatively regulate the expression of endosperm-promoting genes from the
central cell and endosperm genome 193).

9. Repression of Endosperm Proliferation Involves both FIE
and DNA Methylation

In plants that are heterozygous for the loss of fundiehh allele, prolifera-
tion of the central cell without pollination is seen in half of the ow{1@%,102).

This phenotype has been interpreted as showing that wild-type FIE represses
endosperm development before fertilization. However, much of the endosperm
developmental programme in fierdutants does not take place. For example,
there is no regional specification of micropylar and chalazal endosperm, and
cellularization of the peripheral endosperm does not take place. Therefore
there is a block to complete endosperm development in unpollifiatéd
mutants. Aside from a wild-typEIE allele, several components of normal
seed development are missing from unpollindied ovules: pollination and
fertilization themselves, and therefore gene expression they might trigger; and
a paternally transmitted genome, which is not equivalent to maternal genomes
because of genomic imprinting.

Recently it was shown that demethylatiigy/FIE heterozygotes using the
METI a/s construct allowed autonomous endosperm to develop much further than
previously reported (107). In half of the ovules of a hemizydd&s1 a/s, unpol-
linated fie-1/FIE plant—presumably those carrying wild-typéE alleles—the
central cells did not proliferate. This indicates that hypomethylation on its own
does not promote fertilization-independent seed development. The other half of the
ovules did show autonomous endosperm development. Those ovules fell into two
classes. In type 1, the central cell usually underwent more rounds of mitosis than
in normally methylatedie-1 mutants, and the endosperm cellularized, but there
was still little or no regional differentiation. In the type 2 seedlike structures,
autonomous endosperm development went much further. These seeds resembled
sexually produced seeds, containing more peripheral endosperm nuclei, which
cellularized later than in type 1, and large chalazal and micropylar endosperms. In
neither of the types were embryos found. The presence of two types of autonomous
endosperm may be caused by the presence or absencé&Tthe/s transgene
in the ovule, or it may reflect a less direct effect of the transgene in the mother
plant; for example, hypomethylation might affect different DNA sequences in
different embryo sacs.

In which way does hypomethylation relieve the partial endosperm block in
fie-l mutants? One explanation would be that some genes necessary for full
endosperm development are maternally imprinted, and that this is mediated by
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means of methylation. Demethylation would lead to activation of these genes,
which would in effect supply the missing paternal genome. As demethylation of
the maternal genome alone does not lead to autonomous endosperm develop-
ment, clearly not all components of this pathway are regulated by methylation.
In normally methylated plants, fertilization offia&-1 ovule leads to a strong
paternal excess. This, in concert with FIE encoding a polycomb group protein,
suggests that FIE itself represses endosperm-promoting genes in the maternal
gametophyte. So, it is possible that there are two (possibly overlapping) path-
ways of controlling endosperm-promoting genes in female gametophytes: (1)
some genes are maternally imprinted by means of methylation; (2) another set
of genes is controlled by the expression of the mat&tiiadiene. Alternatively,

FIE and DNA methylation could participate in repressive complexes at the
same loci. The fie-inutation alone may not be sufficient to completely release
the expression of all these genes (Fig. 5).

10.The FIS Complex Confers Sexual Identity to Gamete Genomes
in Arabidopsis

Earlier (Subheading 7.1.) we described how pollination of a mutéiet
ovule with wild-type pollen results in seed abortion. The phenotype of the
abortive seeds closely resembles that of a 8x &r a METI a/s ¥x seed: the
embryo does not develop past the late heart—early torpedo stage, the chalazal
endosperm undergoes massive overproliferation, and the endosperm fails
to cellularize(72,107). One explanation for this observation is that seed
abortion in a fiex 2x cross results directly from massive paternal excess in
the endosperm. Since the abortive endosperms resemble those generated by a
2X X 6X cross, we speculate that thepwatio must be close ta 2 (Fig. 6).

Consistent with this proposition is the fact that the lethal phenotype encoun-
tered in fiex 2x crosses can be rescued by providing thefiant ovule with
demethylated instead of wild-type pollen, provided this carries a wildRype
allele. The reactivation of paternally imprinted, endosperm-inhibiting genes
in such pollen is predicted to restore the lethal Zmratio to a viable 3n3p
ratio, giving rise to seed developing with a viable paternal excess phenotype,
which resemble those generated by a 2xross (Fig. 6).

UnderSubheadings7.1. and 8., we argued that FIE as well as FIS/MEDEA
and FIS2 may be involved in the regulation of the expression of imprinted
genes. These proteins, possibly in a complex with other proteins (from now
on referred to as the FIS complex), are predicted to prevent autonomous
endosperm development in the absence of fertilization and inhibit endosperm-
promoting genes after fertilization. Another way to interpret theuienomous
and fertilized phenotype is to propose that FIE participates in establishing or
maintaining the gender of the female gametes (polar nuclei).
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Fig. 5. Hypothetical models for the role BfE in the regulation of endosperm
development in the ovule. (Allhe FIE protein represses expression of a set of
endosperm-promoting genes (Set B). Other endosperm-promoting genes are down-
regulated by methylation (Set A). In the pollen genome, both sets of endosperm-
promoting genes are expressed. As a (hypothetical) imprinting mark on the genes
of Set A is absent in the male germline, the genes are no target for methylation and
hence can be expressed. The [gdhe is paternally imprinted (probably involving
methylation) In the absence of active FIE protein, the endosperm-promoting genes in
Set B can be expressed as w8l Methylation and the FIE protein are components
of the imprinting mechanism that represses expression from the endosperm promoting
genes (represented as Set AB) Possibly, the FIE protein (presumably in a complex
with FIS1, FIS 2, and other proteins) maintains transcriptional repression of genes
that are uniparentally methylated.
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Fig. 6. Fertilizedie mutant ovules abort with a paternal excess phenatpé seed
resulting from a 2x »%x cross expresses two sets of maternally inherited endosperm-
inhibiting genes (2m) for every three sets of paternally inherited endosperm-promoting
genes (2m3p). This leads to the development of a lethal paternal excess phenotype in
the endosperm: massive, overgrown chalazal endosperm, many peripheral endosperm
nuclei, and no cellularization. (B) In a fieutant ovule, the imprinting status of the
polar nuclei is not known. Fertilization with wild-type pollen (and, thus, adding one set
of active endosperm-promoting genes to the endosperm), however, phenocopies a 2x
x 6x cross (2m3p) and results in a lethal paternal excess phenotype. Fertilization
of a fiemutant ovule with demethylated pollen (expressing both a set of endosperm-
promoting and a set of endosperm-inhibiting genes from which the imprint has been
lifted) phenocopies a 2x 4x cross (2m2p) and results in a mild (viable) paternal
excess phenotype. It is therefore likely that the genomes of the polar nuclei in a fie
mutant ovule are not imprinted and express both the endosperm-inhibiting and the
endosperm-promoting genes (1hp).
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Gametes are morphologically and biochemically different in ways that
reflect their different roles as vehicles in the fertilization process. However,
nuclear transfer experiments in mamn{aie!) and the outcomes of interploidy
crosses in @wering plant457,58,72) reveal that gamete genomes in these
organisms are nonequivalent. The basis of this genomic nonequivalence appears
to be due to genomic imprinting. Therefore, in the absence of imprinting,
would the gamete genomes abvilering plants, or indeed mammals, have a
gender of their own? Or perhaps more correctly, a memory of the gender of the
individual that produced them? As discussed earlier (Subheading 1.), viable
parthenogenetic, gynogenetic, and androgenetic embryos can be formed in
flowering plants. This is in accordance with the hypothesis that the embryo
genome is not subject to imprinting. Inactivation of the FIS complex and thus
removal or prevention of maintenance of imprints in the female gametophyte
could be interpreted as additionally erasing imprinting from the polar nuclei.
The formation of autonomous endosperm in arfigant suggests that mater-
nally imprinted genes have been reactivated, thereby generating a genetic
2m:2p ratio in the central cell. In other words, by removing or preventing the
application of imprints the genome has returned to, or remained in, the same
neutral or hermaphrodite state as the progenitor somatic cells (i.elpim:
Therefore, gametic gender can be seen as a consequence of imprinting, and
whether a gamete is “female” or “male” as depending on which class of
genes is imprinted: female gametes have the set of endosperm-promoting
genes imprinted, while production of male gametes implies imprinting of the
endosperm-inhibiting genes.

Logically, therefore, in the absence of gender, any combination of gamete
genomes could in principle lead to a viable embryo. In organisms in which
genomic imprinting of the genome is thought to be absent (viz., species in
which development of the offspring is not dependent on nutrienixififom
a maternal tissue), it should therefore be possible to obtain viable uniparental
embryos. In contrast to the situation in mammals, where androgenetic and
gynogenetic embryos abort with opposite phenotypes, nonimprinted uniparental
embryos are not only predicted to be viable but also to show no parent-of-origin
effects in their development.

To date, natural and induced uniparental embryos have been reported for
a number of species representing several vertebrate and invertebrate taxa.
Uninseminated turkey eggs can develop parthenogenetically into viable turkeys
(227). Naturally occurring parthenogenesis in reptiles has been recorded for
several lizard species (128-130). In the amphibian species Xenopuslaevis, both
gynogenetic and androgenetic individuals can be experimentally induced and
grown into adulthood (131-133). Therfit unisexual vertebrate discovered was
a fresh-water §h, the Amazon molly (Poecilia formosa)l34). The Amazon
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molly is an “all female” species that reproduces solely by gynogenesis. During
reproduction, the entire female genome is transmitted to the next generation.
Sperm of related, sexual species is needed to activate embryogenesis in the
ova of the gynogenetic female, but the paternal genome is incorporated nor
expressed (135).

Androgenetic and gynogenetic embryos can be induced in many species
of fish, including commercially interesting species such as salmon and trout
and the much-studied zebrstii(136-139). In zebrafsh, the development
of induced haploid and diploid andro- and gynogenetic embryos has been
compared. Development of haploid zebrafish embryos arrests in an early
stage. Haploid androgenotes are indistinguishable in appearance from haploid
gynogenotes, indicating that the failure to develop into adults is not due to
parent-of-origin effects. Diploid andro- and gynogenotes, obtained by inhibit-
ing the first mitotic division of the haploid embryo, complete embryogenesis
and develop into adult&l36,139,140). Although parent-of-origin transgene
methylation has been observed in zelstafil4l), it appears that even if
endogenous genes are imprinted, this has no detectable effects on the develop-
ment of uniparental organisms.

In insects, parthenogenesis is found in many species, for example, aphids and
grasshopper§142-145). Natural androgenesis has only been reported for the
Sicilian stick insect (14847), but both androgenesis and gynogenesis (leading
to viable adults) can be induced in Drosophild8,149). All tested members of
the order Hymenoptera, which comprises bees, wasps, and ants, are haplodiploid:
the sexes differ in ploidy. Whereas the females are diploid and develop from
fertilized eggs, male bees, wasps, and ants are haploid and arise gynogenetically
from unfertilized eggs (15@51). In wasps, it is the diploid status itself and not
the contribution of the male genome that determines the female gender. Infection
of the parthenogenesis-inducing Wolbachia bacterium disrupts meiosis in female
hosts and leads to the formation of diploid eggs, which develop into female
waspg(152). Haplodiploidy occurs also in other insect orders and in Arthropods
other than insects, such as ticks and mites (151).

Genomic imprinting has been observed in insects. In fact, the term “imprint-
ing” in an epigenetic context was first used to describe the maternally inherited
control of sex-specifi elimination of X chromosomes in the fciara cop-
rophila (153,154). As in zebragh, the occurrence of androgenetic, gynogenetic,
and parthenogenetic insects and their development into adulthood suggests
that, unlike in mammals andflering plants, genomic imprints do not play a
pivotal role in early development of insect embryos.

The widespread occurrence of natural uniparental embryogenesis and the
possibilty to induce androgenesis and/or gynogenesis in species representing
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four of the five vertebrate classes and many invertebrate taxa can be explained
by assuming that in these taxa the gamete genomes do not have a gender. Any
combination of gamete genomes (or, at least in some species, any haploid
gamete genome) can result in the formation and development of a viable
embryo. Where the development of gynogenetic or parthenogenetic and
androgenetic embryos has been studied within a species, no parent-of-origin
effects have been found, again indicating an apparent absence of differences
between the male and female gamete genomes. In the gametes of mammals
and in the endosperm genome afwkring plants, it is highly likely that

it is the establishments of genomic imprints that determines the gender
of the gamete genome. With genomic imprints present and sets of genes
uniparentally silenced, gamete genomes of different parental origin have
become complementary and hence only a combination of maternal and paternal
genomes can be successful. Because of their suggested role in maintaining
genomic imprints in the polar nucl&ilSL, FIS2, and FIE inArabidopsis may

thus give the central cell genome her maternal identity. One can therefore
speculate about the existence of genes that impose and/or maintain maleness
onto the sperm genomes. Paternally imprinted genes are predicted to inhibit
endosperm development. At the moment, we can only speculate about the
nature of such genes. They may be genes involved in import of sugars in the
endosperm, or cell cycle-inhibiting genes controlling the rate of proliferation

in the endosperm. It is possible that the expression of such imprinted genes
is controlled by paternally expressed upstream regulatory genes (possibly
polycomb genes). Analogous to MERIS2, and FIEon the female side,

the activity of such regulatory genes would lead to parent-of-origin-specifi
silencing of genes and thereby impose a male gender onto the genome.

Plants carrying loss of function mutations FhSL/MEDEA have been
accused of being bad mothers and hence the gene was named after Medea,
who sacrificed her children to revenge their father'siaifiy (104). By first
imposing a female identity on her genome, we think EH&l is more like
Medea’s illustrious predecessor, Eve.

11. Possible Applications of Genomic Imprinting in Plants

It will be obvious that large parts of the knowledge of genomic imprinting in
plants are still lacking. We are just beginning to identify some of the imprinted
genes and determine their function in endosperm development in Angiosperms.
Though the importance of DNA methylation for the establishment and/or
maintenance of genomic imprints is becoming clear now, the way in which
alleles are marked for parent-of-origin-specifiethylation is not known, nor
is the exact role of methylation. Nonetheless, it has already become clear that
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the development of embryo and endosperm and the involvement of genomic
imprinting is an area of research that is not only scieatl§i highly interesting,
but also offers several opportunities at the level of bioengineering.

First, as has been shown by both interploidy crosses and crosses with
demethylated parents in Arabidopsis, differential genomic imprints in the
parental genomes influence endosperm size and development and thereby
eventually embryo and seed size. Many of the world’s most important crop
species, such as wheat, rye, rice, barley, and maize, have a persistent endosperm.
In contrast to Arabidopsis, in such plants the endosperm is still present in the
mature seed and can make up to 90% of the seed weight. In cereals, where the
mature seed is the crop product, endosperm therefore constitutes the bulk of
the harvest. Opportunities to influence (increase) endosperm size could thus
lead to an enhanced yield.

As described above, changing the methylation level of one of the parental
gamete genomes would be one of the ways to achieve this. When more
imprinted genes, and more components of the imprinting machineowiarfl
ing plants, are characterized, additional and more sophisticated ways to
influence the expression of imprinted genes are likely to become possible. For
instance, transgenic plants overexpressing one or more maternally imprinted,
endosperm-promoting genes could be generated. When such plants are used
as pollen donors, this will make the pollen even more vigorous concerning
the promotion of endosperm growth. Depending on the nature of silencing
of maternally imprinted genes, it may even be possible to have such genes
expressed from the maternally inherited copy of the endosperm genome as
well. If the mark that eventually leads to imprinting and silencing in the
maternal copy is located in the promoter sequence, then expression of the gene
from a different promoter should be possible. In the mdgk® gene, the
information necessary for both de novo methylation of the imprinted paternal
allele and an allele-discrimination signal are located on a 113-bp sequence
in intron 2 (155). Deletion or mutation of these signals abolisdesovo
methylation of a normally methylated site in the imprinted allele, as well
as differential methylation of the parental alleles in the embryo. Acquiring
comparable data on the sequences involved in the regulation of imprinting of
plant genes will make the manipulation of parental imprinting more likely.

Influencing the extent of genomic imprinting in plants will also be very
useful in the establishment of interspecifrosses. Many related plant species
have developed interspecific cross barriers that appear to be of an epigenetic
rather than a genetic character.

In 1942, Stephens noted that a cross between 4x Asiatic cotton and 2x
American cotton managed to produce viable seeds despite their being of a
different ploidy (156). As this was in conflict with the then-accepted required
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2:3:2 ratio for maternal, endosperm, and embryo tissue, he suggested that
within each species, a single set of chromosomes has a certain strength that
may differ from that in related species, whether of the same or of a different
ploidy. More examples of interspedcifinterploidy crosses in different species
followed, with similar results (157). Howard, by comparing the seed weight
following different interspecific and interploidy crosses, was able to calculate
that the relative “seed strengths” of the diploid Nasturtium officinatel its
allotetraploidN. uniseriatum were 1 and 1.41 instead of the expected 1 and 2
(158). Perhaps the most striking examples were found in the genus Solanum
(159,160). Seed set in the interploidy cross between the two tetraploid species
S. acaule and S. tuberosuminvariably fails due to endosperm breakdown.
However, when an autotetraploid 8f acaule was used, the cross could
be made, notwithstanding the fact that the endosperm now consisted of
8 maternal2 paternal sets of chromosomes. Johnston €it58l) accounted for
these and similar observations with their endosperm balance number (EBN)
hypothesis. According to this theory, in the case where there is a difference
in “genome strength” between the parents, an effective ploidy ratio—which is
not necessarily the same as the absolute ploidy ratio—has to be reached within
the endosperm. The endosperm balance number hypothesis has been shown
to be of highest value in the genus Solanum. Johnston and Hanneman (161)
assigned the diploid species S. chacoense a random EBN of 2. When crossing
this species and its autotetraploid (EBN 4) into other Solanum species, only
those crosses that gave rise to an EBN balancelofv2re successful. In this
way, a number of 2x and 4olanum species could be assigned an endosperm
balance number of 1, 2, or 4 (@81).

The EBN can be interpreted in terms of genomic imprinting. Species with
a high EBN are likely to be highly imprinted species, that is, species in which
uniparental imprinting has a strong effect on the development of the seed. This
can be explained either by assuming that a large number of genes in such a
species is imprinted, or because imprinted genes have a particularly strong effect
on seed developmelit62). If differences in EBN indeed can be accounted
for by differences in gamete genome imprinting, then changing the level of
imprinting should allow interspecific crosses between species with a different
EBN without the need for polyploidization of one of these species.

A third and probably most promising implication of engineering the level
of genomic imprinting in flowering plants is the possible creation of apomictic
plants. Many crop plants are produced as F1 hybrids between inbred strains.
Because of the heterosis effect, F1 hybrids are more vigorous then either
parent. The obvious drawback is that each F1 generation has to be produced
by cross-fertilization of the two parent strains. Introducing apomixis into the
desired F1 hybrid strain would allow this strain with its desired genetic back-
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ground to be propagated into future generations without meiotic recombination
and segregation. One of the problems involved in trying to obtain apomictic
plants is the dependency on double fertilization. For the successful sexual
reproduction of a plant, both a functional embryo and a functional endosperm
are needed. In an ideal, true apomict, seeds would develop without pollination,
implying that both embryo and endosperm development would have to be
initiated and carried on without fertilization. Most natural apomicts have suc-
cessfully overcome the fertilization-dependent barrier of embryo development.
A 2n embryo, derived from either the fusion of two haploid maternal gametes
or from an aberrantr2maternal gamete, is formed and develops within the
seed. However, with a few exceptions, in all these seeds the endosperm is still
dependent on fertilization of the polar nuclei by a sperm, and in most cases the
requirement of a A maternalpaternal ratio remain&2,50,163). Screening

for mutants that allow both endosperm and embryo development in the absence
of fertilization has not yet been successful.

In Arabidopsis thaliana it is now possible to obtain seeds in which the
endosperm develops autonomously in the absence of fertilization to such an
extent that at least morphologically it cannot be distinguished from a sexual
endospern(107). Combining the mutant fie-1 allele and hypomethylation leads
to the development of such an endosperm in mutant ovules. If these, purely
maternally derived endosperms are functional, that is, if they are capable
of importing and storing enough nutrients and expressing the genes needed
for breakdown and conversion of those nutrients when embryo growth and
development demands it, then in principle they could support the development
of an (apomictic) embryo. If so, the autonomous endosperm mutants may be
the ideal background for mutagenizing and screening for autonomous embryo
development in Arabidopsis. If this proves to be successful, then characterization
of the genes and pathways involved in autonomous development of either tissue
may open the way to the introduction of apomixis in other (crop) species.
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Preface

Genomic imprinting is the process by which gene activity is regulated
according to parent of origin. Usually, this means that either the maternally
inherited or the paternally inherited allele of a gene is expressed while the
opposite allele is repressed. The phenomenon is largely restricted to mammals
and flowering plants and was first recognized at the level of whole genomes.
Nuclear transplantation experiments carried out in mice in the late 1970s
established the non-equivalence of the maternal and paternal genomes in
mammals,and a similar conclusion was drawn from studies of interploidy
crosses of flowering plants that extend back to at least the 1930s. Further mouse
genetic studies, involving animals carrying balanced translocations (reviewed
in Chapter 3), indicated that imprinted genes were likely to be widely scattered
and would form a minority within the mammalian genome. The first imprinted
genes were identified in the early 1990s; over forty are now known in mammals
and the list continues steadily to expand.

Genomic Imprinting: Methods and Protocols aims to collect protocols
that have been applied to the study of imprinting or imprinted genes. Many of
the protocols are based on more widely used embryology or molecular biology
techniques that have been adapted for imprinting research. All of the included
methods remain gainfully employed in either (or both) the discovery or analysis
of imprinted genes. Chapter 1 describes the nuclear transplantation methods,
first used in the 1970s, for the generation of mouse embryos with genomes of
entirely maternal or entirely paternal origin. The first five chapters are specific to
the mouse, though some of the principles could be applied to other species.
For instance, the techniques described in Chapters 4 and 5 for generating
transgenic mice using large fragments of genomic DNA have resulted in several
examples of the faithful reproduction of imprinted gene expression at ectopic
loci. The first few imprinted genes have recently been identified in plants and
it will be interesting to know whether the imprinting of these genes can be
similarly reproduced within plant transgenes.

The majority of protocols describe molecular techniques and most of
these allow examination of gene structure or expression in an allele-specific
manner, which is an essential aspect of most imprinting studies. Protocols are

v
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included for identifying imprinted genes (Chapters 6—8), for analyzing
imprinted gene expression (Chapters 9-12), for the study of DNA methylation
and methylation-sensitive DNA-binding proteins (Chapters 13-20), and for
examining chromatin structure (Chapters 21-24). The final chapter is a review of
genomic imprinting in plants. Although imprinting must have arisen indepen-
dently in plants and animals, the available evidence suggests that the imprinting
mechanisms in these species may share common features, such as the involve-
ment of DNA methylation in distinguishing maternal and paternal alleles. Thus,
the molecular methods that are already extensively used to study mammalian
imprinted genes will surely find even wider employment as the genomic
imprinting field continues to expand.

| thank all of the authors for their outstanding contributions to this volume.
On behalf of us all | extend the hope that this effort to make these methods
accessible will prove useful to genomic imprinting aficionados everywhere.

Andrew Ward
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