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Activity of the Germline-Specific Oct4-GFP Transgene
in Normal and Clone Mouse Embryos

Michele Boiani, James Kehler, and Hans R. Scholer

1. Introduction

The first step in elucidating the function of a particular gene of interest
involves defining its expression pattern. One way to do this is by using a
reporter gene to tag the gene either in a construct (transgenesis) or in the
genome (homologous recombination). Transgenes have been generated using
different regions of the Oct4 gene promoter to drive expression of either lacZ
or GFP, which allows the activity of the Oct4 promoter to be followed in living
cells and tissues. The bacterial LacZ gene encodes the enzyme [B-galactosidase,
which cleaves the substrate X-gal (5-bromo-4-chloro-3-indolyl-B-p-
galactoside) to produce a blue color reaction. The green fluorescent protein
(GFP) from the jellyfish Aequorea victoria gives a natural green fluorescence
that can be viewed under blue light excitation without processing the biologi-
cal substrate for any chemical/enzymatic reaction. GFP is a convenient reporter
for several reasons:

e It is detected in situ under noninvasive viable conditions (see see Note 1).

¢ GFP allows the separation of the tissue testing positive down to the single cell.
It is sensitive enough for biological assays; variants with different half-life and
stability extend its use in a variety of applications and follow-up observations.

» Fluorescence persists after fixation with methanol or paraformaldehyde/glutaral-
dehyde.

This chapter shows how a transgene consisting of GFP under control of the
Oct4 promoter, has been used to further the study of embryonic and germ cells
in mammals with respect to pluripotency. In particular, are methods described
of how mouse germ cells are formed, how they can be isolated to purity, and
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what happens as the female germ cell (oocyte, egg) has its genetic material
replaced with that from another cell that carries Oct4-GFP. All that is required
is an inverted fluorescence microscope, a micromanipulator, a cell sorter, and
standard cell culture abilities.

1.1. Germline and Soma

Germ cells, the source of sperm and eggs, have the ability to make a genetic
contribution to the next generation. In fact, once they are mature, these are the
only cells in the body needed for fertilization to form an entire organism. This
was true until a few years ago, as germ cells are no longer unique in such
ability. Genetic contribution to the next generation can also be made by somatic
cell nuclei in a procedure known as cloning by nuclear transfer. However, this
procedure, is not an efficient and safe means of reproduction, and, moreover,
an oocyte cytoplasm is still required as a recipient for the nucleus transplant.
The search for substitutes of in vivo produced oocytes is in progress (1).

In mammals, the germ cell pathway is complex and not well understood. In
the mouse, germ cell precursors originate from the proximal region of the
epiblast (primitive ectoderm) as early as 6.5 d postcoitum (dpc) (2). These
cells, called primordial germ cells (PGCs), do not seem to be predetermined in
the embryo, because they can also arise from other portions of the epiblast
after being transplanted to the proximal region (3). Expression of Bmp4 in the
extraembryonic ectoderm close to the proximal region is an essential
requirement for the establishment of the germ cell lineage (4). Mouse PGCs
are detected in the extraembryonic mesoderm at 7.2 dpc by alkaline
phosphatase (AP) staining (5). It is unclear why PGCs temporarily leave the
embryo proper, but it may be a way for the precursors of germ cells to establish
their identity (cell type-specific DNA methylation of the genome that controls
the expression of genes, also referred to as epigenome 6) when somatic cells
are being determined. On the other hand, transient segregation in extraembry-
onic location may be a way to preserve pluripotency when, during gastrulation,
companion embryonic cells become committed to a somatic fate. From 7.5 dpc
to 10.5 dpc, PGCs are proliferating and moving to the gonadal ridge. Size esti-
mates of the founding population of PGCs are difficult to make with any de-
gree of accuracy. PGCs in the mouse embryo range from Ginsburg’s 8 at 7 dpc
(5) to Yoshimizu’s 9--34 after in vitro culture from 6.75 dpc (7) to Lawson’s
45 after in vitro culture from 6.5 dpc (2). The ambiguity in early PGC counts
reflects the difficulty of precisely timing development and reliably identifying
these cells before 8 dpc. Overcoming this limitation has been the key to suc-
cess in deriving germ cells from mouse embryonic stem (ES) cells (1). In
theory, methods to identify PGCs should be based on features that are found
exclusively in these cells, but in practice, such features are often characteristic
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Fig. 1. Most common PGC markers and their expression profiles during mouse
fetal development. For all markers but SSEA-1, expression continues (+) after birth;
however, the level is lower.

but not exclusive to PGCs. Many marker genes have been used to identify
germ cells in the mouse and other species, but not without limitations. A partial
list of markers for mouse germ cells includes the following (summarized also
in Fig. 1):

1.1.1. TNAP

Germ cells express high levels of the tissue nonspecific alkaline phosphatase
(TNAP; 8), the product of the Akp2 gene locus. TNAP is the PGC marker with
the widest window of expression during germline development in the mouse.
Enzymatic staining for TNAP was the first method to identify and isolate germ
cells (9). However, prior to 8 dpc, the somatic cells of the epiblast produce AP
as well, therefore, this staining does not effectively distinguish between the
soma and germline so early in development. Transgenic mice have since been
generated that express a lacZ reporter under control of the TNAP gene pro-
moter (10).

1.1.2. c-kit

The c-kit tyrosine kinase receptor encoded at the W locus is expressed in
some (but not all) stages of the germ cell pathway, i.e., mostly along the migra-
tory route (11,12). Disruption of the W¢ allele affects the proliferation of PGCs
with very few reaching the gonadal ridge. The c-kit antigen is not exclusive to
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germ cells, as it is found in other cell types (e.g., Sertoli cells, granulosa cells,
melanocytes and hematopoietic stem cells).

1.1.3. SSEA-T1 and Mvh

Other well-established PGC markers are the stage-specific embryonic anti-
gen 1 (SSEA-1; 13,14) and the product of mouse Vasa homolog (Mvh) gene
(15). Expression of SSEA-1 is first evident at 9.5 dpc and is downregulated at
12.5 dpc when Mvh appears. An interesting aspect of Mvh is the differing role
of this gene in the male and female PGC lineage, such that Mvi —/— male mice are
sterile, whereas homozygous homozygous null females are apparently normal.

1.1.4. GCNA

A germ cell nuclear antigen 1 (GCNAI) is initially detected in both male
and female mouse germ cells as they reach the gonad at 11.5 dpc. GCNALI is
continually expressed in germ cells throughout all stages of gametogenesis until
the diplotene/dictyate stage of meiosis I (16).

1.1.5. Oct4

Oct4, also named Oct3 and Pou5f1, is a member of the class V of POU (Pit-
1, Oct-1, -2, Unc-86) transcription factors and is expressed in early mouse
embryo cells and exclusively in germ cells after gastrulation (17). Oct4 gene is
highly expressed in PGCs at 7.2 dpc, but it is also present in the epiblast and
surrounding cells. By 8.25 dpc, germ cells become the only Oct4-expressing
(Oct4-positive) cells in the conceptus. Downregulation of Oct4 expression from
7.2 dpc correlates precisely with loss of potential to form germ cells and the
undertaking of a somatic cell fate. The relationship between Oc#4 and the
germline is akin to the relationship between Oct4 and pluripotency.

1.1.6. Oct4 Transgenes

Yeom and colleagues (18) characterized, cloned, and modified the Oct4 gene
regulatory sequences and generated an Oct4/lacZ fusion transgene. Yoshimizu
and colleagues (19) then substituted GFP for LacZ. The modified Oc#4 pro-
moter, Oct4-APE, also known as GOF-18-APE, was produced by deletion of
the proximal enhancer (APE) region. This significantly reduced the reporter
signal in the embryonic epiblast and made the transgene a slightly earlier germ
cellmarker than the Oct4 gene. Coexpression with other germ cell markers
(20,21) proves that Oct4-APE/GFP identifies germ cells.

1.2. The Octamer-Motif Paradigma in Mammals

All known members of the octamer-motif gene family play a role in various
developmental processes:
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e Octl and Oct2 in B-cell maturation (22);

e Oct3/4 in the maintenance of pluripotency (ES cells) and survival of germ cells
(17); and

e Oct6 in Schwann cell differentiation and nerve myelination (23).
The Oct4 protein, in particular, was first identified in mice as a DNA-binding
activity in extracts from mouse blastocysts and PGCs, as well as in embryonal
cell lines, such as ES and embryonal carcinoma (EC) cells (17), and, subsequently
has been shown to be expressed at various timepoints of the germline (see ref. 24
for review). The Oct4 protein contains a bipartite DNA-binding domain (com-
prised of the POU-specific and POU-homeodomain) that binds the octamer motif
(ATGCAAAT). POU proteins can also form homo- or heterodimers on a palin-
dromic DNA motif (ATTTG CAAAT) that bears resemblance to the octamer
(Palindromic Oct factor Recognition Element; [PORE]; 25). This recently identi-
fied structural property of POU factors may bring about the formation of novel
protein—protein—DNA configurations, which may account for the functional ver-
satility of these proteins in development. Oct4 orthologs have been identified in
mammalian species other than the mouse, such as human and bovine (26), and
share a high degree of structural homology, suggesting that they may have an
evolutionary conserved role in different species and even across vertebrate taxa
(see Oct4 ortholog in zebrafish; (27)).

1.3. Oct4 at Work

Oct4 is essential for the pluripotential founder cells and the germline in the
mouse embryo. The Oct4 protein activates certain key genes while repressing
others.

Target genes activated by Oct4 include: fibroblast growth factor 4 (Fgf-4),
Osteopontin adhesion molecule (Opn), and transcriptional coactivator UtfI.

Target genes repressed by Oct4 include: human chorionic gonadotropin
(hCG) o and B subunits in primates and interferon T (IFNT) in ruminants.

Other putative downstream genes of Oc#4 include Rex-1, Sox-2, Creatine
kinase B, Markorin 1, Importin beta, Histone H2A.Z, and Ribosomal protein
S7(28). Through its target genes, the domain of Oct4 comprises the cells of the
inner cell mass (ICM; Fgf-4), of the ICM and primitive endoderm (Opn), of the
ICM, epiblast, and ES cells (Utf1), and the trophoblast cells (hCG, IFNT). It is
not clear how opposite processes of activation and repression can be brought
about by the same transcription factor. Some cofactors (E1A-like activity, Sox2
activity OBF1-like activity; (22)) may act on Oct4 protein in a way that leads
to activation or repression. After embryo gastrulation, Oct4 is dispensable from
somatic cells, and germ cells are the only cells of the organism known to main-
tain Oct4 expression. In the adult, Oct4 expression is restricted at low levels to
oocytes and spermatogonia (29). In vitro, each of the three types of established
mammalian pluripotent stem cells—ES, EC, and embryonic germ (EG) cells—



6 Boiani, Kehler, and Schéler

ES cells EC cells EC, EG cells
A 4

]
ectoplacental cone 1

A

)

)

)

)

1)

)

L)

)

'

)

'

)

'

)

'
adpe ff j 54 prirmiive
FCI ( ™ ) pr.l ( endoderm

trophoblast

fertilization and cleavage \/ ) gametogenesis

Fig. 2. Scheme of developmental pluripotency and how it can be tracked in the
mouse embryo using Oct4 gene expression as a marker. Oct4/GFP (here shown in
dark gray) reflects the expression of the endogenous gene and allows viable observa-
tions. (Reproduced with permission from Academic Press.)

expresses Oct4, which becomes downregulated as the cells differentiate
(Fig. 2). However, these cells constitute artificial model systems that do not
exist in vivo. Although it has been proved that Oct4-positive mouse ES, EC
and EG cells from 8.5 dpc PGCs can contribute to chimeras, it is not clear
whether primordial germ cells or fetal germ cells have a potency to produce
chimeras without previous exposure to in vitro culture (30). This raises the
provoking question of whether Oct4 should be considered as being specific to
the germline or rather as simply participating in defining the pluripotent state
of various types of cells, including germ cells. Consistent with these contrast-
ing views is the observation that spontaneous testicular germ cell tumors (semi-
nomas) express Oct4, but teratomas that give rise to all three germ layers do
not express Oct4. On the other hand, Oc#4 expression has been reported in
somatic tumors (31).

In vitro, change in the Oct4 levels of mouse ES cells drives these cells into
opposing cell fates. An increase/decrease in Oct4 levels leads to primitive
endoderm/trophectoderm (32). What stays upstream and regulates Oc#4 is a
matter of investigation. The germ cell nuclear factor (GCNF) has been shown
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to bind the promoter region of Oct4 and bring about its repression following
gastrulation (33). The factor(s) involved in Oct4 regulation prior to gastrula-
tion are unknown. Until recently, the early lethality of Oct4 null mutants (34)
and the inability to derive germ cells directly from ES cell, in vitro, precluded
the testing of whether Oc#4 is required in germline determination. The finding
that we could induce Oct4 deletion from the genome in germ cells while they
are forming (Tomilin, A., unpublished results) has opened the door to under-
standing Oct4’s role in this process.

1.4. The Oct4/Gfp Transgene as a Tool to Visualize Germ Cells

Analysis of Oct4/LacZ transgenes (18) showed that a 18-kb genomic Oct4
fragment (GOF-18) encompassing the Oct4 coding and its 5' and 3' flanking
sequences was large enough to drive gene expression comparable to that of the
endogenous Oct4 gene. Subsequent in situ/in vivo analyses were reinforced by
transgenesis involving the substitution of GFP for LacZ. The GOF-18/GFP
transgene, like the endogenous Oc#4 gene, was not an exclusive marker for
mouse germ cells at 7.2 dpc, but was at 8.25 dpc. Deletions in the GOF-18
5'sequence revealed the existence of various cis-acting elements clustered in
two regions upstream of the transcription initiation site. These two clusters,
known as the PE and the distal enhancer (DE), are responsible for the restric-
tion and maintenance of Oct4 expression in specific cell lineages. Oct4 expres-
sion in pre-implantation embryos and in PGCs is driven by the DE, whereas
expression in the epiblast is enhanced by the PE (Fig. 3).

A deleted version of the GOF-18 transgene lacking the conserved region 11
of the PE (GOF-18-APE) is more weakly expressed in the epiblast than the full
GOF-18 transgene and becomes more readily restricted to PGCs shortly after
they form (see Note 2; Figs. 4-6). The question arises as to when GOF-18
expression begins to diverge from that of GOF-18-APE. Both the endogenous
Oct4 gene and the transgene are silent in the early stages of mouse embryogen-
esis. The low levels of Oct4 found in mature and fertilized oocytes are a
carryover from oogenesis and do not seem to hold developmental relevance; in
fact, a ZP3-Cre-induced deletion of Oct4 produced no disruption in ovulation
and preimplantation embryo development (Smith, A., personal communica-
tion). The onset of GOF-18/GFP expression is the same as that of Oct4 and
occurs at the eight-cell stage. By 4 dpc, expression of both transgenes becomes
concentrated in the ICM of the blastocyst embryo, although this may not be
readily apparent from GFP due to the half-life of the protein and its persisting
fluorescence in the trophectoderm (TE). Differential transgene expression can
be observed at 6.75 dpc when GOF-18/GFP is brightly and uniformly expressed
all throughout the embryo proper, whereas GOF-18-APE/GFP is weaker over-
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Fig. 4. Oct4-APE/GFP is observed in the epiblast at 6.0 dpc. It becomes less intense
overall at 6.5 and 6.75 dpc while persisting high in the posterior part of the embryo
(allantoic bud). The increase observed at 7.5 dpc is transient and unexplained. At
8.0 dpc, Oct4-APE/GFP is restricted to primordial germ cells. The small inserts at 6.0
and 8.0 dpc show the expression of Oct4/GFP for comparison with Oct4-APE/GFP
under the same light conditions.

all than GOF-18/GFP (19). The proximal region of the epiblast has more in-
tense GOF-18-APE/GFP fluorescence than the rest of the epiblast, which is
consistent with gastrulation proceeding from the posterior to the anterior end
of the embryo. By 7.25 dpc, the posterior end of the embryo emits stronger
fluorescence than does the rest of the epiblast. Because PGCs arise in the pos-
terior region of the embryo, it was speculated that GOF-18-APE/GFP might be
an early germ cell-specific marker. This notion was further supported by ob-
servations that only a cluster of 30—40 highly GFP-positive cells were seen at
8.0 dpc at the base of allantoic bud, and this number increased up to 60—-80
cells by 8.75 dpc at the time when the GFP-positive cells were seen in the
hindgut epithelium (19). Afterward, PGCs migrate along the hindgut (9.5 dpc),
through the dorsal mesentery (10.5 dpc), and finally enter the forming gonadal
ridges (11 dpc) (see Note 3). At 13.5 dpc (Fig. 6), both male and female germ
cells cease dividing, anticipating the onset of meiosis in females (oogonia-to-
oocytes) and the mitotic arrest in GO in males (prospermatogonia). Based on
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Fig. 5. Germ cells are the only cells where Oct4 and Oct4/GFP are expressed in a
13.5-dpc mouse fetus. They glow green through the body wall under epi-illumination
with a blue light source and allow localization of the gonad (bottom, circled).
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colocalization of Oct4-GFP and c-kit, Oct4-GFP indeed appears to be a germ
cell-specific marker (see Note 4; Fig. 7). In sum, throughout mouse fetal
germline development, expression of the GFP transgenes reflects that of the
endogenous Oct4 gene. After birth, both transgenes become downregulated in
cells that remain positive for the native Oct4 protein by immunohistochemistry
(e.g., spermatogonia). This suggests the presence of other regulatory elements
excluded in the original GOF-18 genomic fragment. Fine resolution molecular
analysis of the GOF-18 5' regulatory elements (conserved region [CR] I-IV;
Fig. 3) is currently underway (Hiibner, K., personal communication).

1.5. Expression of Oct4 After Gametogenesis

Oct4 is downregulated in germ cells upon entry in meiosis, and its coding
mRNA is virtually absent in mature oocytes and sperm. Upon merging of the
gametes at fertilization and cleavage of the resulting zygote, Oct4 gene expres-
sion is turned on. The onset of zygotic Oct4 expression occurs at the eight-cell
stage. Oct4 is expressed in all embryo blastomeres at the morula stage to be
gradually restricted to the ICM of the mouse blastocyst at 3.5 dpc (see Note 5;
Fig. 8). The ICM, which is the pluripotent founder cell population in the
blastocyst, gives rise to the primitive ectoderm and endoderm. At the time
of embryo implantation (4.5 dpc), Oct4 protein levels transiently increase in
the primitive endoderm; from that point onward, its expression is limited to the
primitive ectoderm. Although the primitive ectoderm is pluripotent, as it is the
precursor of the embryonic germ layers (ectoderm, mesoderm, and endoderm),
Oct4 expression is not retained by derivatives of the primitive ectoderm after
gastrulation, but it is ultimately confined to germ cells until they enter meiosis.
This alternation of expansion (from germ cell to morula) and restriction (from
blastocyst to germline) of the Oct4 domains of expression led to the concept of
an Oct4 “totipotent cycle” (24; Fig. 2). According to this conceptual model, all
the early embryonic cells have the potential to become germline unless their
Oct4 expression is silenced. If this happens, the cells exit the cycle and undergo
somatic differentiation. It would be interesting to find what happens as Oct4 is
selectively and conditionally silenced in germ cells, i.e., if germ cells switch to

Fig. 6. (opposite page) Gonads of either sex can be easily distinguished by the
pattern of Oct4/GFP (top), i.e., the striped appearance being characteristic of the
developing testis where germ cells are organized in cords (A). Detail of forming ovary
(B,C—left) and testis (B,C—right). Only a proportion of the gonadal cells glow green
(D,E) and those are bona fide germ cells. Germ cells are found in clusters as the one in
the center of D,E.
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Fig. 8. After fertilization, Oct4-APE/GFP is expressed during embryo cleavage,
and it is clearly detected at the eight-cell stage.

a different cell fate or instead they die (Tomilin, A., personal communication).
In summary, the developmental restriction of Oct4 expression from the preim-
plantation embryo (all Oct4-positive cells) to the adult (germ cells as the only
Oct4-positive cells) and the fact that in vitro, Oct4 is confined to undifferenti-
ated EC, ES, and EG cells, further confirm the notion that Oc#4 plays a key role

in developmental pluripotency.
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1.6. Insight on Oct4/GFP Regulation from Nuclear Transfer
Experiments

From this discussion it appears that Oct4 regulatory elements alone are in-
sufficient to drive its expression, but require the binding of some factor(s).
Therefore, the next question becomes whether the silent state of Oc#4 in the
cells that have “abandoned” the germline (24) is reversible and, if so, whether
it is mediated by a physical modification of the gene locus (methylation, his-
tone deacetylation, euchromatinization, and so on) or by the presence of
transactivators. This topic has tremendous implications and widespread appli-
cations. In fact, fertilization is not the only way to initiate development and
reproduction, as nuclear transfer from differentiated somatic cells into oocytes
has shown that the oocyte cellular machinery is amazingly capable of support-
ing a somatic cell nucleus (see Note 6). But what is necessary to transform a
nucleus that is restricted in potency into a nucleus that is totipotent and can
recapitulate development, i.e., what are the differences between a somatic (dif-
ferentiated) nucleus and a germline (totipotent) nucleus? Oct4 as a hallmark of
totipotency in mammalian cells prompted the assessment of its status in clone
embryos generated by nuclear transfer of somatic and germ cell nuclei into
mouse oocytes.

The Oct4 promoter is silent in somatic cells, but it is active in the germline
and during preimplantation development. Thus, reexpression of the Oct4/GFP
transgene in somatic cell-derived clones can be used as an indicator of repro-
gramming of the Oct4 promoter in the transplanted nucleus (35). The existing
Oct4/GFP transgene because of its high-product stability (enhanced GFP—24 h
half-life), may be questioned as a tool for the fine resolution analysis of spatial
and temporal changes in gene expression during and after reprogramming, for
which a short-lived destabilized GFP (dGFP, 4 h half-life) would be more
promptly responsive. On the other hand, persistence of eGFP provides a
“memory” of reprogramming, whereby information gained from GFP is not
circumstantial.

2. Materials
2.1. Reagents

1. phosphate buffered saline (PBS).

2. Ca?*/Mg?*-free Hank’s buffered saline with 1 mM EDTA.

3. Trypsin 0.25% w/v solution with 1 mM EDTA (optional: add 100 ng/mL DNAse
in the solution).

4. Fetal calf serum (FCS).

Bovine serum albumin (BSA).

6. HEPES-buffered CZB medium

b
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7. Iscove’s modified Dulbecco’s medium (IMDM).

8. Alpha-minimum essential medium (o-MEM).

9. 40 kDa Polyvinylpyrrolidone (PVP) stock solution (16% w/v in H,0).
10. Cytochalasin B stock solution (5 mg/mL in dimethylsulfoxide [DMSO]).

2.2 Oct4/Gfp Transgenic Mice

A transgenic mouse line expressing GFP only in germline after gastrulation
(Fig. 4) has been generated at the Beckman Research Institute (City of Hope,
Duarte, CA) by Dr. Jeffrey Mann. The construct used for transgenesis was
generated at the European Molecular Biology Laboratory (EMBL, Heidelberg,
Germany) by the research group of Dr. Hans Schéler. The original construct,
comprising an 18-kb Oct4 genomic fragment with the promoter region, was
named GOF-18 (18). It was modified by deleting the conserved region II within
the APE and replacing the LacZ reporter with eGFP (Fig. 3). A number of
transgenic mouse lines were obtained after pronuclear microinjection of the
construct into (CBA/Cal x C57BL/6J)F2 zygotes. One transgenic line, denomi-
nated OG2, was bred to homozygosity for the transgene and used as a parental
strain to derive the experimental mice for the studies described here and else-
where (35, 36). The hemizygous genotype was generated by mating OG2 males
with C57BL/6J females and is referred to as (B60OG2)F1 throughout this work;
it was used as a source of transgenic oocytes and embryos. Nontransgenic oo-
cytes were obtained from C57BL/6J or (C57BL/6J x C3H/HeN)F1, also known
as (B6C3)F1, mice (see Notes 7 and 8).

3. Methods
3.1. Recovery of Mouse Fetuses and Their Gonads

After mating of (B6C3)F1 females with OG2 stud males, pregnant females
are sacrificed at 13.5-16.5 dpc (see Note 8). The uterine horns are dissected in
PBS in a 10-cm plastic dish to release the fetuses. Fine dissection is carried out
in HEPES-buffered CZB (HCZB in short) medium in a 6-cm dish on the stage
of a stereomicroscope with epi-illumination (fiber optics). Once removed, the
gonadal ridges are to be processed immediately. If not possible, they should be
kept in HCZB medium on ice. The composition of HCZB and other media used
in this study is described in Table 1.

3.2. Isolation of Fetal Gonadal Cells and Low-Scale Purification
of Germ Cells Based on Oct4/GFP

The mildest way to isolate germ cells from fetal gonads is to incubate the
tissue in Ca>*/Mg?* -free Hank’s buffered saline with 1 mM EDTA at room
temperature, pin the surface with a fine glass capillary, and collect the germ
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cells as they naturally ooze out using a mouth-operated micropipet
(50 um ID). Another way is to incubate the gonad in 0.25% w/v trypsin with
1 mM EDTA for 10 min at room temperature, mince the tissue in IMDM con-
taining 20% v/v FCS and 100 U each of penicillin and streptomycin until a cell
suspension is obtained. The serum in the medium stops the action of the trypsin.
In this study, mechanical isolation without chemical or enzymatic aid is pre-
ferred in order to preserve the microarchitecture of the tissue, i.e., the in situ
relationship between germ cells (see Note 9). The gonad is torn into pieces
using 30-gauge needles in a drop of HCZB medium, and the fragments are
flushed in and out the tip of a mouth-operated micropipet (200 um ID). Clouds
of cells are displaced during the flushing, most of them being germ cells as
indicated by GFP. More than 90% of the GFP-positive cells from 13.5-dpc
OG2 gonads have been shown to stain positive for AP (36). Hence, the GFP-
positive cells are bona fide germ cells. This mixed population of cells is
transferred to HCZB medium on the stage of the inverted microscope, where
germ cells are identified by GFP and picked up individually by a glass capillary
(20 um ID) operated by a micromanipulator.

3.3. High-Scale Purification of Fetal Germ Cells Based on Oct4/GFP

There are up to 2 X 10* total germ cells in one gonad of a 13.5-dpc mouse
fetus; hence, manual recovery of so many pure germ cells is impractical. The
endogenous GFP activity that identifies germ cells can be effectively com-
bined to an automated procedure known as fluorescence activated cell sorting
(FACS; Note 10). As noted in a few reports (20, 36), this procedure is useful.
Gonadal ridges are dissected from 13.5-dpc male or female (B60G2)F1 em-
bryos. A single-cell suspension is prepared by digesting 10-20 gonadal ridges
in 500 pL of 0.25% w/v trypsin with 1 mM EDTA for 10 min at 37°C. Tissues
are disrupted by repeatedly pipetting with 100 ng/mL DNAse in the solution.
Trypsin is inactivated by adding 4.5 mL of IMDM containing 20% v/v FCS
and 100 U/mL each of penicillin and streptomycin. The cell suspension is run
through a 40-pum nylon cell strainer (Falcon 352340) to remove any undigested
fragments that could clog the flow cytometer. The cell suspension is centri-
fuged at 400g, the medium decanted, and the cell pellet is resuspended in 1 mL
of PBS with 0.5% w/v BSA. To measure c-kit expression on PGCs, 0.1 g of a
monoclonal, rat anti-mouse c-kit/CD117 antibody conjugated with
allophycocyanin (APC; BD Pharmingen Clone-2B8) is added to 1 x 10 cells
in 100 uL of PBS-BSA in 5 mL polypropylene round-bottom, FACS tubes
(Falcon 352054). The same concentration of a rat IgG,,-APC antibody is used
in parallel as an isotype control. For FACS analysis using a Becton Dickinson
FACScalibur flow cytometer equipped with dual lasers, 1 x 10° cells are
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re-suspended in 1 mL of PBS-BSA. For cell sorting using a FACstar plus flow
cytometer, cell suspensions with a concentration between 3 and 4.5 x 10° cells/mL
are used to facilitate high-speed sorting while minimizing the occurrence of clogs.
Germ cell (GFP*) and stromal (GFP") fractions are gated and deflected into sepa-
rate 5-mL polystyrene tubes containing 2 mL of IMDM with 20% v/v FCS.

3.4. Recovery of Adult Germ Cells, Fertilization, and Development

Mature oocytes make up the primary biological reagent required to study how
the expression of Oct4/GFP is regulated during embryo development. In order to
ensure the observation of de novo transgene expression, oocytes are obtained
from wild-type females and fertilized with OG2 sperm. Mature (B6C3)F1
oocytes are isolated from the cumulus masses released from the ovary, by expo-
sure to hyaluronidase enzyme (see Note 11). Zygotes are then produced in vitro
by fertilization (IVF) with OG2 sperm (see Note 12); or flushed from the uterus
at 3.5 dpc after natural mating of (B6C3)F1 females with OG2 stud males. Oocyte
storage and embryo culture takes place in microdrops of o-MEM medium (see
Note 13 and Table 1) under oil (see Note 14) on 35-mm plastic dishes. The
medium is not supplemented with antibiotics, but sterile-filtered on 0.22 uum pore
size cellulose membrane prior to use. In vitro culture lasts for 4 d (one-cell to
blastocyst) and takes place in a 5% CO, incubator at 37°C.

3.5. Oct4/Gfp Expression in Oocytes Reconstructed with Somatic Cell
and PGC Nuclei

Embryos can also be generated by a nuclear transfer procedure from a donor
cell other than sperm into an oocyte, whereby fertilization and amphimixis are
bypassed. When somatic cells are used as donors, this requires reactivation of
the silent Oct4 during development of the reconstructed oocyte. A convenient
source of donor cells are the cumulus cells that surround the oocyte. Cumulus
cells are recovered from the cumuli oophori of (B60G2)F1 oocytes after
hyaluronidase treatment, and stored at 4°C (see Note 15). As a control for Oct4
being already expressed in the nucleus donor cells, either ES, EC, or germ cells
could be used. In this study, germ cells are used as they match cumulus cells
for direct recovery from the body and absence of in vitro culture. Gonadal
cells, including donor germ cells, are mechanically isolated from (B60G2)F1
fetuses at 13.5-16.5 dpc and used fresh within 3 h. Germ cells are selected
among gonadal cells by GFP visualization (see Figs. 5 and 9) (see Subheading
3.8.). Because female germ cells enter meiosis shortly after colonization of the
gonadal ridge, whereas the male counterparts do not, male gonads are a more
feasible source of nucleus donor cells.
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Table 1
Manipulation and Culture Media Compositions
CZB? M16°¢ (activation) ~ Whittingham?  o-MEM¢

Component? mg/L mg/L mg/L mg/L
NazHPO4 12H20 — — 56 —
NaH2PO4 - - - 122
KH,PO, 162 162 - -
CaCl, 2H,0 250 - 264 265
MgC12 6H20 — — 102 —
MgSO, 7H,O 290 293 - 200
Sodium pyruvate 36 36 55 110
Sodium lactate 5.3 mL 3.3 mL 3.5mL -

(60% syrup)
NaCl 4760 5680 5803 6800
KCl 360 356 201 400
Glucose 1000 1000 1000 1000
HEPES, Na salt

(free acid) 5200 (4760) - - -
EDTA (disodium

salt) 37 - - -
NaHCO; 420 2101 2106 2200
BSA - 4000 30000 4000
Other
Amino acids
(essential +

NEAA) - - - 1X
Vitamins - - - 1X
gentamycin 20 20 20 -

sulphate
Lipoic acid - +(0.2)
PVP 1000 - - -
Phenol red 5 5 5 10
H,0 (milli-Q) uptolL uptolL uptolL uptolL

4All components from Calbiochem, except sodium lactate, sodium pyruvate, and phenol red
(Sigma); gentamycin and BSA (ICN); water (Millipore).
bFrom ref. 46. Chatot, C. L., Ziomek, C. A., Bavister, B. D., Lewis, J. L., and Torres, I. (1989)
An improved culture medium supports development of random-bred 1-cell mouse embryos in
vitro. J. Reprod. Fertil. 86, 679-688.
‘From ref. 47. Whittingham, D. G. (1971) Culture of mouse ova. J. Reprod. Fertil. Suppl.

14,7-21.

“From ref. 48. Fraser, L. R. and Drury, L. M. (1975) The relationship between sperm concen-
tration and fertilization in vitro of mouse eggs. Biol. Reprod. 13, 513-518.
¢0-MEM is purchased from Sigma (cat. no. M 4526).
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Fig. 9. Germ cells can be picked individually and used for specific purposes, such
as injection of their nucleus into an oocyte (cloning by nuclear transfer), single-cell
PCR, or other.

Bypassing fertilization and amphimixis with nuclear transfer during the
cloning procedure requires extensive micromanipulation and technical skills.
Micromanipulations are performed in HCZB medium (enucleation with PVP
0.1% w/v and 1 pg/mL cytochalasin B; nuclear transfer with 1% w/v PVP and
no cytochalasin B; Notes 16 and 17) at 28°C using piezo-assisted capillary
needles. The enucleation (15 um ID), injection (8 um ID), and holding (80 um
OD) needles are operated in a large drop (250 uL) of HCZB medium under
silicon oil (see Note 14) on a 6-cm glass-bottomed dish. The enucleation and
injection needles are loaded with 4-5 UL of mercury from the back down to the
tip, which increases the momentum, thereby enhancing piezo pulse effective-
ness. Batches of 20 oocytes are prepared in a drop of enucleation medium on
the stage of the inverted microscope, equilibrated for 2 min, and deprived of
their own chromosomes (metaphase II plate) in approx 10 min by gentle capil-
lary aspiration (see see Note 17). After recovery in a-MEM for 2 h, the enucle-
ated oocytes are processed together with the nucleus donor cells (retrieved from
their storage at 4°C) in another drop of nuclear transfer medium (Note 17).
Twenty to 30 donor cells are aspirated in the capillary at once, to be rapidly
injected one-by-one into oocytes. After nucleus injection, the oocytes are left
in the drop on the stage of the microscope for 10 min, then transferred to a drop
of a 1:1 part mixture of HCZB and o.-MEM medium out of the incubator for 1
h, and finally transferred to o-MEM for incubation at 37°C in 5% CO, atmo-
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sphere. Two to 3 h later, the reconstructed oocytes are activated in Ca-free
M16 medium (Note 17) supplemented with 10 mM SrCl,, 5 pg/mL cytochala-
sin B, 0.5% v/v DMSO, and 1X RPMI vitamins. Six hours later, the clones are
washed off the activation chemicals by several passages in Whittingham me-
dium and transferred to o-MEM, where they are allowed to develop to the
blastocyst stage.

3.6. Transfer of Embryos In Vivo

The most definite measure of pluripotency is the subsequent development
of the embryo generated by either of the methods previously described: fertili-
zation or cloning. One way to test for development is to transfer the embryos to
the genital tract of pseudopregnant females. Embryo transfer is performed by
surgery under general anesthesia (see Note 18) and involves the transfer of up
to 30 embryos per side (1-2-4 cell stage embryos into 0.5-dpc oviduct; morula/
blastocyst-stage embryos into 2.5-dpc uterus). Spare embryos can be main-
tained in vitro in a-MEM medium to ascertain blastocyst formation. Blasto-
cysts are scored on developmental d 4 to be either fixed or seeded on a feeder
layer of mouse fibroblasts (see Note 19) as a way of testing the competence of
the blastocyst for implantation.

3.7. Viewing GFP in Live Cells and Tissues

GFP expression is characterized visually by examining the tissues with a
fluorescence microscope. Embryos, fetuses, and gonads are scored for GFP
using an inverted fluorescence microscope equipped with appropriate filters.
The most common filter set used for GFP is the one designed for FITC (see
Note 20). Because the blue excitation wavelength for GFP/FITC is close to
that of UV light, in order to preserve cell viability, the light source should be
attenuated by using the microscope built-in neutral density filters (ND4 +
ND8). Bright field and GFP images can be captured with a commercial digital
camera and saved in the JPEG format.

4. Notes

1. LacZ vs GFP. LacZ has also become amenable to viable detection. The recent
application of the fluorogenic substrate 3-carboxy umbelliferyl-p-
galactopyranoside (CUG) combined with fluorescence activated cell sorting
(FACS) analysis has been shown to be several orders of magnitude more sensitive
than the traditional BGal + XGal detection. Additionally, because of its high water
solubility and detection limits, the CUG substrate has found extensive use in
automated enzyme-linked immunosorbent assay (ELISA)-type systems. The
conversion of the fluorogenic substrate CUG releases the fluorophore
7-hydroxycoumarin-3-carboxylic acid (CU); the emission of this highly fluores-
cent product is monitored at 460 nm using excitation at 390 nm (37,38).
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Emergence and allocation of the germline visualized by Oct4/GFP (Oct4-APE-
GFP). Analysis of various stages of germline development was performed by
fluorescence microscopy in situ. A progressive decline in GFP activity occurs in
the epiblast, the first derivative of the ICM, from 5.5 dpc onward. Embryos
recovered from 6-8 dpc show lower but significant levels of GFP because the
Oct4-APE promoter is silenced in the epiblast on its way to becoming active only
in PGCs, but the protein persists longer than the mRNA. Oc#4-APE-GFP identi-
fies germ cells shortly after (8 dpc) they have formed (Fig. 4). The gonadal ridges
were dissected from 11.5 to 16.5 dpc fetuses, and postmigratory germ cells
recovered based on GFP. From 13.5 dpc onward, male and female gonadal ridges
could be distinguished based on their “striped” and “dotted” appearance, respec-
tively (Fig. 6). Until about the fourth day postpartum in males and 13—-16 dpc in
females (when germ cells enter meiosis according to their sex), GFP is well-
detectable and expressed exclusively in germ cells. After this point, expression
decreases to a minimum, a finding consistent with the endogenous Oct4 expres-
sion pattern, being restricted to spermatogonia in the male testicular cords and to
primordial oocytes in the newborn ovary.

Germ cells in the gonadal ridge are organized in clusters. Postmigratory germ
cells were examined at various stages from 11.5 to 16.5 dpc, with stage-related
differences observed. In male (B60G2)F1 gonadal ridges, early postmigratory
germ cells were found mostly as individual GFP-positive cells, whereas
aggregates (clusters) occurred more and more frequently from 13.5 dpc onward
(Fig. 6). These aggregates are reminiscent of the “cysts” described by Pepling in
the newborn mouse ovary after immunohistochemistry for Vasa (39). The number
of cells within an aggregate was estimated to range from 2 to 10 by aspirating
individual cysts in a nuclear transfer micropipet and counting the nuclei while flush-
ing them out. If these structures found in the developing male gonad were cysts
indeed, they may have to serve a different biological function than the one postu-
lated by Pepling (i.e., elimination of defective mitochondria [39] ).

PGCs can be enriched to near-purity using Oct4-GFP. Purification of germ cells
can be automated by FACS. Ninety-nine percent of the GFP-positive putative
PGCs in the lower right quadrant before antibody staining shifted to the upper
right quadrant after staining with an antibody directed against c-kit (Fig. 7). This
indicated that the high GFP-positive population of cells within the gonad is also
positive for c-kit. Most of these GFP-positive cells also coexpress additional
markers (integrins o6, B1; data not shown). Therefore, they are bona fide germ
cells. The stromal cells within the ridge also express c-kit receptor, and are likely
to be Leydig cell precursors, which as germ cells are known to express the recep-
tor. Using the same transgenic mouse line as we did (OG2), the degree of PGCs’
purity in the GFP-positive cells sorted by flow cytometry was found to be high
(96%) as measured by coexpression of GFP and classical PGC markers, such as
SSEA-1 (36). If necessary, the enrichment can be further increased, i.e., the few
GFP-negative cells can be sorted out by individual picking using the microman-
ipulator while viewing under blue light excitation (Fig. 9).
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Fig. 10. Examples of Oct4-APE/GFP levels and distributions in blastocysts.
Although GFP is always localized to the ICM in fertilized blastocysts (A), abnormali-
ties become evident as fertilization is by-passed by somatic cell nuclear transfer (B,C).
A-C: DIC bright field; A—C: GFP fluorescence.

5. Oct4-GFP after fertilization. (B60OG2)F1 embryos were produced in vitro by in
vitro fertilization (IVF) and examined for GFP expression as driven by the Oct4-
APE promoter. Feeble green fluorescence could be detected in some embryos at
48 h, suggesting the very onset of gene expression in asynchronous fast develop-
ers. GFP was first noted at the eight-cell stage, and its intensity peaked at the
morula stage (Fig. 8). At 96 h of development, blastocysts were classified ac-
cording to their GFP expression pattern as follows: blastocysts expressing GFP
in all their cells, blastocysts with ICM-restricted expression, blastocysts without
GFP expression, and mosaic expression in blastocysts (Fig. 10). Most fertilized
blastocysts presented a ICM-restricted signal over a diffuse GFP background.
Because the enhanced GFP used in this study is 35-fold stronger than the native
GFP, this caused saturation of the green video channel so that ICM restriction
could be appreciated only when the excitation was attenuated (32-fold; Fig. 11).
Those IVF embryos that were scored as GFP-negative were presumed to be
parthenotes (having formed by spontaneous oocyte activation in the presence of
sperm) and consequently discarded. During postimplantation development, Oct4
expression is restricted to the epiblast. This is accomplished by the Oct4-APE-
GFP transgene as well, as described by Yeom et al. (18), but the signal then goes
down, being the PE required for maintenance of expression in the epiblast (Fig. 4).
However, Gertz (40) could not reproduce some of the observations noted by
Yeom et al. (18) with respect to the spatial distribution of the transgene product
in the primitive ectoderm and endoderm as compared to Oct4. Timing may be an
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attenuated

Fig. 11. The power of discrimination between the ICM and the trophectoderm of
Oct4-APE/GFP embryos becomes sharp after the excitation is dimmed. (Top) Normal
excitation with no filters and no exposure correction (f-stop); (bottom) better signal/
noise ratio after 32x filter attenuation.

issue, as it is known that Oct4 is transiently expressed in the primitive endoderm
(41). Also, the different insertion locus may account, at least in part, for discrep-
ancies observed in the Oc#4/transgene expression patterns; reporter gene expres-
sion levels may slightly differ between different transgenic lines. The accurate
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Fig. 12. Events occurring in the embryo around and immediately after the time of
implantation can be modeled by allowing the blastocyst to attach to and spread on a
feeder layer of embryonic fibroblasts. This is called outgrowth and is the first step
toward the derivation of ES cells.

recovery of timed embryonic stages around implantation (4.5-5.5 dpc) is quite
difficult. To circumvent this problem, these stages were studied by an in vitro
outgrowth model and examined for expression of Oct4/GFP (Fig. 12). Briefly,
blastocysts were plated on a feeder layer of mitomycin C-inactivated mouse
fibroblasts, where they could attach, mimicking the process of implantation to
the uterus. During 3—5 d coculturing, the trophectoderm of the blastocyst spreads
on the feeder cells (trophoblast invasion), leaving the ICM cells behind to form a
clump. Oct4-GFP lacking the PE is purported to be an exclusive marker for ES
cells and, later on, PGCs. In fact, GFP almost completely vanishes in the
spreading part of the outgrowth (derived from TE cells) to be maintained only in
a cluster of cells growing from the ICM.

6. Oct4/GFP expression after transfer of somatic cell and PGC nuclei into oocytes.
Using Oct4/GFP as a marker, germ cells now become amenable to viable selec-
tion and direct testing in biological assays. For instance, the developmental
potential of germ cell nuclei after transfer into oocytes remains controversial. To
date, gonadal cells bearing morphological resemblance to germ cells have been
used or germ cells have been assessed for purity by AP staining and unprocessed
sibling cells used for nuclear transfer (see ref. 42 and references therein). Given
such experimental design, the identity of the nucleus donor cells is not known
with any degree of certainty. In addition, because germ cells are maintained to
undergo erasure of epigenetic imprints between 8.5 and 12.5 dpc in vivo, reports
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on putative germ cell (13.5-16.5 dpc) nuclei that support the development of
clones to midgestation are quite surprising. This prompted testing of certain
(Oct4/GFP-positive) germ cells for developmental competence after nuclear
transfer. The comparison between germ cell (Oct4 on/open state) and cumulus
cell (Oct4 off/closed state) allows the testing of whether the silent state of Oct4 in
somatic cells is mediated by a lack of transactivators or a physical modification
of the gene locus.

Nuclei were transplanted from Oct4-APE-GFP transgenic donor cells into oocytes
to test for reactivation (cumulus cell) and maintenance (germ cell) of transgene
expression and, hence, for pluripotency. The reconstructed oocytes were scored
for GFP at the two-cell, four-cell, eight-cell, morula, and blastocyst stage. When
expressed, Oct4-APE/GFP was observed in clone embryos from about the eight-
cell stage regardless of the nucleus source. Because the transgene was already
functioning in germ cells at the time of nuclear transfer, as opposed to cumulus
cells, this suggests that a physical modification (opening) of the gene locus is not
required. Also, because GFP was not detectable through the one- and two-cell
stages in both types of clones, this suggests that required transcription factors
and/or coactivators are lacking during the first 40 h of development. In compari-
son to the fertilized embryos, GFP activity in clones was weak (Fig. 10), and
clone blastocysts were scored with GFP distributed overall or “patchy” (GFP
mosaicism). Because GFP is the same in fertilized and clone embryos (same
transgene source, OG2), persistence of GFP expression in clones suggests a
difference in gene expression (transcription, translation) rather than a longer half-
life of the fluorescent protein in the clone cytoplasm environment. When clones
were derived from male germ cell nuclei, the dynamics of GFP expression during
preimplantation development were qualitatively the same as those for somatic
cell nuclei; however, a much higher rate of blastocyst formation occurred using
germ cell nuclei (35). It is very difficult to draw a correlation between the GFP
pattern in blastocysts and their developmental potential. This would require trans-
fer and follow-up of the blastocysts into the uteri of pseudopregnant females.
Alternatively, the blastocysts could be assayed for outgrowth formation on a
feeder layer, a well-established in vitro model for implantation. This was
attempted on a limited number of NT blastocysts obtained from cumulus and
germ cell nuclei. Outgrowths formed from cumulus cell-derived blastocysts
regardless of the presence or absence of GFP; however, some GFP-positive blas-
tocysts were found to have turned into GFP-negative outgrowths. The ability to
derive some ES-like colonies suggested the presence of a pluripotent ICM.
Although ES cell lines were established, this was the case for a scant minority of
the blastocysts. The proportion of cumulus cell-derived blastocysts that gave rise
to ES cell colonies was in line with the rate of postimplantation development
attained in vivo. After embryo transfer of 472 cumulus cell-derived clones to
uterus, five pups were recovered at 18.5 dpc by cesarean section. As expected,
they were all phenotypic females with their gonads glowing green from the Oct4-
GFP transgene activity (Fig. 13). In contrast to the cumulus cell-derived clones,
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Fig. 13. A clone mouse pup (top) derived from an OG2 cumulus cell nucleus. The
pup is therefore a female as indicated by the ovary as a gonad (bottom left). Oct4/GFP
marks the germ cells (bottom right). Reproduced with permission from Cold Spring
Harbor Press.

negligible postimplantation development and no ES colonies were obtained from
13.5 to 16.5 dpc germ cell-derived blastocysts and their outgrowths. To account
for the reports of development to midgestation of putative germ cell-derived
clones, we hypothesize that either gonadal cells other than germ cells may have
been picked instead of true germ cells or that a subset of germ cells may not have
undergone irreversible epigenetic reprogramming by 13.5-16.5 dpc. In summary,
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Oct4 plays an essential role in the mechanism that ensures embryo viability. It is
evident that Oct4 cannot account for all types of developmental failure in
fertilized and clone embryos; faulty Oct4 downregulation at the blastocyst stage
appears to be a weak explanation. The intrinsic deficiency in genome
demethylation activity, which has been described recently (43), may be associ-
ated with the prior removal of the maternal genome from the oocyte. It follows
Oct4/GFP can be used as a marker for reprogramming to exclude those embryos
that will most likely fail at subsequent development based on their Oct4/GFP
pattern. However, Oct4/GFP provides little or no information for those embryos
that fail at later stages, possibly because of other defects.

Mouse welfare. Prerequisites for successful mouse studies include a good animal
house environment and proper husbandry practices. In a noisy environment or in
one with frequent animal access by caretakers, the outcome of animal-based
research is compromised. As one environmental factor, the food diet has to be
checked for phytosterols, which should be as low as possible in order not to
interfere with the mouse female’s own response to the hormones (gonadotropins)
used for inducing ovulation (see Note 8). All mice used in this study were
purchased from Taconic and fed with Harlan Teklad chow. The mouse colony
room was kept under controlled temperature (20°C) and photoperiod (0800-2000
light hours). Animals were maintained and used according to the guidelines of
the Internal Animal Care and Use Committee (IACUC) of the University of
Pennsylvania.

Priming of females with hormones, sacrifice, and dissection. In vivo
supermaturation and superovulation of mouse oocytes are to be induced with the
lowest effective dose of gonadotropins (pregnant mare’s serum gonadotropin
[PMSG]; human chorionic gonadotropin [hCG]). More than 10 U of either PMSG
or hCG per female significantly decreases oocyte quality; and, regardless of the
dose, the uterine endometrium is negatively affected by PMSG, resulting in em-
bryo difficulty at implanting (44). For this reason, reliable recovery of
postimplantation material should follow natural mating. Different mouse strains
are not equally sensitive or responsive to gonadotropins, therefore, the optimal
dosage needs to be determined for the mouse strain concerned. In this study,
PMSG and hCG have been purchased from Calbiochem (cat. nos. 367222,
230734) and reconstituted in PBS. For recovery of ovulated oocytes to be fertil-
ized in vitro, 8—12 wk-old (B6C3)F1 females are administered with gonadotro-
pins (7.5 U PMSG at 5:30 pm and 7.5 U hCG at 4:30 pm, 2 d apart) delivered
intraperitoneally by a syringe fitted with a 1/2-inch 27-gauge needle. Fifteen
hours after hCG injection, the females are sacrified by CO, inhalation followed
by cervical dislocation. The oviducts are dissected, and the oocytes are isolated
in HCZB medium (Note 11). To recover peri-implantation-stage embryos, 4—6
wk-old (B6C3)F1 females under PMSG + hCG stimulation are mated with OG2
stud males right after the hCG injection. The day of the vaginal plug is consid-
ered as 0.5 dpc (i.e., d 0.5 of development). The embryos are flushed from the
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uterus at 3.5 dpc. To recover postimplantation stages, 4-wk-old (B6C3)F1 fe-
males are mated with OG2 stud males and the embryos or fetuses are recovered
after 4.5 dpc.

Isolation and culture/storage of fetal germ cells. Germ cells do not exist as
individual cells within the gonadal stroma, but are organized as aggregates or
clusters. “Cysts” have been already described in the mouse ovary (39). Release
of germ cells from the gonadal ridge by mechanical means disrupts the tissue
macroarchitecture (i.e., testicular cords in the male), but leaves most germ cell—
germ cell contacts in place, whereas exposure to EDTA frees germ cells from one
another (loss of microarchitecture), while leaving the supporting matrix of the
gonadal ridge intact. Prior to 13.5 dpc, mouse germ cells of either sex are engaged
in active cell division that brings their number approximately from 300 (8.5 dpc)
to 20,000 (13.5 dpc) approximately. This is relevant to the fine estimate of PGC
numbers and the efficiency of cloning when germ cells are to be used as nucleus
donors (Note 17); in fact, transfer of those nuclei frequently in S-phase results in
oocyte fragmentation upon activation of the transplanted oocyte.

Collection of germ cells by FACS. The GFP expression in Oct4 transgenic germ
cells prevents the use of fluorescein—FITC conjugated primary antibodies.
Although most commercial antibodies are offered conjugated with phycoeryth-
rin, APC is another useful fluorochrome for performing multi-color FACS.
Unlike phycoerythrin, APC’s emission spectrum does not overlap with that of
GFP or FITC, requiring no compensation between the FL1 and FL2 detectors. A
good tip is to always perform a time-delay calibration using Calibrite-APC beads
at the beginning of the experiment to synchronize the acquisition of events from
both lasers. Many primary antibodies are now offered conjugated with APC.
Alternatively, primary antibodies can be biotinylated and used with a strepavidin
conjugated with either cychrome detected on FL.3 or APC detected on FL4. When
using biotinylated antibodies for FACS, substitute 10% BSA for the 20% FCS in
the media used to inactivate the trypsin. Serum coats cells with large amounts of
biotin that will bind the secondary strepavidin—fluorochrome conjugate. Always
use an appropriate biotinylated isotype control to test for nonspecific binding
of the primary antibody to the germ cells and to perform an initial antibody titra-
tion study.

. Collection of adult oocytes. The cumuli oophori are dissected from the oviducts

and hyaluronidase (50 U/mL in HCZB medium with 0.4% w/v BSA) is used to
free the oocytes from their cumuli at room temperature. The commercial enzyme
is often a crude preparation with many impurities and undesired activities. The
commercial batch should be chosen with the highest specific activity (5000 U/mg
or higher). In this study, hyaluronidase has been purchased from Calbiochem
(cat. no. 38594). Low-working dosage (50 U/mL) and room temperature incuba-
tion are helpful in order to minimize the toxic effect of other activities (e.g.,
proteases) on oocytes. Do not incubate the hyaluronidase reaction at 37°C, as this
would favor the activity of such proteases. Presence of albumin may quench the
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effect of the residual protease activity. Therefore, pipet-transfer the cumuli
oophori in a drop of 50 U/mL hyaluronidase solution. Leave for approx 10 min at
room temperature, and remove the oocytes by a mouth-operated micropipet as
soon as they are loose (Note 13).

Oocytes IVF. Sperm is isolated by swim-up from the cauda epididymis of mature
0OG2 males (2 mo or older) and capacitated in Whittingham medium (3% BSA,
fraction V, Sigma, cat. no. A3311) at 37°C for 1.5 h prior to oocyte insemination.
Sperm concentration is adjusted to 2 X 10% sperm/mL in the insemination drop.
Fertilized oocytes are recovered from the insemination drop 2—3 h later. Compo-
sition of Whittingham medium is described in Note 13.

. Oocyte and embryo culture. We obtained best results using o-MEM supple-

mented with specific brand and grade of BSA (ICN, cat. no. 103700; Table 1).
Prepare the embryo culture dishes by placing drops of medium (20 puL) on a 35
mm suspension culture dish, overlay with silicon oil, and pre-equilibrate at 37°C
in a 5% CO, incubator for at least 2 h. The best culture dishes are those designed
for suspension cell culture (Corning cat. no. 430588), as their untreated (hydro-
phobic) surface keeps the culture drops rounder. The oil should be washed (see
Note 14) and equilibrated with culture medium in the incubator at least over-
night, prior to overlaying the drops. Embryos release autocrine and paracrine
factors in the medium, which should therefore not be changed unless necessary
when metabolic acidification compromises the buffer capacity of the medium.
An efficient method to counteract the negative effects of metabolic acidification
while preserving the growth factors released in the medium is to replenish the
culture drop by adding fresh medium half way through the culture period.

Oil. Silicon oil (dimethylpolysiloxane [DMPS]) is used to overlay the drops of
either manipulation or culture medium, and it comes in various grades of viscos-
ity. The “thin” silicon oil (5-20 centistokes; Sigma, cat. no. DMPS-V, DMPS-2X)
is more suitable to overlay the HCZB medium in the micromanipulation cham-
ber; the “thick” silicon oil (100-200 centistokes; Sigma, cat. no. DMPS-1C,
DMPS-2C) is more suitable to overlay the culture drops of a-MEM. Once the
“thick” oil has been equilibrated in the CO, incubator, it will keep gas exchange
between medium/air at a low rate as the dish is removed from the incubator.
Instead, the “thin” oil does not have a strong buffer capacity for gas exchange,
but makes it easier to move the needles in and out of the micromanipulation
chamber. Some investigators sterilize the oil by autoclaving, whwewas others
believe that this is unnecessary if antibiotics are present in the culture medium,
and it may actually render the oil toxic. We recommend not to autoclave the oil
and to minimize the use of antibiotics, but to shake the oil in a bottle with me-
dium supplemented with antibiotics, then let the medium decant, and take the
upper layer of oil for subsequent use.

. Isolation and storage/culture of somatic cells. Cumulus cells are a very conve-

nient source of somatic cells for cloning as they come with the oocyte and are
arrested in G1/G0. However, they retain some ability to proliferate in the culture.
To be used as nucleus donors, cumulus cells need to be prevented from attaching
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to the substrate or entering the cell cycle. This is effectively accomplished by
keeping the cell’s drop of hyaluronidase in HCZB medium at 4°C, after adding 1/
4-1/2 vol of Whittingham medium to inactivate the proteases that may have
bound to the cell membrane. If the cumulus cells are to be used for cell culture,
they need to be aspirated from the dish and transferred to a tube to be centrifuged/
resuspended in proper medium.

Media for oocyte micromanipulation. Although a variety of media is
commercially available from specialized vendors, we recommend producing
them in-house using milli-Q water (Table 1). A protein-free, HEPES (ICN, cat.
no. 1588413)-buffered, hypertonic CZB medium is used for all manipulations. A
medium can be made hypertonic by adding sucrose (ICN, cat. no. 821713; 2.5%
w/v final concentration) or by dissolving its components in less volume (95% of
the standard volume). Here we recommend not adding any extra component, such
as sucrose, but reconstituting the medium in less volume. Use of slightly hyper-
tonic medium does not harm mouse development while it facilitates microman-
ipulations of oocytes owing to the enlarged perivitelline space. Medium
supplementation with 0.1%—1% w/v PVP is aimed at counteracting stickiness in
the absence of albumin. Substituting PVP (Calbiochem, cat. no. 529504) for al-
bumin also takes care of the batch-to-batch variations in the quality of albumin.
PVP is preferred over polyvinylalcohol, which is more difficult to dissolve (cold-
water soluble, hence, problematic in warm media). A great deal of variability
exists between different sources and batches of PVP (Note 17).

. Nuclear transfer and oocyte activation. In our experimental setup, a manual mi-

cromanipulator (Narishige MN-188NE) and a piezo unit (PrimeTech PMAS-
CT150) are coupled to an inverted microscope (Nikon Eclipse TE300) equipped
with DIC long-working distance (ELWD) optics. Using such optics in associa-
tion with glass-bottomed vessels, visible enucleation of mouse oocytes becomes
possible without the need to displace the cytoplasmic granules by centrifugation
or staining the chromosomes with a dye specific for DNA. The meiotic spindle is
temperature-sensitive. In human oocytes, it starts disassembling soon at 1°C or
2°C below 37°C. In mouse oocytes, the spindle is not visible at or below 20°C.
For these reasons, an intermediate temperature of 28°C was used in this study.
The entire micromanipulation room was set as an environmentally controlled
room warmed at 28°C. Although it is possible to remove the spindle as it is with-
out altering the cytoskeleton, disassembling the actin network by exposure to
cytochalasin D or preferably B (ICN, cat. no. 195119) facilitates the task.
Cytochalasin B is different from cytochalasin D in that it acts faster, but it also
inhibits the transport of glucose through the oocyte membrane. Cytochalasin B
can de dissolved either in ethanol or in DMSO (Sigma, cat. no. D2650). It does
not matter which carrier is used, provided its final concentration in the medium is
kept low. Mouse oocytes should not become activated in the presence of minimal
ethanol concentration, as they require up to 7% v/v for full activation; however,
this may not apply to oocytes from other species. To assist oocyte enucleation, a
stock solution of Sug/uL cytochalasin B in DMSO is diluted to a final concentra-
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tion of 1 pug/mL Cytochalasin B and 0.02% DMSO. It is important to let the
enucleated oocytes recover for 1 or 2 h, as allowance of shorter time may result in
a higher rate of lysis postinjection of the donor nucleus. For the nuclear transfer,
there is no need to suspend the nucleus donor cells in 12% PVP as indicated in
other studies. Besides, this is a very dense and viscous environment that does not
permit the oocytes to be processed together with nucleus donor cells in the same
drop of medium. We experienced a 1% PVP concentration that is compatible
with oocyte viability and reduces the stickiness of exposed donor nuclei to a
minimum. The PVP stock solution (16% w/v in water) must be made fresh every
week and diluted to the working concentration each time micromanipulation is
performed. We obtained consistently good results with PVP from Calbiochem
(molecular weight 40 kDa), but not with other brands. Activation of the recon-
structed mouse oocytes is best obtained using 10 mM SrCl,, (Sigma, cat. no.
0390), according to reports, in the presence of Cytochalasin B to prevent pseudo
polar body extrusion. A 1 M stock solution of SrCl, is prepared in water (do not
use PBS as phosphates in conjunction with glucose, may cause a two-cell block
of mouse development) and diluted 100 times in Ca-free M16 medium. A 1000X
stock solution of cytochalasin B is diluted in Ca-free M16 medium to a final
concentration of 5 ug/mL Cytochalasin B and 0.02% v/v carrier DMSO, which is
increased up to 0.5% v/v DMSO, as this was empirically found to improve cleav-
age to two-cell. Great care must be taken to remove all Ca-containing medium
from the activation drop by repetitive washes in predrops of activation medium.
We found that 10 mM SrCl, may precipitate in a few hours at 37°C; therefore the
activation drop should be inspected prior to transferring the oocytes, in order to
clear. The timing of the preactivation and activation procedures has been empiri-
cally found to affect the outcome of the cloning experiment. Nuclear transfer
would be best completed by noon, and the activation started by 2:00 pm. After
activation, a single wash in Whittingham medium is enough to remove all the
Cytochalasin B and enable cleavage, but more washes are helpful. Cytochalasin
B is absorbed by albumin, which is present in large amounts in the Whittingham
medium. Subsequent cleavage of the reconstructed oocytes is able to take place
in o-MEM. Do not transfer embryos from drop to drop, but replenish the spent
medium in the same drop.

. Embryo transfer. The observation has been consistently made that the first round

of plugs was not as good as the second or third in providing the best chances of
pregnancy. For transfer of embryos in vivo, recipient females plugged by vasec-
tomized males are anesthetized with a mixture of xylazine (Rompun) and
ketamine (Ketalar), were the doses administered were 0.2 mg and 0.3 mg, respec-
tively, per 10 g/body weight. Prior to transfer, embryos are rinsed in HCZB
medium containing PVP to wash off the bovine albumin, which may trigger an
immune response by the mother.

Blastocyst outgrowth formation. Feeder cells are required because the implant-
ing embryo has an attachment/invasive behavior. STO (SNL) feeder cells, a
murine embryonic fibroblast cell line expressing the recombinant leukemia-
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inhibiting factor and G418 antibiotic resistance (neo), are a convenient source of
feeder cells (45). Prior to seeding the blastocysts onto STO cells, feeders are
mitotically inactivated by exposure to mitomycin C (10 pg/mL in Dulbecco’s
modified Eagle medium [DMEM]) for 2-3 h. After careful washing, feeders
are maintained in DMEM medium with supplements (15% fetal bovine serum,
0.1 mM non-essential aminoacids, 2 mMLrglutamine, 0.1 mM mercaptoethanol,
and 50 U/mL penicillin-streptomycin). Blastocysts are seeded on the feeder cells
and their outgrowths are examined 3 d later, a time point equivalent to develop-
mental d 7.

20. Imaging. Viable observations of cells or tissues are carried out while in a HCZB
medium. HEPES is light-sensitive; therefore, illumination should not be
protracted when unnecessary. GFP is excited with blue light (excitation range
470-480 nm; beam splitter range 495-505 nm; emission range 500-535 nm),
which is akin to UV light. Some reports indicate that the toxic effect of GFP may
actually be a consequence of irradiation rather than of the GFP itself. Here we
recommend using neutral-density filters and long exposure to compensate for
low intensity. Alternatively, the culture medium can be supplemented with 0.1 mM
N-acetyl cysteine (NAC) to protect cells from the UV damage.
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Analysis of Germline Chromatin Silencing
by Double-Stranded RNA-Mediated Interference (RNAi)
in Caenorhabditis elegans

Monika A. Jedrusik and Ekkehard Schulze

1. Introduction

RNA interference is a simple, efficient, and highly scalable method for the
analysis of gene functions in Caenorhaditis elegans independently of mutants
availability (Z,2). It is used to study individual genes, gene families, and also
for genomewide screenings (3). In a RNAi experiment C. elegans is exposed to
double-stranded RNA that corresponds to the sequence of a specific mRNA.
This triggers a series of enzymatic processes, resulting in a specific degrada-
tion of this target mRNA (4-7). Consequently the animals display a phenotype
that results from the depletion of the target protein. The RNAi phenotype can
reach the severity of a null mutant (2). Although, generally RNAIi is far more
effective than antisense RNA (2,8) the effectiveness of a specific RNAi
experiment depends on the target gene.

In germ cells of different organisms, the transcriptional activity is typically
reduced by a variety of different molecular processes not yet completely un-
derstood (9). We used the RNAI approach to identify genes essential for the
chromatin silencing in the germline of C. elegans, e.g., the linker histone
isoform H1.1; (10).

1.1. Strategies of RNAI Interference in C. elegans

RNAI interference in C. elegans is a systemic response that results from
exposure to specific dSRNA, which means that the interference spreads to all
cells of the individual animal, regardless of the route of administration. Addi-
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tionally, the interference is passed on from the exposed hermaphrodite animal
to the next generation (F1 animals), allowing two different kinds of experi-
ments. Exposure of FO hermaphrodites depletes maternal, as well as zygotic,
mRNAs and also the mRNA of all later stages of the F1 generation. This allows
a phenotypic analysis of the F1 generation if the RNAI is not embryonic lethal
and does not result in larval arrest. Because the interference occurs in all life
stages, it cannot be deduced when a certain transcript is functionally required.

Alternatively, L1 larvae or later-stage animals can be exposed to dsSRNA
and scored directly. This being used to study embryonic lethal or larval arrest
genes and also demonstrating that a certain germline phenotype originates from
the postembryonic depletion of mRNA.

Four different ways of exposing C. elegans to dsSRNA have been introduced:
feeding with dsRNA expressed in bacteria (11), soaking of worms in dsRNA
(12,13), dsSRNA microinjection, and expression of dSRNA by transgenes in C.
elegans (14). The first two methods are currently used in genomewide screen-
ing experiments (3,13). Microinjection of dsSRNA, however, occasionally gives
stronger phenotypes, even to the extent that these phenotypes occur only in
microinjection experiments, but not in soaking or RNAI feeding experiments.
Therefore, we recommend to start the analysis of single genes by dsRNA
microinjection. Microinjection also allows the mix of multiple different dsSRNA
species in order to achieve a combined depletion of different mRNA species,
whereas a combined dsRNA feeding is not effective. Germline silencing in C.
elegans is a function of temperature. Higher temperatures up to 25°C favor
desilencing as well as RNAI efficacy and are used in the initial depletion
experiments. Further biological characterization of phenotypes then includes
experiments at lower temperatures, e.g., 16°C and 20°C.

1.2. Effector Sequence Design

The dsRNA sequence should not be longer than 2000 bp and no shorter than
500 bp. For larger sequences, the efficiency of T7 RNA polymerase transcrip-
tion will be reduced, whereas shorter fragments generate reduced interference
activity in C. elegans. When this is tolerable, fragments as short as 200 bp can
be used. As interference originates from the degradation of the corresponding
mRNA, the sequence needs to be deduced from cDNA or from genomic DNA
containing mostly exons of a single gene. The specificity of the sequence can
be controlled by a BLASTN analysis of the C. elegans genome (http://
www.sanger.ac.uk/Projects/C_elegans/blast_server.shtml). Similar sequences
with an identity of 70% or more that extend over regions longer than 100 bp
potentially lead to crossreactivity of the RNAi, which is typical in gene fami-
lies. By choosing appropriate cDNA fragments, the researcher can optimize
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either crossreactivity or single-gene specificity. A public electronic resource is
available for primer design (http://www.sanger.ac.uk/Projects/C_elegans/
oligos.shtml). Public databases also contain examples of PCR primers for the
amplification of any C. elegans gene for the purpose of RNAI interference (see
Subheading 2.6., item 4). C. elegans cDNAs cloned in pBluescript II, e.g.,
yk85b12 encoding histone H1.1 (10), can be requested from the yk EST project,
(http://nematode.lab.nig.ac.jp/index.htm) (13).

1.3. In Vitro Synthesis of dsRNA for Microinjection or Soaking

Highly concentrated double-stranded RNA is transcribed from a linear DNA
template produced as a polymerase chain reaction (PCR) product that contains
T7 RNA polymerase promotors in opposite orientations on both ends (Fig. 1).
If PCR amplification is done using genomic template DNA the 3' end of both
primers should be appended with the T7 RNA polymerase promotor sequence
5'-GTAATACGACTCACTATAGGG-3'. If the fragment is already cloned be-
tween the T3 and T7 polymerase promotors of pBluescript II (Stratagene), PCR
amplification can be done with a mixture of a T7 primer and the primer T7-T3,
which is a T3 primer appended with the T7-RNA polymerase promotor. For
fragments cloned in the RNAi feeding vector L4440 PCR amplification with
the T7 primer alone is sufficient.

1.4. RNA Interference by Microinjection

Any injection of dsRNA into C. elegans leads to a systemic interference
reaction. For a maximum of interference in the next generation, a single dose
of dsRNA is injected into the rachis of the syncytial gonad of L4 larvae or of
young hermaphrodites (Fig. 2A). Alternatively, and far easier for the inexperi-
enced operator the lumen of the intestine can also be injected. In a standard
experiment, the F1 generation is scored according to germline silencing, mor-
phology, behavior, and development. The occurrence of a RNAi phenotype,
severity of this phenotype, and percentage of animals affected is a function of
the time after injection. Typically, the animals from eggs laid in the first 6 h are
relatively unaffected. Then, RNAI interference sets in and reaches a maximum
penetrance in the F1 animals laid 16-30 h following the injection. Therefore,
the injected animals are transferred every 6 h onto fresh plates in order to
receive a batch of F1 animals with a maximum of phenotypic penetrance.
Occasionally, RNAi penetrance can be critically low (=5%). To enhance RNALI,
efficacy the injected worms and their offspring can be fed with Echerichia coli
HATI115 expressing the specific dSRNA. The resulting F1 animals can also
receive an additional dose of injected RNAi before their adult phenotype is
determined (10).
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Fig. 1. In vitro synthesis of double-stranded RNA (dsRNA). C. elegans DNA is
represented by a bold line. The fragment of interest is amplified from a feeding vector
(L4440) derived plasmid with a T7 primer, from a pBluescript II clone with primers
T7 and T3-T7, or from C. elegans genomic DNA with two specifically adapted T7
primers. Then, the PCR product is transcribed with T7 RNA polymerase. The template
DNA is subsequently digested with RNase-free DNase 1.

1.5. RNA Interference by Feeding

Systemic RNA interference can be achieved in C. elegans by feeding worms
with transgenic E. coli bacteria producing specific dSRNA. The E. coli strain
HT115 is used in combination with the expression vector L4440 (11; Fig. 1).
In this system, IPTG induces T7-RNA polymerase expression and subsequent
production of dsRNA, allowing continuous exposure of C. elegans popula-
tions to dsRNA. However, the efficiency of RNA interference achieved by
feeding can be minor when compared to that of microinjection. RNA interfer-
ence by feeding requires less technical skills than microinjection and can be
used at far larger scales. Individual feeding clones are created by inserting
genomic fragments or cDNAs into the 14440 vector. Alternatively, a full
genome RNAI feeding library (approx 20,000 E. coli clones) has been created
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Fig. 2. Delivering dsRNA to Caenorhabditis elegans. (A) dsRNA is microinjected
into the lumen of the syncytial gonad (the rachis) of hermaphrodites. The injection
needle should be placed to where the tip of the arrow points. (B) Late L3/early
L4-stage larvae are used for dsSRNA feeding experiments and also for soaking. The
arrow points to the mouth opening of the animal. The scale bars corresponds to 50 um.

by Julie Ahringer’s group (The Wellcome CRC Institute, University of Cam-
bridge, UK) and is distributed by the MRC UK HGMP Resource Center (3)(see
Subheading 2.6.; item 7).

1.6. Analysis of Germline Silencing

Highly repetitive transgenes are efficiently silenced in the germline of C.
elegans. Therefore repetitive green fluorescence protein (GFP) transgenes are
used to monitor germline chromatin silencing in living C. elegans. Kelly and
Fire (15,16) introduced let-858::gfp (plasmid BK48) for this purpose. We rec-
ommend using the let-858:: gfp transgenic C. elegans strain PD7271 [genotype
pha-1(e2123ts) Ex 412.5/8 (ccEx7271)] from W. G. Kelly, Emory University,
Atlanta, GA. This strain needs to be maintained at 25°C in order to preserve
the transgene. Alternatively, plasmid BK48 is also available in the Fire Lab
1997 Vector Kit Supplement and can be used for the production of transgenic
reporter strains with standard techniques (17).

The loss of germline silencing has been implicated with severe cytological
phenotypes in the germline of the mes-mutants: mes-2, mes-4, mes-3, and mes-
6 (18). Thus these mes mutants are useful to assess the cytological status of the
germline in comparison to a RNAi phenotype of the gene under investigation.
H1.1 RNAi and the mes mutants can be used as positive controls for a
desilencing of the germline.
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1.7. Analysis of the Depletion of the Target Protein

The easiest control of a RNA interference experiment is done in a transgenic
C. elegans strain expressing a corresponding GFP reporter construct, which
needs to contain the exons that are targeted by the RNAi. Such an expression
construct is most easily generated by cloning a PCR product obtained from
genomic DNA in pEGFP-N1 (Clontech). This is then used to transform C.
elegans with standard techniques (17). GFP reporter strains, e.g., strain EC100
expressing H1.1::GFP can also be ordered from the Caenorhabditis Genetics
Center (CGC). The fluorescence pattern in a RNAi experiment follows the
time course, tissue specificity, and the intensity of the protein depletion. If an
antibody specifically reacting with the target protein is available, immunofluo-
rescence staining following standard protocols (19,20) can be used to analyze
the protein depletion.

2. Materials
2.1. In Vitro Synthesis of dsRNA

1. Effector DNA sequence cloned in pBluescript II (Stratagene) or L4440.

2. Standard primers T7: 5-GTAATACGACTCACTATAGGG-3', T7-T3:5'-CGC
GCGTAATACGACTCACTATAGGGCGAATTGCCCTCACTAAAGGGA-3'.

3. Reagents: Diethylpyrocarbonate (DEPC)-treated plastic materials, gloves,
Megascript T7 kit (Ambion, Cat no. 1334), dNTP, Taq-polymerase, Taq-buffer,
MgCl,, water-equilibrated phenol, ethanol, RNase-free water, 96:4 chloro-
form-isoamylalcohol, TE (1 mM EDTA, 10 mM Tris-HCI, pH 8.0), 3 M
Na-acetate, pH 5.5.

2.2. RNA Interference by Microinjection

1. C.elegans let-858::gfp reporter strain e.g., PD7271, and E. coli OP50 CGC. Ani-
mals need to be young freshly grown hermaphrodites that have never been
starved.

2. dsRNA of the gene of interest for control experiments: irrelevant dsSRNA or M9
buffer (seeSubheading 2.2.; item 5).

3. Chemicals: agarose NEEO ultra-quality (Roth, Germany, cat. no. 2267.4), min-
eral oil (Sigma, cat. no. M-5904), 70% ethanol for sterilizing worm picks.

4. Equipment: 24 x 40 mm coverslips, worm picks (hairs from human eyebrows
glued to toothpick), sterile injection needles Femtotips II (Eppendorf, cat. no.
5242 957.000), Microloader (Eppendorf, cat. no. 5242 956.003), a good binocu-
lar dissection microscope, inverted injection microscope (Zeiss Axiovert)
equipped with a rotatable glide stage, differential interference contrast (DIC)
optics, objective lenses with 10x and 40x magnification, mechanical microman-
ipulator, pressure system (the microinjection needle is connected via the output
of a hand pistol to an adjustable 2000-5000 hPa pressurized air source). The



RNAI in Caenorhabditis elegans 41

2.3.

2.4.

—_—

tubing connected to the pistols’ outlet contains a single hole of 3-mm diameter,
which can be closed with a finger when the pistol is triggered. This allows a very
fast and fine-tuned microinjection of C. elegans.

Formulations: prepare M9 buffer by dissolving 3 g of KH,PO,, 6 g of Na,HPOy,,
5 g of NaCl in 800 mL of H,0, add 1 mL 1 M MgSO,, add water to 1 L (21).
Autoclave.

Preparation of seeded NGM worm plates: add 3 g of NaCl, 2.5 g of peptone, 17 g
of agar, and 1 mL of a cholesterol solution (5 mg/mL in ethanol) to 975 mL of
water (cholesterol is essential for the growth and development of C. elegans).
Autoclave. After autoclaving, cool the molten agar to 55°C, and then add 1 mL of
1 M CaCl,, 1 mL of 1 M MgSO, and 25 mL of 1 M potassium phosphate, pH 6.0,
in single steps and in exactly that order to avoid precipitation (the CaCl,, MgSOy,,
and potassium phosphate solutions have to be autoclaved separately) before pour-
ing the plates. Unseeded plates can be stored at 4°C for mo. Grow an overnight
culture of E. coli OP50, dilute it with 2 vol of distilled water, and spread it onto
the NGM plates (35 uL are sufficient for a 6-cm plate). Let the bacteria grow
overnight at room temperature. Seeded NGM plates can be stored at 4°C for
approx 1 mo.

RNA Interference by Feeding

C. eleganslet-858:: gfp reporter strain e. g. PD7271 and E. coli OP50 (from The
CGO).

E. coli strain HT115(DE3) transformed with the appropriate derivative of the
RNA feeding vector L4440 (a modified version of pBluescript II with T7 pro-
moters on both sides, which is available in the 1999 Fire lab vector kit, see Sub-
heading 2.6.; item 1 and Subheading 2.6.; item 2).

Chemicals: tetracycline (light sensitive; 12 mg/mL stock solution, (IPTG) iso-
propyl-B-p-thiogalactopyranosid, ampicillin, carbenicillin.

Equipment: incubators for 16°C, 20°C, and 25°C, worm picks (see Subheding
2.2.; item 4).

. Formulations: prepare NGM plates as described in Subheading 2.2.; item 6.

IPTG and antibiotics should be added to the 55°C warm molten agar immediately
before pouring the plates to avoid degradation.

Prepare Luria—Bertani (LB) medium by dissolving 10 g peptone, 5 g yeast extract,
5 g NaCl in 700 mL of water, and adjust pH with 2 M NaOH to 7.2. Complete to
a volume of 1 L by adding water. Autoclave.

RNA Interference by Soaking
0.2 mL PCR plastic tubes.

2. 5X M9-Mg (M9 without Mg?*): 3.4 g Na,HPOy,, 1.5 g KH,PO,, 0.25 g NaCl,

0.5 g NH4ClI per 100 mL, autoclaved.
10X soaking buffer: 2.5 x M9-Mg, 30 mM spermidine (Sigma, cat. no. S2626),
0.5% gelatin; autoclaved and filtered.
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2.5 Analysis of Germline Silencing

1. Obtain C. elegans strain PD7271 ([genotype pha-1[e2123ts] Ex 412.5/8
[ccEx7271]) from the CGC or from W. G. Kelly, Emory University, Atlanta, GA.

2. 4% agarose in M9 buffer, 20 mM sodium azide in H,O.

3. A fluorescence microscope capable of the observation of GFP fluorescence
equipped with DIC.

2.6 Material Resource and Electronic Information Sources

1. Fire Lab protocol and vector/RNAi information (http://www.ciwemb.edu/pages/

firelab.html).

Fire Lab FTP site (ftp://www.ciwemb.edu/pub/FireLabInfo/).

The CGC (http://biosci.umn.edu/CGC/).

WORMBASE: http://www.wormbase.org/.

Program for oligonucleotide design: http://www.sanger.ac.uk/Projects/

C_elegans/oligos.shtml.

6. Yuji Kohara’s (yk) C. elegans EST project: http://nematode.lab.nig.ac.jp/
index.html.

7. C. elegans RNAI libraries: http://www.hgmp.mrc.ac.uk/geneservice/reagents/
products/descriptions/Celegans.shtml (3).

AW

3. Methods
3.1. Synthesis of dsRNA (see Note 1)

1. Always wear gloves; use only DEPC-treated plastic materials and Rnase-free
chemicals.

2. Add the following amounts of the indicated reagents in the order shown to a

0.5-mL PCR tube: 2 uL. T7 primer (100 pmol/uL), 0.4 uL. T7-T3 primer (100

pmol/uL), 4 uL plasmid DNA (10 ng/uL), 4 uL 2.5 mM dNTP, 20 uL Taq buffer

without MgCl,, 10 uL. 15 mM MgCl,, and 155 uLL H,O. Mix well and add 4 uL.

Tag-polymerase (1 U/uL).

Overlay with mineral oil if your thermocycler requires it.

4. Use the following PCR protocol: once at 95°C for 5 min; once at 45°C for 20 s
(required only for the T7-T3 primer); and 30 cycles at 51°C for 60 s, 72°C for 90 s,
and 94°C for 60 s.

5. Check the PCR product with an analytical agarose gel, remove the mineral oil
(see Note 2), and extract with 80 uL chloroform/isoamylalcohol. Precipitate with
20 uL 3 M Na-acetate, pH 5.5 and 400 uL ethanol during 3 h at —20°C. Centri-
fuge for 30 min at maximum speed to pellet DNA. Wash the DNA pellet with
70% cold ethanol and dissolve it in 30 uL TE.

6. Transcribe 1 ug of the DNA with a T7 polymerase kit (Megascript T7, Ambion,
cat. no. 1334) to produce the dsRNA in a single reaction. Use a reaction time of
6—12 h (see Note 3).

7. Determine the integrity of the RNA on a gel (see Note 4) and quantify it by UV

(98]
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3.2.

. Prepare injection pads (50-100 at once). Place drops of 0.15% agarose molten in

10.
11.
12.

13.
14.
15.
16.
17.

3.3.

spectrophotometry.
Store the RNA at —80°C (see Note 5).

RNAIi by Microinjection (see Note 6)

water in the middle of a 24 x 40-mm coverslip. Dry the pads on the bench over-
night (see Notes 7-9).

Load needles with 1-2 (L dsRNA using the microloader. Keep the remaining
dsRNA stock on ice (see Notes 10-12).

Mount the loaded needle on the micromanipulator so that the tip of the needle is
in optical axis of the microscope. Always start with 100x magnification.

Check the flow rate of the needle. Increase the flow rate by increasing the injec-
tion pressure up to 5000 hPa. If this is in sufficient, break the tip of the needle by
pushing it against the edge or corner of a coverslip. Use 400x magnification.
Place a drop of oil onto an agarose pad. Use a worm pick to transfer 1-2 young
hermaphrodites onto the agar surface under the oil. Work under a binocular (see
Note 13).

Mount the coverslip with the worms onto the microscope. Two small drops of
distilled water are sufficient to adhere the coverslip to the stage. Focus onto the
worm and center it together with the tip of the needle in the optical axis using
100x magnification.

Locate the syncytial region of one gonad arm. Search for a sausage-shaped clear
area (see Fig. 2A).

Rotate the worm to allow a 45° entry angle of the needle. Then switch to 400x
magnification. You need to see the germ nuclei now. Focus on the center region
of the syncytial region of one gonad arm (see Fig. 2A).

Bring the tip of the needle into the focal plane.

Inject into the rachis.

You must ensure that the syncytial gonad fills with liquid.

Retract the microinjection needle before the gonad bursts. Remove the agarose
pad from the microscope (see Notes 14).

Add 2 uL of M9 buffer to the worm to rehydrate it.

Pick the injected worms onto seeded NGM plates (see Note 15).

Incubate the plates at 25°C.

Transfer the animals every 6—12 h onto fresh plates.

Screen the F1 generation for RNA interference phenotypes.

RNAI Feeding (see Note 16)

Clone the DNA fragment of interest between the T7 promoters of the vector
L4440 and transform the construct into E. coli strain HT115 using ampicillin
selection (see Notes 17-19).

Raise an overnight culture in LB + AT (LB with 12.5 ug/mL tetracycline and
100 wg/mL ampicillin) at 37°C (see Note 20).
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Dilute the overnight culture 1:100 in LB + AT and grow the culture to an optical
density of ODggy = 0.4-0.5.

Induce dsRNA production by adding IPTG (0.4 mM final concentration) and con-
tinue the culture at 37°C for 4 h (see Note 21).

Add a second dose of both antibiotics and of IPTG to the culture in order to
double the original concentration. Incubate for another 30 min.

Harvest the induced cells by centrifugation and spread them onto NGM plates,
which contain 1 mM IPTG, 100 ug/mL ampicillin and 12.5 ug/mL tetracycline
(see Note 22).

Pick C. elegans larvae (Fig. 2B) or eggs of the reporter strain used (e.g.,
PD7271) onto the plates and incubate at temperatures between 15 and 25°C
(see Notes 23-25).

Remove parental worms after they have laid eggs and score the phenotypes of the
adult F1 generation by fluorescence microscopy of the germ nuclei. Worms can
be transferred onto fresh feeding plates at any time (see Note 26).

Alternative method (simpler, without tetracycline, see Note 27):

Grow E. coli HT115 with the plasmid of interest in LB with 50 ug/mL ampicillin
overnight at 37°C.

Spread 4 uL culture onto a 6-cm NGM plate containing 25 pg/mL carbenicillin
and 1 mM IPTG.

Leave the plates for 5 h at room temperature.

Pick four M9-washed L3-stage hermaphrodites (Fig. 2B) of the reporter strain
used (e.g., PD7271) onto the plates and incubate at temperatures between
15-25°C (see Notes 23-25).

Remove the FO animals after they have laid 20-60 eggs.

Score the phenotypes of the adult F1 animals by fluorescence microscopy of the
germ nuclei.

. RNAi Soaking (see Note 28)

Collect 10-20 gravid hermaphrodites of the reporter strain used (e.g., PD7271)
and wash them with M9 that contains 0.05% gelatin.

Cut them with two crossed injection needles in two halves and collect the emerg-
ing embryos.

. Transfer the embryos in M9 to a 1.5-mL tube and incubate them at 25°C over-

night.

Transfer the hatched L1 worms (see Note 29) to a fresh NGM plate without bac-
teria and let them crawl for several minutes to clean them.

Supplement 3.6 uL dsRNA solution with 0.4 uL 10X soaking buffer in a 200-uL
PCR tube.

Insert 15-20 worms into the buffered RNA solution and incubate them at 20°C
for 24 h (see Note 30).

Transfer the animals on to seeded NGM plates or RNA feeding plates.

Score the phenotypes of the adult animals.
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3.5 Analysis of Germline Silencing

1.

Produce agarose pads by dropping molten 4% agarose in M9 buffer on to a glass
slide laying on a flat surface. Place two glass slides covered with two layers of
transparent Scotch tape in parallel beside the first glass slide. Press a fourth glass
slide in an orthogonal orientation onto the liquid agarose drop on the first slide.
Wait until agarose solidifies. The resulting agarose pad has the exact thickness
of two layers of Scotch tape. Release it from the top covering slide by shifting
it away.

Add 5 uL of 20 mM sodium azide onto the agarose pad.

. Use a worm pick to transfer adult F1 generation animals into the sodium

azide drop.

Cover worms with a coverslip.

Record DIC and green fluorescent images. When desilencing occurs, the germ
nuclei (Fig. 2A) will be green fluorescent. If desilencing is observed, addition-
ally characterize the cytological status of the germline by identifying oocytes and
developing embryos. Also count the number of germ nuclei in young hermaphro-
dites of a defined age.

4. Notes

1.

Sk v

10.

11.

In our hands, PCR fragments of this kind are superior templates for dsSRNA syn-
thesis. We prefer to use T7 promotors on both ends because T7 RNA polymerase
has the highest synthesis activity.

Remaining mineral oil can be removed by absorption to parafilm.

Longer reaction times considerably increase the dsRNA yield.

A standard nondenaturing gel is sufficient.

Otherwise, it will slowly degrade.

Learning to microinject C. elegans commonly is a frustrating experience intially.
Expect to practice a few times. Typically after 4-10 sessions, everyone can learn.
The agarose pads produced with 0.15% agarose in water will work for the cited
material. Agarose from other distributors (DNA separation quality) does work as
well, but the necessary concentration has to be determined experimentally. To do
this, test pads have to be produced with agarose concentrations ranging from 2%
to 0.07%. If the pads are too thick, the worms die too quickly from dehydration.
If the pads are too thin, the worms will not be immobilized.

It is convenient to use thicker agarose pads (0.15% agarose) for hermaphrodites
and thinner pads (0.07% agarose) for younger animals, which generate lower
muscle forces, but dehydrate faster.

The pads can be stored at room temperature for months in the original cover-
slip box.

The needles contain an internal glass filament that will slowly transport the liq-
uid to the tip by capillary forces without producing air bubbles. If you fill the tip
of the needle directly with the microloader, you will trap air in it.

To release the cap of the needle, point it exactly downward and let go. This will
remove the cap without breaking the needle.
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dsRNA must be particle-free, completely dissolved, and very pure. Particularly,
it may not contain traces of phenol originating from the extraction procedure.
The concentration of dsSRNA can be very critical. Although some proteins can be
efficiently depleted with RNA concentration below 1 ug/uL, other depletion
experiments show phenotypes only when the RNA concentration exceeds a cer-
tain threshold. Therefore, initial dSRNA concentrations of 4-5 ug/uL are used.

. Experienced operators can handle more worms on one pad. Worms can be cleaned

from adhering bacteria by transferring them onto a nonseeded NGM agar plate.

. When the needle is retracted, no internal organs may protrude through the punc-

ture. If this consistently happens, the needle is too thick and needs to be replaced
by a thinner one.

. A fast-working cycle is essential for animal survival. Vitality can be assessed by

monitoring the locomotor activity of the animals.

. The first feeding protocol is from Lisa Timmons (11), Carnegie Institution of

Washington, whereas the second alternative feeding protocol is from Julie
Ahringer (WellcomeTrust/Cancer Research UK Institute, University of Cam-
bridge, UK; 3).

. The cloning should be performed in a standard E. coli cloning strain (e.g., DH5a),

and the plasmid is then transferred to E. coli HT115(DE3). Plasmid DNA pre-
pared from HT115(DE3) does not have the same quality as typical plasmid prepa-
rations and should be not used for further cloning steps.

. E.coliHT115(DE3) has IPTG-inducible T7 polymerase activity. Competent cells

can be made by using the standard methods. The strain is selectable with tetracy-
cline. When there seems to be something wrong with the HT115(DE3) cells, test
for the presence of the DE3 lysogen by PCR.

. Julie Ahringer’s feeding libraries can be obtained from the MRC UK HGMP

Resource Center (see Subheading 2.6.; item 5).

Some researchers believe that the tetracycline decreases the RNAIi efficacy in
feeding experiments.

Different duration of induction time can be tested.

For 30 plates, a 30 mL culture is enough.

The ratio of worms to the bacteria is very important. Too many worms will
deplete the bacteria and starve. Then, RNAi will not work.

C. elegans can be cleaned from adhering bacteria by washing worms in M9 on
unseeded NGM plates or in 1.5-mL plastic tubes.

Initially, 25°C should be used because this enhances RNAi efficacy and germline
desilencing.

Fresh cells work better. The feeding plates can be stored at 4°C for a maximum
of 1 wk.

It may be necessary to test which method works best in a given environment.
This protocol is from Ikuma Maeda and Asako Sugimoto (13). We recommend
soaking especially for the analysis of postembryonic development because it
allows a very long exposure of L1 larvae to dsSRNA. We suggest to always do this
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29.
30.

in comparison with L1 feeding experiments, because for a given gene of interest,
typically, one of the two methods works considerably better.

Alternatively, L1 animals may also be obtained from a clean starved plate.

For the analysis of the embryonic phenotype, four L4-stage larvae may be used
instead.
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cDNA Subtraction and Cloning in the Field
of Trophoblast/Placental Development

Myriam Hemberger

1. Introduction
1.1. General Considerations for the Applicability Of cDNA Subtraction

cDNA subtractive hybridization is a very powerful method to compare gene
expression profiles between two cell or tissue samples of interest. The sample
in which differentially expressed transcripts are to be found is usually referred
to as “tester,” whereas the reference sample is called “driver.” A cDNA sub-
traction experiment should always be performed in both directions, with each
sample serving as the tester and the driver in separate reactions. The general
requirements to perform a cDNA subtraction and cloning procedure encom-
pass the isolation of total RNA or mRNA from the specimens of interest, fol-
lowed by reverse transcription of the mRNA into cDNA. The concept of cDNA
subtraction is based on the hybridization of reverse-transcribed mRNAs present
in both experimental samples. These sequences can form double-stranded
hybrids that are then removed from the reaction. Only cDNAs from the tester
population that remain single-stranded are further amplified, thus representing
the pool of differentially expressed genes. This pool enriched for differentially
expressed sequences can easily be cloned to generate a subtraction library. The
analysis of subtraction efficiency is a crucial step after the procedure in order
to rely on the results obtained. The subtractive hybridization is very valuable
to achieve insights into genes differentially regulated between two samples of
interest. Importantly, however, the generated cDNA pools enriched for genes
overexpressed in either of the two tissue or cell specimens are also excellent

From: Methods in Molecular Biology, vol. 254: Germ Cell Protocols, Volume 2:
Molecular Embryo Analysis, Live Imaging, Transgenesis, and Cloning
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probes for array hybridization applications—timely methods to identify gene
expression changes on a large scale.

Although it is clear from the general concept of cDNA subtraction that only
genes expressed in both samples are successfully eliminated from the tester
cDNA pool, one of the most common problems in subtractive hybridization
experiments is the nonequality of starting samples. Therefore, it should be
stressed that extreme care must be taken in the selection and preparation of the
initial tester and driver material to minimize cloning of differentially expressed
genes owing to the presence or absence of contaminating tissue of no interest
in the experimental design.

1.2. Specific Considerations for Application of cDNA Subtraction
on Trophoblast/Placental Material

The above-mentioned importance of the quality of the starting material spe-
cifically applies for extraembryonic tissues. In the case of mouse trophoblast
samples, early stages have to be carefully dissected to remove all decidual and
embryonic tissue. Strategies to isolate the egg cylinder from within the thick
layer of decidualizing uterine stromal tissue are either to cut the embryo in
halves along the longitudinal axis (Fig. 1A) or to open up the conceptus from
the mesometrial side mainly with the force of tweezers (Fig. 1B) and to lift the
egg cylinder out of the implantation cavity (Fig. 1C; see also (I). The egg
cylinder can then be easily divided into the proximal (extraembryonic) and the
distal (embryonic) parts (Fig. 1D).

For later postmidgestational stages, considerations for placental samples to
be compared in a cDNA subtraction procedure include the presence or absence
of decidual tissue and the extent of yolk sac remnants left attached to the chori-
onic plate. Differences in these components can again cause cloning of false-
positives in the subtractive hybridization.

Furthermore, it is generally advantageous to pool several tissue samples for
both the tester and driver material to rule out aberrant effects of individual
samples. For mouse tissues, it is also recommended to isolate the specimens
from the same preferrably inbred strain to rule out any potential inter- or
intersubspecific differences.

Although described here for mouse trophoblast, the general idea of these
considerations for sample choice and preparation can be easily extrapolated
not only to trophoblast samples from other species, but also to any other
tissue or organ material that is compared in a subtraction procedure. Many of
these precautions should also be taken into account when comparing cell cul-
ture material. Although contaminating tissue is much less important in that
case, tissue culture samples should otherwise be treated as equally as possible,
because slight changes in culturing conditions (e.g., cell density, media, sol-
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extra-embryonic
portion

bt

embryonic portion

A

Fig. 1. Dissection strategies for E7.5-E8.5 mouse embryos.

vents of additives, and so on.) again can superimpose nondesired expression
profile changes.

2. Materials
2.1. RNA Purification

1. DEPC-H,0: 0.1% (100 uL/L) diethyl-pyrocarbonate (DEPC) in distilled water,
mix vigorously, let stand overnight in fumehood, and autoclave (twice if neces-
sary; DEPC disintegrates during heating). DEPC is extremely toxic and should
not be inhaled.

2. Phosphate-buffered saline (PBS): 0.01 M Na,HPO,/KH,PO,, 0.15 M NaCl/KCl,
pH 7.3 (8 g NaCl, 0.2 g KCl, 1.15 g Na,HPOy,, 0.2 g KH,PO, per liter). Make up
with DEPC-H,0 in RNase-free bottle or jar.

3. Glassware can be cleaned either by baking for approx 8 h at 200°C (remove all

plastic components, e.g., lids) or by rinsing with DEPC-H,0.

Trizol® Reagent (Invitrogen, Carlsbad, CA).

Chloroform.

Isopranol (2-Propanol).

70% Ethanol.

3 M Na-acetate, pH 5.2. Adjust pH with acetic acid.

20 mg/mL Glycogen solution (Roche Applied Science, Laval, QC, Canada).

Special equipment if applicable: tissue homogenizer (e.g., Polytron).

2.2 ¢cDNA Synthesis

1. SMART™ PCR cDNA synthesis kit (Clontech, Palo Alto, CA).
2. RNaseH-deficient reverse transcriptase (Superscript II) and 5X transcription
buffer are available from (Invitrogen).

SN

1
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0.1 M Dithiothreitol (DTT).

Deoxynucleotide mix of 10 mM each of dATP, dCTP, dGTP, and dTTP made up
in DEPC-H,0.

RNase inhibitor ( Roche Applied Science).

TE buffer: 10 mM Tris-HCI, 1 mM ethylendiamine-tetraacetic acid, disodium
salt (EDTA), pH 7.5.

Tag DNA polymerase is available from Clontech (Palo Alto, CA).

. Anchoring primers as provided in the SMART™ PCR c¢DNA synthesis kit.

0.5 M EDTA, pH 8.0.

Phenol:chlorofrom:isoamylalcohol as 25:24:1 mix.

Microcon YM-30 spin columns (Millipore Corporation, Bedford, MA).

Size fractionation columns (CHROMA SPIN-1000) as provided in the SMART™
PCR cDNA synthesis kit (Clontech).

TNE buffer: 10 mM Tris-HCI, 10 mM NacCl, 0.1 mM EDTA, pH 8.0.

100% and 70% ethanol.

Restriction enzyme to reduce size of cDNAs for subtraction, e.g., Rsal
(Invitrogen).

7.5 M Ammonium acetate, pH 7.0 (NaOAc). Adjust pH with acetic acid.
Special equipment: PCR thermocycler.

2.3 ¢cDNA Subtraction

1.

2.
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9.
10.
11.

2.4.

1.
2.
3.

PCR-Select™ ¢cDNA Subtraction Kit (Clontech). When this kit is used, items 2-8
are not needed.

Two sets of appropriate adaptor molecules (as supplied with the PCR-Select™
cDNA Subtraction Kit) that contain divergent “inner” sequences and an identical
“outer” stretch (see Fig. 2).

Oligonucleotide primers to the outer and inner regions of the adaptors (Fig. 2).
PCR primers to the housekeeping gene glycerinealdehyde-3-phosphate-dehydro-
genase (Gapd).

Tag DNA polymerase (Clontech).

Deoxynucleotide mix of 10 mM each of dATP, dCTP, dGTP, and dTTP. AINTP
set is available from (Amersham).

4X hybridization buffer: 200 mM HEPES-HCI, pH 8.3, 2 M NaCl, 0.08 mM
EDTA pH 8.0, 40% (w/v) PEG 8000.

cDNA subtraction dilution buffer: 20 mM HEPES-HCI, pH 8.3, 50 mM NaCl,
0.2 mM EDTA, pH 8.0.

T4 DNA ligase and 10X ligation buffer (New England Biolabs, Beverly, MA).
Mineral oil.

Special equipment: cooling water bath at 16°C for the adapator ligation reaction.

Cloning of Amplified, Subtracted cDNA Pools

T/A PCR cloning kit ( Promega, Madison, WI).
Electrocompetent cells from E.coli strain DH10B (Invitrogen).
0.1-cm Electroporation cuvets.
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Fig. 2. Schematic representation of subtractive hybridization procedure. The
diagram shows outer adaptor regions A/A' that may, but do not have to be, identical.
Inner regions B and C differ from each other to identify cDNA hybrid molecules with
two different ends. These are preferentially amplified in two rounds of PCR amplifica-
tion. Adaptors should not be phosphorylated to allow ligation only to the 5'-ends of
cDNA fragments. Furthermore, they should contain at least one restriction site in
proximity to the cDNA that allows their removal during the differential screening
procedure.

4. SOB medium: 20 g bacto-tryptone, 5 g yeast extract, 0.5 g NaCl per liter of H,O,
Autoclave.

5. SOC medium: 20 mM glucose (1 mL/100 mL from 2 M stock) in SOB medium.
Sterile filtrate glucose solution. Do not autoclave!
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Luria—Bertani (LB)-Amp/X-Gal/isopropyl-f-p-thiogalactopyranosid (IPTG) agar
plates: 10 g bacto-trypyone, 5 g yeast extract, 10 g NaCl, 15 g bacto-agar per liter
of H,O. Autoclave. After autoclaving, add 100 ug/mL ampicillin, 45 pg/mL X-
Gal, and 45 ug/mL IPTG.

LB-Amp medium: 10 g bacto-trypyone, 5 g yeast extract, 10 g NaCl per liter of
H,0. Autoclave.

Glycerol.

Special equipment: electroporator for bacterial transformation.

2.5 Analysis of Subtraction Library

1.
2.
3.

XNk

11.
12.

13.
14.

15.

16.
17.
18.
19.

PCR primers to the housekeeping gene Gapd.

Tag DNA polymerase (Clontech).

Deoxynucleotide mix of 10 mM each of dATP, dCTP, dGTP, and dTTP. dNTPs
are available from Amersham.

QiaQuick PCR purification columns are (Qiagen, Valencia, CA).

Restriction endonuclease to cut off adaptor molecules (see Fig. 2).

0.6 M NaOH.

Hybond Nylon membrane ( Amersham).

3 MM chromatographic paper ( Whatman, Maidstone, England, UK).

0.5 M Tris-HCI, pH 7.5.

Random hexamers (Invitrogen).

10 uCi/uL 3?P-a-dCTP ( Amersham).

10X labeling buffer: 900 mM HEPES-HCI, pH 6.6, 100 mM MgCl,, 20 mM
dithiothreitol, 3 mM each of dTTP, dATP, and dGTP.

Klenow large fragment DNA polymerase (Invitrogen).

1 M Na-phosphate buffer: make up 1 M Na,HPO, and 1 M NaH,PO, solutions.
Adjust pH of Na,HPO, to pH 7.2 with NaH,PO,.

Church hybridization buffer: 0.5 M phosphate buffer, 7% (w/v) sodium dodecylsulfate
(SDS), 1 mM EDTA, pH 7.5, 1% (w/v) bovine serum albumine (BSA), grade V.
20X SSC: 3 M NaCl (175.3 g/L), 0.3 M sodium citrate (88.2 g/L), pH 7.0.

20% (w/v) sodium dodecyl sulfate (SDS).

Autoradiographic films and cassettes (Amersham).

Special equipment: hybridization oven.

3. Methods
3.1. RNA Purification
During RNA handling and cDNA synthesis, make sure to provide RNase-

free conditions during all steps by using RNase/DNase-free plasticware, glass-
ware baked for approx 8h at 200°C and always wearing gloves.

1.

Carefully dissect and isolate tissues/cells/organs to be analyzed. During
dissections, use cold PBS and handle specimens quickly. Samples should be kept
at 0—4°C during dissection and then directly processed for RNA isolation; tissues
can be stored at -80°C for at least 6 mo after immediate freezing in liquid nitrogen.



cDNA Subtraction and Cloning 55

2. For RNA isolation, use excess amounts of Trizol® Reagent (at least 1 mL/100 mg
tissue). Completely disaggregate tissue by homogenizing. Make sure samples do
not heat up (>30°C) during procedure.

Add 1/5 vol of chloroform (200 uL/mL Trizol® solution) and mix thoroughly.

Spin for 15 min at 10,500g and transfer upper aqueous phase into new tube.

5. Precipitate the RNA by adding 1 vol 100% 2-propanol and 1/10 vol 3 M NaOAc,
pH 5.2. If starting tissue material is very small, add 1 uL of 20 mg/mL glycogen
solution to the 2-propanol precipitation (see Note 1).

6. Wash the RNA pellet with 200 uL of 70% ethanol.

7. Remove all residual ethanol and dissolve the pellet in DEPC-H,0. Adjust con-
centration to 0.5-1 ug/uL. Keep dissolved RNA on ice all the time. Samples can
be stored at -80°C for > 3 mo.

8. Check quality of total RNA by loading 500 ng of each sample on a standard 0.8%
agarose gel (2). 28S and 18S rRNA bands should be visible as sharply defined
bands. If smearing appears, RNA quality is not optimal and the samples should
not be used for subtraction, if possible. The intensity of the larger 28S rRNA
band should be approx 2-3 times higher than the intensity of the 18S rRNA band.

B w

Also use agarose control gel to compare RNA amounts between samples
and readjust if necessary.

3.2. cDNA Synthesis

The cDNA synthesis and amplification technology (as based on the SMART™
PCR cDNA synthesis kit [Clontech]) starts with an oligo(dT)-primed first-strand
cDNA synthesis reaction. Only when the reverse transcriptase (RT) reaches the
5'-end of the mRNA, its terminal transferase activity adds a few nucleotides to
the synthesized cDNA strand, preferentially deoxycytidine residues (3,4). This
tailing reaction can serve to provide a binding site for an oligo(dG)-containing
oligonucleotide which then defines the 5'-end of the synthesized cDNA (3,4).
Because the terminal transferase activity of the RT is far more efficient at the
ends of mMRNA-cDNA hybrids than at internal RT stopping or pausing sites, this
technology results in generation of full-length cDNAs that are characterized by
the 5'-oligo(dG)-oligonucleotide and the 3'-oligo(dT)-cDNA synthesis primer. It
should be noted that the cDNA “capping” also takes place, however, at prema-
ture mRNA breakpoints stressing the importance of high-quality RNA (as judged
by the criteria described previously). After generating the flanked double-
stranded cDNAs, sequences of the anchoring primers can be used to further am-
plify the full-length products in a PCR reaction step.

3.2.1. First-Strand cDNA Synthesis

1. Ideally start with 0.5-1 ng of total RNA (see Note 2). Make sure to start with the
same amounts of RNA for both samples. Mix RNA with oligo(dT)-cDNA syn-
thesis primer and oligo(dG)-oligonucleotide (10 pmol each).
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Denature 5 min at 70°C.

Place on ice and spin down briefly.

Add 2 uL of 5X first strand buffer to 1X final concentration:, 1 uL. ANTP mix,
0.2 uL 100 mM DTT, and 200 U RT. Also add 10 U RNase inhibitor and adjust
total volume to 10 uL. with DEPC-H,0.

. Incubate at 42°C in an air incubator for 1-1.5 h. Note that the use of a water bath

or heating block leads to increased evaporation. Cover reaction with mineral oil
if needed.

Add 40 uL of TE buffer and heat tubes to 70°C for 10 min to stop the RT reaction.
Store samples at —80°C.

3.2.2. Second-Strand cDNA Synthesis and PCR Amplification

1.

Use 2 uL of single-strand cDNA mix from Subheading 3.2.; item1.

2. Set up at least four PCR reactions for each cDNA (one test tube and three sample

tubes; see Note 3). Prepare a master mix for 100 uL reactions with 20 nmol
dNTP’s (2 uL from 10 mM stock), 20 pmol of both flanking primers, 1X final
concentration of PCR buffer, and 1 U Taq polymerase (see Note 4). Aliquot 98
uL into PCR tubes and add 2 uL of cDNA.

Place reaction tubes in a PCR thermocycler with short denaturing (5 s at 94°C)
and annealing (15 s at 65°C) phases, but a long extension phase (6 min at 68°C)
for 15 cycles.

Remove sample tubes and place at 4°C. Transfer 10 uL from test reaction tubes
into a fresh microfuge tube and continue PCR of the remaining 90 pL for three
additional cycles. Repeat transfer/cycling three more times so that 10 uL. PCR
reaction aliquots are present after 15, 18, 21, 24, and 27 cycles.

Run 5 uL of these 10-uL test reactions on a 1% agarose gel. Determine the
optimal number of PCR cycles by the appearance of a smear between approx 1
and 6 kb. Overcycling can be determined by a lack of further product increase
and/or by a size shift of the smear. Use one or two cycles less than the determined
optimal cycle number (see Note 5).

Place sample tubes for tester and driver cDNA synthesis back into the
thermocycler for the additional cycles as determined in the optimization step.
Stop the reaction by adding 2 uL of 0.5 M EDTA.

PCR reactions can be stored at -80°C for at least 6 mo and are a very valuable
source of full-length cDNA templates.

3.2.3 Purification of PCR-Amplified cDNA Pools

1.

For every experimental sample to be analyzed by subtraction, combine two to
four PCR reactions. The total amount of cDNA should be 2 ug. If too less cDNA
is used, the number of clones retrieved after subtraction will be small; on the
other hand, a more than twofold excess of cDNA leads to poor subtractive
hybridization efficiency.

Save 10 uL of this raw cDNA pool for comparative analysis after purification.
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3.

hd

11.

Adjust total volume of combined PCR reactions to 400 uL.. Add equal volume of
phenol:chloroform:isoamylalkohol mix. Vortex thoroughly and centrifuge at
15,000g for 10 min.

Transfer upper aqueous phase on top of Microcon spin columns. Centrifuge at
12,000 rpm for 8 min.

Add 400 pL of H,O and spin again at 15,000¢ for 8 min.

Add 50 uL of H,O on top of the filter and mix by carefully pipetting up and
down. Then transfer the 50-70 uL from the top of the filter into a new microfuge
tube (see Note 6).

Size fractionate the cDNA pool by applying it onto a CHROMA SPIN-1000 size
fractionation column.

Flip column to completely resuspend the matrix. Remove top and bottom caps.
Add 1.5 mL of TNE buffer and let the column drain by gravity flow.

Add the cDNA to the center of the column. Add 25 uLL TNE buffer and let col-
umn drain completely. Add another 150 uL of TNE buffer, drain again.

Place columns in fresh microcentrifuge tubes. Add 350 uL. of TNE buffer and
collect as the purified cDNA.

. Apply another 75 uL of TNE buffer to the column and collect eluate in a separate

tube as the small cDNA fraction.

Run 10 uL of the raw cDNA (Subheading 3.2.3., step 2) and 10 uL of the 350 uL.
and 75 uL elutions on a 1% agarose gel to confirm that the major fraction of the
cDNA is contained in the 350 uL eluate (see Note 7).

3.2.4. Restriction Digest of the cDNA Pools

1.

4.
5.

Digest the size-fractionated cDNA (350 uL eluate) with 30 U restriction enzyme
(see Note 8) in a total volume of 400 uL using the appropriate digestion buffer.
Incubate digest for more than 3h or overnight.

Purify the digest by phenol:chloroform extraction.

Ethanol-precipitate the cDNA with 2 vol (800 uL) ethanol and 1/2 vol (200 uL)
7.5 M NaOAc in the presence of glycogen (1 uL of 20 mg/mL solution; see Note 1).
Wash the cDNA pellet with 200 uL. 70% ethanol.

Redissolve the pellet in 5.5 uL. H,O.

3.3 cDNA Subtraction

The cDNA subtraction procedure itself (as based on the Clontech PCR-

Select™ cDNA Subtraction Kit (5,6) requires the ligation of two different adap-
tor molecules to the tester cDNA population in separate reactions (Fig. 2).
Both reactions are incubated with an excess of driver cDNA to obtain a first
subtractive hybridization. Then, both tester pools are mixed together without
further denaturation in the presence of new driver cDNA. In this second
hybridization step, the type of cDNA hybrid is formed that is subsequently
further amplified: these molecules contain two different adaptors at their ends
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(Fig. 2). This type of hybrid can only form between cDNA strands that
remained single stranded in both primary hybridization reactions. Because
reaction kinetics lead to a self-hybridization of highly abundant transcripts dur-
ing the first hybridization, this method results in an equalization of high- and
low-abundance sequences. The amplification of weakly expressed transcripts
is an extremely valuable feature, as it can lead to the identification of novel
genes in a small-cell population and reduces the redundancy of high abun-
dance sequences in the subtraction library.

After two rounds of subtractive hybridization against excess amounts of
driver cDNA, the reaction mix is subjected to two PCR amplification steps. In
the primary PCR, only the above-mentioned molecules carrying both types of
adaptors at each end are amplified. This selection is achieved by self-pairing
and looping of cDNAs with identical adaptor molecules. The principle of this
technique is known as “suppression subtractive hybridization” as described by
Diatchenko et al. (5). The secondary PCR is a simple reamplification of cDNA
hybrids selected in the first PCR step to further enrich for the differentially
expressed sequences (see Note 9).

3.3.1 Adaptor Ligation

1. Dilute 1 uL of the digested tester cDNA with 5 uL. H,O.

2. Prepare two separate ligation reactions for each experimental tester cDNA: mix
2 uL of diluted tester with 20 pmol of adaptor 1, and another 2 uL of diluted tester
with 20 pmol of adaptor 2; 1X ligation buffer and 200 U T4 DNA ligase in a total
volume of 10 uL.

3. Mix 2 uL of both, tester-adaptor 1 and tester-adaptor 2 ligations in a fresh tube as
an unsubtracted tester control.

4. Incubate the ligation reactions overnight at 16°C in a water bath.

5. Store reactions at —20°C (see Note 10).

3.3.2. Subtractive Hybridization #1

1. In separate 0.2 mL reaction tubes, mix 1.5 uL of each adaptor-ligated tester with
1.5 uL of undiluted, digested driver cDNA from Subheading 3.2.4.: H1, tester-
adaptor 1 plus driver and H2, tester-adaptor 2 plus driver.

Add 1 pL of 4X hybridization buffer to yield a total volume of 4 uL.

Overlay the mix with one drop of mineral oil to avoid evaporation.

Heat denature the samples at 98°C for 2 min.

Place samples at 68°C and incubate for 8—12 h.

bl

3.3.3. Subtractive Hybridization #2

1. Denature fresh driver: Mix 1 uL of driver cDNA (Subheading 3.2.4.) with 1 uL
of 4X hybridization buffer and 2 uL H,O. Place 1 uL of this mix into a fresh tube
and overlay it with mineral oil. Incubate for 2 min at 98°C.
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Collect the 4 uL of hybridization sample H2 and the freshly denatured driver in
the same pipet tip.

. Add this mix to hybridization sample H1, thereby mixing the separate adaptor-

ligated tester populations plus new driver. The total volume of the reaction is
now 9 uL.

Spin down briefly if necessary.

Incubate mix again at 68°C for 12—16 h.

Add 200 uL of cDNA subtraction dilution buffer and heat the mix to 68°C
for 10 min.

3.3.4. Primary PCR Amplification

1.

[98]

Prepare a master mix for 25 uL PCR reactions containing each: 1X reaction
buffer, 5 nmol dNTPs (0.5 uL from 10 mM stock), 10 pmol adaptor primer A/A’
and 1 U Taq polymerase per reaction.

Add 1 uL of the diluted, subtracted cDNA from Subheading 3.3.3. to the mix.
Also perform the PCR with the unsubtracted tester control from Subheading
3.3.1. (1 uL from 1:1000 dilution).

Incubate the reaction mix at 75°C for 5 min in a thermal cycler.

Commence PCR cycling for 27 cycles with 15 s at 94°C, 30 s 66°C and 1.5 min
72°C (see Note 11).

3.3.5. Secondary PCR Amplification

1.

Dilute the primary PCR reactions 1:10 by pipetting 2 uL into 18 uL of H,O.

2. Use 1 uL of this dilution for the secondary PCR. Prepare master mix as in

W

Subheading 3.3.4. (1X reaction buffer, 5 nmol dNTPs, 1 U Tag, total volume:
25 uL), but now containing 10 pMol of each adaptor primer B and C.

Start PCR cycling using 15 s 94°C, 30 s 68°C and 1.5 min 72°C for 12 cycles.
Analyze 8 uL of the primary (3.3.5) and secondary (3.3.6) PCR products on a 1%
agarose gel.

3.4. Cloning of Amplified, Subtracted cDNA Pools

Easiest cloning of the PCR products is achieved by using a conventional
T/A cloning kit that results in high-efficiency broad-spectrum cloning of the
fragment mix. Furthermore, routine blue/white selection of bacterial colonies
is helpful to analyze only successfully ligated plasmids.

1.

W

Use 1 uL of the secondary PCR and mix with 50 ng of T/A cloning vector.

Add 3 U of T4 DNA ligase and 1 uL of 10X ligation buffer (as provided with the
ligase) in a total volume of 10 uL.

Incubate reaction at 16°C overnight in a water bath.

Transform 1 uL of the ligation into 20 uL. DH10B electrocompetent cells (see
Note 12) by electroporation in 0.1-cm electroporation cuvets at 1.7 kV. Immedi-
ately add 1 mL SOC medium and shake at 37°C for 1 h.
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Plate 10 uL. and 20 uL onto LB-Amp/X-Gal/IPTG agar plates.

Incubate overnight at 37°C.

Pick white colonies with toothpicks or pipet tips into 100 uL of LB-Amp medium
in 96-well plates and incubate for 6-12 h at 37°C.

Use colony cultures for insert amplification (Subheading 3.5.2.2.) and store at
—80°C after adding 50 % glycerol to each well.

3.5. Analysis of Subtraction Library

3.5.1. Subtraction Efficiency

As a first assessment of the subtractive hybridization efficiency, elimination
of a housekeeping gene should be determined.

1.

2.

Dilute unsubtracted and subtracted secondary PCRs (Subheading 3.3.5.)
1:10 in H,0.

Use 1 uL of these dilutions in 25-uL PCR reactions containing 1X reaction buffer,
5 nmol dNTPs (0.5 uLL from 10 mM stock), 10 pmol Gapd primers (see Note 13),
and 1 U Taq polymerase.

Commence thermal cycling for 20 cycles with 30 s at 94°C, 30 s at 63°C and
1 min at 72°C.

Analyze 5 uL on a 1% agarose gel. Complete or near-complete absence of PCR
products should be observed for all subtracted samples.

3.5.2. Secondary Screening of cDNA Subtraction Clones

Despite the preferential amplification of differentially expressed transcripts
in the subtraction procedure, a secondary large-scale screening of the clones
retrieved is advisable (see Note 14).

3.5.2.1. PROBE PREPARATION

1.

e R

Repeat the secondary PCR using 1 uL of the 1:10 diluted primary PCRs from
Subheading 3.3.4. Perform duplicate reactions for subtracted and unsubtracted
tester samples.

Prepare a master mix for 25-uL. PCR reactions containing each: 1X reaction
buffer, 5 nmol dNTPs (0.5 uL from 10 mM stock), 10 pmol adaptor primers B
and C, and 1 U Tagq polymerase per reaction.

Commence PCR cycling using 15 s at 94°C, 30 s at 68°C and 1.5 min at 72°C for
12 cycles.

Pool the two identical PCR reactions of each tester.

Using PCR purification columns, add 250 uL of PB buffer provided with the kit.
Apply samples onto the columns and spin at 12,000 rpm for 30 s.

Discard the flow-through and add 750 uL of PE buffer.

Spin again at 15,000 g for 30 s.

Discard flow-through and repeat centrifugation at 12,000 rpm for 1 min.
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10.

11.

12.

Place columns in fresh centrifuge tubes. Add 30 uL of elution buffer (10 mM Tris
pH 8.5) to the center of each column. Spin at 15,000g for 1 min.

Digest the eluted probes with the appropriate restriction enzymes to cut off the
adaptor sequences (Fig. 2) in a total volume of 50 uL by adding 5 uL of 10X
reaction buffer (1X final concentration) and 30 U restriction enzyme. Incubate
digests for more than 3 h.

Purify the digested probes again using the PCR purification columns by repeat-
ing steps 5-10.

3.5.2.2. CLONE ARRAY PREPARATION

1.

9.
10.

11.
12.

Set-up a standard PCR master mix for clone screening: 1X reaction buffer,
5 nmol dNTPs, 10 pmol adaptor primers B and C (see Note 15), 1 U Tagq,; total
volume: 25 uL. Aliquot into 96-well PCR reaction tubes.

Using a multichannel pipet, transfer 1-2 uL of the bacterial cultures (from Sub-
heading 3.4.) into the PCR reactions.

Commence thermal cycling with an initial boiling phase: 5 min at 94°C to break
up bacteria, followed by 30 cycles of 15 s at 94°C, 30 s at 58°C and 1.5 min
at 72°C.

Analyze 8 uL of the PCR reactions on a 1% agarose gel. Single bands should be
abundantly visible in each lane.

Mix 5 uL of the PCR reactions with 5 uL 0.6 M NaOH.

Cut 2 Nylon membranes in the size of a 96-well microtiter plate for each clone set.
Again using the multichannel pipet, spot 1.5 uL of the PCR/NaOH mix onto Nylon
membranes. Prepare duplicate sets of arrays with the identical spotting pattern.
On the still wet membrane, mark rows and columns of the spotted array with a pencil.
Neutralize membranes by placing them on Whatman paper soaked with 0.5 M
Tris, pH 7.5, for 2 min.

Place membranes on Whatman paper soaked in H,O for 1 min.

Briefly air-dry the Nylon membrane and UV crosslink.

3.5.2.3 CLONE ARRAY HYBRIDIZATION

1.

Radioactively label 10 uL of the digested purified cDNA pools (subtracted and
unsubtracted) with 3?P-dCTP. Use 50 uCi for the labeling reaction in the pres-
ence of 100 ng random hexamers, 1X labelling buffer, and 2 U Klenow large-
fragment DNA polymerase (2). Incubate the reactions 1-2 h at room temperature.
Prehybridize membrane arrays in Church hybridization buffer at 65°C.

Change hybridization buffer when labeling reaction is finished, and add the
labelled probe. Hybridize each duplicate filter set with the corresponding sub-
tracted and unsubtracted cDNA probes.

Incubate the hybridizations overnight at 65°C in a rotating hybridization oven.
Remove membranes from hybridization tubes and wash them twice in 2X SSC,
0.1 SDS at 65°C for 10 min in a water bath, followed by two times in 0.5X SSC,
0.1 SDS at 65°C for 10 min.
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6. Expose membranes to an autoradiographic film overnight or longer if required.

7. Select clones with clearly visible hybridization differences between the subtracted
and unsubtracted cDNA hybridization probes (three or more times). These clones
are thereby confirmed to be enriched in the subtraction pool and can be further
analyzed by sequencing and Northern blot hybridizations.

3.5.3 Outlook: Independent Verification and Suitability
of cDNA Subtraction for Microarray Applications

Further analysis of the subtraction clones first starts with sequencing. Select
the verified differentially expressed clones from Subheading 3.5.2., grow the
corresponding bacterial cultures for a routine plasmid preparation, and subject
them to DNA sequencing (2). The amount of clones sequenced is dependent on
the facilities available and can, if possible, be done in a 96-well format.

A cDNA subtraction library always requires independent verification by
Northern blot analysis, quantitative RT-PCR, and so on. An easy method to
verify cDNA subtraction clones is to use excess RNA from the tissue prepara-
tion (Subheading 3.1.) for multiple two-lane routine Northern blots (2) and
hybridization with individual inserts that can be recovered from the insert
amplification PCRs (Subheading 3.5.2.2.). The independent verification of
subtraction clones should also be performed on different RNA samples that are
derived from comparable stages, conditions, and so on. This step is necessary
to rule out effects specific to the individual samples used for the subtraction.
See also the initial remarks to minimize the probability of these unwanted “sec-
ondary” effects.

With the availability of cDNA microarrays covering the majority of all genes
of a genome, the subtraction library is extremely useful for hybridization on
these arrays and to identify +/— all sequences present in the subtraction pool.
Although the independent verification of differential expression still has to be
performed for a representative amount of clones, this application skips the
individual clone sequencing and gives a fast overview of differentially
expressed genes. In fact, when two samples are differentially analyzed by
microarray analysis, the preceding performance of a cDNA subtraction is
strongly recommended. The advantages of this intervening step are (1) elimi-
nation of all housekeeping and nonregulated genes before array hybridization;
(2) conspicuous reduction of the hybridization spots that have to be analyzed;
and (3) importantly, because of the equalization step within the subtraction, an
increase of low-abundance transcripts that are otherwise lost in the overall
hybridization noise.

4. Notes

1. Glycogen generally helps to precipitate small quantities of nucleic acids.
Furthermore, it also results in formation of a clearly visible pellet and therefore
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facilitates precipitation procedures in reducing the danger of losing tiny RNA or
DNA pellets.

2. When the starting material is unlimiting and more than100 mg total RNA can be
easily obtained, a poly A* RN A-isolation step can be carried out before starting a
standard first- and second-strand cDNA synthesis. Excellent quality and yield of
poly A* RNA can be obtained using the Qiagen Oligotex mRNA isolation kit
(Qiagen, Valencia, CA). Poly A* RNA isolation is inherently less successful when
directly using tissue specimens, and the total RNA isolation step should always
be carried out first.

3. PCR conditions and optimization are extremely critical for the quality of the gen-
erated cDNA. Set up one test tube for optimizing cycle numbers and at least three
tubes for both driver and tester samples. Because the amplified cDNA is very
useful in further applications (e.g., full-length cDNA cloning approaches), it is
recommended to run 6-7 PCR reactions for each sample as a future resource.
These PCR reactions should be prepared simultaneously to minimize amplifica-
tion variability. If reamplification is necessary, always run the optimization reac-
tion again.

4. Clontech’s Advantage Taq polymerase mix, provided in the SMART™ cDNA
synthesis kit, gives very reliable results and is also extremely useful for further
downstream applications.

5. The observed smear in the cDNA amplification step can vary considerably
between different tissue samples. Always determine the optimal number of PCR
cycles by comparing each sample individually, not by comparing different
samples.

6. Concentration of cDNA pools can also be achieved by adding approx 4 vol of
n-butanol. Butanol serves to extract water from the mix so that the adjustment to
a total volume of 50-70 uL can be achieved. However, visibility of the organic
phase border is often difficult, and the Microcon spin columns are much easier to
handle for probe concentration procedures. Note that centrifugation time to spin
down 400 uL may vary between centrifuges and should be individually deter-
mined. Filters should not fall completely dry, but the residual volume after cen-
trifugation on top of the filter should be less than 20 uL.

7. Make sure to collect the complete cDNA size range except for products less than
300 bp. Although this step will remove very small transcripts from the pool, most
of the small-sized fragments are truncated products that accumulate as a result of
PCR amplification.

8. As DNA hybridization is a crucial factor for the efficiency in the subtraction
procedure, the cDNA fragments should be reduced to a common size of 200-500
bp. Useful restriction endonucleases that yield this size range are typically 4-bp
cutters (e.g., Rsal). When using an enzyme different from Rsal, make absolutely
sure that the generated ends are compatible with the adaptors that are to be ligated
in Subheading 3.3.1. Rsal is a blunt-end cutter and is very useful for conven-
tional adaptor ligation.

9. It is extremely advisable to perform a control subtraction in parallel with the
experimental samples. A control can be easily introduced by mixing one cDNA
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sample with 0.2% of a marker DNA ladder. The subtraction procedure is then
carried out using the same cDNA (without marker DNA) as the driver. Subtrac-
tive hybridization should result in the appearance of clear marker bands that can
be nicely shown side-by-side with standard marker DNA loading in the final
control gel of Subheading 3.3.5. to prove subtraction efficiency.

. Ligation efficiency test: The efficiency of the ligation reaction can be easily tested

in a PCR reaction spanning the adaptor-cDNA junction. As adaptor-specific
primers, the outer regions of the adaptor molecules can be used (binding to region
A/A'"in Fig. 2). As gene-specific oligonucleotides, primers to any housekeeping
gene (e.g., Gapd or P-actin can be used. Four reactions should be set up and
subjected to 25 PCR cycles:

A: Tester with adaptor 1 + 1 housekeeping gene primer (5' or 3') + adaptor primer A')
B: Tester with adaptor 1 + both houskeeping gene primers (5' and 3")

C: Tester with adaptor 2 + 1 housekeeping gene primer (5' or 3') + adaptor primer A’
D: Tester with adaptor 2 + both houskeeping gene primers (5' and 3')

By comparing the intensities of PCR products between reactions A-B and C-D,
the efficiency of the adaptor ligation can be determined. A/B and C/D intensity
ratios may range between 20—100%. Importantly, the adaptor ligation test should
readily detect products spanning the adaptor-cDNA junction even if their abun-
dance is considerably lower than the gene-specific product. If this is not the case,
repeat the adaptor ligation step, control activity of the T4 DNA ligase, and ensure
presence of ATP in the ligation reaction. ATP is usually contained in the ligation
buffer, but this might vary and should be confirmed for each supplier. Repeated
thawing-freezing cycles of the ligation buffer can inactivate ATP. When inher-
ently low-ligation efficiency is observed, a freshly prepared buffer should be
used and distributed into aliquots to prevent decay.

. Owing to the restriction digest that reduced the cDNA length to an average of

approx 500 bp, the extension phase of the PCR reaction does not have to be
longer than 1.5 min. These conditions were set up using Rsal for cDNA cleavage.
If another restriction endonuclease is chosen that produces longer average-length
fragments, the elongation time has to be readjusted.

The exact strain of the competent bacteria is not important for routine cloning
procedures. However, the method of transformation affects cloning efficiency,
and the use of electrocompetent cells is recommended in library construction
applications because of the higher transformation yield when compared to CaCl,-
competent bacterial cells.

. In generating primer oligonucleotides for the subtraction efficiency test, any

housekeeping gene can be used. However, make sure that the amplified product
does not contain a restriction site for the enzyme used to reduce cDNA size (i.e.,
for example, Rsal).

The procedure described here is an easy and quick method to spot clones and
screen them by hybridization with the subtracted and unsubtracted cDNA pools.
When a robotic spotting facility is available, this step can be modified to accom-
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15.

modate the needs of the robot, but otherwise relies on the same experimental
principles.

Alternatively, vector specific primers such as T7/T3 or M13 Universal and
reverse primers can be used for insert amplification.
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PCR-Based Cloning and Differential Screening of RNAs
from Xenopus Primordial Germ Cells

Cloning Uniquely Expressed RNAs from Rare Cells

Thiagarajan Venkataraman, Elio Dancausse, and Mary Lou King

1. Introduction

Primordial germ cells (PGCs) are a small population of unique cells from
which all germ cells arise in an organism. In this sense, PGCs can be consid-
ered the stem cells of the species. An important characteristic of PGCs is their
ability to remain developmentally totipotent,whereas somatic cells become
restricted in their fates. Understanding the genetic program that underlies the
retention of totipotency is a major goal in the stem cell field. To accomplish
this goal, methods must be considered for both the isolation of these cells and
the purification of the RNAs they express. The isolation of PGCs from any
organism presents certain challenges. Because PGCs arise outside the gonad
during early embryogenesis, their exact location within a germ layer is
unknown. In addition, PGCs are relatively rare in number compared to somatic
cells (on the order of 0.05% or less). This chapter presents detailed procedures
for isolating live PGCs from Xenopus laevis embryos and for cloning their
expressed genes, should be applicable to other organisms that have PGCs rich
in mitochondria.

1.1. Formation of Xenopus Primordial Germ Cells

As a general rule, PGCs are specified in a cell-autonomous fashion by the
inheritance of germ plasm if they are set aside before the primary germ layers
are formed and, if afterwards by induction events. Germ plasm is a cytologi-
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cally distinct cytoplasm rich in mitochondria, unique RNAs, proteins, and elec-
tron-dense germinal granules. In the Xenopus egg, germ plasm is found as yolk-
free cytoplasmic islands distributed broadly within the vegetal subcortex.
Beginning shortly after fertilization and through the early cleavage divisions,
the germ plasm undergoes extensive cytoskeletal-dependent aggregation into a
smaller number of large “islands.” By the 32-cell stage, the germ plasm has
“disappeared” into the interior of the embryo (I). By the blastula stage, the
germ plasm is concentrated within four to five PGCs within the endodermal
mass. Here the PGCs remain dividing a few times until the tailbud stage when
they begin to migrate out of the endoderm, along the dorsal mesentery (tad-
pole), and into the somatic gonad—their final destination. Therefore, the best
time to vitally stain germ plasm is at the four-cell stage while it is aggregating
and still near the embryo surface.

1.2. Selectively Labeling Primordial Germ Cells

To distinguish PGCs from somatic cells, we took advantage of the extremely
high content of mitochondria in germ plasm and the fluorescent vital dye
DiOC¢(3) (3,3'-dihexyloxacarbocyanine). The spectra exhibited by DiOCg(3)
is similar to that of fluorescein. DiOC¢(3) is a carbocyanine dye with a short
alkyl chain that stains mitochondria in live cells when used at low concentra-
tions. At higher concentrations, other membrane systems may also be stained.
The uptake of DiOCq(3) is dependent on the mitochondrial membrane poten-
tial. DiOCg(3) accumulates on hyperpolarized membranes and is translocated
into the lipid bilayer (2). Although fluorescence is not lost in fixation, the dye
is no longer concentrated within mitochondria and diffuses throughout the cell.
To circumvent this possible drawback, Molecular Probes has developed mito-
chondrion-selective dyes that retain their organelle localization upon fixation,
such as MitoTracker Green FM and MitoFluor™. However, in our experience,
using DiOCg(3) resulted in lower background staining and hence, a better con-
trasting signal between somatic cells and PGCs (Fig. 1).

A potential drawback to using carbocyanine dyes is that they have been
reported to interfere with respiration (3). Embryos treated with DiOCg(3) must
be raised in the dark to protect against phototoxicity of fluorescently-labeled
mitochondria, which is especially important for long-term viability. Although
we have not raised embryos stained with DiOCg(3) to sexual maturity and
therefore cannot confirm their fertility, we have assayed tadpoles for proper
PGC migration into the dorsal mesentery. Migration was unaffected at the con-
centrations used, suggesting that the vital dye does not interfere with normal
developmental events.
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Fig. 1. PGC isolation from St 10 embryos. (A) Schematic diagram of DiOCg(3)
staining and PGC isolation. The shaded cells show the location of primordial germ
cells (near the floor of the blastocoel [bc]). The Vitelline Membrane (VM) is removed
manually with a watchmaker’s forceps. The embryo is then immersed in dissociation
buffer for 20 min. The animal pole cells are then brushed off using an eyebrow knife.
PGCs are visible near the floor of the blastocoel as in panel C. Stereofluorescence
microscopy showing DiOCg(3) staining of (B) germ plasm in an eight-cell stage
embryo; (C) PGCs visible near the floor of the blastocoel; (D) isolated dissociated
cells. Both PGCs and somatic cells can be seen. PGCs can be differentiated based on
the distinctive fluorescent staining of the germ plasm.

1.3. Isolating Primordial Germ Cells from Different Staged Embryos

All donor embryos were dejellied and labeled at the four-cell stage by
immersion in DiOCg(3) for 20 min. We found that DiOCg(3) staining of germ
plasm was evident in embryos through stage 42—the last stage tested. At the
desired stage, the vitelline membranes are removed by poking a small hole
through the animal cap and peeling the membrane off with forceps. In this
way, any possible damage to the PGCs during this procedure is avoided as
PGCs are found in the endoderm away from the animal pole. Furthermore, the
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hole in the blastocele-facilitates the cellular dissociation of the embryo as the
dissociation buffer is now freely accessible to the internal endoderm cells.
PGCs are close to the floor of the blastocele within the endodermal mass of
early staged embryos,and they are fragile cells and easily broken. Using an
eyebrow knife to gently brush off the animal cells during the dissociation step,
works best to expose the labeled PGCs. PGCs can then be viewed by fluores-
cence stereomicroscopy and manually selected for further analysis (Fig. 1C).

1.4. Strategy for Cloning Primordial Germ Cell Specific cDNAs

We estimate that one PGC contains approx 100-250 pg of total RNA. Start-
ing with 50 PGCs, we could routinely achieve efficient polymerase chain
reaction (PCR) amplification and a size distribution of cDNAs from 0.5-5 kb.
By using specific oligo d(T) primers during the reverse transcriptase (RT)
reaction and amplification process, products were generated that could be used
either in library construction or suppression subtractive hybridization (SSH).
A number of PGC-specific markers are available to verify the isolation proce-
dure at a molecular level. For example, Xpat (4) and Xcat2 RNAs (5) are unique
to PGCs. Primers specific to these can be used in RT-PCR analysis (see
example Fig. 3).

For library construction, RT primers were designed with specific restriction
sites for cloning into any desired vector system. Sfil is a good restriction
enzyme to use for directional cloning since it has a degenerate site of recogni-
tion (GGCCNNNN/GGCC). Upstream and downstream primers can have Sfil
sites with different degenerate cutting sites. Either lambda-based (e.g., lambda
gtl 1™ ZAPII™ Stratagene) or plasmid vector systems (eg. CREATOR™
library system, Clontech) can be used.

Representational difference analysis (RDA) is a powerful PCR-based
method, originally to clone differences between genomes. It has been used
successfully with cDNAs to study gene expression (6). RDA has been
designed specifically to amplify the differences between two cDNA popula-
tions. The PCR amplification step allows the products identified to be directly
cloned and characterized by standard methods. SSH is a variation on this tech-
nique, modified specifically for very small amounts of starting material (7).
First, mRNA is reverse transcribed into cDNA. The cDNA is then converted to
double stranded DNA and cut into smaller pieces with a frequent cutter such as
Rsal or Dpnll. The population of ds cDNAs from which differential sequences
are desired is designated the “Tester”, and the population that is subtracted
against is called the “Driver”. The digested tester DNA is ligated to two differ-
ent unique adaptors, adaptor 1 and 2. Two separate hybridizations are carried
out with adaptor 1 and 2 carrying testers and an excess of driver DNA. All
common sequences between the tester and driver crosshybridize. Only the
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PCR cycles

A
kb N
ladder 15 18 21 24 27 30

Fig. 2. Optimization of PCR cycle number during cDNA amplification. Refer to
Subheading 3.4., step S for details. The optimum number of cycles determined in this
case was 27. Linearity was reached after cycle 29.

ODC =il

Fig. 3. Molecular verification of PGC isolation by RT-PCR. Xpat is a specific
marker for PGCs, Bix4 is an endodermal specific marker, and ODC is a general house-
keeping gene present in all cells. Note that the PGC sample does not contain Bix4, but
does contain Xpat RNA.

unique sequences are left with an adaptor at both ends. The two hybridization
reactions are mixed with each other, and this mixture is allowed to further
hybridize. A third of all unique sequences now have both the adaptors flanking
it and all common sequences have one adaptor on one side. PCR amplification
with primers designed against the adaptor regions specifically amplify the
unique sequences (see Fig. 2) in Diatchenko et al. (7)].
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2. Materials

2.1.

1.

Isolation of Xenopus PGCs
Stage 8 (blastula), 10 (gastrula), and 14 (neurula) embryos (see ref. 8).

2. Ca’*, Mg**-free medium (CMFM): 50.3 mM NaCl, 0.7 mM KCl, 9.2 mM

hali e

11.

12.
13.

14.

15.

16.
17.

2.2.
. RNA extraction was performed using Stratagene’s ABSOLUTELY RNA

2.3.
2.3.
. Oligo d(T) primers are made with AdX-GTAC(T);,VN. V is A,G, or C, and

Na,HPOy, 0.9 mM KH,PO, 2.4 mM NaHCOs;, 1.0 mM EDTA, pH 7.3.

35 x 10 mm plastic culture dishes. Falcon, Cat. no. 351008.

2% Agarose in CMFM medium.

Sharp, fine forceps for removing vitelline membrane from embryos (Fine Sci-
ence Tools, Foster City, CA, cat. no. 11252-20).

Eyebrow knife. This is made by inserting an eyebrow hair into the narrow end
of a Pasteur pipet and sealed in place with melted paraffin (for detailed instruc-
tions see ref. 8).

Plastic transfer pipets (SARSTEDT, cat. no. 86.1172). Pipet tips are drawn out
over heat and will be used to select individual PGCs.

Marc’s Modified Ringers (MMR) buffer: 0.1 M NaCl, 2 mM KCl, 1 mM MgSO,,
2 mM CaCl,, 5 mM HEPES, pH 7.8, 0.1 mM EDTA. Most current formulations
of MMR omit EDTA and are adjusted to pH 7.4.

1.25% Cysteine Y in 0.1X MMR, pH 8.0 (Sigma, cat. no. C-7352).

DiOC¢(3) stock solution 2:1000 v/v, made from a saturated solution of DiOC6(3)
in 0.1( MMR buffer. (Molecular Probes cat. no. D-273.)

10X MOPS buffer: 0.2 M MOPS, pH 7.0, 20 mM sodium acetate, 10 mM EDTA,
(pH 8.0).

5X MEM Buffer: 0.5X MOPS buffer, 10.0 mM EGTA, 5.0 mM MgSO,, pH 7.5.
MEMFA fixative freshly made out of 5X MEM buffer and 37% Formaldehyde
Sigma, cat. no. F-1268). MEMFA is 1X MEM + 1 part of formaldehyde.

10X Phosphate-buffered saline (PBS) buffer: 80 g NaCl, 2 g KCI, 144 g
Na,HPO,, 2.4g KH,PO,, 800-mL distilled H,O, pH 7.4. Make up to 1000 mL.
PBT: PBS + 2 mg/mL BSA+ 0.1% Triton X-100 + 1% saponin (optional, may
improve permeability).

PTW: PBS + 0.1% Tween 20.

Fluorescent stereo microscope (magnifications 1.6x PF, 16-100 zoom).

Extraction of RNA from PGCs

microprep kit (cat. no. 400805). This is a spin column-based method. Lysis is
performed in guanidium isothiocyanide (GITC) containing buffer. All required
components are included in the kit.

RNA quantitation: Ribogreen dye (Molecular Probes, cat. no. R-11491).
Phosphorimager with ImageQuant Software (Molecular Dynamics).

First-Strand Synthesis from RNA
1. Primer Design for cONA Synthesis and SSH

Nis A, T, G, or C. Adaptor X (AdX) refers to a 20-25-nt long custom region,
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2.
3.
4.

which is designed based on the cloning vector to be used. GTAC is a Rsal
restriction site.

5' Oligo adaptor: synthesized as AdX-GTAC-GCGGG.

PCR primer: synthesized as AdX (see Notes 5-9).

Clontech’s Super SMART PCR cDNA Synthesis Kit (cat. no. K1054-1).

2.3.2. cDNA Synthesis

1.

Eal

RNA synthesis was performed using Clontech’s PowerScript Reverse Tran-
scriptase (cat. no. 8460-2).

dNTPs (10 mM each, PCR grade).

100 mM Dithiothreitol(DTT).

RNase Inhibitor: SUPERasesIn (Ambion cat. no. 2696). Other RNase inhibitors
like Promega’s rRNasin also work well.

2.3.3. cDNA purification

Clontech’s Nucleospin Extraction kit (cat. no. K3051-1).

2.4. cDNA Amplification by PCR

Clontech’s Advantage 2 polymerase kit (cat. no. K1910-y).

2.5. DNA Purification and Size Selection

Clontech’s Chroma Spin-1000 columns (cat. no. K1334-1) and Chroma Spin-
400 columns (cat. no. 1323-2).

2.6. Suppression Subtractive Hybridization (or Subtractive PCR)

Clontech’s PCR-select cDNA Subtraction Kit (cat. no. K1804-2).

3. Methods
3.1. Isolation of PGCs

1.

2.
3.

Follow the Cold Spring Harbor Laboratory Manual (8) procedures for producing
embryos at the desired stage.

Dejelly embryos at two-cell stage and rinse 10 times with 0.1X MMR.

Stain embryos at four-cell stage with a solution of 0.1X MMR buffer and 0.08:1000v/v
DiOC¢(3) from a stock solution of 2:1000 v/v. Stain in the dark for 20 min and then rinse
five times by moving the embryos to dishes with fresh 0.1X MMR. All subsequent proce-
dures should be conducted in the dark unless otherwise indicated (see Note 1).
Incubate stained embryos coming from the same female (collected at different
times) at different temperatures (e.g., 17-18°C and room temperature) to have a
range of stages available the following morning (see Note 2).

Wash them 2 times in dissociation medium, then transfer single embryos to 35 x
10-mm plastic Petri dishes containing 2% agarose in CMFM medium.

Remove the vitelline membrane by opening a hole in the animal pole using for-
ceps, then pull the membrane off. This step is done using a regular stereomicro-
scope. Act quickly to reduce the exposure of embryos to light.
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Incubate for 20-30 min at room temperature in the dark. After this time, the
embryos will appear intact, but their blastomeres will be very loosely associated.

. Working with a stereofluorescence microscope, use an eyebrow knife to brush

off the cells on top of the PGCs until they are revealed. PGCs from stages 6.5 to
10.5-11 can be distinguished from somatic cells by an intense and discreet green
fluorescent signal. At later stages, the signal is less discrete, but clear.

Move the PGCs away from the mass of cells and transfer them to a new small
agarose Petri dish containing 0.1 MMR using a fine tipped plastic pipet.

. Transfer groups of PGCs into nuclease-free 1.5-mL tubes in minimum buffer and

snap-freeze in a dry-ice/ethanol bath. These tubes will be used for RNA extrac-
tion and cDNA synthesis.

. For immunostaining steps (if desired), transfer PGCs in the same manner to a

new Petri dish containing MEMFA fixative and fix for 1 h. Transfer cells to a
24-well multiwell previously coated with PBT (see Note 3).

Extraction of RNA from PGCs

microprep kit. Detailed instructions are provided in the kit. Briefly, cells are lysed
in a GITC based buffer. RNA is bound to a spin column and washed twice with a
buffer provided in the kit to which ethanol is added.

DNase I treatment is carried out in the column.

Elute sample in 30 (L of elution buffer: 10 mM Tris-HCI, pH 7.5. Repeat elution
step with 20 (L to obtain RNA in a final volume of approx 50 uL (see Note 4).

First-Strand Synthesis from RNA
1. RT Reaction (see Note 5 and 6)

. Quantitate RNA using the Ribogreen method (refer to the protocol provided by

Molecular Probes). Use approx 2—10 ng of RNA(see Note 7). For SSH, at least
10 ng is recommended. It is always advisable to begin with as much starting
material as possible. Usually RNA extracted from approx 50-70 cells is suffi-
cient for one cDNA synthesis reaction.

RNA should be in a maximum total volume of 50 uL.

Mix RNA (10-1000 ng) and 7 uL of each primer [Oligo d(T) and 5' oligo adaptor
primer] to a final volume of 64 uL with nuclease-free water.

Prepare RT master mix in a tube on ice. Master mix: 20 uL 5X first strand buffer,
2 uL 100 mM DTT, 10 uL 10 mM each dNTP, 5 uL. 20 U/uL RNase Inhibitor,
5 uL PowerScript RT enzyme.

Heat RNA—primer mix at 65(C for 2 min and put on ice for 5 min.

Immediately add master mix to the denatured RNA and transfer the tube to a
preheated PCR block at 42(C for 90 min. Use a heated-lid cycler to prevent evapo-
ration during cDNA synthesis.
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3.3.2. ¢cDNA Purification (see Notes 8 and 9)

1.

3.5.

N =

After first-strand synthesis, the cDNA must be purified for further steps. For this
purpose, use Clontech’s Nucleospin Extraction kit. This step is required to ensure
that there is no carryover of primers, dNTP, or buffer from the previous steps.
The purification method is based on a DNA-binding spin column that binds
single-stranded cDNA. The column is washed to remove impurities and pure
cDNA is eluted in milli-Q-H,O.

Elution is done in two steps, in a total of approx 85 uL of Milli-Q-H,O.

. cDNA Amplification by PCR
. Use a high-fidelity DNA polymerase for the PCR. Clontech’s cDNA subtraction

kit contains its own polymerase and PCR components.

Make a master mix for each amplification reaction as follows. 172 uL Milli-Q-
H,0, 30 uL 10X buffer, 6 uL 50X dNTP, 6 uL. PCR primer, 6 uL. Polymerase.
Add 220 uL of master mix to the purified cDNA from Subheading 3.3.2. The
total volume of the mix is 300 uL.

Split the above mix into three tubes, each carrying 100 uL, and label them A, B, and C.
Optimization of PCR: a typical PCR program is 95°C for 1 min, 95°C for 15 s,
65°C for 30 s and 68°C for 3 min times “X” cycles. “X” refers to the maximum
number of cycles required to stay within the exponential phase of amplification
to avoid overcycling (see Note 10). Optimization is done as follows. Cycle all
three tubes for 15 cycles. Store them at 4°C. Transfer 30 uL from tube C into a
separate tube marked “optimization.” Transfer 5 uL from this tube to a fresh tube
marked “15 cycles”. Return the other 25 uL to the thermal cycler and continue
the PCR. After every three cycles, remove an aliquot of 5 uL to a fresh tube with
the total number of cycles marked on it.

Analyze the saved aliquots on a 1% agarose gel and determine the total number
of cycles required to reach the linear phase, meaning the amount of cDNA
remains constant (Fig. 2). The optimum number of cycles will be 2 less than this
number.

DNA Purification and Size Selection (see Notes 11 and 12)

At this point, combine the contents from all three tubes.

. Add an equal volume of phenol-chloroform and vortex. Centrifuge at 18,000g

and transfer the aqueous phase to a fresh tube.

Concentrate the DNA by mixing it with an equal volume of n-butanol. Transfer
the aqueous phase to a new tube. Repeat this step until the volume is approx
40-70 uL.

Next, size select the DNA using column chromatography (Fig. 3).

For SSH, cDNA above 1kb is required. Clontech’s Chroma Spin-1000 columns
are ideal for size selection in this range.
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If the cDNA will be used for the construction of libraries, then size selection can
be carried out using Clontech’s Chroma Spin-400 columns.

Suppression Subtractive Hybridization (or Subtractive PCR)

cDNA subtraction was performed using Clontech’s PCR-Select cDNA subtrac-
tion Kit.

4. Notes

4.1.

1.

2.

4.3.

oW

Isolation of PGCs

Use shallow containers with lids and large plastic Petri dishes. Wrap containers
in aluminum foil to protect embryos from the light.

Suggested time table for collecting embryos: keep two-thirds of the stained
embryos at 17-18(C and one third at room temperature overnight. The next morn-
ing, collect the desired number of stage 8, and leave the rest at room temperature
to reach stage 10 later that day. The embryos left at room temperature overnight
should be at stage 14 in the morning. The temporal order of dissociation for
embryos collected using this time table would be Stages 8, 14, and 10. Changes
can be made in the schedule according to time available and number of embryos
required. For dissociation, select only embryos of the best quality.

If PGCs will be used for immunostaining procedures, do not use agarose-coated
chambers. It appears that the antibody is absorbed by the agarose. Do not use
gelatin or dishes treated for tissue culture for the same reason.

. Extraction of RNA from PGCs

The elution buffer provided with the kit works well and is compatible with the
steps that follow for cDNA synthesis. Standard precautions when handling RNA
should be observed. RNA samples must be stored at (80°C if not used immedi-
ately in the next step.

First-Strand Synthesis from RNA

All primers are provided in Clontech’s Super SMART PCR cDNA Synthesis kit.
Procedure is adapted from Clonetech’s Super SMART Kkit.

Use as much RNA as possible (not exceeding 1 ug per reaction) to obtain the best
results: lower background, well-defined bands, and efficient subtraction in SSH.
The cDNA purification step is critical for the success of the following steps.
Before purification, the cDNA can be stored at —20°C. RT-PCR with gene-spe-
cific primers works better on cDNA after purification.

The PowerScript RT is a modified Moloney Murine Leukimia Virus (MMLYV)
RT with a higher efficiency and has the ability to add a short Oligo C tail to full
length cDNA. The 5' Oligo adaptor pairs with the oligo C stretch. The
PowerScript RT extends the cDNA with the 5' Oligo adaptor serving as a tem-
plate. This results in cDNAs with two adaptors, one on either side. In the case of
SSH, primers are designed with the same adaptor for each side. If the cDNA is to
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be used in cloning, two adaptors, AdX and AdY, can be used to differentiate the
5" and 3' sides of the cDNA for directional cloning purposes.

4.4. cDNA Amplification by PCR

10. TItis important that cDNA amplification stays within the exponential phase. Rep-
resentation will be lost if the cDNA is overcycled. Artifacts and false-positives
will result if this step is not optimized correctly.

4.5. SSH (or Subtractive PCR)

11. One of the most important conditions for success when performing this proce-
dure is to make sure that the primers used for the PCR and RT steps are ultrapure.
Reverse-phase high performance chromatography (HPLC) purification of the
primers reduces the number of false positives generated and increases the sensi-
tivity of the procedure (9).

12. At least 10 ng of RNA is recommended as starting material. In our case, approx

50 PGC equivalence of total RNA worked well.
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Differentiating Embryonic Stem Cells
into Embryoid Bodies

Gisele Hopfl, Max Gassmann, and Isabelle Desbaillets

1. Introduction

Since the early 1980s, embryonic stem (ES) cells have been isolated from
the inner cell mass of the preimplantation blastocyst (I-3). They can be main-
tained in a pluripotent state for indefinite periods of time in the presence of the
leukemia inhibitory factor (LIF) or in coculture with mouse embryonic fibro-
blasts (MEFs). When cultured in the absence of LIF, ES cells differentiate
spontaneously, forming three-dimensional (3D) aggregates called embryoid
bodies (EBs, Fig. 1). EBs recapitulate many aspects of cell differentiation dur-
ing early mammalian embryogenesis (4,5) and give rise to mature cells of all
three germ layers (reviewed in ref. 6). The EB system is an extremely valuable
tool for the investigation of embryonic development in vitro because it is chal-
lenging and time-consuming to isolate early-stage cells from developing
embryos. Moreover, EBs can be used when difficulties arise to determine the
cellular basis for embryonic defects or the interpretation of knockout pheno-
types, especially those complicated by early embryonic lethality. In addition,
great efforts are made to define protocols to preferentially direct ES cell differ-
entiation as EBs toward one single cell fate, therefore providing a source of
normal cells and raising opportunities for therapeutic interventions to correct
cell/tissue damage and/or dysfunction.

A significant amount of data has accumulated recently so that a detailed
discussion of the differentiation methods used would go beyond the purposes
of this chapter. The methods described in this chapter build the basis for these
techniques and allow an immediate start, provided the adequate factors are
added. In order to facilitate experimental onset, a summary of the most impor-
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Fig. 1: Methods for the in vitro differentiation of ES cells into EBs: ES cells are
obtained from the inner cell mass of the preimplantation blastocyst and cultured in the
presence of LIF to retain their pluripotency. ES cells give rise to EBs when cultured in
suspension, hanging drops or MC medium in the absence of LIF. A few examples of
resulting cell lineages are given for each EB formation culture type.

tant differentiation protocols, including growth factors, is given. Furthermore,
examples are presented for the use of these techniques. For instance, hemato-
poietic differentiation is described as a classic example for the use of methyl-
cellulose (MC) medium. Also, a few neural differentiation protocols (some of
which are currently used in our laboratory) were chosen to exemplify the meth-
ods, demonstrating the usage and usefulness of a combination of techniques,
focusing those ones that seem most promising in terms of in vivo application.

2. Materials
2.1. Cell Culture Equipment

90-mm Cell culture dishes (Sarstedt, Niimbrecht, Germany).

90-mm Bacterial-grade Petri dishes (Sterilin, Stone, Staffordshire, UK).

140 x 20 mm Bacterial-grade Petri dishes (Nunc GMBH, Wiesbaden, Germany).
10- and 50-mL sterile polypropylene tubes (Falcon, Becton Dickinson Labware, USA).
Sterile pipets.

Sterile 1.5-mL Eppendorf tubes.

2.2. Cell Culture Media and Solutions

1. DMEM-FCS medium: Dulbecco’s modified Eagle’s medium (DMEM high-glu-
cose), 10% or 15% heat-inactivated fetal calf serum (FCS; (Gibco-BRL, see
Notes 1 and 2), 1.7 pL/500 mL, 2-Mercaptoethanol (Fluka; 0.05 mM final con-
centration) 100 IU/mL penicillin (Sigma), 0.1 mg/mL streptomycin (Sigma), and,
where indicated 103 U/mL LIF (ESGRO, Chemicon international; see Note 3).

2. Iscove’s modified Dulbecco’s medium (IMDM): always prepared fresh from
powder.

A
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3. 4% MC solution: 16 g MC (Methocel®, Fluka) dissolved in ddH,0O made as
described in Subheading 3.3.3.

4. 2% Methylcellulose stock (MCM stock): 4% MC solution diluted 1:1 with 2X
concentrated IMDM medium.

5. Complete 1% MCM: 2% MCM stock diluted 1:1 with IMDM and supplemented
with 15% heat inactivated FCS, 450 uM monothioglycerol (Sigma), 10 pg/mL
insulin (Sigma), and 300 pg/mL transferrin (Roche applied biosciences, all com-
ponents of this medium—except for FCS and MCM stock—have to be freshly
prepared; otherwise, the EB yield decreases.

6. Phosphate-buffered saline (PBS).

3. Methods
3.1. Culture of MEFs

1. Culture MEFs in 90-mm cell culture dishes using DMEM supplemented with
10% FCS. Addition of 2-mercaptoethanol to the medium is not necessary. Culture
cells in a humidified atmosphere containing 5% CO, at 37°C.

2. Trypsinize cells twice a week (e.g., on Mondays and Fridays) and splitin a 1:4 or
1:5 ratio.

3.1.1. Mitomycin C Treatment of MEFs

1. Coat 90 mm cell culture dishes with 0.75% gelatin (type A from porcine skin;)
solution for at least 30 min at room temperature. After removal of the gelatin
solution, plates can be used for 1-2 d if kept under sterile conditions.

2. Ond 1 (usually Mondays), trypsinize one 90-mm cell culture dish. (Usually there
are approx 4 x 10® MEFs in a full dish).

3. Count the cells and add 105 MEFs/90-mm gelatin-coated cell culture dish con-
taining DMEM-10% FCS without 2-mercaptoethanol.

4. Ond 2 (usually Tuesdays), incubate the cells with a final concentration of 10 g/
mL of mitomycin C (usually 400 uL of a 0.2 mg/mL mitomycin C [Sigma] stock
solution in PBS) in 8 mL DMEM-10% FCS for 3 h at 37°C.

5. Remove the medium and wash the cells two or three times with PBS.

6. Add DMEM-10% FCS without 2-mercaptoethanol. These cells can be used for
1 wk of ES cell culture.

7. Change medium twice a week.

3.2. ES Cell Culture
3.2.1. ES Cell Culture with MEFs

1. Add ES cells to Petri dishes containing MEFs and cultivate them in DMEM-15%
FCS with 10° U/mL LIF. Culture cells in a humidified atmosphere containing 5%
CO, at 37°C.

2. To split ES cells, wash once with PBS and detach the cells using 1.5 mL trypsin/

EDTA (Gibco-BRL) for 5 min at 37°C.
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Resuspend well with a 5-mL pipet and replate the ES cells on a new culture of
mitomycin C-inactivated MEFs.

3.2.2. ES Cell Culture on Gelatin-Coated Plates

1.

3.3.
3.3.

. Trypsinize ES cells and make a single-cell suspension by pipetting the cells up

Culture ES cells on gelatin-coated Petri dishes (coating described in Subheading
3.1.1., step 1) in DMEM-15% FCS supplemented with 10° U/mL LIF. Be care-
ful to keep the amount of cells seeded low (between 40% and 50% confluence)
because high-seeding numbers favor differentiation.

Passage ES cells every 2 d. These conditions ensure that ES cells retain their
pluripotency.

Embryoid Body Formation (see Note 4)

1. Liquid Suspension

and down with a 5- or 10-mL sterile pipet at least 10 times (see Note 5).

Count the cells and add the appropriate amount to obtain the end concentration
desired (see Table 3) to DMEM-15% FCS medium without LIF. Culture in bac-
terial-grade culture dishes to prevent adherence of ES cells (see Note 6). HM-1
cells used in our laboratory are plated at 10* =5 x 10* cells/mL. Exchange culture
medium two or three times a week.

3.3.2. Hanging Drop Cultures

1.

Plate 20-30 uL drops containing 400—1000 ES cells on the lids of Petri dishes
filled with PBS (see Table 3) to prevent the drops from drying out (see Notes 7
and 8).

Harvest EBs and subsequently cultivate in suspension in bacterial-grade Petri
dishes in DMEM-15% FCS medium without LIF or plate directly onto 0.75%
gelatin-coated tissue culture plates (see Table 3).

3.3.3. MC Culture

1.

Add 16 g of MC to 400 mL boiling ddH,O to prepare a 4% solution. To reduce
risk of contamination, start with 400 mL water that has been autoclaved together
with the magnetic stirrer in a 1000-mL bottle. MC should be added slowly spoon-
by-spoon under vigorous stirring, to avoid clumping of the medium.

Sterilize the solution by at least 15 min of additional boiling with continuous
stirring. The resulting solution is turbid white.

Cool the MC down to 37°C, add 400 mL freshly prepared 2X concentrated IMDM
(see Table 1) and mix thoroughly (the solution then turns turbid orange) to pre-
pare the 2% MCM stock. Stirring should not be stopped during cooling or after
addition of IMDM. In our laboratory, the whole procedure (except for the cool-
ing procedure, which is done under continuous stirring in a water bath) is under a
sterile hood.
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Table 1

IMDM Components?

End volume 400 mL (2X) 100 mL (1X)
IMDM powder 14.16 g 1.77 g
NaHCO; (7.5% in water) 32 mL 4 mL
100X MEM 8 mL 1 mL
100X Penicillin/Streptomycin 8 mL I mL
H,O 352 mL 94 mL

“Filter under sterile conditions. Always prepare fresh.
1X, standard concentration; 2X, double concentration.

Aliquot the medium immediately after adding of IMDM while the mixture is still
warm. Aliquot by pouring the desired amounts of warm MCM (see Table 2; 2%
MCM stock) into sterile plastic tubes. For example, for 50 mL of final solution,
pour 21.5 mL 2% MCM stock into 50-mL tubes (see Table 2).

Mix the solution by inverting the tubes before freezing. The aliquots must be
mixed at least twice by inversion during freezing (every 5 min for 15 min); other-
wise the MC will sediment at the bottom of the tubes. Upon freezing, MCM
becomes a transparent and viscous medium.

Store the aliquots at —20°C until use.

At the time of use, thaw the 2% MCM stock and dilute it with an equal volume of
freshly prepared 1x IMDM (Table 1). To prepare complete 1% MCM, use the
amounts indicated in Table 2 (see Notes 9 and 10).

Thoroughly mix this complete medium for 5 min until a homogeneous solution is
formed (7).

. Add ES cells (prepared as described in Subheading 3.3.1., step 1) to the com-

plete 1% MCM. Mix carefully by inversion for 5 min to ensure single-cell sus-
pension and dispense into 90-mm bacterial-grade Petri dishes to avoid attachment
(see Notes 11 and 12). Never pipet medium containing MC. Owing to its viscos-
ity, it adheres to the inner surface of the pipet, resulting in EB yield losses.

3.3.4. Complete 1% MCM Exchange (Note 13)

1.

2.

[98]

Replace the complete 1% MCM twice weekly (e.g., on Mondays and Fridays) to
avoid medium exhaustion.

To wash the complete 1% MCM out, use a 10-mL pipet that should not be filled
with more than 5 mL complete 1% MCM at a time. Always pipet slowly so that
EBs and medium do not adhere to the walls of the pipet.

Put the recovered medium in a 50-mL tube.

After removing all the complete 1% MCM, wash the plate at least twice with the
whole pipet volume using IMDM without changing the pipet and add the wash-
ing medium to the 50-mL tube. This procedure avoids losses due to adherence of
the EBs to the pipet.



84 Hopfl, Gassmann, and Desbaillets
Table 2
Components of Complete 1% MCM?
20 mL 50 mL 80 mL Final concentration
2% MCM stock 85mL 21.5mL 34mL -
Fresh IMDM 85mL 21.5mL 34mL -
Heat-inactivated FCS 3mL 7.5 mL 12 mL 15%
Diluted 1:100 MTG 75uL  187.5uL 300 uL 450 uM
2 mg/mL Insulin 100 uL. 250 uL 400 uL 10 pg/mL
30 mg/mL Transferrin 200 pL 500 pL 800 uL 300 pg/mL
“All ingredients—except for MCM and FCS—have to be prepared fresh. MTG,
Monothioglycerol.
5. The mixture of complete 1% MCM and high amounts of medium is centrifuged

*®

3.4.

N =

4.

5.
6.

3.5.

at 150-180g, 4°C for 10 min.

Remove the excess medium and leave the pellet in a maximum of 500-uL me-
dium.

Add the recovered pellet to a tube containing complete 1% MCM.

Mix carefully for 5 min, avoiding bubble formation.

Pour (do not pipet!) into 90-mm bacterial-grade Petri dishes to avoid attachment.

Embryoid Body Dissociation
Recover the EBs as described in steps 1-7 of Subheading 3.3.4.

. Put the pellet in a 1.5-mL sterile Eppendorf tube. Total volume should not be

greater than 50 pL. If the pellet volume is greater than 50 puL, make smaller
aliquots before adding the collagenase solution.

. Add 1 mL of 0.25% collagenase (Sigma) supplemented with 20% FCS in PBS

previously heated to 37°C to dissociate EBs (Note 14).

Mix the solution using a 100-200-uL pipet every 15 min for 1 h at 37°C (8,9; see
Notes 15 and 16). Ideally, this procedure is done with gentle rotation.

Wash the cells gently with PBS.

Replate the cells as described in steps 7-9 of the previous subheading.

Summary of ES Cell Differentiation Protocols

Table 3 summarizes the ES cell differentiation protocols.

3.6.
3.6.

Examples

1. Hematopoietic Differentiation

The MCM culture method described above is classically used for the study
of hematopoietic differentiation in EBs based on the pioneer work of several
groups (9,11,39). After EB differentiation (ranging from 5 to 10 d), EBs are
disrupted, and the cells are replated in complete 1% MCM enriched with ap-
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EBs cultivated in MCM EB dissociation replating in MCM with appropriate
cytokines for hematopoietic colony
formation

Fig. 2. Two-step hematopoietic progenitor assay: this two-step assay consists of the
formation of EBs in complete 1% MCM, dissociation of the EBs, and replating in
complete 1% MCM with the adequate cytokines (Table 3; see Note 17).

propriate cytokines to perform colony formation assays (Fig. 2, Table 3). This
two-step method is especially interesting because one can score the number of
colonies formed, observe their morphology, and follow their differentiation.
Alternatively, gene expression and gene expression modulators can be studied
during the differentiation period of the EBs. This method is important, e.g., to
gain insights about the GATA-1 and GATA-2 transcription factors, which are
central for hematopoietic differentiation (11,40).

A recent report (41) comparing the efficiency of EB formation and differen-
tiation of the haematopoietic system showed no differences between the three
methods currently used to form EBs (suspension, hanging drop, or MC). Inter-
estingly, regardless of being generated from single-cells in MC, collision in
suspension or from a defined number of cells, such as in hanging drops, EBs
grew to a similar maximum cell number (approx 3 x 10* cells/EB). This study
also reinforced the importance of a 3D system for the ES cell differentiation
because hematopoietic differentiation was significantly impaired in two-dimen-
sional (2D)-attached cultures. A dramatic reduction was observed in hemato-
poietic development when EBs formed in liquid suspension were left to attach
in the first 4 d of culture, which means that hematopoietic commitment requires
signals present in 3D cultures that are lost or absent in 2D cultures. Also of
note is the fact that EBs are efficiently oxygenated (42).

3.6.2. Neural Induction

Differentiation of EBs toward neuronal fates can be achieved either by
growth factor or retinoic acid (RA) stimulation. Growth factor promoted neu-
ral induction was first developed by Okabe et al (31) and modified by others
(28,29,32,43). This protocol includes: (1) differentiation of EBs into all three
germ layers in suspension during 4 d; (2) EB attachment and promotion selec-
tion of neuroectodermal differentiation selection through growth factor
removal (serum-free medium): (3) proliferation and maintenance of neural pre-
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Table 3

ES Cell Differentiation Protocols

Protocols (differentiation days:
EB formation culture;

Growth factors

Cell or tissue type ES cell lines number of cells) and others Ref.
Hematopoietic CCEG2, D3 6, 10, or 14 d: 2 U/mL EPO, (9,10)
precursors (0.9-1.5 x 103 ¢/mL 2 U/mL IL-3,
of CCEG2) MCM or 10° U/mL IL-10;
(1-2 x 103 ¢/mL of D3) MCM, EB dissociation:
EB dissociation: colonies scored 0.25% collagenase 1 h/37°C
after 7-8 d (=MCM-two step assay) in PBS-20% FCS
Erythroid primitive CCE 6 d: MCM,; 2 U/mL EPO (11)
precursors two-step assay as in refs. 7 and 27
Erythroid definitive CCE 6, 10, or 14d: MCM; 2 U/mL EPO, (11)
precursors two step assay as (9, 10)
SCF (250 ng/mL)
Erythroid definitive CCE 6, 10, or 14,d: MCM; 2 U/mL EPO, (11)
precursors, two step assay as in refs. 7 and 27 250 ng/mL SCF,
macrophages and 103 U/mL IL-1,
mixed colonies 102 U/mL IL-3,
10° U/mL) G-CSF,
15 U/mL GM-CSF,
100 U/mL M-CSF
Lymphoid precursors BL/6 III Up to 20 d: 2-3 x 10° ¢/mL MCM 7.5% CO,/5% O, (12)

or (1.5-2.5 x 103 ¢/mL) suspension;
dissociation
(0.8 U/mg) 4 h/4°C

Dissociation:
0.1 U/mg colla-
genase/dispase
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Endothelial cells

Cardiomyocytes

Adipocytes

Skeletal muscle

Vascular smooth
muscle

BL/6-111/D3

CCE, CJ7

W4

D3

D3

ZIN 40,
E14TG2a,
CGRS8

BLC6

D3

D3

d 1-15: 15-20 ¢/20 uL HD
or suspension (0.8—1.4 x 10*/mL),
dissociation as in ref. 9
Upto 11 d: (1.25 x 103 ¢/mL
or 2.5 x 103 ¢/mL) MCM
bFGF, 10 g/mL IL-6
d 1-2: 400 ¢/30 uL HD;
d 3-5: suspension

d 1-2: 400 ¢/20 uL HD;
d 3-7: suspension, TC

d 1-2: 400 ¢/20 uL HD;
d 3-7: suspension, TC
1077 M RA

d 1-2: 103 ¢/20 uL HD;
d 3-5: suspension + additives;
d 6-7: suspension w/o additives, TC
insulin, 2 nM
triiodothyronine

d 1-2: 800 ¢/20 uL HD; d 3-5:
suspension, TC
charcoal

d 1-2: 400 ¢/20 uL HD;
d 3-7: suspension, TC

d 1-2: 800 ¢/20 uL HD;
d 3-7: suspension, TC
and 0.5 x 103 M
db-cAMP

7.5% CO,/5% O,

50 ng/mL VEGF, 2
U/mL EPO,
100 ng/mL

20% FCS in culture
medium,
1 ng/mL TGF-B1

15% Dextran-coated

charcoal FCS; d 5-7:

3 d suspension with
10 M RA; TC
medium with 85 nM

FCS treated with
Dextran-coated

15% Dextran-coated

charcoal FCS; d 2-5:

108 M RA
7d-11: 10-8 M RA

(13)

(14)

(15)

(16,17)

(18)

(19)

(20)

(18)

e2y)

continued
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Table 3 (Continued)
ES Cell Differentiation Protocols

Protocols (differentiation days:
EB formation culture;

Growth factors

Cell or tissue type ES cell lines number of cells) and others Ref.
Neuronal BLC6 d 1-2: 400 c¢/20 uL HD; HD with 10-7M RA (22-24)
and glial cells d 3—4: suspension, TC
CRGS8 d 1-2: (5 x 10° ¢/10 cm dish) d1-2: 1 uM RA (25)
suspension, TC
D3 d 1-4: suspension; d 5-8: d 5-8: 0.5 uM RA (26,27)
suspension + RA; TC
or dissociation
J1 d 1-4: suspension; d 5-12: ITSF medium (28)
d ITSF medium
R1 d 1-2: (100, 200, 400 c/drop); TC: M1; 6 d: dissociation (29)
d 3—4: suspension M1; 0.1% trypsin/0.08%
d S:attachment; d 6-12: TC; EDTA, 1 min; replating:
EB dissociation; M2; M3
d 13-18: TC M2; d 18-48: M3
R1 and MPI-II d1-4: (1.5 x 106 ¢/10 cm) Suspension:1 uM RA (30)
suspension; d 5-13: TC and 1% FCS; TC
with 1% FCS
J1,CJ7,D3,R1 d 1-4: suspension, 24 h TC; Dissociation with 0.05% (31,32)

d 68 ITSF medium;
EB dissociation

d 9-15: (0.5-2 x 10° c/cm?) M4;

trypsin/0.04% EDTA; M4
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d 16-20: M4 w/o bFGF; long-term
neurobasal medium + B27 suplement

+ 5% FCS
Osteoblasts CGRS d 1-2: 103 ¢/20 uL HD; d 3-5: Additives: 1077 M RA; (33)
suspension + additives, TC: MS5; TC: M5; M5+:
matrix mineralization increased 10 ng/mL BMP-2
by M5+ or 2.5 WM compactin
Chondrocytes D3 d 1-2: 800 ¢/20 uL HD; 2 ng/mL BMP-2 during 34)
d 3-5: suspension with BMP-2, TC suspension
Mast cells WO.5 d1-7:2 %103 ¢/1.5 mL MCM; d 1-7: 50 ng/mL SCF; 35)
d 8-14: 2 x 103 ¢/2.5 mL MCM,; 5 ng/mL IL-11, d 8-14:
suspension: M7 +1 mL M6; suspension: M7
Dendritic cells ESF116 d 1-14: suspension TC with 25 ng/mL (36)
(4 x 10° ¢/90-mm dish), TC GM-CSF and
103 U IL-3/mL
Mature hepatocytes R1, SEK1, W9.5 d1-2: 103 ¢/30 uL HD; d 9-12: 100 ng/mL aFGF; 37)
d 3-5: suspension; d 5-18: d 13-18: 20 ng/mL HGF,;
TC (collagen coated dishes) d 15-18: M8
Pancreatic islets E14.1, B5 d 1-4: suspension; d 5-10/11: M9; M10 38)
TC-ITSF; d 12-18: M9;
d 18-24: M10

Abbreviations c, cell(s); HD, hanging drop; TC, tissue culture; MCM, 0.9—1% MC medium; w/o, without; EPO, erythropoietin; IL, interleukin;
SCF, stem cell factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony stimulating factor; M-CSF, mac-
rophage colony-stimulating factor; VEGF, vascular endothelial growth factor; RA all trans retinoic acid; db-cAMP, dibutyryl-cyclic adenosine
monophosphate; bFGF, basic fibroblast growth factor; BMP-2, bone morphogenetic-2, aFGF, acidic fibroblast growth factor; HGF, hepatocyte
growth factor; ITSF, DMEM/F12 (1:1), 5 pg/mL insulin, 50 pg/mL transferrin, 30 nM selenium chloride, 5 pg/mL fibronectin.

M1: DMEM/F12 (1:1), 5 ug/mL insulin, 50 pug/mL transferrin, 30 nM sodium selenite, 5 pLg/mL fibronectin.

M2: DMEM/F12, 20 ng progesterone, 100 uM putrescine, 1 pg/mL laminin 25 pg/mL insulin, 50 pg/mL transferrin, 30 nM sodium selenite, 10
ng/mL bFGF, and 20 ng/mL epidermal growth factor in polyornithine/laminin coated dishes.
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Table 3 (Continued)
ES Cell Differentiation Protocols

Protocols (differentiation days:
EB formation culture; Growth factors
Cell or tissue type ES cell lines number of cells) and others Ref.

M3: Neurobasal medium plus 2% B27, 200 pg/mL IL-1 (added daily), 700 umol db-cAMP (every 4 d starting d 18), 2 ng/mL TGF-f; (start d
25), 2 ng/mL glial cell line-derived neurotrophic factor (start d 22), 10ng/mL Neurturin (start d 25). Medium change together with growth factor
took place every 3 d.

M4: DMEM/F12, 20 ng progesterone, 100 uM putrescine, 1 pg/mL laminin, 25 pg/mL insulin, 50 pg/mL transferrin, 30 nM selenium chloride,
5 ng/mL bFGF in polyornithine/laminin-coated dishes (coated with 15 ug/mL polyornithine, 1 pg/mL laminin).

M35: Glasgow MEM/BHK 12 medium enriched with 50 pg/mL ascorbic acid phosphate, 10 mM B-glicerophosphate.

MS5+: M5 medium enriched with 10 ng/mL BMP-2 or 2.5 uM compactin.

M6: Complete 1% MCM with 60 ng/mL SCF; 30 ng/mL IL-3; 30 ng/mL IL-6.

M7: DMEM 20%v/v WEHI-3 conditioned medium, 50 ng/mL SCF.

M8: DMEM + 10 ng/mL oncostatin M, 107 M dexamethasone, 5 mg/mL insulin and transferrin, 5 pg/mL selenious acid.

M9: N2 medium + B27 supplement (Gibco-BRL) and 10 ng/mL bFGF.

M10: N2 medium + B27 supplement (Gibco-BRL) + 10 mM nicotinamide.
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cursor cells through addition of basic fibroblast growth factor (bFGF); and (4)
induction of neuronal and glial maturation by bFGF withdrawal and addition
of neuronal differentiation and survival-promoting factors (Fig. 3; Table 3).
Functional neurons and glia obtained through this method differentiated into
dopaminergic and serotonergic neurons and participated in brain development
in vivo. Other reports pointed out the possibility of using these neurons as a
possible source of myelinating transplants (29,32).

RA is also known to strongly induce neuronal differentiation (44). RA-pro-
moted neural differentiation is time- and concentration-dependent (Table 3).
Two major protocols have been used: one was originally developed by Bain et al.
(26) and includes an 8-d induction period in which RA induction (5 X 10-7 M)
takes place from d 5 to d 8 (also called 4—/4+ protocol). Neural cells obtained
through this method were also able to myelinate axons in host animals and
promote recovery after spinal cord injury (45,46). In the second protocol, EBs
(usually cultivated as hanging drops) are cultured with lower RA concentra-
tions (10-7 M) during the first 2 d of differentiation. RA is then washed out, and
EBs continue their differentiation for two further days in suspension (23,24,48).

Neuronal differentiation from EBs is one of the most successful types of ES
cell differentiation in terms of in vivo application. Both RA and growth factor
induction are able to give rise to neuronal cells which are capable of restoring
functional losses of the central nervous system.

4. Notes

1. An important factor to be observed in EB culture is the choice of FCS because
concentrations of growth factors, such as BMP-4 and TGF- that influence dif-
ferentiation may vary from batch to batch (48). To circumvent this problem, use
the same batch of high-quality serum (special ES cell sera are now commercially
available) for all the experiments performed. An even better solution is to culture
in serum-free media in combination with known amounts of growth factors, a
combination tried successfully by Johansson and Wiles in suspension culture
(48). Adelman et al. wished to develop of serum-free MCM. They tested two
sources of commercially available serum substitutes—Knockout SR (Life
Technologies) and BIT 9500 (Stem Cell Technologies; 49). They found that al-
though EB formation efficiency, size, and morphology were comparable between
serum containing media and the knockout SR media (but not the BIT 9500) EBs
did not express committed erythroid markers, EKLF and GATA-1, or terminally
differentiated globin markers under serum-free conditions. Addition of BMP-4
(5 ng/mL from R&D Systems) to the medium recovered the expression of EKLF
and GATA-1. In addition to testing different types of MCM serum-free condi-
tions, this study demonstrated that EB differentiation can be manipulated to study
induction of specific genes expressed early within a lineage (49).

2. Conditions for serum heat inactivation: 57°C for 30 min.



EB generation:
Suspension culture for 4 days in
DMEM medium in the absence of LIF

Selection of nestin-positive cells
5 to 10 days in serum-free medium
plated in tissue culture dishes

EBs NOT pre-treated with RA
(Rolletschek et al).

EB dissociation <

Expansion of nestin-positive cells
in medium containing growth factors

(bFGF/laminin, bFGF/EGF or FGF2/EGF)

Differentiation nestin-positive cells
induced by growth factor withdrawal

EB generation:
2 days hanging drop formation
with or without 107 M RA

EB growth:
2 days in suspension without RA

EBs pre-treated with RA:
maximal neuronal differentiation is
achieved by day 11 after plating
(Strubing et al).

EB at day 8 of differentiation
staining with the neuronal marker
TUJ-1 (25x magnification)

Fig. 3. Neuronal differentiation can be achieved using different protocols: The differentiation protocol developed by Okabe et
al. (31) and modified by others (32,43) is shown on the left hand side. A similar protocol was used recently to obtain transplantable
neural precursors from human embryonic stem cells (53). On the right side, the protocol of Rolletschek et al. (29), which is also a
modification from former protocols, and the alternative from Striibing et al. (22) using RA-induced neuronal differentiation. The
picture shown on the bottom right was taken in our laboratory using this technique.
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3.

4.

10.
11.

LIF is diluted in medium without 2-mercaptoethanol and kept at —20°C in
500-uL aliquots. Aliquots are thawed only once and kept at 4°C.

Each type of EB culture has advantages and disadvantages. The MCM method
induces the formation of a microenvironment surrounding the aggregates through
local accumulation of factors. Furthermore, this culture method favors the for-
mation of synchronized clonal aggregates because EB collision is reduced as a
result of the viscosity of the medium. Additionally reproducibility of temporal
development occurs more synchronously than in suspension. A disadvantage is
that it is technically more difficult than the other methods. The suspension method
is technically the easiest to perform, but has the disadvantage of forming EBs of
irregular sizes owing to increased collision that which lead to reduced efficiency
in EB formation with higher numbers of cells. Technically speaking, the hanging
drop method stands, between the suspension and the MCM in terms of difficulty.
The EBs obtained have a much more regular size and are formed from a defined
number of cells, which may be an advantage when compared to the suspension
methods.

We always trypsinize and replate the ES cells the day before the experiment,
regardless of the type of EB culture used. In this way, it is easier to obtain a
single-cell suspension on the experimental day. Also, if this precaution is taken
the EB yield is increased and the experimental conditions normalized.

Dang et al. (41) showed, using the CCE ES cell line, that EB forming efficiency
remained constant in cultures initiated with 10° ES cells/mL, whereas it gradu-
ally decreased in cultures initiated with 10* and 103 ES cells/mL, but this effect
was less pronounced when MC medium was used.

As an alternative to using the lids as a pipetting surface, one can actually use the
bottom of the plates (140 Y 20-mm Nalge Nunc International), and turn the plate
up-side down. To prevent the hanging drops from drying out, we put the lid of a
10-cm tissue culture Petri dish filled with 15-mL PBS inside the plate. There are
two advantages with this method: first, there is less danger of contamination when
compared with the pipetting on the lid itself, and, second, if suspension culture
follows the hanging drop, simply fill the plate with the culture medium. Avoid
culturing the hanging drops for more than 1-2 d, because the drops will dry and
the medium will be exhausted.

Differentiating agents, such as RA (see Table 3) cause apoptosis in several cells
in addition to their differentiating effects. To obtain a high EB yield, start with
large numbers of drops, which is best achieved with a multichannel pipet.
Insulin is water-soluble only at a low pH. Add one drop of 10 M HCI to the
solution before adjusting the volume. Always prepare fresh.

Best mixing results are obtained if MCM, IMDM, and FCS are preheated to 37°C.
To circumvent plating efficiency problems in MC medium, the ES cell line
SQ1.2S8 was grown in suspension for 48 h in IMDM supplemented with 10%
FCS and 0.45 mM of monothioglycerol prior to MCM culture (10). Plating effi-
ciency could also be further increased by culturing EBs under low oxygen condi-
tions (7).
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The seeding density of ES cells depends on their plating efficiency, but also on
the differentiation day the growing EBs are required to reach. ES cells used in
our laboratory (CCE, HM-1 and R-1) have a good plating efficiency under the
conditions described above, when seeded directly into MCM. The number of
cells used for MCM differentiation are given in Table 3. This number also
depends on the duration of the experiment. For example, for a 16-d experiment
using the HM-1 cell line where RNA extraction was required, we plated 5 x 103
cells/mL (20 and 10 plates, respectively) for d 2 and 4 of differentiation,
103 cells/mL (67 plates/d) for d 5 and 6 of differentiation, and 500 cells/mL
(5 plates/d) from d 7 to 16. The total volume in each plate was always 10 mL/
90 mm plates (50).

. It is quite difficult to exchange complete 1% MCM due to its viscosity. For this

reason, and to improve the experimental outcome, the exchange of this medium
is described in detail.

. Usually, the less EBs in the solution, the better the outcome tends to be. The

amount is difficult to define because the size and amount of the EBs vary in the
different differentiation days in which this procedure can be applied.

. EB dissociation is not always easy. Avoid being harsh to the cells to prevent

decreased plating efficiency. Gentle agitation and mechanical shearing (100-pL
pipet tip and/or a 21-gauge needle) during the incubation period improves the
outcome. Usually, a step with a cell strainer (e.g., 100 pm, Falcon Becton
Dickinson Labware) at the end of the procedure is included to reduce the amount
of cell debris or nondissociated EBs.

. Alternatives are incubation with cell dissociation buffer (Gibco-BRL) for 30 min

at 37°C (51), trypsin/EDTA, or a mixture of collagenase/dispase (see Table 3).
This assay can also be used to analyze cells obtained from yolk sac dissoci-
ation (52).
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The Derivation of Murine Embryonic Stem
and Embryonic Germ Cells by Selective Ablation

Edward J. Gallagher and Jim McWhir

1. Introduction

Embryonic stem (ES) cells have the developmental capability to contribute
to every cell type of the adult mouse when reintroduced into the blastocyst
embryo (1,2). They can be easily manipulated in vitro to produce specific
genetic alterations for the study of gene function and the biological basis of the
diseased state. More recently, human ES (3-5) and embryonic germ (6) (EG)
cells have been isolated; these cells have the potential to provide new thera-
peutic treatments in a broad range of diseases (7). The methods used for human
ES isolation are similar to those used for mouse ES derivation (8). Although
ES-like cells have been reported in rabbit (9), pig (10), cattle (11), rhesus
monkey (12), and human (3-5), as yet, only a few strains of mice (predomi-
nantly, strain 129 and C57BL/6) (13) have successfully produced totipotent ES
cells capable of colonizing the germline. There is an apparent genetic variation
even among mouse strains to the relative ease with which ES cells can be
isolated (14).

We have shown that it is possible to isolate ES cell lines from the CBA
mouse strain, which is otherwise refractory to ES isolation by traditional means
(15). Transgenic mice were generated, which expressed the selectable neomy-
cin phosphotransferase (neo) gene under the transcriptional control of a 1.9-kb
proximal Oct3/4 promoter that is active only in the ES and EG cells and their
precursors (16). Differentiating cells in an explanted embryo downregulate
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expression of the oct/neo transgene, rendering them susceptible to the neomy-
cin analogue G418. Using this selective ablation approach, 87.5% and 94%
CBA ES lines could be generated with similar frequency to ES lines from the
permissive 129 strain. We concluded that the removal of differentiating lin-
eages relaxes inhibition of the stem cell population, permitting the isolation of
ES cells from an otherwise nonpermissive genotype, (see Fig. 1 for a sche-
matic overview). Gardner and colleagues have shown that CBA ES lines can
be isolated following microdissection to remove ES progenitors from the
influence of other embryonic lineages (14). The dependence of ES isolation in
some genotypes on physical- or selection-mediated removal of other lineages
is consistent with the view that the strain barrier arises from differences in the
extent to which the embryo/explant exerts control over the proliferation of ES
precursor cells.

We have extended the selective ablation approach to isolate EG cells from
94% CBA mouse embryos. EG cells are derived from the primordial germ
cells of mouse embryos either during their migratory phase or from the genital
ridges (17,18). Mouse EG cells are similar to ES cells in many ways: they are
pluripotent; they can be propagated indefinitely in culture; they maintain a
stable karyotype; and they are morphologically indistinguishable. The only
apparent difference is in the expression of some of their imprinted genes. The
loss of imprint may explain why the lines we derived from embryos after d 11
did not display germline competence (19). In our hands, we were unable to
derive EG cells from 94% CBA embryos using conventional methods, although
we could derive EG lines from strain 129 embryos. However, when we apply
selection against differentiating cells (selective ablation) CBA embryos did
yield EG lines.

Selective ablation can overcome the apparent strain barrier that exists for
ES isolation between mouse strains. The next challenge is to adapt this method
for the derivation of ES lines from other species, presuming the barriers to ES
isolation are similar.

2. Materials
2.1. Isolation of ES Cells by Selective Ablation

All procedures were possible are performed under sterile conditions in a
laminar flow hood. This is not possible when collecting and dissecting
embryos. To minimize the risk of contamination, we supplement our media
with antibiotics (penicillin and streptomycin). Established cell lines do not need
to be maintained in the medium containing antibiotics. We further reduce the
contamination risk by dissecting the embryos under a binocular microscope
placed within a still air hood. The hood is a purpose-built Perspex box around
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Fig. 1. ES Isolation by selective ablation. Step 1: blastocyst stage embryos were
collected and explanted onto inactivated STO feeder cells in the presence of ES
isolation media supplemented with G418. Step 2: over a period of 2-3 wk of selection,
the non-ES cells are removed from the explant, resulting in the formation of a primary
ES-like colony. Step 3: the primary ES colony is carefully removed and disaggregated
in the presence of trypsin and transferred to fresh feeders. Step 4: after a further 7-10 d
of selection, numerous ES colonies are present with a limited amount of differentiat-
ing cell types. Step 5: the ES-like colonies are trypsinized and passaged until a “pure”
ES-like cell line is established, typically 5-6wk for the complete procedure.

the microscope with approx 40 cm of working space either side; only the eye
pieces protrude from the hood.

2.2. Maintenance of ES Cells

1. ES medium: Glasgow’s minimum essential medium (GMEM; Sigma) supple-
mented with 5% newborn calf serum (NCS) and 5% FCS (FCS) (Globepharm),
0.1 mM non-essential amino acids (Life technologies), 0.1 mM p-mercapto-
ethanol, 1 mM sodium pyruvate (Life Technologies), 2 mM L-glutamine (Life
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Technologies), and 500 U/mL recombinant murine leukemia inhibitory factor
(LIF; Life technologies). ES isolation media consisted of ES maintenance media
supplemented with FCS to a final concentration of 10% and 50-200 ug/mL
G-418 sulfate (geneticin). EG isolation medium differs from ES isolation medium
in that it also contains basic fibroblast growth factor (bFGF) to final concentra-
tion of 20 ng/mL. Penicillin—streptomycin is added to the media at 1X concentra-
tion when isolating primary lines, (100X stock consists of 10,000 U/mL penicillin
G sodium and 10,000 ug/mL streptomycin sulfate in 0.85% saline).

2. 1X PBS: 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPQO,, and 0.24 g KH,PO, in 800 mL
double-distilled water and adjusting the pH to 7.4 with HCI. Make the volume to
1 L with double-distilled water and autoclave.

3. TEG: 6.3 gNaCl, 0.12 g Na,HPO,4, 0.216 g KH,PO,, 0.333 g KCI, 0.9 g p-glucose,

2.7 g Tris, and 0.9 mL 1% phenol red dissolved in 800 mL Analar water. Then

add 100 mL 2.5 % trypsin, 0.4 g EGTA, and 0.1 g polyvinyl alcohol. Adjust pH to

7.6 and make 1 L. Filter through a sterile 0.2 um filter, aliquot, and store at —20°C.

Bench-top centrifuge.

Inverted phase contrast microscope.

Tissue culture flasks (25 cm?, 75 cm?, and 175 cm?), 6-well and 24-well plates.

Sterile 15-mL Falcon tubes and 2-mL cryopreservation vials.

Now s

2.3. Generation of Transgenic ES Lines

The oct/neo trans