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Complementary DNA Libraries

An Overview

Shao-Yao Ying

1. Introduction

Complementary DNA libraries reflect gene expression at certain times for
specific cells, whereas genomic DNA libraries represent all genetic information
in somatic cells. The complexity of cellular organization reflects a genetic
program that encodes a collection of genes and the means to use them by
manufacturing proteins for cellular structures, functional activities, and
reproduction of cells themselves. The essential aspect of this process is protein
synthesis based on the information stored in the sequence of nucleotides that
make up a gene (a transcribable segment of a DNA molecule) as the blueprint.
The information is transcribed as a complementary sequence of the nucleotides
(mRNA or the transcript) that carries the genetic information from the nucleus to
the protein-synthesizing machinery in the cytoplasm. Then, mRNA is translated
into the sequence of amino acids that make up a protein. The basis of the
widely used novel strategies for the generation of cDNA libraries are base pair
complementarities, reverse transcription, and polymerase chain reactions.
This chapter presents some general information on the principles of, biology
behind, basic protocols of, and reagents used in the generation of cDNA
libraries. Hopefully, this information will help researchers overcome problems
encountered in actual construction of cDNA libraries.

1.1. Base Pair Complementarities

Nucleic acids exhibit base pair complementarities that faithfully convert one
strand of RNA/DNA to a complementary one. Although all genetic information
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in the somatic cells of a specific organism can be expressed as a transcript,
many DNA sequences are not transcribed. These segments of DNA are the
coding exons and the noncoding introns. Basically, the genetic information
is stored as a strand of a DNA molecule consisting of four bases: adenine,
thymine, guanine, and cytosine. A second complementary strand of DNA can
be formed by DNA polymerase. Polymerases, enzymes that function in DNA
replication and RNA transcription, synthesize a nucleic acid from the genetic
information encoded by the template strand. The polymerases are unique
because they take direction from another nucleic acid template, which is either
DNA or RNA. During the formation of a second strand of DNA, bases are
generated according to the Watson—Crick base-pairing pattern. That is to
say, every cytosine is replaced by a guanine, every guanine by a cytosine,
every adenine by a thymine, and every thymine by an adenine. In this way,
information in DNA is correctly transcribed into RNA.

1.2. Probe Hybridization

Another unique feature of the base pair complementarity is probe hybridiza-
tion. The findings of Gillespie and Spiegelman (7) that viral genomic DNA and
RNA in infected cells showed a base pair complementarity opened an avenue for
specific hybridization between a gene and its transcript as a DNA—RNA hybrid.
Subsequently, the DNA-DNA or DNA-RNA hybrids have been employed in a
large number of powerful techniques for the identification and manipulation of
the geneitic information stored in DNA and used by the cell via RNA. Usually,
a labeled-probe nucleic acid is hybridized with a target nucleic acid. After
removal of any unreacted probe, the remaining labeled probe is identified and
the intensity of the labeling of the hybrid duplex is determined. As a result, the
regions of complementarity between the probe and the target nucleotides are
detected (2). Frequently, the number of targets is quite low, perhaps only a few
copies. In such cases, amplification techniques are performed to produce large
numbers of copies of the target, thus increasing the amount of hybrid duplex
and the observed signal. In addition, immobilization of the target on a surface,
such as a nitrocellulose or nylon filter and many other solid-phase materials,
is used to solve the competitive equilibrium problem. Thus, nucleic acid
sequences can be quantified by molecular hybridization using complementary
nucleic acids as probes, with complementarity as the essential feature for
hybridization.

1.3. Polymerases Are Essential for DNA Synthesis

Polymerases that use RNA as a template to form a complementary DNA
are RNA-direct DNA polymerases (3,4). One of these enzymes is reverse
transcriptase, usually observed as a part of the viral particle, during the life
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cycle of retroviruses and other retrotransposable elements. Purified reverse trans-
criptase is used to generate complementary DNA from polyadenylated mRNAs;
therefore, double-stranded DNA molecules can be formed from the single-
stranded RNA templates. The synthesis of DNA on an RNA template mediated
by the enzyme reverse transcriptase is known as reverse transcription (5).

1.4. A Primer is Required for Reverse Transcription

Although polymerases copy genetic information from one nucleotide into
another, including copying a mRNA to generate a complementary DNA strand
in the presence of reverse transcriptase, they do need a “start signal” to tell
them where to begin making the complementary copy. The short piece of
DNA that is annealed to the template and serves as a signal to initiate the
copying process is the primer (6). The primer is annealed to the template by
basepairing so that its 3’-terminus possesses a free 3’-OH group and chain
growth is exclusively from 5" end to the 3’ end for polymerization. Wherever
such as primer—template pair is found, DNA polymerase will begin adding
bases to the primer to create a complementary copy of the template.

1.5. Formation of cDNA

Generally, the cDNA of cells can be formed according to the following
steps:

1. Isolation of the mRNA template: The source mRNAs can be enriched by increas-
ing the abundance of specific classes of rare mRNAs via one of the following
approaches: (1) antibody precipitation of the protein of interest that is synthesized
in cell lines, (2) increasing the concentrations of relevant RNAs by drug-induced
overexpression of genes of interest, and (3) inhibition of protein synthesis by
inhibitors, resulting in extended transcription of the early genes of mammalian
DNA virus.

The integrity of the mRNA is essential for the quality of cDNA generation.
The size of mRNAs isolated should range from 500 bp to 8.0 kb, and the sequence
should retain the capability of synthesizing the polypeptide of interest in vitro,
such as in cell-free reticulocytes. When fractionated by electrophoresis and
stained with ethidium bromide, a good preparation of mRNA should appear as
a smear from 500 bp to 8 kb.

2. A short oligo(dT) primer is bound to the poly(A) of each mRNA at the 3" end.

3. The mRNA is transcribed by reverse transcriptase (the primer is needed to initiate
DNA synthesis) to form the first strand of DNA, usually in the presence of a
reagent to denature any regions of the secondary structure. RNAse is used to
prevent RNA degradation.

4. DNA-RNA hybids are formed.

5. The RNA is nicked by treatment with RNAse H to generate the free 3-OH
groups.
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6. DNA polymerase I is added to digest the RNA, using the RNA fragments as
primers, and replace the RNA with DNA. In some cases, a primer—adapter
method is carried out as follows: (1) terminal transferase is added to the first
strand ¢cDNA [add (dC) to provide free 3" hydroxyl groups]; (2) the tail of
hybrided cDNA with oligo(dG) serves as the primer.

7. Double-stranded cDNA is formed.

1.6. PCR

Another important development in generating DNA from mRNA is the
enzymatic amplification of DNA by a technique known as polymerase chain
reaction (PCR). The technique was originally reported by Saike et al. (7), who
employed a heat-stable DNA polymerase—Tag polymerase with two primers
that are complementary to DNA sequences at the 3" ends of the region of
the DNA to be amplified. The oligonucleotides serve as primers to which
nucleotides are added during the subsequent replication steps. Because a DNA
strand can only add nucleotides at the 3’ hydroxyl terminus of an existing
strand, a strand of DNA that provides the necessary 3’-OH terminus, in this
case, is also called a primer. All DNA polymerases require a template and
a primer.

The PCR is well established as the default method for DNA and RNA
analysis. More robust formats have been introduced, improved thermal cyclers
developed, and new labeling and detection methods developed. Because
gene expression profiling relies on mRNA extraction from defined types and
numbers of cells, in some cases the use of small number of cells or even a few
cells is necessary. In this situation, the PCR technique has been used to allow
synthesis of cDNAs from a small amount of mRNA (8,9). Other techniques
of amplifying mRNA have been developed (10). For instance, the cDNA can
be generated by mRNA extracted and amplified by poly(A) reverse transverse
transcription and PCR.

2. Definitions
2.1. Complementary DNA

If a chromosome is defined as a supercoiled, linear DNA molecule consisting
of numerous transcribable segments as genes (specific segments of DNA that
code for a specific protein), the complementary DNA (cDNA) can be defined as
the transcriptionally active segment of a DNA molecule that shows the base pair
complementarity between the gene and its transcribed and processed mRNA
molecules—the transcript. To define it differently, cDNAs are complementary
DNA copies of mRNA that are generated by the enzyme—reverse transcriptase.
In contrast to genomic DNA, the extra, nontranscribed DNAs in a genome are
removed by this process because DNA polymerase activity depends on the
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presence of an RNA template. As a result, the cDNA represents only the 3%
of the genomic DNA in human cells that are transcriptionally active genes.
Consequently, the generation of cDNA is a powerful tool for examining cell-
and tissue-specific gene expression. Not only are cDNAs the expressed genes
of a cell at a specific time with a specific function, they are also the faithful
and stable double-strand DNA copies of transcribable portions of mRNA. This
occurs because they are prepared from a population of RNA in which any
intervening sequences (i.e., introns) have been previously removed. Therefore,
cDNAs commonly contain an uninterrupted sequence encoding the gene
product. For this reason, cDNA reflects both expressible RNA and gene
products (polypeptide or proteins).

2.2. Complementary DNA Libraries

A molecular library is defined as a collection of various molecules that
can be screened for individual species that show specific properties. Different
libraries are developed for different purposes. For example, genomic libraries
(raw DNA sequences harvested from an organism’s chromosomes) represent
the entire genomic DNA sequence of an organism. This type of library is
typically not expressed. Complementary DNA libraries are composed of
processed nucleic acid sequences harvested from the RNA pools of cells or
tissues and represent all of the cDNA sequence prepared at a certain time for
genes expressed in certain cells or tissues. This type of library is derived from
DNA copies of messenger RNA (mRNA) (generated by reverse transcriptase),
which are interspersed throughout a gene and are arranged contiguously within
DNA. Messenger RNA libraries represent the transcript expressed at a certain
time of certain cells or tissues. With recombinant DNA technologies (11,12),
genetic sequences of interest can be recombined with a replication-competent
DNA vector, such as plasmid or bacteriophage, or built in a form of primer-
binding sites. The libraries can be amplified by PCR, thereby generating
combinatorial libraries. Other methods of amplification of DNA libraries have
also been developed (13-15). Analogously, polypeptide or protein libraries are
collections of gene products of cells or tissues.

2.3. Why cDNA Libraries?

Complementary DNA libraries are preferable to mRNA libraries for the
following reasons:

1. cDNA can represent the gene that is expressed as mRNA in a specific tissue
or specific cells at a specific time; therefore, the mRNAs in two different types
of cell or the same type of cell with different treatments may vary because the
expression of genes varies.
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2. cDNA libraries usually provide reading frames encoded within the DNA insert
after the noncoding intervening sequences are removed; therefore, cDNA reflects
both a mRNA transcript and a protein translation product. cDNAs can be used as
probes for screening the mRNA transcript as well as in the rapid identification of
amino acid sequences of polypeptides or proteins. Because there are no introns in
a cDNA molecule, they are frequently used in protein synthesis in vitro.

3. The protein-encoding mRNA may not be present in all cells showing the specific
protein because the mRNA is easily degraded and the protein formed in the cell
could be present as a stable form from an earlier expression of the mRNA.

4. Because different numbers of copies of different mRNAs are present in a cell
(low, middle, and high abundance), a desirable characteristic of cDNA libraries
is that they increase the number of the less abundant species and reduce the
relative number of high and middle abundant species. By manipulating the rate of
strand reannealing in a denatured cDNA preparation, the high and middle
abundance species of mRNA can be removed. The resulting cDNA generated is
representative of the rarer species. Other modifications can be used to achieve the
enrichment of cell-, tissue-, or stage-specific mRNA species in the preparation
of cDNA libraries.

5. Messenger RNA are difficult to maintain, clone, and amplify; therefore, they
are converted to more stable cDNA, which is less susceptible than mRNA to
degradation by contaminating molecules.

For the above-mentioned reasons, cDNA libraries are preferred over mRNA
libraries for genetic manipulations.

3. Conventional vs Novel Strategies for cDNA Generation

The conventional method of the generation of cDNA is based on the isolation
of clones after transformation of bacteria or bacteriophages with an enriched but
impure population of cDNA molecules ligated to a vector (16-18). This method
is good for abundant mRNA such as globin, immunoglobin, and ovalbumin.
About 30% of mRNAs in cells, which are present at less than 14 copies per cell,
cannot be identified with this method. After transcription of RNA into cDNA,
the cDNA is digested by restriction endonucleases at specific sequence sites to
form fragments of different size. Same-length DNA fragments from any cDNA
species that contains at least two restriction sites are produced. Then, a second
specific cleavage with a restriction endonuclease capable of cleaving the desired
sequence at an internal site is performed. After separation from the contaminants,
the subfragments of the desired sequence may be joined using DNA ligase to
reconstitute the original sequence. The purified fragment can then be recombined
with a cloning vector and transformed into a suitable host strain.

Polymerase chain reaction is commonly used in recent approaches to
generating cDNA libraries, which are randomly primed and amplified from
a small amount of DNA (12,19). As a result, the use of PCR simplifies and
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improves the method of cDNA generation. To facilitate the formation of cDNAs
from rare mRNAs, modifications of 3’ and 5" ends of the DNA strand with a
primer were adapted (8,9). To avoid multiple purification or precipitation steps
in the conventional method of cDNA library preparation, paramagenetic beads
or other types of immobilization methods were developed (20).

Subsequently, strategies that included a means of reducing the number of
clones in a cDNA library in order to detect rare transcripts, a process known as
normalization, were introduced (21). Because the quality of the cDNA library
generated is dependent on the quality of the mRNA, efforts were made to
maintain the integrity or to amplify the copies of mRNAs to provide pure,
undegraded, enriched mRNAs for generation of cDNA libraries. Another
recently developed method of increasing mRNA copies is the use of amplified
antisense RNA (aRNA) (22). For the purpose of cloning and screening libraries
efficiently, numerous vectors that are compatible with cDNA synthesis have
been developed (23). Another goal is the generation of full-length cDNA
libraries. The method of amplification of DNA end regions has been effective
(24). In this approach, a small stretch of a known DNA sequence, a gene-
specific primer at one end, and a universal primer at the other end, is used to
form the flanking unknown sequence region (25). Inverse PCR, a method that
amplifies the flanking unknown sequence by using two gene-specific primers
to reduce nonspecific amplification, generates full-length cDNA libraries
(26). Recently, a method coupling the prevention of mRNA degradation and
thermocycling amplification was developed to generate full-length cDNA
libraries (27).

4. Different Methods in Generating cDNA Libraries

Generation of cDNAs has been previously reported, using the method
described by Sambrook et al. (28). This method involves the tedious procedures
of reverse transcription, restriction, adaptor ligation, and vector cloning.
The resulting cDNA libraries usually are incomplete because although the
method is good for highly abundant mRNAs, rare species of mRNAs cannot
be transcribed, particularly when the starting material is limited. Subsequently,
a random priming polymerase chain reaction reverse transcription PCR
(RT-PCR) was introduced to construct normalized cDNA libraries (21).
Although complete cDNA libraries can be fully amplified with this method,
the use of random-primer amplification greatly reduces the integrity of the
cDNA sequence because the normalized cDNA library usually loses part of
the end sequences during cloning into a vector; this kind of low integrity may
introduce significant difficulty in sequence analysis. Furthermore, the random
amplification procedure also increases nonspecific contamination of primer
dimers, resulting in false-positive sequences in the cDNA library.
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Subsequently, the generation of aRNA was developed to increase transcrip-
tional copies of specific mRNAs from limited amounts of cDNAsS. In this method,
an oligo(dT) primer is coupled to a T7 RNA polymerase promoter sequence
[oligo(dT)-promoter] during reverse transcription (RT), and the single copy
mRNA can be amplified up to 2000-fold by aRNA amplification (22). This
method was used for the characterization of the expression pattern of certain gene
transcripts in cells (29). Using this method, 50-75% of total intracellular mRNA
was recovered from a single neuron (22,29), suggesting that the prevention
of mRNA degradation is necessary for the generation of complete full-length
libraries. However, using this method for identification of rare mRNAs from a
single cell still results in low completeness of the cDNA library (29).

Recently, a novel technology has been developed to clone complete cDNA
libraries from as few as 20 cells, called single-cell cDNA library amplification
(see the flowchart in Chapter 9). In this method, a fast, simple, and specific
means for generating a complete full-length cDNA library from single cells
is provided. This approach combines the amplification of aRNAs from single
cells and in-cell RT-PCR from mRNA (22,29,30). First, during the initial
reverse transcription of intracellular mRNAs, an oligo(dT)-promoter primer is
introduced as a recognition site for subsequent transcription of newly reverse-
transcribed cDNAs. These cDNAs are further tailed with a polynucleotide;
now, the polynucleotide and the promoter primer of these cDNAs form binding
templates for specific PCR amplification. After one round of reverse trans-
cription, transcription, and PCR, a single copy of mRNA can be multiplied
2 x 10°-fold. Coupling this method with a cell fixation and permeabilization
step, the complete full-length cDNA library can be directly generated from
a few single cells, avoiding mRNA degradation. Therefore, cell-specific full-
length cDNA libraries are prepared.

In addition, preparations of single cells from histological slides for gene
analysis were recently reported. In this method, single cells of a tissue specimen
can be obtained from histological tissue sections that were routinely formalin-
fixed and paraffin-embedded (31). Briefly, the prepared tissue is shielded with
a transparent film, and stained cells are identified and microdissected with a
laser microbeam. In this way, a clear-cut gap is formed around the selected
area and the dissected cells are adhered to the film; then, the specimen is
directly delivered to a common microfuge tube containing the extraction buffer.
Subsequently, studies of gene analysis or identification of expressed genes of
a small number of specific cells can be performed by RT-PCR. This method
has been used for the isolation of a single cell from archival colon adenocarci-
noma, with subsequent detection of point mutations within codon 12 of
c-Ki-ras2 mRNA after RT-PCR (32). This method is highly precise, avoids
contamination, and is easy to apply. To take advantage of the above-described
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features, complete full-length cDNA libraries from epithelial cells of three
prostate cancer patients were generated (27). The libraries so generated
showed a gene expression pattern similar to that observed in human prostate
cancer cell lines. This technique provides better resolution than most other
methods for the analysis of cell-specific gene expression and its relation to
the disease.

5. Quality of cDNA Libraries

The quantity of mRNA usually is assessed by the final product, the cDNA
library generated. Because a large amount of mRNA libraries can be generated
by the RNA-PCR method, a few tests to ascertain the quality of mRNAs can
be performed. First and foremost, the mRNA libraries are fractionated by
electrophoresis in a 1% formaldehyde—agarose gel with ethidium bromide. A
uniform smearing pattern of the product, viewed under ultraviolet (UV) light,
indicates that good quality of mRNAs is achieved. In most cases, the size of
RNAs should range from 500 bp to 8 kp (see Chapter 11).

Subsequently, Northern blot analysis is performed to ascertain certain genes
of interest that are eluted at the right position. A variety of internal standards
can be used. Routinely, we use probes for GAPDH and [B-actin, Rb, and p16
or p21 to identify the housekeeping, abundant, and rare species of mRNAs,
respectively (see Chapter 16). In situations in which the gene of interest is
larger than 8 kb, the probe of a cytoplasmic protein such as PTPL1, a widely
distributed cytoplasmic protein tyrosine phosphatase with a size of 9.4 kb (33),
can be used. In some cases, a ribosomal RNA marker, as a negative control,
is added to ensure that no contamination with rRNAs occurs in the mRNA
library preparation. The quality of cDNA libraries can be assessed by Northern
blot analysis (see Chapter 16), polymerase chain reaction coupled reverse
transcription (RT-PCR) (34), differential display (35), subtractive hybridization
(see Chapter 21), subtractive cloning (see Chapter 22), RNA microarray, and
cDNA cloning (see Chapter 13).

To assay the quality of mRNA generated, a pretest or control test array of
the selected Genechips can be used. These tests arrays are designed to optimize
the labeling and hybridization conditions and determine the linear dynamic
range of gene expression levels, but, most of all, to also assess differential gene
expression of known abundant and rare genes. Therefore, the quality of the
mRNA preparations can be determined.

6. Potential Applications

The most common application of mRNA/cDNA libraries is the identification
of genes of interest. They are also used for other mRNA/cDNA manipulations
to determine differentially expressed gene levels associated with structural and
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functional changes that are of high relevance to disease controls or pathways
of specific molecule modulations. In the past, one rate-limiting step in this
type of study is the lack of high-quality human mRNA generated from limited
and heterogenous pathological specimens. The RNA-PCR method and other
methods for generating high-quality mRNAs will solve this problem. Coupled
with microarray technologies and microdissected single cells, mRNA/cDNA
libraries so generated can be used to monitor a large number of genes and
provide a powerful tool for assessing differential mRNA expression levels for
the identification of disease-associated genes. With the antisense knockout
techniques, double-stranded mRNA silencing of posttranscriptional gene
expression, and a newly developed cDNA-mRNA hybrid interference of gene
expression, the function of an overexpressed genes can be examined.

After generation of stage-specific cDNA libraries, one may examine other
genes of interests and determine whether these genes are differentially
expressed. Altered gene expression of certain molecules and their related
receptors may shed light on the developmental, physiological, and pathological
significance of these molecules. In addition, one can examine differential gene
expression of other genes in the presence and absence of the gene of interest
by modulating the levels of each gene of interest. In this manner, each marker,
growth factor and/or its receptors, or genes associated with a physiological or
pathological phenomenon could be thoroughly monitored for altered levels of
expression. For instance, aberrations of gene expression may be found to be
crucial to the development of an organ or a certain protein or its associated
isoforms. Such proteins may be essential for cell invasion, migration, and
angiogenesis. Obviously, these molecules will be important potential targets
for the development of new therapies. This approach may ultimately contribute
to specific drug design or therapy for regulation of the expression of those
genes responsible for prostatic cancer. Another potential approach is to couple
the generation of full-length mRNA/cDNA libraries with transcriptional
inference of a specific gene for identification of functional significance of
an overexpressed gene. The remaining challenge is to develop a system to
overexpress the downregulated genes as well as to determine their functional
significance in an in vivo system.
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Rapid Amplification of cDNA Ends

Yue Zhang

1. Introduction

Rapid amplification of complementary DNA (cDNA) ends (RACE) is
a powerful technique for obtaining the ends of cDNAs when only partial
sequences are available. In essence, an adaptor with a defined sequence is
attached to one end of the cDNA; then, the region between the adaptor and the
known sequences is amplified by polymerase chain reaction (PCR). Since the
initial publication in 1988 (1), RACE has greatly facilitated the cloning of new
genes. Currently, RACE remains the most effective method of cloning cDNAs
ends. It is especially useful in the studies of temporal and spatial regulation
of transcription initiation and differential splicing of mRNA. The methods
described in this chapter are quite simple and efficient. A linker at the 3 end
and an adaptor at the 5" end are added to the first strand of cDNA during
reverse transcription; amplification of virtually any transcript to either end can
then make use of this same pool of cDNAs. In addition to being simple, the
efficiency of 5-RACE is dramatically increased because the adaptor is added
only to full-length cDNAs.

Since the initial description of RACE, many labs have developed significant
improvements on the basic approach. The methods described here were
developed from more recent reports from Frohman’s and Roeder’s groups.
Among these, adaptor addition accompanying reverse transcription was
developed from the CapFinding (2-4) technique of Clonetech (Palo Alto, CA):
Moloney murine leukemia virus reverse transcriptase (MMLV RT) adds an
extra two to four cytosines to the 3’ ends of newly synthesized cDNA strands
upon reaching the cap structure at the 5" end of mRNA templates. When
an oligonucleotide with multiple G’s at its 3’-most end is present in the
reaction mixture, its terminal G nucleotides base pair with the C’s of the

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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newly synthesized cDNA. Through a so-called “template switch” process,
this oligonucleotide will serve as a continuing template for the RT. Thus,
the reverse complement adaptor sequence can be easily incorporated into the
3" end of the newly synthesized first strand of cDNA, which is at the beginning
of the new cDNA (see Fig. 1). CapFinding obligates the addition of the
adaptor in a Cap-dependent manner, resulting in adaptor attachment to full-
length cDNA clones only. Therefore, because there is no additional enzymatic
modification of the cDNAs after reverse transcription, this results in a simplified
method with improved overall efficiency.

This protocol also utilizes biotin—streptavidin interactions to facilitate
the elimination of excessive adaptors before carrying out PCR (see Fig. 1).
The importance of adaptor elimination has been documented since the initial
description of RACE (1). The presence of extra adaptors is detrimental to the
following PCR reaction because their sequence or complement sequence is
present in ALL cDNAs in the reaction mixture, resulting in heavy background
amplification and failure to amplify the specific product if not removed.

2. Materials

1. 5XReverse transcription buffer: 250 mM Tris-HCl pH 8.3 (at 45°C), 30 mM MgCl,,
10 mM MnCl,, 50 mM dithiothreitol, 1 mg/mL bovine serum albumin (BSA).

2. Biotin-labeled primer P, (biotin-labeled primers can be ordered from Invitro-

gen). The sequences of P,,; and the following primers are listed in Fig. 2.

CapFinder adaptor.

RNasin (Promega Biotech).

dNTPs: 10 mM solutions (PL-Biochemicals/Pharmacia or Roche).

SuperScript I RNase H™ Reverse Transcriptase (Invitrogen/Life Technologies).

Streptavidin MagneSphere Particles and MagneSphere Magnetic Separation

Stand (components of PolyATract mRNA Isolation System from Promega).

TE: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA.

PCR cocktail: hot start polymerase systems are recommended (e.g., Stratagene

Hercules, or Roche Expand™ High Fidelity). Assemble the PCR cocktail accord-

ing to the manufacturer’s instructions. One should also use the extension

temperature specified. For simplicity, 72°C is used in the following methods.

10. Gene specific primer 1 (GSP1), GSP2, and P, and P; primers for 3’-RACE or reverse

gene specific primer 1 (RGSP1), RGSP2, and U, and U; primers for 5’-RACE.

Nk Ww

O

3. Methods
3.1. Reverse Transcription to Generate cDNA Templates
(see Notes 1-7)

1. Assemble reverse transcription components on ice: 4 LL of 5X reverse transcrip-
tion buffer, 2 UL of dNTPs, 1 pL of CapFinder adaptor (10 uM), and 0.25 puL
(10 U) of RNasin.
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Fig. 1. Schematic representation of RACE. (A) Reverse transcription, template
switch, and incorporation of adaptor sequences at the 3’ end of the first strand of
cDNA. Biotin-labeled primer P, is used to initiate reverse transcription through
hybridization of the poly(dT) tract with the mRNA polyA tail. After reaching the
5" end of the mRNA, oligo(dC) is added by the reverse transcriptase in a Cap-dependent
manner. Then, through template switching via base pairing between the oligo(dC) and
the oligo(dG) at the end of CapFinder Adaptor, the reverse complementary sequence
of the CapFinder oligo is incorporated to the first strand of the cDNA. The dotted
line indicates mRNA, the solid line indicates cDNA, and the rectangle indicates the
primer. The brace indicates the known region. (B) 5-RACE. The first round of PCR
uses primer U, and RGSPI (reverse gene-specific primer 1); the second round uses
U; and RGSP2. GSP-Hyb is also within the known region; it can be used to confirm
the authenticity of the RACE product. (C) 3’-RACE. Similar to 5-RACE, but note
that GSP1 and GSP2 are in the same sequences as the gene, whereas the P, and P;
are the reverse complement.
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CapFinder: 5'-TGGTTGCCATAAGCGGATCATCGGGAGGAGAAACGGG-3"
U,: 57 -TGGTTGCCATAAGCGGATC-3"
U;: 5’ -TCATCGGGAGGAGARAACGG-3 ' :

Pigar: 3'-G/A/C(T),,CTATCGCTCCGCTCGCAAGGTTTGGGTCAGGTTGGTTT -5
P,: 3/ ~CTATCGCTCCGCTCGCAAG-5'
P,: 3/ -GGTTTGGGTCAGGTTGGTTT-5

For convenience: The 5'->3’ sequences of the P primers:

Prorar: 5’ -TTTGGTTGGACTGGGTTTGGAACGCTCGCCTCGCTATC (T),,C/A/G-3"
P,:  5'-TTTGGTTGGACTGGGTTTGG-3’
P;: 5’ ~GGAACGCTCGCCTCGCTATC -3

Fig. 2. Primer sequences and their relationship. GSPs or RGSPs are not included.
The CapFinder sequence was selected from the Yersinia pestis Genome sequence.
BLASTN search results using it can be retrieved with request ID (RID) 1009985097-
16592-24994. P, is biotin labeled at the 5" end. This is a “lock-docking” degenerate
primer that actually consists of three primers with different (A, G, or C) nucleotides at
its 3" end. Its RID is 1009987520-16411-27741.

2. Heat 1 ug of polyA* RNA and 10 pmol P, primer in 11.75 uL of water at 80°C
for 3 min, cool rapidly on ice, and spin for 5 s in a microcentrifuge. Combine
with the components from step 1.

3. Add 1 uL (200 U) of SuperScript II reverse transcriptase to the above mixture
and incubate for 5 min at room temperature, 30 min at 42°C, 30 min at 45°C,
and 10 min at 50°C.

4. Incubate at 70°C for 15 min to inactivate the reverse transcriptase. Add in
magnetic streptavidin beads; use about five times the binding capacity required
to complex the amount of biotinylated primer used. Wash with TE at 50°C three
times to eliminate the free CapFinder adaptors.

5. Dilute the reaction mixture to 0.5 mL with TE and store at 4°C (cDNA pool).

3.2. Amplification of the cDNA (see Notes 8-13)
3.2.1. First Round

1. Add an aliquot (1 uL) of the cDNA pool (resuspend well) and primers (25 pmol
each of GSP1 and P, for 3’-RACE, or RGSP1 and U, for 5"-RACE) to 50 UL of
PCR cocktail in a 0.5-mL PCR tube.

2. Heat the mixture in the thermal cycler at 95°C for 5 min to denature the first-
strand products and the streptavidin; add 2.5 U Taq polymerase and mix well
(hot start). Incubate at appropriate annealing temperature for 2 min. Extend the
cDNAs at 72°C for 40 min. It is not necessary to keep the magnetic streptavidin
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Primer 1 Amplified fragment
[5>GCTAnnnn....nnnnnnyo nnnn....nnnnnnnTAA 3’
3’CGATuuuu. ... uuuuuUL {uuuu....uuuuuuuATT 57
Primer 2

ﬂ dTTP + T4 DNA polymerase

[5°GCTAnnnn....nnnnnnrj nnnn....nnnonnn T 3°

3 Tuuuu....uuuuuul {uuuu. ... vuUUUUATT 57
Clone into dATP-filled Hind III site Clone into dATP-filled EcoRI site
...nnnn....nnnonnnAA 3 5’AATTCnnnn....nnnnnnn. . ..
...uuuu....vuuuuwuT TCGA 5° 3’ AAGuuuu....uuuuuyu....

Fig. 3. A safe and easy cloning method. Details are described in Subheading 3.3.

beads resuspended during these incubations because the biotin should not interact
with the denatured streptavidin. It has been reported that styrene beads are
smaller, stay without agitation in solution, and are potentially better (3). The
respective performances have not been compared in the author’s hands.

3. Carry out 30 cycles of amplification using a step program (94°C, 1 min; 52-68°C,
1 min; 72°C, 3 min), followed by a 15-min final extension at 72°C. Cool to room
temperature. The extension time at 72°C needs to be adjusted according to the
length of the product expected and the speed of the polymerase used.

3.2.2. Second Round (If Necessary)

1. Dilute 1 UL of the amplification products from the first round into 20 uL of TE.

2. Amplify 1 uL of the diluted material with primers GSP2 and P; for 3’-RACE, or
RGSP2 and U; for 5’-RACE, using the first-round procedure, but eliminate the
initial 2-min annealing step and the 72°C, 40-min extension step.

3.3. Safe and Easy Cloning Protocol (see Note 14)

1. Insert preparation: select a pair of restriction enzymes for which you can
synthesize half-sites appended to PCR primers that can be chewed back to form
appropriate overhangs, as shown for HindIIl and EcoRI in Fig. 3. For example,
add “TTA” to the 5" end of P; and add “GCTA” to the 5" end of GSP2. Carry
out PCR as usual.

2. After PCR, clean up using Qiagen PCR cleanup spin columns.
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On ice, add the selected dNTP(s) (e.g., dTTP) to a final concentration of 0.2 mM,
1/10 vol of 10X T4 DNA polymerase buffer, and 1-2 U T4 DNA polymerase.
Incubate at 12°C for 15 min and then 75°C for 10 min to heat inactivate the T4
DNA polymerase. (Optional: gel-isolate DNA fragment of interest, depending
on degree of success of PCR amplification.)

Vector preparation: digest vector (e.g., pGem-7ZF (Promega)) using the selected
enzymes (e.g., HindIll and EcoRI) under optimal conditions, in a volume of
10 pL.

Add a 10-uL mixture containing the selected dNTP(s) (e.g., dATP) at a final
concentration of 0.4 mM, 1 UL of the restriction buffer used for digestion, 0.5 UL
Klenow, and 0.25 pL Sequenase.

Incubate at 37°C for 15 min and then 75°C for 10 min to heat inactivate the
polymerases.

Gel-isolate the linearized vector fragment.

For ligation, use equal molar amounts of vector and insert.

Other manipulations of RACE PCR products are discussed in Note 15.

4. Notes

1.

PolyA RNA is preferentially used for reverse transcription to decrease back-
ground, although total RNA can be used as well. An important factor in the gen-
eration of full-length cDNAs concerns the stringency of the reverse transcription
reaction. Reverse transcription reactions were historically carried out at relatively
low temperatures (37-42°C) using a vast excess of primer (approximately one-
half the mass of the mRNA). Under these low-stringency conditions, a stretch of
A residues as short as six to eight nucleotides will suffice as a binding site for
an oligo(dT)-tailed primer. This may result in cDNA synthesis being initiated at
sites upstream of the polyA tail, leading to truncation of the desired amplifica-
tion product. One should be suspicious that this has occurred if a canonical
polyadenylation signal sequence is not found near the 3’ end of the cDNAs
generated. This low-stringency problem can be minimized by controlling
two parameters: primer concentration and reaction temperature. The primer
concentration can be reduced dramatically without decreasing the amount of
cDNA synthesized significantly and will begin to bind preferentially to the
longest A-rich stretches present (i.e., the polyA tail). The recommended quantity
in Subheading 3.1. represents a good starting point. It can be reduced fivefold
further if significant truncation is observed.

The efficiency of cDNA extension is important, especially for 5’-RACE. In the
described protocol, the incubation temperature is raised slowly to encourage
reverse transcription to proceed through regions of difficult secondary structure.
Synthesis of cDNAs at elevated temperatures should diminish the amount of
secondary structure encountered in GC-rich regions of the mRNA. Because the
half-life of reverse transcriptase rapidly decreases as the incubation temperature
increases, the reaction cannot be carried out at elevated temperatures in its



RACE 19

entirety. Alternatively, the problem of difficult secondary structure (and non-
specific reverse transcription) can be approached using heat-stable reverse
transcriptases, which are now available from several suppliers (Perkin-Elmer-
Cetus, Amersham, Epicentre Technologies, and others). Like PCR reactions, the
stringency of reverse transcription can be controlled by adjusting the temperature
at which the primer is annealed to the mRNA. Optimal temperature depends
on the specific reaction buffer and reverse transcriptase used and should be
determined empirically, but will usually be in the range 48-56°C for a primer
terminated by a 17-nt oligo(dT).

3. In addition to synthesis of cDNAs at elevated temperature, there are several
other approaches that encourage cDNA extension. First, use clean, intact RNA.
Second, select a gene-specific primer for reverse transcription (GSP-RT) that is
close to the 5" end within the known sequences, thus minimizing difficult regions.
A random hexamer (50 ng) can also be used to create a universal 5’-end cDNA
pool. If using random hexamers, then a room-temperature 10-min incubation
period is needed after mixing everything together.

4. The successfulness of 5-RACE relies on the incorporation of the CapFinder
Adaptor sequence at the beginning of the cDNA. As mentioned, this step depends
on the addition of extra oligo(dC) at the end of the first strand of cDNA. It
has been shown that the Mn?* ion in the reverse transcription buffer greatly
increases the percentage of oligo(dC) added to the end of the first strands of
cDNAs (5).

5. The presence of excess P, and CapFinder adaptors during amplification will
be detrimental to the reaction. Virtually all of the cDNA produced will contain
the primer P, at the 3’ end and (hopefully) the CapFinder sequence at the
5" end. The physical presence of both primers will cause heavy background and
failure of RACE. This phenomenon has been described even in the original RACE
article (1). Here, a semisolid-phase cDNA synthesizing protocol is adapted to
deal with this problem. The primer P, is biotin labeled, and after the reverse
transcription reaction, streptavidin beads are used to separate to the cDNAs from
unincorporated CapFinder adaptors.

6. The following discusses some issues regarding potential problems with the
reverse transcription steps.

a. Damaged RNA: Electrophorese RNA in a 1% formaldehyde minigel and
examine the integrity of the 18S and 28S ribosomal bands. Discard the RNA
preparation if ribosomal bands are not sharp.

b. Contaminants: Ensure that the RNA preparation is free of agents that inhibit
reverse transcription (e.g., lithium chloride and sodium dodecyl sulfate) (6).

c. Bad reagents: To monitor reverse transcription of the RNA, add 20 uCi
of 32p-dCTP to the reaction, separate the newly created cDNAs using gel
electrophoresis, wrap the gel in Saran Wrap™, and expose it to X-ray film.
Accurate estimates of cDNA size can best be determined using alkaline
agarose gels, but a simple 1% agarose minigel will suffice to confirm that
reverse transcription took place and that cDNAs of reasonable length were



20

10.

11.

12.

Zhang

generated. Note that adding 32p-dCTP to the reverse transcription reaction
results in the detection of cDNAs synthesized both through the specific
priming of mRNA and through RNA self-priming. When a gene-specific
primer is used to prime transcription (5’-end RACE) or when total RNA is
used as a template, the majority of the labeled cDNA will actually have been
generated from RNA self-priming. To monitor extension of the primer used
for reverse transcription, label the primer using T4 DNA kinase and 32p-yATP
prior to reverse transcription. A much longer exposure time will be required
to detect the labeled primer-extension products than when 32p-dCTP is added
to the reaction.

. To monitor reverse transcription of the gene of interest, one may attempt to

amplify an internal fragment of the gene containing a region derived from two or
more exons, if sufficient sequence information is available.

. For 3’-end amplification, it is important to add the Tag polymerase after heating

the mixture to a temperature above the T,, of the primers (“hot-start” PCR).
Addition of the enzyme prior to this point allows one “cycle” to take place at
room temperature, promoting the synthesis of nonspecific background products
dependent on low-stringency interactions.
An annealing temperature close to the effective 7, of the primers should be used.
Computer programs to assist in the selection of primers are widely available
and should be used. An extension time of 1-min/kb expected product should
be allowed during the amplification cycles. If the expected length of product is
unknown, try 3—4 min initially.
Very little substrate is required for the PCR reaction. One microgram of polyA*
RNA typically contains approx 5 X 107 copies of each low-abundance transcript.
The PCR reaction described here works optimally when 10°-103 templates (of
the desired cDNA) are present in the starting mixture; therefore, as little as
0.002% of the reverse transcription mixture suffices for the PCR reaction! The
addition of too much starting material to the amplification reaction will lead
to production of large amounts of nonspecific product and should be avoided.
The RACE technique is particularly sensitive to this problem, as every cDNA
in the mixture, desired and undesired, contains a binding site for the P; and
P, primers.
It was found empirically that allowing extra extension time (40 min) during the
first amplification round (when the second strand of cDNA is created) sometimes
resulted in increased yields of the specific product relative to background
amplification and, in particular, increased the yields of long cDNAs versus
short cDNAs when specific cDNA ends of multiple lengths were present (1).
Prior treatment of cDNA templates with RNA hydrolysis or a combination of
RNase H and RNase A infrequently improves the efficiency of amplification
of specific cDNAs.
Some potential amplification problems are as follows:
a. No product: If no products are observed for the first set of amplifications after
30 cycles, add fresh Tag polymerase and carry out an additional 15 rounds of
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amplification (extra enzyme is not necessary if the entire set of 45 cycles is
carried out without interruption at cycle 30). Product is always observed after
a total of 45 cycles if efficient amplification is taking place. If no product is
observed, carry out a PCR reaction using control templates and primers to
ensure the integrity of the reagents.

b. Smeared product from the bottom of the gel to the loading well: There are too
many cycles or too much starting material.

c. Nonspecific amplification, but no specific amplification: Check sequence of
cDNA and primers. If all are correct, examine primers (using computer program)
for secondary structure and self-annealing problems. Consider ordering new
primers. Determine whether too much template is being added or if the choice
of annealing temperatures could be improved. Alternatively, secondary structure
in the template may block amplification. Consider adding formamide (7) or
7aza-GTP (in a 1:3 ratio with dGTP) to the reaction to assist polymeriza-
tion. 7aza-GTP can also be added to the reverse transcription reaction.

d. Inappropriate templates: To determine whether the amplification products
observed are being generated from cDNA or whether they derive from residual
genomic DNA or contaminating plasmids, pretreat an aliquot of the RNA
with RNase A.

The following describes the analysis of the quality of the RACE PCR products:

a. The production of specific partial cDNAs by the RACE protocol is assessed
using Southern blot hybridization analysis. After the second set of amplifica-
tion cycles, the first- and second-set reaction products are electrophoresed in
a 1% agarose gel, stained with ethidium bromide, denatured, and transferred
to a nylon membrane. After hybridization with a labeled oligomer or gene
fragment derived from a region contained within the amplified fragment
(e.g., GSP-Hyb in Fig. 1B or 1C), gene-specific partial cDNA ends should
be detected easily. Yields of the desired product relative to nonspecific
amplified cDNA in the first-round products should vary from <1% of the ampli-
fied material to nearly 100%, depending largely on the stringency of the
amplification reaction, the amplification efficiency of the specific cDNA end,
and the relative abundance of the specific transcript within the mRNA source.
In the second set of amplification cycles, approx 100% of the cDNA detected
by ethidium bromide staining should represent specific product. If specific
hybridization is not observed, then troubleshooting steps should be initiated.

b. Information gained from this analysis should be used to optimize the RT
procedure. If low yields of specific product are observed because nonspecific
products are being amplified efficiently, then annealing temperatures can be
raised gradually (approx 2°C at a time) and sequentially in each stage of the
procedure until nonspecific products are no longer observed. Alternatively,
some investigators have reported success using the “touchdown PCR” pro-
cedure to optimize the annealing temperature without trial and error (§).
Optimizing the annealing temperature is also recommended if multiple species
of specific products are observed, which could indicate that truncation of
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specific products is occurring. If multiple species of specific products are
observed after the reverse transcription and amplification reactions have
been fully optimized, then the possibility should be entertained that alternate
splicing or promoter use is occurring.

. Look for TATA, CCAAT, and initiator element (Inr) sites at or around the

candidate transcription site in the genomic DNA sequence if it is available.
One should usually be able to find either TATA or an Inr.

14. Cloning of RACE products like any other PCR products.

a. Option 1: To clone the cDNA ends directly from the amplification reaction (or

after gel purification, which is recommended), ligate an aliquot of the products
to plasmid vector encoding a one-nucleotide 3’ overhang consisting of a “T”
on both strands. Such vector DNA is available commercially (Invitrogen’s
“TA Kit”) or can be easily and inexpensively prepared (e.g., ref. 9).

. Option 2: A safer and very effective approach is to modify the ends of the

primers to allow the creation of overhanging ends using T4 DNA polymerase
to chew back a few nucleotides from the amplified product in a controlled
manner and Klenow enzyme (or Sequenase) to fill in partially restriction-
enzyme-digested overhanging ends on the vector, as shown in Fig. 3 and
discussed in Subheading 3.4. (adapted from refs. 10 and 11).

This approach has many advantages. It eliminates the possibility that
the restriction enzymes chosen for the cloning step will cleave the cDNA
end in the unknown region. In addition, vector dephosphorylation is not
required because vector self-ligation is no longer possible, insert kinasing (and
polishing) is not necessary, and insert multimerization and fusion clones are
not observed. Overall, the procedure is more reliable than “TA” cloning.

15. Other manipulation of RACE PCR products:

a. Sequencing: RACE products can be sequenced directly on a population level

using a variety of protocols, including cycle sequencing, from the end at
which the gene-specific primers are located. Note that 3-RACE products
cannot be sequenced on a population level using the P; primer at the unknown
end, because individual cDNAs contain different numbers of A residues
in their polyA tails and, as a consequence, the sequencing ladder falls
out of register after reading through the tail. Using the set of primers
TTTTTTTTTTTTTTTTTA/G/C, 3’-end products can be sequenced from their
unknown end. The non-T nucleotide at the 3" end of the primer forces the
appropriate primer to bind to the inner end of the polyA tail (12). The other
two primers do not participate in the sequencing reaction. Individual cDNA
ends, once cloned into a plasmid vector, can be sequenced from either end
using gene-specific or vector primers.

. Hybridization probes: RACE products are generally pure enough that they

can be used as probes for RNA and DNA blot analyses. It should be kept in
mind that small amounts of contaminating nonspecific cDNAs will always
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be present. It is also possible to include a T7 RNA polymerase promoter in
one or both primer sequences and to use the RACE products with in vitro
transcription reactions to produce RNA probes. Primers encoding the T7
RNA polymerase promoter sequence do not appear to function as amplifica-
tion primers as efficiently as the others listed in Fig. 2 (personal observa-
tion). Therefore, the T7 RNA polymerase promoter sequence should not be
incorporated into RACE primers as a general rule.

c. Construction of full-length cDNAs: It is possible to use the RACE protocol
to create overlapping 5" and 3" cDNA ends that can later, through judicious
choice of restriction enzyme sites, be joined together through subcloning to
form a full-length cDNA. It is also possible to use the sequence information
gained from acquisition of the 5" and 3" cDNA ends to make new primers
representing the extreme 5" and 3’ ends of the cDNA and to employ them to
amplify a de novo copy of a full-length cDNA directly from the cDNA pool.
Despite the added expense of making two more primers, there are several
reasons why the second approach is preferred. First, a relatively high error
rate can be associated with the PCR conditions for which efficient RACE
amplification takes place (depending on the conditions used) and numerous
clones may have to be sequenced to identify one without mutations. In
contrast, two specific primers from the extreme ends of the cDNA can be
used under less efficient but low-error-rate conditions (13) for a minimum of
cycles to amplify a new cDNA that is likely to be free of mutations. Second,
convenient restriction sites are often not available, making the subcloning
project difficult. Third, by using the second approach, the synthetic polyA tail
(if present) can be removed from the 5" end of the cDNA. Homopolymer tails
appended to the 5" ends of cDNAs have, in some cases, been reported to inhibit
translation. Finally, if alternate promoters, splicing, and polyadenylation
signal sequences are being used and result in multiple 5" and 3’ ends, it is
possible that one might join two cDNA halves that are never actually found
together in vivo. Employing primers from the extreme ends of the cDNA as
described confirms that the resulting amplified cDNA represents a mRNA
actually present in the starting population.
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cDNA Generation on Paramagnetic Beads

Zhaohui Wang and Michael G. K. Jones

1. Introduction

Synthesis of complementary DNA (cDNA) by reverse transcription (RT) is
a key step in investigating specific gene expression of a single transcript by
RT-PCR (polymerase chain reaction) or to study the more complex profiles
of gene expression in a biological sample using cDNA library or other
techniques. Solid-phase generation of cDNA (I), based on immobilization
of the synthesized cDNA on paramagnetic beads and the magnetic-bead
separation technology, is a very useful method for studying gene expression
particularly when handling limited amounts of starting materials (see Note 1).
Using this method, analysis of gene expression can be carried out at a single-
cell level (2—4). This is not possible using conventional techniques of mRNA
isolation and cDNA cloning.

There are two standard methods for adapting magnetic beads to the synthesis
of cDNA. One method is to covalently link an oligo(dT) tail directly to the
paramagnetic beads, and this oligo(dT) tail can be used to capture poly(A)*
RNA (messenger RNA [mRNA]) and prime the RT reaction. Alternatively,
an oligonucleotide arm can be inserted between the oligo(dT) site and the
beads, and the oligonucleotide arm can serve as a 3’-end priming site in the sub-
sequent PCR amplification (5). Both methods share the benefits of isolation of
mRNA and RT directly on beads, which simplifies the experimental process and
minimizes DNA contamination (see Note 2). The cDNA synthesized on beads
can be used directly in downstream molecular processes, such as construction
of ¢cDNA libraries (6), subtractive libraries (7,8), 5-RACE (9) and cDNA-
amplified fragment length polymorphism (cDNA—-AFLP) analysis (10).

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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AAAAAAAAAA Sample mRNA
Capture mRNA on beads

AAAAAAAAAAA mRNA
TTTTTTTTTTTT

Solid-phase cDNA

synthesis by RT
AAAAAAAAAA mRNA
TTTTTTTTTITT: first-strand cDNA

Remove mRNA and tail the
first-strand cDNA

GGGGGGGGG

CCCCCCCCcCCe
GGGGGGGGGG

AAAAAAAAAA
TTTTTTTTITTTF
a TTTTTTTTITTTT

AAAAAAAAAAN ccceeceeccce

Denaturation
(Re-usable solid phase cDNA)

GGGGGGGG

c¢DNA amplification

l Second-strand cDNA synthesis

Clonin g (Second-strand cDNA)

¢DNA library

Fig. 1. Solid-phase generation of cDNA from sample mRNA and cDNA
amplification.

The method described in this chapter to generate solid-phase cDNA libraries
is illustrated in Fig. 1. Briefly, mRNA is purified from crude lysate of small
tissue samples by annealing to the oligo(dT),5 site on the paramagnetic beads.
A magnetic particle concentrator (MPC) is used to attract the beads to the
side of the reaction tube and enables rapid changes of buffers and solutions.
First-strand cDNA is synthesized on beads primed by the oligo(dT),s tail. The
uncoupled oligo(dT) sites are removed by T4 DNA polymerase treatment. The
first-strand cDNA is then G-tailed by terminal transferase and second-strand
cDNA is synthesized using an oligo(dC) primer in a PCR reaction. The first-
strand cDNA on beads can be isolated and reused as template for RT-PCR.
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The double-stranded cDNA is then amplified and cloned to construct a cDNA
library (see Note 3).

2. Materials

1.

2.

12.

13.
14.

15.

16.

17.
18.

19.

20.

Dynabeads oligo(dT),s (product no. 610.02, Dynal Inc.) and MPC (Dynal).
Store at 4°C.

Diethyl pyrocarbonate (DEPC)-treated water. Use to prepare all solutions for
mRNA isolation and first-strand cDNA synthesis.

Lysis/binding buffer: 100 mM Tris-HCI (pH 8.0), 500 mM LiCl, 10 mM EDTA
(pH 8.0), 1% sodium dodecyl sulfate (SDS), 5 mM dithiothreitol (DTT). Store
at 4°C.

Washing buffer A: 10 mM Tris-HCI (pH 8.0), 0.15 M LiCl, 1 mM EDTA, 0.1%
lithium dodecyl sulfate (LiDS). Store at 4°C.

. Washing buffer B: 10 mM Tris-HC1 (pH 8.0), 0.15 M LiCl, 1 mM EDTA. Store

at 4°C.

Superscript II reverse transcriptase (200 U/uL) (Life Technologies). Store
at —20°C.

5X First-strand buffer: 250 mM Tris-HCI (pH 8.3), 375 mM KCl, 15 mM MgCl,.
Store at —20°C.

. Reverse transcriptase mix: 4 pL of 5X first-strand buffer, 2 uL. of 0.1 M DTT,

0.5 puL RNasin (40 U/uL), 1 puL of 10 mM dNTPs (Promega), and 11.5 pL
DEPC-treated water; prepare just before use.

. Storage buffer: 10 mM Tris-HCI (pH 8.0).
10.
11.

T4 DNA polymerase (5 U/uUL) (Gibco-BRL). Store at —20°C.

5X T4 DNA polymerase buffer: 165 mM Tris-acetate (pH 7.9), 330 mM
Na-acetate, S0 mM Mg-acetate, 2.5 mM DTT, 0.5 mg/mL bovine serum albumin
(BSA). Store at —20°C.

T4 DNA polymerase reaction mix: 4 UL of 5X T4 DNA polymerase buffer, 1 pL
T4 DNA polymerase, and 15 uL. DEPC-treated water, prepare just before use.
0.5 M EDTA (pH 8.0).

Terminal deoxynucleotidyl transferase (TdT, 20 U/uL) (Gibco-BRL). Store
at —20°C.

5X Tailing buffer: 500 mM cacodylate buffer (pH 7.2), 10 mM CoCl2, 1 mM
DTT. Store at —20°C.

Tailing reaction mix: 4 UL of 5X tailing buffer, 5 uL of 20 uM dGTP (Promega),
1 pL of TdT, and 10 puL of DEPC-treated water; prepare just before use.

Taq DNA polymerase (5.5 U/uL) (Biotech International). Store at —20°C.

10X PCR reaction buffer: 67 mM Tris-HCI (pH 8.8), 16.6 mM (NH,),S0,, 0.45%
Triton X-100. Store at —20°C.

PCR primers: 10 pM of NotI-dC (5’-dCTCTCTATAGTCGAC,4-3") and Sall-dT
(5’-dCTCTGCGGCCGCT,;-3").

PCR reaction mix: 5 UL of 10X PCR buffer, 1 uL of Tag DNA polymerase, 2.5 UL
each of Nofl-dC and Sall-dT primer, 2 pL of 25 mM MgCl,, 2 uL of 10 mM
dNTPs, 35 uL of water; prepare just before use.
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3. Methods

3.1.

mRNA Isolation Using Paramagnetic Beads

Plant root tissue was used as starting material for this protocol. However,
other plant tissues, animal tissues, cultured cells, or extract of cytoplasmic
contents from single cells can also be used as starting material. Upon collection,

they

must be stored at —80°C as quickly as possible. All manipulations must

be carried out in an RNase-free environment.

1.

2.
3.

8.
9.

10.
3.2.

Transfer 250 pL of Dynabeads oligo-(dT),5 from stock suspension to an RNA-
free tube placed in a MPC and remove the supernatant by pipetting.

Wash the beads once by resuspending in 200 pL lysis/binding buffer.

Grind 100 mg of frozen plant root tissue in liquid nitrogen.

. Transfer the frozen powder to a 1.5-mL Eppendorf tube containing 1 mL

lysis/binding buffer. Vortex the tube for 1-2 min to obtain complete lysis.

. Centrifuge the lysate at 20,800g for 30 s.
. Remove the lysis/binding buffer from the beads placed in the MPC. Transfer the

supernatant of the lysate to the washed beads.

. Resuspend the beads by pipetting and anneal the mRNA to the beads by rotating

for 3-5 min at room temperature.

Place the tube in the MPC to settle the beads and discard the supernatant.

Wash the beads twice by resuspending in 500 pL washing buffer A at room
temperature.

Repeat the washing step twice with 500 uL washing buffer B (see Note 4).

First-Strand cDNA Synthesis on Paramagnetic Beads

The isolated mRNA bound to Dynabeads can be directly used as a template
in reverse transcription. Alternatively, the mRNA can be eluted from the beads
and store at —80°C until use.

1.

2.

Nk

Wash the mRNA on beads once with 1X first-strand buffer. Discard the superna-
tant using the MPC.

Resuspend the beads in 19 puL of reverse transcriptase mix solution and heat
to 42°C for 2 min.

Add 1 pL of Superscript II reverse transcriptase to the reaction tube and mix
thoroughly.

Incubate the reaction tube at 42°C for 60 min.

Stop the reaction by heating at 70°C for 15 min.

Denature the mRNA—-cDNA hybridization by heating up to 92°C for 2 min.
Immediately transfer the reaction tube into the MPC; discard the supernatant
containing mRNA.

Add 20 pL of storage buffer into the tube. The first-strand cDNA is now attached
to the beads.



cDNA Generation on Paramagnetic Beads 29

3.3. Tailing of the First-Strand cDNA

To synthesis second-strand cDNA for further cDNA library construction,
the first-strand cDNA is tailed with oligo-(dG) to create the binding site for
Notl-dC primer. The free oligo-(dT) sites on the beads are removed by T4 DNA
polymerase prior to tailing (see Note 5).

1. Remove the buffer from the first-strand cDNA on beads using the MPC.

2. Add the 20 uLL T4 DNA polymerase reaction mix to the tube and incubate at
37°C for 10 min.

Stop the reaction by adding 1 uL of 0.5 M EDTA.

Wash the cDNA on beads twice with 100 UL of 1X tailing buffer.

Remove the supernatant using the MPC and add 20 pL of tailing reaction mix.
Incubate the reaction at 37°C for 30 min.

Stop the reaction by adding 1 uL of 0.5 M EDTA.

Nk w

3.4. Second-Strand cDNA Synthesis and cDNA Amplification

The second-strand cDNA is synthesised on the beads. The first-strand cDNA
linked to the beads is isolated using the MPC by denaturing the double-stranded
cDNA and can be reused as template in second-strand cDNA generation or
PCR amplification.

1. Wash the dG-tailed first-strand cDNA on beads twice with 1X PCR reaction
buffer.

2. Remove the buffer and add 50 uL of the PCR reaction mix.

3. Create second-strand cDNA by one cycle of PCR: 94°C for 2 min, 52°C for
2 min, and 72°C for 3 min.

4. Denature the double-stranded cDNA at 94°C for 2 min.

5. Immediately place the reaction tube into the MPC. Transfer the supernatant to
another PCR tube.

6. Continue the PCR amplification: 30-35 cycles of 94°C for 30 s, 52°C for 30 s,
72°C for 3 min, followed by 1 cycle of 72°C for 10 min.

7. The first-strand cDNA on beads can be kept in the storage buffer and reused.

8. The amplified cDNA can be purified and directly cloned into a TA vector to
generate a small library of thousands of primary transformants. Alternatively,
the two restriction sites (NotI and Sall) at the 5°/3" end of the cDNA can be used
to clone the cDNA into a vector (see Note 6).

4. Notes

1. The protocol of mRNA isolation using Dynabeads is recommended for direct,
high-purity, and intact poly(A*) RNA isolation from small amount of starting
materials. A specific amount of tissue, such as 100 mg of plant tissue or 20-50 mg
of animal tissue, should be used for each isolation using 250 pUL of beads, because
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an excess of tissue will reduce the mRNA yield and purity. For mRNA isolation
and cDNA generation at the single-cell level, the amount of beads can be scaled
down to 20-50 pL. We have used 20 uL of beads to capture the mRNA from
extracts of cytoplasmic contents from single giant cells induced by root-knot
nematodes in tomato root and generated first-strand cDNA on beads to detect
different transcripts in giant cells (4). However, cDNA generated on beads from
a single cell may not be suitable for constructing a full cDNA library. Large
variations in PCR amplification can occur when the PCR template amount
falls below a certain threshold copy number (2). This effect, termed “Monte
Carlo,” will directly decrease the reproducibility of cDNA amplification and the
representation of the cDNA library constructed from single cells.

To carry out large-scale mRNA isolation, the beads can be reused up to four
times to reduce preparation costs. After the first round of mRNA isolation, the
mRNA bound on beads can be eluted from the beads by adding 10-20 uL of
elution buffer (2 mM EDTA [pH 8.0]), keeping it at 65°C for 2 min. Immediately
place the tube into the MPC and transfer the supernatant containing the mRNA
to another tube. Resuspend the beads in 200 puL of reconditioning buffer
(0.1 M NaOH), keep at 65°C for 2 min, and repeat the reconditioning step once.
Wash the beads three times with storage solution (250 mM Tris-HCI [pH 8.0],
20 mM EDTA, 0.1% Tween-20, 0.02% sodium azide). The beads are then ready
for another mRNA isolation. To avoid any cross contamination, reuse of the
reconditioned beads for different tissue or cell samples is not recommended.

. This protocol normally results in very pure mRNA with traces of ribosomal

RNA. DNA contamination might be found for some cell types and tissues. For
critical applications such as cDNA library construction, trace rRNA and DNA
contamination should be avoided by carrying out an extra round of mRNA
purification with the same protocol.

For all steps of changing the solution, the beads must be washed thoroughly
and the supernatant removed properly by pipetting to eliminate any residue of
reagents, such as salts, detergent, and enzymes, from the previous step.

It is necessary to conduct T4 DNA polymerase treatment on the first-strand
cDNA on beads to remove the uncoupled oligo-(dT) sites on the beads. The
terminal transferase can also tail the residual oligo-(dT) sites with oligo-(dG).
These short oligo-(dT)-(dG) fragments may interfere in the following PCR
amplification by competing for the primer binding sites.

The majority of the cloned cDNA in the cDNA library is relatively small-size
fragments (<300 bp). This reflects selective amplification and cloning of smaller
cDNAs, and this is a common limitation of all PCR-based cDNA libraries.
However, the presence of full length cDNA can be confirmed by amplifying
specific transcripts using first-strand cDNA on beads as PCR template with gene-
specific primers, and full-length cDNA is always obtained. Size fractionation of
the amplified cDNA before the cloning step should lead to increased insert sizes
and thus provide more sequence information of the translated regions.
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Construction of a Normalized cDNA Library
by mRNA-cDNA Hybridization and Subtraction

Ye-Guang Chen

1. Introduction

The human genome project has predicted that the human genome encodes
about 35,000 genes (1,2). These genes are not uniformly expressed in all of
the cells. Some of them are expressed in most of the cells, but others are cell-
or tissue-specific. It has been estimated that about 10,000 genes are expressed
in a cell, but the abundance of their expression varies from 1 copy to 200,000
copies per cell (3). On average, the 10 most prevalent genes encode more than
5000 copies per each, whereas most others may be represented only by 1-15
copies (4,5). It is very difficult to identify the rarely represented mRNA from
any tissue or cell type. Therefore, when constructing a cDNA library, a big
challenge is how to reduce the number of the highly abundant species and, at
the same time, to maintain the complexity of cDNA in the population (i.e., how
to generate a normalized library). The generation of expressed sequence tags
(ESTs) by single-pass sequencing of cDNA clones has been greatly accelerating
gene discovery (6). One of the important applications of normalized cDNA
libraries is to provide great sources for efficient large-scale generation of
ESTs (7-9).

To bring the representation of each cDNA species in a population within a
narrow range, various normalization procedures have been applied (3,7,10-14).
All of those normalization procedures take advantage of the second-order kinet-
ics of nucleic acid association: The highly abundant species associate faster than
the low abundant ones (10,15,16). By complementary DNA (cDNA)-cDNA
or messenger RNA (mRNA)-cDNA self-hybridization and double-strand
exclusion, the high-abundant species are eliminated. In this way, the abundance

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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of cDNAs in a library is brought to a narrow range and the chance to identify
a rare species is increased.

The procedures described here are based on a method developed by Sasaki et
al. (11). They have reported a normalization procedure in which a cDNA library
is constricted following removal of abundant mRNA species by sequential
cycles of self-hybridization between a whole mRNA population and its cor-
responding cDNA immobilized on beads. This method involves relatively
simple manipulations. It has been shown not only to achieve a reasonable
normalization but, at the same time, to also conserve the original length
of clones. Therefore, a cDNA library generated by this method has a high
possibility to yield cDNAs with a full-length open reading frame and can be
used for expression cloning. Another potential use of this method is for cloning
of the genes differentially expressed in specific tissues or cell types or the
genes differentially expressed in response to a treatment. This method has been
verified by constructing a normalized cDNA library from the human brain.
Abundant mRNA species such as those for cytochrome-c oxidase subunit III
and NADH dehyrogenase subunit 2 were reduced approx 25-fold, whereas rare
mRNA such as one for prohibitin was enriched eightfold in the normalized
cDNA library when compared to a normal cDNA library (17).

2. Materials

Because RNA is vulnerable for degradation, it has to be handled with
extreme care. A RNase-free environment should be set up (18). Gloves should
be worn at all times. Plasticware should be autoclaved. All glassware used for
isolation of RNA is treated with 0.02% diethyl pyrocarbonate (DEPC)-treated
water and autoclaved before use. Aerosol-resistant pipet tips are recommended.
All the buffers are stored at 4°C unless indicated.

2.1. Isolation of Total Cellular RNA

1. DEPC-treated water: Add DEPC (diethylpyrocarbonate) to 0.02% (v/v) and mix.
Stand overnight at 37°C and then autoclave. Store at room temperature.

2. Trizol reagent (Invitrogen, cat. no. 15596026).

. RNas-free DNase I (10 U/uL) (Invitrogen, cat. no. 18068015). Store at —20°C.

4. 10X DNas I buffer: 200 mM Tris-HCI (pH 8.3), 500 mM KCl, 20 mM MgCl,.
Store at —20°C.

5. Phenol:choloroform:isoamyl alcohol (25:24:1): purchased from Fisher (cat.
no. BP17521-400).

6. RNase inhibitor (20 U/uL): purchased from Promega (cat. no. N2511). Store
at -20°C.

w
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2.2.
1.

[\

W

2.4.

Preparation of mRNA

Oligotex suspension (Qiagen, cat. no. 79000). Keep at room temperature.

. Buffer A: 20 mM Tris-HCI (pH 7.5), 1 M NaCl, 2 mM EDTA, 0.2% sodium

dodecyl sulfate (SDS).

. Washing buffer: 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA.
. Elution buffer: 5 mM Tris-HCI (pH 7.5).

. Conversion of mRNA to cDNA on Latex Beads

. Buffer B: 50 mM Tris-HCI (pH 8.3), 10 mM MgCl,, 100 mM KCl.
. Buffer C: 50 mM Tris-HCI (pH 8.3), 3 mM MgCl,, 75 mM KCIl.
. Reverse transcriptase Superscript II (Invitrogen, cat. no. 18064-022). Store

at —20°C.

. TE buffer: 10 mM Tris-HCI (pH 7.5), | mM EDTA. Store at room temperature.
. dNTP mix (Promega, cat. no. U1330 or U1242). Store at —20°C.
. [0-32P]-dCTP (specific activity ~3000 Ci/mmol) (Amersham, cat. no. PB10205).

Store at —20°C.
mRNA—-cDNA Self-Hybridization

. Oligo (dT) primer with Xhol and Kpnl sites: 5-GAA GAA GAA CTC GAG

GGTACCTTTTTT TTT TTT TTT-3".

. Oligo(dA) (25-30 mer): synthesized as custom oligonucleotide.

3. Hybridization buffer: 10 mM Tris-HCI (pH 7.5), | mM EDTA, 100 mM NaCl.

00NN L

. Construction of cDNA Libraries

. Reverse transcriptase Superscript II (Invitrogen, cat. no. 18064-022). Store

at —20°C.

. Escherichia coli RNase H (2 U/uL) (Invitrogen, cat no. 18021-071). Store

at —20°C.

. E. coli DNA polymerase I (10 U/uL) (Invitrogen, cat. no. 18010025). Store

at —20°C.

. E. coli DNA ligase (10 U/uL) (Invitrogen, cat. no. 18052019). Store at —20°C.

. B-NAD (Fisher, cat. no. BP2532). Store at —20°C.

. T4 DNA polymerase (Invitrogen, cat. no. 18005017). Store at —20°C.

. Sephacryl s-400 column (Promega, cat. no. V3181).

. EcoRI-Notl-BamHI adapter: synthesized as custom oligonucleotide or purchased

from Takara (cat. no. TAK 4510).

3. Methods

3.1.
1.

Isolation of Total Cellular RNA

Lyse monolayer cells by adding 3.0 mL of Trizol Reagent to 1 of the 100-mm cell
culture dishes. Pipet cell lysate up and down several times (see Note 1).
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Incubate for 5 min at room temperature.

Add 0.2 mL of chloroform per 1 mL of Trizol. Shake tube vigorously by hand
for 15 s and incubate 3 min at room temperature.

Centrifuge at 12,000g for 15 min at 4°C.

Transfer the colorless upper aqueous phase to a new tube and add 0.5 mL of
isopropanol per 1 mL of Trizol used to precipitate RNA.

After incubating for 10 min at room temperature, centrifuge the sample at
12,000¢ for 10 min at 4°C.

Wash the RNA pellet with 75% ethanol. Use more than 1 mL of 75% ethanol per
1 mL of Trizol used (see Note 2).

. Briefly air-dry the RNA pellet for 5-10 min at room temperature and dissolve

RNA to 1 pg/uL in DEPC-treated water (see Note 3). Store RNA solution
at —80°C.

. Treat the total RNA with RNase-free DNase I:

250 uL of total RNA (250 pg, 1 pg/uL);

50 pL of 10X DNas I buffer (200 mM Tris-HCI 8.3, 500 mM KCI, 20 mM
MgCl,);

2 uL of RNase inhibitor (20 U/uL);

2.5 uL of DNase I (10 U/uL);

195.5 uL of H,0.

Mix well and incubate at room temperature for 15 min (see Note 4).

Terminate the reaction by adding 2.5 UL of 500 mM EDTA and extract with

500 puL of phenol:choloroform:isoamyl alchohol (25:24:1). Transfer the

supernatant and precipitate RNA with 50 uL of 3 M sodium acetate (pH 5.5)

and 1 mL of 100% ethanol. Dissolve RNA to 1 pug/uL in DEPC-treated water

and store at —80°C.

3.2. Isolation of Poly(A*) mRNA

Isolation of poly(A*) mRNA is accomplished with Oligotex beads that are
covalently linked to oligo(dT);,. Refer to the manual from the manufacturer
for the details.

1.

Warm up Oligotex suspension at 37°C before use. Heat elution buffer to 70°C.

2. To 250 pg total RNA, add 250 puL buffer A and 25 uL Oligotex suspension. Mix

the contents thoroughly by pipetting.

. Incubate the sample for 3 min at 70°C in a water bath to disrupt the secondary

structure of the RNA.

Place the sample at room temperature for 10 min to allow hybridization between
the oligo(dT);, of the Oligotex bead and the poly(A) tail of the mRNA.

Pellet the Oligotex:mRNA complex by centrifugation for 2 min at
14,000-18,000g and carefully remove the supernatant by pipetting. (Save the
supernatant until certain that satisfactory binding and elution of poly(A*) mRNA
has occurred.)
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6.

®

10.

Resuspend the Oligotex: mRNA pellet in 1 mL washing buffer by vortex or
pipetting.

Pellet the Oligotex:mRNA complex by centrifugation for 2 min at
14,000-18,000g and carefully remove the supernatant with a pipet.

Repeat steps 6 and 7 once.

Add 20-100 uL of hot (70°C) elution buffer. Pipet up and down three or four
times to resuspend the resin and centrifuge for 2 min at 14,000-18,000g. Care-
fully transfer the supernatant, which contains the eluted poly(A*) mRNA, to
another RNase-free tube (see Note 5).

For maximal yield, add another 20—100 pL of elution buffer to the Oligotex
pellet and combine the eluates.

Approximately 5-10 pg of poly(A*) mRNA are yielded from 250 pg of
total RNA.

3.3.
1.

IV}

O 0 3 O\ L

3.4.
. Suspend 2.5 mg cDNA-Oligotex beads in 90 UL of TE containing 100 pg of

Conversion of mRNA to cDNA on Latex Beads

Mix 20 pg poly(A)* RNA with 2.5 mg Oligotex beads in 250 puL buffer B.
Incubate at 37°C for 20 min.

. Centrifuge at 15,000g for 10 min at room temperature.
. Resuspend beads in 250 pL of buffer C.
. Set up reverse transcription in a 500-uL reaction:

50 mM Tris-HCI (pH 8.3);

3 mM MgCl,;

75 mM KCI,

1 mM of dNTP (dATP, dCTP, dGTP, dTTP);
10 mM dithiothreitol (DTT);

300 U RNase inhibitor;

2000 U Superscript II.

Incubate 90 min at 45°C.

. Wash beads two times with TE.

. Heat for 3 min at 95°C to remove RNA.

. Spin and resuspend beads in TE.

. Store at 4°C.

. Monitor cDNA synthesis with 0.5 uL of [0-3?P]-dCTP (10 uCi/uL) in the 10-uL

reaction and count bead-associated radioactivities.

mRNA-cDNA Self-Hybridization (see Note 6)

oligo(dA) (25-30 mer). Heat 5 min at 70°C.

. Add 10 puL of 5 M NacCl and incubate for 10 min at 37°C to mask free oligo(dT)

residues on beads.

. After centrifugation, the beads are incubated with 2 pug of poly(A)* RNA in

200 pL hybridization buffer. Incubate 15 min at 55°C with occasional agitation.
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Remove the beads by centrifugation (15,000g) for 10 min.

The supernatant fraction is subjected to a second cycle of hybridization. Repeat
hybridization (steps 1-4) three times using regenerated cDNA-Oligotex beads
(see step 7). After four cycles of hybridization and subtraction, approx 2—4% of
the input poly(A) RNA are left in the supernatant fraction.

Treat the supernatant with equal volume of phenol: chloroform. RNA is precipi-
tated with ethanol, air-dried, dissolved with H,O, and stored in —20°C; it can be
used for construction of cDNA libraries.

Regeneration of cDNA-Oligotex beads:

a. Resuspend the beads in 200 pL of TE.

b. Heat 5 min at 70°C and then chill on ice.

c. Wash two times with TE and resuspend with TE.

3.5. Construction and Characterization
of Normalized cDNA Libraries

1. Anneal poly(A)* RNA to the oligo(dT) primer with Xhol and Kpnl sites by

adding 0.5 pg of the primer, the normalized mRNA, and DEPC-treated water
to 10 UL into an autoclaved RNase-free 1.5-mL microcentrifuge tube. Heat the
mixture to 70°C for 10 min and quickly chill on ice. Collect the contents of the
tube by brief centrifugation.

Synthesize the first strand of cDNA with Superscript II in a 20-uL reaction
volume.

50 mM Tris-HCI (pH 8.3);

75 mM KClI;

3 mM MgCl,;

10 mM DTT;

500 uM each dATP, dCTP, dGTP, dTTP;

200 U Superscript 1.

Mix gently and incubate at 45°C for 1 h. Place the tube on ice.

Synthesize second strand by adding the following reagents directly to the first-
strand reaction mixture:

5 uL of 1 M Tris-HCI (pH 6.9) (final 50 mM);

4.5 uL of 1 M MgCl, (final 5 mM);

12 uL of 1 M KCI (final 100 mM);

3.3 uL of 1 M DTT (final 5 mM);

1.2 uL of 1 M (NH,4),SO, (final 10 mM);

1.2 uL of 10 mM B-NAD* (final 0.1 mM);

6 UL of 5 mM dNTP (final 0.33 mM each);

93.5 uL. H,0;

1 uL of 2 U/uL E. coli RNase H (final 2 U);

1 uL of 10 U/uL E. coli DNA ligase (final 10 U);

4 uL of 10 U/uL E. coli DNA polymerase I (final 40 U).
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Mix gently and incubate at 16°C for 2—4 h. Then, add 10 U of T4 DNA
polymerase and incubate at 16°C for 5 min. Place reaction on ice and add 10 pL.
of 0.5 M EDTA. The product is blunt-ended, double-stranded cDNA.

Purify cDNA by phenol: chloroform extraction and ethanol precipitation.

Ligate to EcoRI-Nofl-BamHI adapters.

Purify DNA with Sephacryl s-400 column.

Clone cDNA to Agt10 vector via EcoRI site or to AZAPII vector via EcoRI/Xhol
sites.

Normalization of cDNA species can be confirmed by DNA sequencing of
randomly picked clones from the library or by plague hybridization.

. Notes
1.

For isolation of RNA from suspension-cultured cells or from tissues, refer to
the Trizol Reagent instruction from the manufacturer. Samples can be stored in
Trizol solution at —80°C for at least 1 mo.

RNA pellet can be stored at —20°C for 1 yr at this step.

Do not dry completely because it would result in low solubility. When dissolving
RNA, incubation at 55°C for 10 min helps dissolution.

. It is important not to exceed the 15-min incubation time or the room-temperature

incubation. Higher temperatures and longer times could lead to Mg?*-dependent
hydrolysis of RNA.

. The volume of elution buffer used depends on the expected or desired concentra-

tion of poly(A*) mRNA. Ensure that elution buffer does not cool significantly
during handling.

. Normalization efficiency can be controlled by changing the number of hybridiza-

tion cycles and the molar ratio of cDNA on the beads to mRNA in solution. When
mRNA source is limited and, at the same time, a great degree of normalization
needs to be achieved, DNA inserts in a phage A cDNA library can be transcribed
in vitro by T3 RNA polymerase, and the resulting transcripts can be used for
hybridization with the cDNA-Oligotex beads (see ref. 17).
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Amplification of cDNA Ends Using
PCR Suppression Effect and Step-Out PCR

Mikhail V. Matz, Naila O. Alieva, Alex Chenchik,
and Sergey Lukyanov

1. Introduction

In Chapter 10, we describe two methods of complementary DNA (cDNA)
synthesis and amplification. In this chapter, we will refer to these two methods
of cDNA synthesis and amplification as “method A” (the technique based on
classical double-stranded cDNA synthesis and subsequent adapter ligation,
implemented in the Marathon kit from Clontech) and “method B” (based on
the template-switching effect, implemented in the SMART cDNA synthesis kit
from Clontech). These methods not only allow for amplification of representa-
tive cDNA populations from microscopic tissue samples but also provide an
excellent starting point for amplification of unknown flanks of a known cDNA
fragment. There are many techniques designed for this purpose (1-10); among
gene hunters, they go under the generic name RACE (rapid amplification of
cDNA ends). It must be remembered, though, that this name formally belongs
to a particular technique introduced by Frohman et al. (§8).

The method of RACE described here is based on three key principles. First,
to achieve required specificity (and therefore sensitivity), we employ two-step
polymerase chain reaction (PCR) using nested gene-specific primers. The
necessity of this is usually underestimated in RACE, because, historically,
the heaviest nonspecific amplification in RACE stemmed from ubiquitous
adapter-specific primers rather than gene-specific ones. Our own techniques
were developed for single-step RACE (4,10), but they are only as good as
the specificity of the single gene-specific primer upon which they rely. At
the current stage of methodology development, it is nonspecific amplification
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originating from a gene-specific primer that often limits the power of the
RACE, so we presently switched back to using the good old two-step nested
PCR to eliminate this problem.

Second, the design of adapters and adapter-specific primers evokes so-called
PCR-suppression effect, or PS effect, to prohibit amplification of molecules
that do not contain annealing site for a gene-specific primer (11). The PCR-
suppression technology is based on the observation that molecules flanked by
inverted terminal repeats at least 40 bases long are amplified very inefficiently
when the single primer used for amplification corresponds to the distal half
of the repeat (10,12) or when a long primer corresponding to the whole
repeat sequence is used in low concentration (13). The reason for this is the
equilibrium between productive PCR primer annealing and nonproductive
self-annealing of the fragment’s complementary ends, which arises within
each PCR cycle at the primer annealing stage and, in the above two cases, is
markedly shifted toward self-annealing (11).

The third principle is step-out PCR (4). In our protocol, this trick is applied
during the second stage of amplification. It consists in substituting the adapter-
specific primer used during the first stage for another long primer of which
only the 3’-half corresponds to the adapter, specifically, to its distal half. In the
resulting product, the nonmatching 5 portion of the new primer sequence is
added to the distal end of the original adapter. This situation can be viewed as
shifting of the primer annealing site to the outside of the original amplicon,
hence the name “step-out.” Although this procedure seems to be the contrary
of nested PCR, it is, in fact, analogous to it when primer systems evoking the
PS effect are concerned: It increases the length of inverted terminal repeats
carried by the nonspecifically amplified molecules, which suppresses their
amplification even further.

The protocol described here assumes simultaneous RACEs for 3’ and 5’
flanks, starting from a known fragment of cDNA sequence 500-1000 bases
long. This situation is the most common in PCR-based gene hunting. The
logistics and schematic protocol of this experiment are outlined in Fig. 1,
typical results in Fig. 2. As depicted there, in this case the four gene-specific
primers can be designed to allow amplification of the positive control (a part of
the known fragment) at the first RACE stage, along with nested PCR required
at the second RACE stage. If the known fragment is longer than 1000 bases,
the RACE primers should be designed to keep 5" and 3" nested steps (see Fig. 1
for the definition of the term “nested step”) within the recommended limits.
This may dictate the need to design two additional gene-specific primers (one
for each RACE direction) for amplification of positive controls. These addi-
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.« known fragment
unknown (500-1000 b) ., unknown
5'-flank B B 3'-flank
= A 7
cap (in mRNA) @) 31 3.2 poly-A tract (in mRNA)
T - e I - - - - - - - - - - —
ligated adaptor | LYY |
(in method A) 5.2 5.1 sequence of the primer
1 - used for first-strand
template-switch oligo %E{_ c synthesis (in cDNA)
(in method B) D

& whole-length mRNA/cDNA———*

A: 5' nested step (300-500 bp)

B: 3' nested step (300-500 bp)

C: contig assembling allowance, at least 50 b
D: positive control size, 250-300 b optimal

Fragment-specific primers:
= for 3-RACE (sense)
for 5'-RACE (antisense)

5-RACE 3-RACE

1 pl of 1/5 dilution of SMART cDNA or adapter-ligated cDNA

fenpes or (for transcripts up to 2000 b long) 1 pl of 1/50 dilution of amplified cDNA
primers for [ nnn R b T .
target 5' proximal primer {5prox) 51 3-1 3-proximal primer {3prox)
37y 32
I i
target | —22, T
product | HEEIITE - : ::::: S 3prox
52 “51
e
3-1
control =
(positive) _'5—;
No. of | commonly 20-35 - until the target product is well-visible on the agarose gel
cycles (normally 2-4 cycles more than required to amplify positive control)

template 1 ul of 1/50 dilution of the step 1 product
primers for 1-5-2 - e R s
target | universal distal primer (Udist} 3-2 universal distal primer {Udist)
Udist 3-2
target T ====== —tcooooc ARAN
oraduct | WML ZIiii: - [ TR X L
LUdlist
[necg‘;?it\:eo; mmm  primer Udist alone
tl':r?:.l:sf commonly 12-15; but no more than 20

Fig. 1. RACE logistics and scheme of the protocol. The sequences of the adapter-
specific primers are pattern coded in accordance with Fig. 3.
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5'RACE 3'RACE
M 1] 1 2 2| 1 2 2()

Fig. 2. Typical example of RACE results. In this experiment, 3" and 5" flanks of
cDNA coding for cadherin-related protein expressed in central nervous system of
sea hare Aplysia californica were obtained. The template was the amplified cDNA
prepared from six identified neurons (metacerebral cells), according to method A (see
Chapter 10). Lane M: 1-kb DNA ladder (Promega); lane 1(+): positive control from
the first step. Three lanes correspond to each RACE direction: 1, first step; 2, second
step; 2(—), negative control from the second step.

tional primers should produce amplicons 300—500 base pairs long when used
with their correspondent first-stage RACE primers (5-1 and 3-1 in Fig. 1).

2. Materials

1.

2.

e

cDNA (amplified or nonamplified; see Note 1) synthesized according to one of
the two methods described in Chapter 10.

cDNA dilution buffer: 10 mM Tris-HCI (pH 8.0), 10 ng/uL yeast tRNA (see
Note 2).

. Long-and-Accurate PCR enzyme mix with provided buffer (Advantage2 poly-

merase mix from Clontech, LA-PCR from Takara, Expand Taq by Boehringer
or equivalent).

dNTP mix, 10 mM each.

Oligonucleotides: see Fig. 3 and Notes 3 and 4.

Agarose gel (1%) containing ethidium bromide.
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Sprox
(equals DAP-PAP in method A and DAP-TS in method B)

5’ I 111 1 1 1 i m 3
CGACGTGGACTATCCATGAACGCAACTCTCCGACCTCTCACCGA (method A)
CGACGTGGACTATCCATGAACGCA AAGCAGTGGTATCAACGCAGAGT (method B)

3prox
(equals DAP-Trsa in both cDNA synthesis methods)

5' I Irrrrr s
CGACGTGGACTATCCATGAACGCACGCAGTCGGTAC (T)13

Udist
5 B e K
TCGAGCGGCCGCCCGGGCAGGT CGACGTGGACTATCCATGAACGCA

Fig. 3. Legend to primer sequences.

3. Methods
3.1. First Stage of RACE

1. Prepare the template by diluting the aliquot of nonamplified cDNA fivefold in the
cDNA dilution buffer. If the use of amplified cDNA is feasible, dilute the aliquot
of the product of cDNA amplification 50-fold in the cDNA dilution buffer.

2. Prepare three PCR mixtures, corresponding to 3’-RACE, 5’-RACE, and positive
control. These mixtures will differ only in primers, so a master mixture without
primers can be prepared: 6 UL of 10X PCR buffer (provided with the polymerase
mixture), 1.5 pL of ANTP mix (10 mM of each), 3 UL of diluted cDNA template,
polymerase mixture sufficient for 60 UL of PCR (see manufacturer’s recom-
mendations), and H,O to 57 pL. Dispense the master mix into three tubes (18 pUL
to each tube); label the tubes. Add the following primers to the tubes (see Fig. 1
for locations of primer annealing sites):

a. For 5’-RACE, 1 uL of 2 uM 5prox primer and 1 L of 2 uM fragment-specific
primer 5-1.

b. For 3’-RACE, 1 puL of 2 uM 3prox primer and 1 puL of 2 uM fragment-specific
primer 3-1.

c. For positive control, 1 uL of 2 uM primer 5-1 and 1 pL of 2 uM primer 3-1.

Note that the final concentration of primers is 0.1 uM.

3. Perform cycling: For block-controlled thermocyclers, 94°C for 40 s (annealing
temperature of the weakest gene-specific primer; see Note 4), 1 min —72°C 2 min
30 s; for thermocyclers with tube-controlled temperature or simulated tube
control, 95°C 10 s — [+=«] 30 s — 72°C for 2 min 30 s. Perform as many cycles
as required to amplify the known fragment from the particular cDNA. If this
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value is unknown, do 22 cycles. Check 3 UL of the products on a 1% agarose
gel, keeping the PCR tube at room temperature while the electrophoresis runs. If
none of the tubes contains detectable product, put the tubes back into the thermal
cycler and do five more cycles. If the products are barely visible, do only three
more cycles. Repeat the checks on agarose gel and adding cycles according to
these guidelines until the products in all three tubes are readily detectable on
an agarose gel with standard EtBr staining. However, the total number of cycles
should not be more than 40 (see Note 5).

3.2. Second Stage of RACE

1.

2.

Prepare the templates for second stage RACESs by diluting the product of the first
stages 50-fold in cDNA dilution buffer.

Prepare four PCR mixtures, corresponding to nested/step-out 3’-RACE, nested/
step-out 5-RACE, and two negative controls, one for each RACE direction. A
master mix for the four samples includes 8 pL of 10X PCR buffer (provided
with the polymerase mixture), 2 uL of dNTP mix (10 mM of each), 4 uL
of 2 uM primer Udist, polymerase mixture sufficient for 80 uL of PCR (see
manufacturer’s recommendations), and H,O to 76 puL. Dispense the master
mix into two tubes, 38 pL to each. To one tube, add 2 uL of diluted first-stage
3’-RACE; to the other add 2 uL of diluted first-stage 5’-RACE. Dispense each of
the two mixtures into two tubes, 19 UL to each. One of these resulting mixtures
will contain the Udist primer alone and will serve as a negative control; to the
other, add 1 pL of 2 uM nested gene-specific primer corresponding to the RACE
direction (3-2 for 3’ RACE and 5-2 for 5* RACE). Perform cycling using the
same program as described for the first stage, but with the fewer number of
cycles. The number of cycles before the first check on agarose gel should be 12.
After that, add more cycles if necessary using the above-described guidelines;
the only difference is that the maximum allowed number of cycles in this case
is 20 instead of 40 (see Note 6).

Examine the RACE results on agarose gel. Load the products of the first stage
side-by-side with corresponding second-stage products and negative controls
from the second stage, achieve a good resolution, and analyze the image.
Normally, the products of RACE, especially if the flanks to be obtained are
longer than 1000 basepairs, exhibit multiple bands of different sizes, of which
some may be nonspecific (see Note 7). A specific band is the one that does not
appear in the negative control (see Note 8); it also may correspond to a band
in the product of the first stage that is longer by the size of the nested step (see
Fig. 1 for the term definition). The latter cannot be expected if the second-stage
amplification took more than 15 cycles. When the product of RACE turns out to
be complex, we recommend picking the specific bands out of the agarose gel,
reamplifying them, and cloning one by one (see Note 9). Otherwise, the whole
second-stage product can be cloned using any vector system suitable for cloning
PCR products (such as the pPGEM-T vector system from Promega), following
the manufacturer’s protocol.
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4. Notes

1. Rapid amplification of cDNA ends can be performed either starting from ampli-
fied cDNA (obtained according to method A or B (see Chapter 10), or from raw
nonamplified cDNA. In the case of method A, this raw cDNA is the ligation
mixture of double-stranded cDNA with a pseudo-double-stranded adaptor,
whereas in the case of method B, it is the first-strand synthesis reaction mixture.
Using amplified cDNA is highly recommended for short transcripts (total length
less than 1500 bases), as there is much less background amplification. For longer
transcripts, the farthest 5" flank may be underrepresented in the amplified cDNA,
so the use of raw nonamplified cDNA is recommended.

2. Complementary DNA dilution buffer contains yeast transfer RNA to stabilize
the DNA in low concentration. The diluted samples can be stored at —20°C for
several months.

3. Adaptor-specific primers (Fig. 3) are designed to work on cDNAs synthesized
with methods A and B (see Chapter 10). Note that the primer 5prox is different
for these two methods due to the different 5" flanking adapter sequence. The
adapter-specific primers should be purified to the highest degree by high pressure
liquid chromatography (HPLC) or polyacrylamide gel electrophoresis.

4. Gene-specific primers should be designed following the five simple guidelines:
a. The 3’-terminal base should be A or T.

b. The five 3’-terminal bases should include no more than two G’s or C’s.

c. The four 3’-terminal bases should not find a perfect match within the primer
being designed and within primers that are going to be used in PCR with this
primer (adapter-specific primers and another gene-specific primer to amplify
positive control, if applicable).

d. The length of the primer should be at least 20 bases.

e. The annealing temperature of the primer should be equal or higher than 60°C;
calculated by the formula 4(G+C) + 2(A+T) + 3.

In RACE amplification reactions, the annealing should be set to the lowest of

the temperatures calculated for the participating gene-specific primers using

this formula.

5. If during the first stage of RACE the product in the positive control is not
seen after 38—40 cycles, the gene-specific primers were poorly designed or
synthesized or the particular cDNA sample does not contain the target transcript.
If the positive control shows a well-detectable band and the RACEs are empty
even at five to eight cycles more than the cycle number required to amplify the
positive control, the problem may be the poor quality of adapter-specific primers
(5prox and 3prox) or the unsuccessful cDNA synthesis.

6. If no bands discriminating the experimental samples from negative controls are
detected after 20 PCR cycles during second stage of RACE, this means either
that the first-stage amplification did not work properly or something is wrong
with the nested gene-specific primers. Note that although adding more cycles
may eventually produce some bands, these, most probably, would not correspond
to the transcript of interest.
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7. Itis very common for specific RACE products to appear as several bands (“RACE

ladders”). In 5’-RACE, this is explained by partial degradation of the original
mRNA or falloffs of the reverse transcriptase during first-strand synthesis. In
3’-RACE, multiple bands correspond to the sites of nonspecific annealing of
oligo(dT)-containing primer within the mRNA rather than at the poly(A) tract.
In addition to these artifactual sources, there may be natural causes of “RACE
ladders” such as the presence of multiple splice forms or the presence of high-
similarity repeats within the target transcript to which the gene-specific primers
anneal.

The negative control may show some product of amplification, especially when
the number of cycles performed during the second stage of RACE approaches
20. This product looks like a condensed smear with fragment lengths from 4 to
8 kb and represents the longest cDNA fragments that were present in the sample.
Fragments that long are affected the least of all by the PCR-suppression effect
and have a chance to be amplified to the detectable concentration, especially in
the absence of amplification of the target product.

To pick the band out of agarose gel, stab the gel in the middle of the band with a
pipetman tip (cut the tip to make an opening approximately 1 mm wide). Avoid
exposing the gel to ultraviolet for prolonged periods of time. Squeeze the piece
of agarose out of the tip into 20 uL of Milli-Q water and either leave it overnight
at 4°C or incubate it at 55°C for 1 h; then, take 1 uL of the liquid to reamplify
the band using the same primers, controls, program, and cycle number as at the
second stage of RACE.
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Use of Inverse PCR to Clone cDNA Ends

Sheng-He Huang, Steven H. M. Chen, and Ambrose Y. Jong

1. Introduction

Since the first report on complementary DNA (cDNA) cloning in 1972 (1),
the technology has been developed into a powerful and universal tool in the
isolation, characterization, and analysis of both eukaryotic and prokaryotic
genes. However, the conventional methods of cDNA cloning require much
effort to generate a cDNA library and then screen for a large number of
recombinant phages or plasmid clones. There are three major limitations in
these methods. First, a substantial amount of purified mRNA (at least 1 ug)
is needed as starting material to generate libraries of sufficient diversity (2).
Second, the intrinsic difficulty of multiple sequential enzymatic reactions
required for cDNA cloning often leads to low yields and/or truncated clones
(3). Finally, screening of a library with hybridization technique is time-
consuming.

Polymerase chain reaction (PCR) technology can simplify and improve
cDNA cloning. Using PCR with two gene-specific primers, a piece of known
sequence cDNA can be specifically and efficiently amplified and isolated from
very small numbers (<10%) of cells (4). Previously, it was difficult to isolate
full-length cDNA copies of mRNA on the basis of very limited sequence
information. The unknown sequence flanking a small stretch of the known
sequence of DNA cannot be amplified by the conventional PCR. Then, anchored
PCR (5-7) and inverse PCR (8-10) have been developed to resolve this
problem. Anchored-PCR techniques have the common point: DNA cloning
goes from a small stretch of known DNA sequence to the flanking unknown
sequence region with the aid of a gene-specific primer at one end and a
universal primer at other end. Because of only one gene-specific primer in
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Fig. 1. Diagram of IPCR for cDNA cloning. The procedure consists of five steps:
reverse transcription, synthesis of second-strand cDNA, circularization of double-
strand cDNA, reopening of the circle DNA, and amplification of reverse DNA frag-
ment. The solid and open bars represent the known and unknown sequence regions of
double-stranded cDNA, respectively.

the anchored PCR, it is easier to get a high level of nonspecific amplification
by PCR than with two gene-specific primers (10,11). The major advantage of
inverse PCR (IPCR) is to amplify the flanking unknown sequence by using
two gene-specific primers. Recently, many genomic DNA sequences have
been completed. PCR-related techniques become even more useful for various
cloning works.

At first, IPCR was successfully used in the amplification of genomic DNA
segments that lie outside the boundaries of a known sequence (8,9). We have
developed a procedure that extends this technique to the cloning of unknown
cDNA sequence from total RNA (10). Double-stranded cDNA is synthesized
from RNA and ligated end to end (see Fig. 1). Circularized cDNA is nicked
by selected restriction enzyme or denatured by NaOH treatment (12,13). The
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Fig. 2. Application of IPCR to amplifying the joining region (280 bp) from 5’

(160

bp) and 3’ (120 bp) sequences of human ERp72 cDNA. Amplified DNA from

CCRF/CEM cells sensitive (lane 1) and resistant (lane 2) to cytosine arabinoside
stained by ethidium bromide (A) or hybridized with 3?P-labeled ERp72 cDNA (B). See
text for the sequences of the primers and the parameters of IPCR.

reopened or denatured circular cDNA is then amplified by two gene-specific
primers. This technique has been efficiently used in cloning several full-length
cDNAs (14-16). The following protocol was used to amplify cDNA ends for
the human stress-related protein ERp72 (10) (see Fig. 2).

2. Materials

2.1.
1.

2.
3.

First-Strand cDNA Synthesis

Total RNA prepared from human CCRF/CEM leukemic lymphoblast cells
(17,18).

dNTP mix (10 mM of each dNTP).

Random primers (Boehringer-Mannheim, Indianapolis, IN). Prepare in sterile
water at 1 ug/uL. Store at —20°C.

. RNasin (Promega, Madison, WI).
. Actinomycin D (1 mg/mL). Actinomycin D is light sensitive and toxic. It should

be stored in a foil-wrapped tube at —20°C.

. MMLV reverse transcriptase.
. 5X First-strand buffer: 0.25 M Tris-HCI (pH 8.3), 0.375 M KCl, 50 mM MgCl,,

50 mM dithiothreitol (DTT), and 2.5 mM spermidine. The solution is stable at
—20°C for more than 6 mo.
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2.2. Second-Strand Synthesis

— —_ —
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4.
5.

10X Second-strand buffer: 400 mM Tris-HCI1 (pH 7.6), 750 mM KCI, 30 mM
MgCl,, 100 mM (NH,),SO,, 30 mM DTT, and 0.5 mg/mL of bovine serum
albumin (BSA). The solution is stable at —20°C for at least 6 mo.

. NAD (1 mM).

. RNase H (2 U/uL).

. Escherichia coli DNA polymerase I (5 U/UL).

. E. coli DNA ligase (1 U/uL).

. Nuclease-free H,O.

. T4 DNA polymerase.

. 200 mM EDTA (pH 8.0).

. GeneClean (Bio 101 Inc., La Jolla, CA).

. TE buffer: 10 mM Tris-HCI (pH 7.6), 1 mM EDTA. Sterile filter.

. DNA standards. Prepare 1-mL aliquots of a purified DNA sample at 1, 2.5, 5, 10,

and 20 pug/mL in TE buffer. Store at —20°C for up to 6 mo.

. TE/ethidium bromide: 2 pg/mL of ethidium bromide in TE buffer. Store at 4°C

for up to 6 mo in a dark container.

Circularization and Cleavage or Denaturation

. 5X Ligation buffer (supplied with T4 DNA ligase).
. T4 DNA ligase (1 U/uL).

. T4 RNA ligase (4 pg/uL).

. Hexaminecobalt chloride (15 pM).

. Phenol:CHCl5:isoamyl alcohol (25:24:1).

3 M sodium acetate (pH 7.0).

. Absolute ethanol.
. 70% Ethanol.

. Inverse PCR
. 10X PCR buffer: 100 mM Tris-HCI (pH 8.3), 500 mM KCl, 15 mM MgCl,,

0.01% (w/v) gelatin.

. 15 mM MgCl,.
. Deoxyoligonucleotides were synthesized on an Applied Biosystems (Foster City,

CA) 380B DNA synthesizer and purified by an OPEC column from the same
company. The primer pairs were selected from the 5" and 3’ sequence of the
cDNA coding for human ERp72 stress-related protein (5'-primer: 5’-TTCCTCC
TCCTCCTCCTCTT-3"; 3’-primer: 5-ATCTAAATGTCTAGT-3") (10).

Light mineral oil.

Taq DNA polymerase.

3. Methods
3.1. First-Strand cDNA Synthesis (19)

Perform reverse transcription in a 25-uL reaction mixture, adding the
following components:
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5X First-strand buffer 5.0 uL

dNTP mix 2.5uL

Random primers 2.5uL

RNasin 1.0U

Actinomycin D 1.25 uL

MMLYV reverse transcriptase 250 U

RNA 15-25 pg of total RNA (heat denature RNA at
65°C for 3 min prior to adding to reaction)

Nuclease-free H20 to 25 uL final vol.

3.2. Second-Strand Synthesis (20)

1.

Add components to the first-strand tube on ice in the following order:

10X Second strand buffer 12.5 uL
1 mM NAD 12.5 uLL
RNase H (2 U/uL) S uL
E. coli DNA polymerase I (5 U/uL) 5.75 uL
E. coli ligase (1U/uL) 1.25 uL
Nuclease-free water 67.5 uL

Incubation at 14°C for 2 h.
Heat the reaction mix to 70°C for 10 min, spin for few seconds, and then put
on ice.

. Add 4 U of T4 DNA polymerase and incubate at 37°C for 10 min to blunt the

ends of double-stranded cDNA.

Stop the reaction with 12.5 puL of 0.2 M EDTA and 200 puL sterile H,O.
Concentrate and purify the sample with Geneclean. Resuspend the DNA in
100-200 UL of sterile H,O.

Estimate the DNA concentration by comparing the ethidium bromide fluorescent
intensity of the sample with that of a series of DNA standards on a sheet of
plastic wrap (21). Dot 1-5 pL of sample onto plastic wrap on an ultraviolet (UV)
transilluminator. Also, dot with 5 uL. of DNA standards. Add an equal volume
of TE buffer containing 2 pg/mL of ethidium bromide; mix by pipetting up and
down. Use proper UV shielding for exposed skin and eyes.

3.3. Circularization and Cleavage (see Notes 1-4)

1.

Set up the circularization reaction mix containing the following components:
100 pL (100 ng DNA) of the purified sample, 25 uL of 5X ligation buffer, and
6 uL of T4 DNA ligase. Finally, add 2 pL of T4 RNA ligase or 15 UL of 15 uM
hexaminecobalt chloride (see Note 5).

Incubate at 18°C for 16 h.

Boil the ligated circular DNA for 2-3 min in distilled water or digest with an
appropriate restriction enzyme to reopen circularized DNA.

Purify the DNA sample with Geneclean as described in step 6 in Subheading
3.2. or extract with water-saturated phenol/CHCl; and then precipitate with
ethanol (20).
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3.4.
. Add 1/10 of the purified cDNA to 100 uL of amplification mix (22):

Huang, Chen, and Jong
Inverse PCR (see Note 6)

10X PCR buffer 10 uL
15 mM MgCl, 10 uL
dNTP mix (2.5 mM of each) 10 uL
5" Primer (10 pmol/uL) 10 uL
3’ Primer (10 pmol/uL) 10 uL
cDNA 10 uL
Nuclease-free H,O 39.5uL
Taq DNA polymerase (2.5 U/uL) 0.5 uL

. Cap and vortex the tubes to mix. Spin briefly in a microfuge. Cover each reaction

with a few drops of light mineral oil to prevent evaporation.

. Put a drop of mineral oil into each well of the thermal cycler block that will hold

a tube. Load the reaction tubes.

. Amplify by PCR using the following cycle profile (25 cycles):

94°C, 1 min (denaturation);
65°C, 2 min (annealing);
72°C, 4 min (elongation).

4. Notes

1.

For maximum efficiency of intramolecular ligation, low concentration of cDNA
should be used in the ligation mix. A high density of cDNA may enhance the
level of intermolecular ligation, which creates nonspecific amplification.

. Cleavage or denaturation of circularized double-strand cDNA is important

because circular double-strand DNA tends to form supercoil and is a poor
template for PCR (23). Circularized double-strand DNA is only good for
amplification of a short DNA fragment.

The following three ways can be considered to introduce nicks in circularized
DNA. Boiling is a simple and common way. Because of the unusual secondary
structure of some circular double-strand DNA, sometimes this method is not
sufficient in nicking and denaturing circular double-strand DNA. A second
method is selected restriction enzyme digestion. The ideal restriction site is
located in the known sequence region of cDNA. In most cases, it is difficult to
make the right choice of a restriction enzyme because the restriction pattern
in the unidentified region of cDNA is unknown. If an appropriate enzyme is
not available, EDTA—oligonucleotide-directed specific cleavage may be tried
(24,25). An oligonucleotide linked to EDTA-Fe at T can bind specifically to
double-stranded DNA by triple-helix formation and produce double-stranded
cleavage at the binding site.

Alkali denaturation has been successfully used to prepare plasmid DNA templates
for PCR and DNA sequencing (12,13,26). This method should be feasible in
denaturing circularized double-strand cDNA.
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5. Inclusion of T4 RNA ligase or hexamine cobalt chloride can enhance the

efficiency of blunt-end ligation of double-strand DNA catalyzed by T4 DNA
ligase (27).

Inverse PCR can be used to efficiently and rapidly amplify regions of unknown
sequence flanking any identified segment of cDNA or genomic DNA. This
technique does not need construction and screening of DNA libraries to obtain
additional unidentified DNA sequence information. Some recombinant phage or
plasmid may be unstable in bacteria and amplified libraries tend to lose them
(23). IPCR eliminates this problem.
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Construction of Size-Fractionated cDNA Library
Assisted by an In Vitro Recombination Reaction

Osamu Ohara

1. Introduction

In the past, the construction of complementary DNA (cDNA) libraries has
served as a key technology for the discovery of biologically interesting genes
(1). For mammalian genes, this is true even in the postgenome sequencing era.
The prediction of protein-coding sequences solely from the genomic sequence
is still difficult because protein-coding sequences are divided into multiple
small pieces by introns. Therefore, currently, cDNA libraries are frequently
used to complement genomic information for the comprehensive analysis
of cDNAGs, rather than the discovery of particular genes. For this purpose,
a large number of randomly sampled cDNA clones are usually analyzed
using sequencing, whereas cDNA clones are subjected to characterization
after screening processes for the purpose of gene discovery. In practice,
comprehensive analysis differs from that of conventional gene discovery in
that comprehensive analysis is most frequently carried out on a single-clone-
for-single-gene basis, whereas gene discovery is done through the isolation
of multiple cDNA clones for a single gene. Thus, current requirements for
high-quality cDNA libraries suitable for comprehensive cDNA analysis are (1)
high rate of full-length and authentic copies of mRNAs, (2) low population
bias of cDNA clones, (3) high complexity, (4) low occurrence rate of artificial
clones such as chimera, and (5) low occurrence rate of immature mRNA
copies. As for requirement (1), many groups have made a tremendous effort to
date and have used their methods in practice (2—7). Tricks in the enrichment of
full-length cDNA are mainly in the process of converting mRNA to cDNA
in a clonable form. On the other hand, requirement (5) will be satisfied only
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by modifying the RNA preparation method. For example, construction of
cDNA libraries from cytoplasmic RNA is at an advantage for meeting this
requirement. Requirements (2—4) are related to the cloning process (i.e.,
retrieval of in vitro synthesized double-stranded cDNA as a clone, rather than
in cDNA synthesis). Although there are many reports regarding cDNA cloning
methods in the literature (1), a simple and robust cloning step of directional
cDNA library construction most often depends on ligation-assisted cloning
(LC) of cDNAs bearing two different restriction sites at their ends to plasmid
vectors (8). Although ligation has so far been the most reliable reaction for
joining cDNA to vectors with high efficiency in vitro, another technology
has recently emerged and become commercially available: an in vitro site-
specific recombination technology based on the integrase—excisionase system
of bacteriophage A known as “gateway cloning system” from Invitrogen (9). This
in vitro recombination cloning (RC) system requires a set of recombination sites
in each of the donor and acceptor DNAs. The recombination sites for this system
are classified as attB (25 bp), attP (200 bp), attL. (100 bp), and attR (125 bp).
attB and attP sites specifically recombine to yield attL. and attR sites, and vice
versa. An enzyme mix that catalyzes the recombination reactions between attB
and attP or between attL and attR is called the BP or LR clonase enzyme
mix, respectively. The recombination reactions between attB and attP and
between attL. and attR are called the BP and LR reactions, respectively. DNA
clones yielded by the BP and LR recombination reactions are termed “entry
clones” and “expression clones,” respectively. Detailed information on RC
can be found at Invitrogen’s website (http://www.invitrogen.com/content.cfm?
pageid=2497&cfid=1336112&cftoken=69698350). In principle, RC is specific
and efficient enough to apply to cDNA library construction. In fact, it has
recently been demonstrated that RC-assisted directional cDNA library construc-
tion has many advantages over the conventional LC-assisted method (10).
Thus, I herein describe the details of RC-assisted directional cDNA library
construction for the purpose of comprehensively analyzing cDNA clones.
In addition, the usefulness of a set of size-fractionated cDNA libraries for
comprehensive cDNA analysis has been demonstrated through the Kazusa
human cDNA sequencing project, which focuses sequencing efforts on large
cDNAs (11,12). In this context, the generation of a set of strictly size-
fractionated cDNA libraries is also described in this chapter. The resultant set
of size-fractionated cDNA libraries yielded by RC enables us to analyze cDNA
clones with sizes of interest on a random sampling basis. More importantly,
because the resulting cDNA clones are compatible with further RC, they serve
as versatile and powerful reagents for the functional analysis of genes.
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2. Materials

1.
2.
3.

10.

11.
12.
13.
14.
15.

16.

17.

18.
19.
20.
21.

22.

Water, autoclaved Milli-Q water (Millipore Corp., MA).

TE: 10 mM Tris-HCI and 1 mM ethylenediamine tetracetic acid (pH 8.0).
attB2-dT adapter primer [5-GCGAAGCCCACCACTTTGTACAAGAAAG
CTGGGCGGCCGC(T)yy-3"], purified by polyacrylamide gel electrophoresis
before use.

. attB1 adapter (upper strand, 5'-TCGACGCGTACAAGTTTGTACAAAAAAG

CAGGCTCTTC-3’; lower strand, 5’-pGAAGAGCCTGCTTTTTTGTACAAACT
TGTACGCG-3’), purified by high-performance liquid chromatography and
annealed by 30-min gradual cooling to room temperature after heating at 95°C
for 5 min in TE.

5X First-strand buffer: 250 mM Tris-HCI (pH 8.3), 375 mM KCl, and 15 mM
MgCl,.

5X Second-strand buffer: 100 mM Tris-HCI1 (pH 6.9), 450 mM KCI, 23 mM
MgCl,, 0.75 mM B-NAD*, and 50 mM (NH,),SO,.

. 5X T4 DNA ligase buffer: 250 mM Tris-HCI (pH 7.6), 50 mM MgCl,, 5 mM ATP,

5 mM dithiothreitol (DTT), and 25% (w/v) polyethylene glycol 8000.

10 mM dNTP mix: 10 mM each of dATP, dGTP, dCTP, and dTTP.

1X Gel loading solution: 0.1% sodium dodecyl sulfate (SDS), 5% glycerol, and
0.005% bromophenol blue.

attP donor plasmid harboring ampicillin-resistance marker gene (e.g., attP pSP73
donor plasmid or attP pSPORT-1 donor plasmid, or a down-sized attP pSPORT-1,
described in refs. 10 and 12).

SYBR Green I (Molecular Probes, Inc., OR).

BP clonase enzyme mix (Invitrogen, CA).

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

2XYT medium: 1.6% tryptone, 1.0% yeast extract, and 0.5% NaCl.

SOC medium: 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgSO,, and 20 mM glucose.

LB agar plate containing ampicillin: 1.5% agar containing 1% tryptone, 0.5%
yeast extract, 0.5% NaCl, and 50 pg/mL ampicillin.

Enzymes: Superscript I reverse transcriptase (200 U/uL; Invitrogen), Escherichia
coli DNA polymerase I (10 U/uL), E. coli DNA ligase (10 U/uL), T4 DNA
polymerase (5 U/uL), E. coli RNase H (2 U/uL), T4 DNA ligase (5 U/uL),
[-agarase.

Polyadenylic acid (Sigma Chemical Co., MO) used after phenol treatment
followed by ethanol precipitation.

PEG/NaCl solution: 20% (w/v) polyethylene glycol 6000 and 2.5 M NaCl.
ElectroMax DH10B (Invitrogen).

E. coli Pulser equipped with E. coli Pulser Cuvette with 0.1-cm electrode gap
(Bio-Rad Laboratories, CA).

Dark reader™ (Non-ultraviolet transilluminator, Clare Chemical Research, CO).
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23. DNA size markers: bacteriophage A DNA digested with HindIII (available from
many companies) and supercoiled DNA ladders (Invitrogen).
24. Fluorelmager 595 (Amersham Biosciences Corp., NJ).

3. Methods

The cDNA library construction method described below is essentially
according to that reported by Ohara and Temple (10). However, the core part
of this method originates from the method by Gubler and Hoffman (8), which is
widely used in a kit for cDNA library construction because of its simplicity
and robustness. RNA and DNA manipulations were performed by standard
methods (13,14) and are not described here in detail because of space limita-
tions, except for those critical in this method. The method described in this
section outlines in vitro synthesis of double-stranded cDNA, purification of the
double-stranded cDNA, in vitro recombination reaction and transformation,
and size fractionation of the cDNA library. The outline is schematically shown
in Fig. 1.

3.1. Synthesis of Double-Stranded cDNA Ligated
with attB1 Adapter

Poly(A)* RNA, not total cellular RNA, should be used as a template for
cDNA synthesis as far as possible. Because many excellent kits are com-
mercially available, it is not difficult to obtain a high-quality RNA on your own
(see Note 1). However, it is highly recommended that you check the integrity
of your poly(A)* RNA before cDNA synthesis by RNA blotting analysis. A
cDNA fragment for cytoplasmic dynein (about 16 kb) is our favorite probe for
quality control of poly(A)* RNA by RNA blotting analysis because RNA blot-
ting analysis becomes more sensitive to the integrity of the RNA preparation
when longer mRNA is examined. Even when commercially available poly(A)*
RNA is used for cDNA library construction, this quality check should be done
unless the amount of the RNA is seriously limited. As a rule of thumb, it is
recommended that cDNA library construction should start with more than
1 ug of poly(A)* RNA if the expected number of primary cDNA clones is
larger than 10°.

The method described here is a modification of a commercially available
kit from Invitrogen (http://www.invitrogen.com:80/Content/Tech-Online/
molecular_biology/manuals_pps/18267.pdf), which is essentially based on the
method of Gubler and Hoffman (8).

1. Mix poly(A)* RNA (1-5 pg) with 100 pmol of attB2-dT primer in a sterile
0.5-mL microcentrifuge tube. Heat the mixture to 70°C for 10 min and then
quick chill on ice.
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First-strand cDNA synthesis with attB2-dT primer

MRNA - - e AAAA..AAAA
h 5-OH
dT,, TattB2
Second-strand cDNA synthesis l Not | site
( Not | site
5-P
l e
5'-OH attB2
Adapter ligation HEEE 5-P
Phosphorylated attB1 adapter
¢— Not | site
5
attB1 attB2 attB1

Size fractionation

In vitro Recombination

(BP clonase) Donor plasmid

Transformation of E. coli cells

cDNA clone

Size fractionation
of cDNA plasmids

A set of Size-fractionated cDNA libraries

Fig. 1. Overall procedures for cDNA library construction and size selection.

2. After collecting the contents of the tube by brief centrifugation, add 4 uL of 5X
first-strand buffer, 2 uL of 0.1 M DTT, and 1 pL of 10 mM dNTP mix to give
a reaction mixture of 15 pL (for 5 ug of poly(A)* RNA; this final volume is
determined according to the amount of SuperScript II reverse transcriptase ([RT]
finally added). Place the tube containing the reaction mixture at 37°C for 2 min.
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3. Add SuperScript I RT to the reaction mixture (1 UL [200 U] of SuperScript II RT
for each of 1 ug of poly(A)* RNA). Regardless of the amount of starting poly(A)*
RNA, the total volume should be kept at 20 pL.. Mix gently and incubate at 37°C
for 30 min, and then at 42°C for an additional 30 min. If necessary, the reaction
temperature may be elevated to 50°C (see Note 2).

4. Place the tube on ice to temporarily terminate the first-strand synthesis reaction.
Add 91 pL of water, 30 UL of 5X second-strand buffer, 3 uL. of 10 mM dNTP
mix, 1 UL of E. coli DNA ligase, 4 uL of E. coli DNA polymerase, and 1 puL
of E. coli RNase H to the reaction mixture for the first-strand synthesis (final
volume, 150 uL). The second-strand synthesis reaction allowed to proceed for
2hat 16°C.

5. Add 10 U of T4 DNA polymerase and continue the incubation at 16°C for 5 min.
Because ligation of attB1 adapter will fail without this blunt-ending step, this
step must not be skipped. Add 5 pug of polyadenylic acid to the reaction mixture.
Then, purify the reaction mixture by extraction with phenol/chloroform/isoamyl
alcohol, followed by ethanol precipitation. Dissolve the resultant cDNA with
50 uL of TE; then add 30 uL of PEG/NaCl. Incubate the tube containing the
mixture on ice for at least 15 min, then centrifuge it at 18,500g for 20 min with a
conventional microcentrifuge at 4°C. Wash the pellet with 70% ethanol. Dissolve
the pellet in 20 uL of TE, then add 10 UL of 5X T4 DNA ligase buffer, 150
pmol of annealed upper and lower strands of attB1 adapter, and 5 uL of T4
DNA ligase to give a final volume of 50 pUL. Incubate the reaction mixture at
16°C at least for 16 h.

3.2. Purification and Size Fractionation of the Synthesized cDNA

To prepare a high-quality cDNA library with high complexity, it is critical
to purify the cDNA before inserting it into the plasmid vector. Because small
cDNA fragments have a higher cloning efficiency than large ones in RC as
well as LC, unnecessary small cDNAs (<100 bp) must be removed prior to RC.
In addition, if a cDNA library containing large cDNAs (>3 kb) is required, it is
also wise to size fractionate the synthesized cDNAs prior to RC. Although gel
filtration is widely used for this purpose, size fractionation of the synthesized
cDNAs on low-melting-temperature agarose gel is described here. In our hands,
this method is most robust and efficient in recovery yield and strictness of size
selection, particularly when a small amount of cDNA is handled.

1. Purify the reaction mixture by extraction with phenol/chloroform/isoamyl alcohol
followed by ethanol precipitation. After washing with 70% ethanol, the pellet
is briefly air-dried.

2. Dissolve the pellet with 50 uL of TE and add 30 puL of PEG/NaCl. Mix well
and incubate the tube containing the reaction mixture on ice at least for 15 min.
Centrifuge the 0.5-mL tube containing the TE/PEG/NaCl mixture at 18,500g at
4°C for 20 min with a conventional microcentrifuge. Wash the pellet with 70%
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Fig. 2. Typical results of cDNA preparation and size fractionation. The results were
obtained during the construction of the human brain cDNA library. cDNAs are shown
as typical ones. cDNA synthesis was performed using 5 (g of human brain poly(A)*
RNA (Clontech, CA). DNA was visualized by staining with SYBR-Green I (panels
A and B) or with ethidium bromide (panel C). (A) One-fortieth of the PEG/NaCl
pellet of synthesized double-stranded cDNA (before attB1 ligation) was run on a 0.7%
agarose gel (lane 1). DNA remaining in the PEG/NaCl solution was recovered by
ethanol precipitation, and one-fortieth was also run in the neighboring lane (lane 2).
A Phage DNAs digested with HindIIl were run in lane M as size markers. (B) The
recovered size-fractionated cDNAs (lane 1, 1-2 kb; lane 2, 2-3 kb; lane 3, >3 kb) were
run on a 0.7% agarose gel to check their amounts and purity. Lane M contained DNA
size markers of HindIlI-digested A phage DNA. (C) cDNA plasmids recovered from
more than 10° transformants originating from cDNAs larger than 3 kb were run on
a 0.7% agarose gel as described in Subheading 3.4. Because they were mostly in
supercoiled form, their size was estimated using supercoiled DNA size markers from
Invitrogen (lane S). Because the size of the vector portion used in this experiment
plus two attL sites was about 3.5 kb, the size of cDNA inserts was roughly estimated
from the size of cDNA plasmid minus 3.5 kb. A bias in the population of cDNA clones
toward a small size was evidently introduced during RC, although it seemed to be
less than that caused by LC.

ethanol and dissolve the pellet with 20.5 pL of 1X gel loading solution. Run
0.5 uL of the products onto 0.7% agarose gel and check the size and the amount
of the synthesized cDNA. A typical result is shown in Fig. 2A. After confirming
the integrity of the products, run the remaining products (20 uL) in a 1% low-
melting-temperature agarose gel in parallel with size markers (A phage DNA
digested with HindIII) until bromophenol blue moves about 5 cm. Visualize DNA
bands by staining with SYBR-green I using a dark reader. At this stage, it is best
to avoid ultraviolet illumination for visualization of DNA bands.
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3. Separate cDNAs smaller than 1 kb, between 1 kb and 3 kb, and larger than 3 kb as
three agarose blocks along the lane. Recover the cDNAs from the agarose blocks
using B-agarase as described by the instructions provided by the supplier. Final
recovery of cDNAs is done by ethanol precipitation using 5 pg of polyadenylic acid
as a carrier. The quantity of the recovered cDNAs was checked by agarose gel electro-
phoresis and SYBR-green I staining. A typical result is shown in Fig. 2B. The
amounts of cDNAs are determined by comparing the signal intensity of cDNAs
with those of known amounts of DNA size markers on a FluoroImager 595.

3.3. In Vitro Recombination Reaction Followed
by Electroporation of E. coli Cells

After purification and size fractionation, the recovered cDNAs are subjected
to RC. For RC, the protocols are well documented in detail in a manual of the
GATEWAY system (Invitrogen), the commercial name of the RC system. You
can access this manual at the Invitrogen’s website (http://www.invitrogen.com/
content.cfm?pageid=2497&cfid=1336112&cftoken=69698350). The method
described here is essentially described in the manual of the GATEWAY system,
but with slight modifications for application to cDNA library construction.

1. Mix 10-30 ng of cDNA with 400 ng of attP donor plasmid carrying the ampicillin-
resistance marker gene (e.g., attP-pSP73 or attP-pSPORT-1 or a down-sized
attP-pSPORT-1; see Note 3). You can easily generate your own attP donor
plasmid using a kit from Invitrogen (Gateway"" vector conversion kit). The in
vitro recombination reaction is carried out in 20 UL as instructed by Invitrogen. In
brief, allow the recombination reaction to proceed for 16 h at room temperature.
Add 2 pL of proteinase K solution appended with the BP clonase enzyme mix
and incubate the mixture at 37°C for 10 min to quench the reaction.

2. After the addition of 5 pug of polyadenylic acid as a carrier, the reaction mixture
is purified by extraction with phenol/chloroform/isoamyl alcohol, followed by
ethanol precipitation. After washing the pellet with 70% ethanol, the pellet is
dissolved in 10 uL of water.

3. Mix 1 pL of the reaction mixture with a 20-UL suspension of ElectroMax DH10B
E. coli cells. Electroporate the E. coli cells with the reaction mixture at a setting
of 16.6 kV/cm and a pulse length of 5 ms. Add 1 mL of SOC medium to the
electroporated cells and incubate them at 37°C for 1 h with vigorous shaking.
After the incubation, the electroporated E. coli cells allow to grow on agar LB
plates containing 50 pg/mL of ampicillin at 30°C overnight. In parallel, 10 pg
of pUC19 is also introduced to ElectroMAX DHI10 B E. coli cells to check
the competence of the lot of the DHIOB E. coli cells used for cDNA library
construction. Usually, the electroporation of pUCI19 gives a transformation
efficiency of more than 10'° colony formation units (cfu)/ug of pUC19. Using
the same electroporation-competent cells, the transformation efficiency of cDNA
is usually on the order of 10 cfu/ug of cDNA. If the transformation efficiency
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is expressed as cfu/ug of donor plasmid, it is approximately on the order of
107 cfu/pug of donor plasmid and the transformation efficiency of donor plasmid
alone is on the order of 10* cfu/ug.

3.4. Size Selection of cDNA Plasmids

Although the synthesized cDNAs are size fractionated prior to RC, RC
followed by transformation of E. coli cells results in a bias toward small sizes of
cDNA in the library (10). Although the degree of this size bias is considerably
lower than that in LC, the size fractionation of cDNA plasmids is required
to make it possible to analyze cDNAs with the sizes of interest on a random
sampling basis. In general, cDNA clones harboring cDNA inserts smaller than
3 kb are easily size fractionated by various conventional methods. However,
the method described here is particularly designed to obtain size-fractionated
cDNA libraries containing cDNAs larger than 3 kb (see Note 4).

1. Recover cDNA plasmids from transformants grown on agar plates containing
ampicillin at 30°C according to a standard NaOH/SDS method (13,14). Keep
in mind that the number of the collected transformants eventually determines
the complexity of cDNA library. For comprehensive cDNA analysis, a typical
primary cDNA library should consist of more than 5 x 10° transformants.

2. The recovered cDNA plasmids in supercoiled form are run on 0.7% agarose
gel 14 cm in length at 2 V/cm overnight. A typical result of this preparative
electrophoresis is shown in Fig. 2C. The plasmids are visualized with ethidium
bromide dissolved in water on a Fluorolmager 595, and then size fractionated
as gel blocks.

3. The size-fractionated cDNA plasmids are retrieved from the gel block with
B-agarase after being electrophoretically transferred to a 1% low-melting-
temperature agarose gel. When the amount of the size-fractionated cDNA
plasmids is large enough (>100 ng), it is acceptable to use other conventional
methods for recovery of DNA from gels (15).

4. Each of the fractions of the size-fractionated cDNA plasmids is again introduced
into DH10B E. coli cells by electroporation. Recover the plasmids from at least
106 transformants as described in step 2. The resultant cDNA plasmids are again
separated and purified on agarose gel in the same way as described in step 2.

5. Repeat the procedures described in steps 1 and 2 until the recovered cDNA
plasmids appear as a single broad band on agarose gel. Although the fractions
containing cDNA inserts smaller than 3 kb usually become pure enough after
two rounds of size fractionation, three rounds of size fractionation are usually
required for the fractions consisting of large cDNA plasmids.

6. Transform DH10B E. coli cells with the purified cDNA plasmids and recover
cDNA plasmids from more than 10° cells.

7. Evaluate the purity of the final size-selected cDNA plasmids in supercoiled form
by agarose gel electrophoresis. A typical result is shown in Fig. 3.
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Fig. 3. A typical gel image of a set of size-fractionated cDNA plasmids in supercoiled
form. A mixture of cDNA plasmids shown in Fig. 2C was size-separated as described
in Subheading 3.4., and the resultant size-separated cDNA plasmids recovered from
E. coli cells were run in supercoiled form on a 0.7% agarose gel. In this case, size-
fractionated human brain cDNA plasmids harboring cDNA inserts larger than 4 kb
were retrieved and analyzed in lanes 1-6. Size markers for supercoiled plasmid DNAs
were run in lane S to estimate the size of cDNA plasmids. Weak bands in each of
lanes 1-6 next to strong bands corresponding to supercoiled cDNA plasmids are
considered to be open-circular cDNA plasmids. As long as the size-fractionated cDNA
plasmids were examined by agarose gel electrophoresis in supercoiled form, they were
sufficiently size-selected for further characterization.

4. Notes

1. To obtain a high-quality cDNA library, it is essential to use poly(A)* RNA
with high integrity as a template. For this purpose, many excellent kits are
commercially available at present. Two additional commercial options have
recently emerged. One is an agent that stabilizes RNA in tissues and cultured
cells prior to RNA extraction, commercially named RNA later™ (available from
many distributors; e.g., from Ambion, Inc., TX); the other is a cytoplasmic
RNA extraction kit from Invitrogen. These two options are expected to be
quite powerful in some cases, although their performance should be carefully
examined prior to particular applications.

2. The use of SuperScript II, a modified MMLV RT lacking RNase H activity,
is described in this chapter because this enzyme is widely accepted to have
high performance. Recently, a different type of thermostable RT originating
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from AMV RT becomes commercially available and is named ThermoScript™
(Invitrogen). Because a dT,, primer flanked by a relatively long attB2-Notl
sequence (40 nucleotides long) is used in the method described in this chapter,
the initial reaction temperature is set below 42°C for efficient priming of cDNA
synthesis with this primer. However, recent articles have described that the ele-
vated reaction temperature increased not only the product size but also the fidelity
(16). Furthermore, the inclusion of trehalose in the RT reaction mixture con-
siderably improves the performance of RT at high temperature according to the
report by Carninci et al. (17). Thus, the use of a different RT and the elevation
of temperature during reverse transcription might make sense if you have some
concerns in the performance of RT.

3. A donor plasmid conferring ampicillin-resistance to E. coli cells is used as a
vehicle of cDNA in this chapter, although a commercially available attP donor
plasmid has kanamaycin-resistance. This is because the transformation efficiency
of plasmids by electroporation is known to be dependent on the type of antibiot-
ics used for selecting transformants (18). Although some controversy still
remains regarding the reported dependence of the electroporation transformation
efficiency on the selection antibiotic marker, it is safe to use a donor plasmid
harboring the ampicillin-resistance marker gene if you want to have the highest
cloning efficiency for cDNA library construction. Although the attP donor
plasmid with the ampicillin-resistant gene marker is not commercially available
at present, one can prepare this type of new donor plasmid from any vector
using the attR cassette DNA fragment available from Invitrogen (Gateway""
vector conversion kit). Another important factor in preparing a cDNA library
with high complexity is to use competent E. coli cells with an extremely high
transformation efficiency by electroporation (>10'° cfu/ug of pUC19). In addi-
tion, it is critical to use the same E. coli strain to propagate cDNA clones after
yielding primary cDNA clones during the size-fractionation procedures because
we have observed that a change in strain causes a serious bias in the population
of cDNA clones in the library.

4. The size selection of cDNA plasmid in super coiled form is described in this
chapter. In these protocols, a fresh plasmid sample should be subjected to size
fractionation because the number of cDNA plasmids in open-circle form tends to
increase during storage. Because no plasmid preparation can be completely free
of the open-circle form, multiple rounds of size fractionation are usually required
to obtain a plasmid mixture containing cDNA in a narrow range of sizes. The size
separation of linearized DNA by gel electrophoresis is easier and more efficient
than this, but it has some practical problems; that is, cDNA plasmids cannot be
linearized with restriction enzymes without the risk of losing particular clones
that have internal site(s) for the restriction enzyme and the recircularization
step using ligase imposes a bias in the cDNA mixture toward small sizes. The
size selection of cDNA plasmids in supercoiled form is the most robust of all
those examined so far.
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5. Future Developments

The resulting size-selected cDNA libraries serve as useful resources for
comprehensive cDNA sequencing analysis based on random sampling. How-
ever, there is still some room for improvement in this method. First, because
the cDNA synthesis steps in this method are essentially the same as those in
conventional methods for LC-assisted cDNA library construction, it is easy
to combine this method with other methods for full-length cDNA enrichment
(2-5). Second, although this method yields cDNA clones in a form of “entry”
clone (i.e., carrying attL sites), clones in which cDNAs are flanked by shorter
recombination sites (i.e., in a form of “expression” clone containing attB sites)
are more convenient for sequencing and protein production. Third, because
this method is found to generate a small but considerable number of artificial
cDNA clones (8), preventing the occurrence of these artificial clones is another
important concern. These points are quite important to further improve the
quality and performance of cDNA libraries and many efforts are currently
being made to solve these problems. For example, the generation of cDNA
libraries in a form of expression clone is recently reported (12).
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Construction of a Full-Length Enriched
and a 5-End Enriched cDNA Library
Using the Oligo-Capping Method

Yutaka Suzuki and Sumio Sugano

1. Introduction

With the completion of the draft sequence of the human genome (1,2), it is
now essential to extract biological information from the large volumes of human
genomic sequence data. A number of attempts, which can be comprehensively
termed “functional genomics,” are being carried out to decipher which parts
of the human genome are transcribed, how the transcripts are spliced and
translated, and what functions the eventual protein products conduct. For these
purposes, a full-length complementary DNA (cDNA) that contains the entire
sequence of the mRNA from the cap structure to the poly(A) tail is a unique
resource because a variety of information about the gene functions is contained
in a full-length cDNA sequence. The intensive analysis of a full-length cDNA
would enable us to identify the following:

1. The exact position of the mRNA transcriptional start site, which is indispensable
for the identification of the adjacent promoter.

2. The sequence of the complete 5" untranslated region (5 UTR), which is related
to the translation efficiency and the cellular localization of mRNA.

3. The continuous protein coding region (CDS), which is required for producing
a recombinant protein.

4. The sequence of the complete 3’ untranslated region (3" UTR), which is related to
the translation efficiency, the cellular localization, and the stability of mRNA.

Therefore, a collection of full-length cDNAs should serve as a valuable
resource for the functional analysis of the human genome.

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ
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However, a serious drawback exists in the cDNA libraries that are widely used
for current cDNA analyses. In many cases, reverse transcriptase cannot make
a full cDNA copy of an mRNA; instead, drops off somewhere in the middle,
yielding an incomplete copy. Thus, cDNA libraries made by the conventional
methods contain many incomplete cDNA clones that usually lack the 5’-end
sequences of the template mRNA. This, at least, in part accounts for the current
situation that most cDNA data cover mainly the 3’ ends of messenger RNA
(mRNA) and the information about sequences near the 5’-ends remains limited.

In order to eliminate this drawback, we considered it essential to develop
new technology to construct “a full-length cDNA library,” which is a cDNA
library consisting preferentially of full-length cDNAs. In order to make a
full-length cDNA library, we need to devise a type of selection procedure to
pick up full-length cDNAs from a cDNA pool predominantly occupied by
truncated ones. “Selection of a full-length cDNA” is synonymous to “selection
of a cDNA that contains both ends of the mRNA.” Thus, in order to select a
full-length ¢cDNA, the features characteristic of the 3" end and the 5" end of
an mRNA should be tagged for the selection. A full-length cDNA could be
selected via selection steps for both the 3’-end and the 5’-end “tags.”

The poly(A) stretch is a characteristic feature of the 3’ end of an mRNA.
Conventional methods have generally utilized the poly(A) as a “sequence tag”
to select the 3’-end of an mRNA. In the conventional methods, the first strand
cDNA is usually synthesized starting from an oligo(dT) primer. Because dT
primers mostly hybridize at the poly(A) tail, most of the cDNA is selectively
synthesized from the 3’ end of the mRNA. Therfore, the conventional methods
include the selection step for the 3’-end “tag” of the mRNA.

In contrast, conventional methods include no selection step for the 5" end of
the mRNA. As a result, the largest part of the cDNA library constructed by the
conventional methods consists of cDNAs that lack the 5" end of the mRNA.
The main reason for this lies, in our view, in the fact that mRNA does not
originally have a “sequence tag” at the 5" end. The 5" end of an mRNA does
have a characteristic structure, called the cap structure, but, unfortunately, it
is not a “sequence tag.” Unlike the poly(A) at the 3’ end, the cap structure
cannot be used for hybridization as it is. If the 5’-end “tag” of an mRNA
were also a “sequence tag,” it would be easy to utilize the tag to select the
5" end of an mRNA.

In order to introduce a “sequence tag” to the 5" end of an mRNA, we have
developed a new method, which we named the “oligo-capping” method (3).
This method allowed us to enzymatically replace the cap structure of an mRNA
with a synthetic oligonucleotide (see Fig. 1). Each mRNA product of the
“oligo-capping” should contain the sequence tags at both its ends, namely
poly(A) at the 3" end and the cap-replacing oligo at the 5" end. With the “oligo-
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Fig. 1. (A) Schematic presentation of the construction of a full-length enriched
and a 5-end enriched cDNA library. According to the scheme shown, a full-length
enriched and a 5’-end enriched cDNA library are constructed. Gppp: the cap structure;
p: phosphate; OH: hydroxyl; AAAA: poly(A). (B) Enzymatic activity of TAP. TAP
cleaves the triphosphate at the position shown by the arrowhead, leaving a phosphate
at the 5" end of the mRNA. (C) Plasmid map of the cloning vector pME18S-FL3. The
cDNAs are inserted between the Dralll sites of the plasmid.
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capped” mRNAs as starting material, we developed a new system to selectively
clone the cDNAs that contain both of the sequence tags at the respective ends.
Following the scheme shown in Fig. 1, we were able to construct a cDNA
library in which the content of “full-length” cDNA is significantly enriched
(“full-length enriched” cDNA library) (4,5).

It is also possible that the full-length enriched cDNA library may not include
cDNAs of long mRNAs, because the distance between the cap structure and
the poly(A) may be beyond the limit that the reverse transcriptase can copy. In
such cases, the cDNAs could not be cloned because of the lack of the 5’-end
tags. This is especially likely when an mRNA longer than 5 kb is used as a
template. In order to address this issue, we also developed a system to construct
a “5’-end enriched cDNA library” to cover the 5" ends of long mRNAs (see
Fig. 5). In case the full-length cDNA could not be directly obtained from the
full-length enriched library, the 5’-end enriched library and the conventional
cDNA library, which is enriched for the 3" end of the mRNA, could be used
complimentarily with each other to isolate the full-length cDNA (4).

1.1. Principles of the Construction of a Full-Length Enriched
and a 5’-End Enriched cDNA Library

Figure 1A illustrates the scheme for the construction of a full-length enriched
and a 5-end enriched cDNA library. The “oligo-capping” procedure consists
of three steps of enzymatic reactions. First, bacterial alkaline phosphatase
(BAP) hydrolyzes the phosphate from the 5" ends of truncated mRNAs that
are noncapped. The cap structure on full-length mRNAs remains intact during
this reaction. Second, tobacco acid pyrophosphatase (TAP) cleaves the cap
structure itself at the position indicated by an arrow in Fig. 1B, leaving a
phosphate at the 5" ends of mRNAs. Finally, T4 RNA ligase selectively ligates
the synthetic oligoribonucleotide to the phosphate at the 5" end. As a result, the
oligoribonucleotide is introduced only to the 5" ends of mRNAs that originally
had the cap structure.

With “oligo-capped” mRNA as the starting material, first-strand cDNA
is synthesized using an oligo-(dT) adaptor primer for a full-length enriched
cDNA library or using a random hexamer adaptor primer for a 5’-end enriched
cDNA library. After first-strand cDNA synthesis, the template mRNA is
subjected to alkaline degradation. Then, polymerase chain reaction (PCR)
is performed with 3’- and 5’-end primers that contain part of the adaptor primer
sequence and the cap-replaced oligonucleotide sequence, respectively. The
amplified cDNA fragments are digested with restriction enzymes, size fraction-
ated and cloned into a plasmid vector in an orientation-specific manner.
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2. Materials (see Notes 1 and 2)

1.

12.

13.
14.

15.
16.

17.
18.

19.

20.

Thermal cycler: Zymoreactor II (Atto, Tokyo, Japan) for library construction
and GeneAmp PCR System 9700 (ABI, Foster City, CA) for colony PCR and
sequencing reaction.

Sequencer: 3700 DNA Analyzer (ABI).

Centrifuge: GS-6KR (Beckman) for centrifugation of 50-mL tubes and M150-IVD
(Sakuma, Tokyo, Japan) for 1.5-mL microtubes. Any type of centrifuge with a
refrigerator may be used.

Tubes: We have confirmed that the following tubes are RNase free when newly
opened. They should be used without autoclaving or diethyl pyrocarbonate
(DEPC) treatment: 50-mL tubes (cat. no. 227 261; Greiner, Frickenhausen, Ger-
namy); 1.5-mL tubes (cat. no. 0030 102.002; Eppendorf, Hamburg, Gernamy).

. Mechanical homogenizer: Polytron (cat. no. PT10-35, Kinematica, Luzern,

Switzerland).
Carrier for the ethanol precipitation (RNase-free): ethachinmate (cat. no.
312-01791; WAKO, Tokyo, Japan).

. RNA extraction kit: RNeasy (cat. no. 75163; Qiagen, Chatsworth, CA); Trizol

(cat. no. 15596-018; Invitrogen, Carlsbad, CA).
Poly(A) selection: Oligo-(dT) cellulose (cat. no. OT-125-B; Molecular Research
Center, Cincinnati, OH).

. Polypropylene column: Poly-Prep (cat. no. 731-1550; Bio-Rad, Hercules, CA).
10.
11.

RNasin (40 U/uL; cat. no. N2111; Promega, Madison, WI).

Bacterial alkaline phosphatase (0.25 U/uL; cat. no. 2110; TaKaRa, Kyoto,
Japan).

Tobacco acid pyrophosphatase (20 U/uL; purified from tobacco cells, BY-2,
following the procedure described in ref. 6). Alternatively, TAP is now com-
mercially available (cat. no. 313-04021; Wako).

T4 RNA ligase (25 U/uL; cat. no. 2050; TaKaRa).

Polyethylene glycol (PEG) 8000: 50% (w/v) PEG 8000 (cat. no. P2139; Sigma,
St. Louis, MO). Add dH,O to PEG 8000 so that the concentration is 50% (w/v).
Dissolve the PEG 8000 at 65°C. Sterilize the solution by filtration through a
0.22-uM membrane: MILLEX-GV (cat. no. SLGV025LS, Millipore, Molsheim,
France).

DNase I (RNase-free) (5.0 U/uL; cat. no. 2215; TaKaRa).

Spin column: S-400HR (cat. no. 27-5140; Amersham Pharmacia Biotech,
Piscataway, NJ).

Superscript II (200 U/uL; cat. no. 18064-014; Invitrogen).

PCR kit: GeneAmp (cat. no. N808-0192; Perkin-Elmer, Norwalk, CT, USA) for
library construction; ExTaq (cat. no. RRO01A; TaKaRa) for colony PCR.
Restriction enzymes: Sfil (20 U/uL; New England Biolabs Beverly, MA); Dralll
(20 U/uL; New England Biolabs).

Agarose (cat. no. 312-01193; WAKO).
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21.
22.

23.
24.

25.

26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.
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DNA ligation kit (cat. no. 6021; TaKaRa).

MgCl, (cat. no. 135-00165; WAKO), ATP (cat. no. A2, 620-9; Sigma), dATP,
dCTP, dGTP, dTTP (cat. no. 4026-4029; TaKaRa), NaOH (cat. no. 197-02125;
WAKO), mineral oil (cat. no. M5904, Sigma).

Competent cells: TOP10 (cat. no. C4040-50; Invitrogen).

2X Loading buffer for poly(A) selection: 40 mM Tris-HCI (cat. no. T-1503;
Sigma) (pH 7.0), 1 M NaCl (cat. no. 191-01665; WAKO), 2 mM EDTA (cat. no.
345-01865; WAKO) (pH 8.0), 0.2% (w/v) sodium dodecyl sulfate (SDS) (cat.
no. 191-07145; WAKO).

5X BAP buffer: 500 mM Tris-HCI (pH 7.0), 50 mM of 2-mercaptoethanol
(cat. no. 137-06862; WAKO). Do not use the supplied buffer because the pH of
the buffer is so high that it is hazardous to RNA.

5X TAP buffer: 250 mM sodium acetate (pH 5.5), 50 mM of 2-mercaptoethanol,
5 mM EDTA (pH 8.0).

10X Ligation buffer: 500 mM Tris-HCI (pH 7.0), 100 mM of 2-mercaptoethanol.
10X STE: 100 mM Tris-HC1 (pH 7.0), 1 M NaCl, 10 mM EDTA (pH 8.0).
QIAquick Gel Extraction kit (cat. no. 28704; QIAGEN, Hilden, Germany).
DNA ligation kit (cat. no. 6021; TaKaRa).

Cloning vector: pME18S-FL3 (Genbank acc. no. AB009864; Fig. 1C).

Buffers and columns marked with asterisks in the text are included in the
corresponding kit.

5’-Oligoribonucleotide A: 5'-AGCAUCGAGUCGGCCUUGUUGGCCUACU
GG-3’ (100 ng/uL; custom order, TaKaRa).

Oligo-(dT) adapter primer B: 5-GCGGCTGAAGACGGCCTATGTGGCC(T),;-3’
(5 pmol/uL; custom order, Invitrogen).

Random hexamer adapter primer C: 5-GCGGCTGAAGACGGCCTATGTG
GCCNNNNNNC-3’ (10 pmol/uL; custom order, Invitrogen).

5’ Primer D: 5-AGCATCGAGTCGGCCTTGTTG-3’ (10 pmol/uL; custom
order, Invitrogen).

3’ Primer E: 5-GCGGCTGAAGACGGCCTATGT-3" (10 pmol/uL; custom
order, Invitrogen).

3’ Primer F for the EF1-o amplification: 5’-ACGTTCACGCTCAGCTTTCAG-3’
(10 pmol/uL; custom order, Invitrogen).

3’ Primer G for the EF1-o amplification: 5-AACACCAGCAGCAACAAT
CAG-3’ (10 pmol/uL; custom order, Invitrogen).

Colony PCR primer H (forward): 5-TCAGTGGATGTTGCCTTTAC-3’
(3.2 pmol/uL; custom order, Invitrogen).

Colony PCR primer I (reverse): 5-TGTGGGAGGTTTTTTCTCTA-3’
(3.2 pmol/uL; custom order, Invitrogen).

Sequencing primer J (forward read): 5'-GGATGTTGCCTTTACTTCTA-3’
(3.2 pmol/uL; custom order, Invitrogen).

Sequencing primer K (reverse read): 5’-CGACCTGCAGCTCGAGCACA-3" (3.2
pmol/uL; custom order, Invitrogen).
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3. Method
3.1. RNA Isolation from Tissues or Cultured Cells (see Note 3)
3.1.1. Total RNA Isolation Using Trizol

1.
2.

Put 20 mL of Trizol" in a 50-mL tube.

Add up to 1 g of tissue or sample material to the tube and crash the sample using
a Polytron (Kinematica). If a mechanical homogenizer is not available, grind the
sample to a fine powder in a mortar filled with liquid nitrogen.

Centrifuge the tube at 3500g for 10 min at room temperature (RT) to remove the
tissue that has remained undissolved.

Decant the supernatant to a new tube and discard the debris.

Add 4 mL of chloroform and rock the tube for 3 min at RT.

Centrifuge at 3500g for 20 min at RT.

Transfer the upper layer gently to a fresh tube (see Note 4).

Add 10 mL of 100% (v/v) isopropanol and let it stand for 10 min at RT.
Centrifuge at 3500g for 20 min.

Discard the supernatant and wash the pellet with 5 mL of 80% (v/v) ethanol.

. Briefly spin down the pellet and remove the supernatant.
. Dissolve the pellet in 1 mL of dH,O.
. To check the RNA, take 1 UL of the solution, add 4 UL of dH,O and apply to a

2 % agarose gel in TAE for electrophoresis (see Note 5).

3.1.2. Purification of the Total RNA Using RNeasy

1.
2.
3.

Add 15 mL of RLT" to the sample prepared in Subheading 3.1.1.

Add 15 mL of 70 % (v/v) ethanol to the tube and mix well.

Apply the solution to the RNeasy column* and let it pass through by brief
centrifugation at 2300g at RT. Discard the flow through and repeat this step until
the entire sample has been applied.

. To wash the column, apply 10 mL of RW1" to the column and centrifuge briefly

at 3000 rpm at RT. Discard the flowthrough.

. To wash the column further more, apply 10 mL of RPE" to the column and centrifuge

briefly at 2300g at RT. Discard the flow through and repeat this step once more.
Use a fresh tube to collect the eluate. To elute the sample, apply 1.2 mL of dH,O
to the column and let it stand for 1 min at RT. Centrifuge at 2300g for 1 min
at RT. Collect the eluate.

To check the RNA, take 3 UL of the sample, add 2 uL. of dH,O and apply to a
2% agarose gel in TAE for electrophoresis (see Note 5).

3.1.3. Poly(A) Selection of the RNA (see Notes 6 and7)

1.

Transfer the oligo-(dT) powder from two prepacked columns” to a polypropylene
Poly-Prep column (Biorad). The bed volume of the powder should be approx
0.5 mL when the powder from two columns is used (see Note 6).
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Denature the dT powder by washing with 3 mL of 0.1 N NaOH.

Wash out the alkaline solution with 5 mL of dH,O0.

Pre-equilibrate the column with 5 mL of 1X loading buffer.

Set a fresh tube to collect the flowthrough.

Add an equal volume (1.2 mL) of 2X loading buffer to the sample, mix well,
and apply to the column.

Collect the flow through and apply to the column. Repeat this step two more
times.

Wash the column with 5 mL of 1X loading buffer.

Set a fresh collection tube and elute the sample by applying 3 mL of dH,O.

. Add 8 mL of 100% ethanol and 330 UL of 3 M sodium acetate (pH 5.5) and

centrifuge for ethanol precipitation.

Dissolve the sample in 100 uL of dH,O and ethanol precipitate once more (as
described in Subheading 3.2.1., steps 4 and 5).

Dissolve the sample with 72.3 pL of dH,0.

Take 5 pL of the solution and apply to a 2% agarose gel in TAE for electrophoresis
(see Note 5).

BAP Reaction

Set up a BAP reaction by combining: 67.3 UL of the sample [10-20 ug of poly(A)*
RNA], 20.0 pL of 5X BAP buffer, 2.7 uL. of RNasin, and 10.0 uL of BAP.
Incubate at 37°C for 60 min.

Add an equal volume of phenol:chloroform (1:1) to the sample and mix well.
Centrifuge at 12,000g briefly at 4°C. Transfer the upper aqueous layer to a
fresh tube.

. Ethanol precipitate the RNA by adding 1 puL of ethachinmate, 11 UL of sodium

acetate (pH 5.5), and 275 pL of 100% ethanol. Centrifuge at 12,000g at 4°C
for 10 min.

Remove the supernatant and rinse the pellet with 150 uL of 80% (v/v) ethanol.
Drying is not necessary (see Note 8).

Dissolve the sample in 75.3 pL of dH,0.

TAP Reaction

Set up a TAP reaction by combining: 75.3 puL of the sample, 20.0 uL of 5X TAP
buffer, 2.7 UL of RNasin, and 2.0 pL of TAP.

Incubate at 37°C for 60 min.

Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

Resuspend the sample in 11.0 uL of dH,O0.

RNA Ligation

(sequence A) by combining 11.0 UL of the sample, 4.0 uL of the 5’-oligoribonu-
cleotide, 10.0 UL of 10X ligation buffer, 10.0 uL of 50 mM MgCl,, 2.1 uL of



Constructing a cDNA Library Using Oligo-Capping 81

hed
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1.

2.
3.
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3.6.

24 mM ATP, 2.5 pL of RNasin, 10.0 pL of T4 RNA ligase, and 50.0 UL of 50%
(w/v) PEG 8000.

Incubate at 20°C for 3 h.

Add 200 pL of dH,0.

Extract with 300 UL of phenol: chloroform (1: 1) (see Note 9). Ethanol precipitate
by adding 1 puL of ethachinmate, 33 puL of sodium acetate (pH 5.5), and 825 puL.
of 100% ethanol (the rest of the procedure is as described in Subheading 3.2.,
steps 3-5).

Dissolve the sample in 70.3 pL of dH,0.

DNase | Treatment

Remove the residual DNA with DNase I by combining 70.3 uL of the sample,
16.0 uL of 50 mM MgCl,, 4.0 uL of 1 M Tris-HCI (pH 7.0), 5.0 uL of 0.1 M
dithiothreitol (DTT) (use DTT supplied with SuperScript II), 2.7 uL. of RNasin,
and 2.0 uL of DNase L.

Incubate at 37°C for 10 min.

Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

Dissolve the sample in 45 pL of dH,0.

Spin-Column Purification

Remove excess 5’-oligoribonucleotide and fragmented DNA by spin-column
chromatography.

1.

Resuspend the resin of the column S400HR™ thoroughly by vortexing.

2. Centrifuge the column for 1 min at RT at 735g (see Note 10) to remove the

et

= N @

pre-equilibrated water. Discard the flow through.

In order to completely remove the water, repeat the previous step once more.
Add 5 pL of 10X STE to the sample, mix briefly, and gently, and apply to the
column.

Set a fresh tube for collecting the eluate and let the sample pass through the
column by centrifugation at 735g for 2 min at RT.

Add 50 pL of dH,0.

Ethanol precipitate (as described in Subheading 3.2., steps 4 and 5).

Dissolve the sample in 21 pL of dH,0.

First-Strand cDNA Synthesis

Synthesize first-strand cDNA with reverse transcriptase, SuperScript II, by
combining: 21 pL of the sample, 10.0 puL of 5X first-strand buffer,” 8.0 uL of the
4 dNTPs at 5 mM each, 6.0 uL of 0.1 M DTT,” 2.5 uL of the oligo-(dT) adapter
primer (sequence B), 1.0 UL of RNasin, and 2.0 uL of SuperScript II for the
full-length ¢cDNA library. For the 5’-end enriched library, use 2.5 uL of the
dR (random hexamer) adapter primer (sequence C) instead of the oligo-(dT)
adapter primer.
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Incubate at 42°C for more than 3 h for the full-length cDNA library. For the 5"-end
library, incubate at 12°C for 1 h and 42°C for more than 3 h (see Note 11).

Add 50 pL of dH,O and extract the solution with phenol:chloroform (1:1) (as
described in Subheading 3.2., step 3).

Add 2 pL of 0.5 M EDTA (pH 8.0) to stop the reaction completely.

3.8. Alkaline Degradation of the Template mRNA

1.

2.
3.

4,

Degrade the template RNA by adding 15 UL of 0.1 M NaOH. Incubate at 65°C
for 40 min.

Add 20 pL of 1 M Tris-HCI (pH 7.0) to neutralize.

In order to remove the fragmented RNA, ethanol precipitate the first-strand
cDNA by adding 1 uL of ethachinmate, 70 uL of 7.5 M ammonium acetate (see
Note 12), and 500 pL of ethanol (the rest of the procedure is as described in
Subheading 3.2., steps 3-5).

Dissolve the sample in 50 pL of dH,0.

3.9. Confirmation of the First-Strand cDNA

In order to confirm the integrity of the first-strand cDNA and the rate of
success of the “oligo-capping,” PCR amplify the 5" end of the EF1-o0 mRNA.

1.

Combine 1 puL (1/50) of the first-strand cDNA (for the full-length library and
the 5’-end library) in 52.4 uL of dH,0 with 30.0 uL of 3.3X reaction buffer II,"
8.0 UL of the 4 ANTPs at 2.5 mM each,” 4.4 uL of 25 mM magnesium acetate,”
1.6 pL of the 5" primer (sequence D), 1.6 UL of the 3’ primer (sequence F) or
1.6 UL of the 3" primer (sequence G), and 2.0 uL of rTth DNA polymerase. All
of the reaction components except for the primers are included in the GeneAmp
kit. Overlay with 125 pL of mineral oil.

Thermocycle for 30 cycles at 94°C, 1 min; 52°C, 1 min; 72°C, 1 min.

Take 5 uL (1/10-1/20) of the PCR products and apply to a 2% (w/v) agarose gel
in TAE for electrophoresis. Confirm the PCR products of 312 bp and 474 bp for
primer pairs D + F and D + G, respectively (see Fig. 2).

3.10. PCR Amplification of the cDNA

1.

4.

Use 10-25 uL (1/5-1/2; depending on the quality and quantity of the starting
RNA; usually 10 pL is sufficient) of the first strand cDNA in 52.4 puL of dH,0
with 30.0 uL of 3.3X reaction buffer II," 8.0 uL of the 4 dNTPs at 2.5 mM each,”
4.4 uL of 25 mM magnesium acetate,” 1.6 uL of 5" Primer (sequence D), 1.6 uL
of 3’ Primer (sequence E), and 2.0 uL of rTth DNA polymerase. Overlay with
125 pL of mineral oil.

Thermocycle for 12—-15 cycles (depending on the quality and quantity of the library;
usually 12 cycles is adequate) at 94°C, 1 min; 58°C, 1 min; 72°C, 10 min.
Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

Dissolve the sample in 89 puL of dH,0.
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Fig. 2. Confirmation of the first-strand cDNA. The 5" end of the EF1-o0 mRNA
were amplified using a primer complementary to the cap-replacing oligo (D) and the
EF1-a-specific primer (F or G). The first-strand cDNA was synthesized from the dT
primer using “oligo-capped” RNA prepared from human intestinal mucosa tissue (left)
or from the dR primer using “oligo-capped” RNA prepared from HEK293 cells (right).
The PCR products of the expected lengths (312 bp for primers B and H and 474 bp for
primers B and I) were observed in both cases. The 5" end of genes of interest could be
amplified by a similar method. M: molecular weight marker, 2-Log DNA Ladder (cat.
no. 3200S; New England Biolabs).

3.11. Sfil Digestion of the PCR Products

1.

2.
3.

Digest the PCR products by combining: 89 uL of the sample, 10 UL of NEBuffer
2," 1 uL of 100X BSA," and 2 uL of Sfil.

Incubate at 50°C overnight.

Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

3.12. Size Fractionation of the Double-Stranded cDNAs

. Electrophorese the Sfil-digested PCR products in a 1% (w/v) agarose gel in TAE.
. Excise the part of the gel containing the DNA fraction longer than 1.5 kb (see

Note 13 and Fig. 3).

. Crush and completely dissolve the gel in 800 uL of QG" at RT. Incubation at

50°C and adding isopropanol (as instructed by the supplier) are not necessary.
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Fig. 3. Image of the smear of the PCR products after gel electrophoresis. The
left panel shows the typical smeared profile of the amplified cDNAs. The open box
indicates where the gel should be excised. The broken line represent the bottom line of
the excision when enrichment of longer cDNAs is attempted (see Note 13). When the
smear is observed only at the lower part of the gel (right), the PCR reaction has failed
in amplifying the first strand cDNA. M: Molecular weight marker, 2-Log DNA Ladder
(cat. no. 3200S, New England Biolabs).

8.
9.
10.

. Apply the solution to the column” and centrifuge briefly at RT. Repeat this step

until the entire solution has been applied.
To wash the column, apply 500 puL of QG and centrifuge briefly at RT. Discard
the flowthrough.

. To wash the column further more, apply 750 uL of PE" and centrifuge for 1 min

at RT. Discard the flowthrough.

To elute the DNA, set a fresh tube to collect the eluate and apply 100 puL of
dH,O0. Let it stand still for 1 min at RT.

Centrifuge for 1 min at RT and collect the elution.

Ethanol precipitate (as described in Subheading 3.2., steps 4 and 5).

Dissolve the sample in 9 pL of dH,0.

3.13. Preparation of the Cloning Vector (see Note 14)

1.

Digest the plasmid vector pME18S-FL3 with Dralll by combining 10 pug of
pMEI18S-FL3 in 89 uL of dH,0, 10 uL of NEBuffer 3," 1 uL of 100X BSA,"
and 2 uL of Dralll.

Incubate at 37°C overnight.

Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

. Dissolve the sample in 89 UL of dH,O and repeat the digestion (Subheading 3.11.,

steps 1-3) two more times, so that the residual uncut vector is completely
digested.
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5.

Electrophorese the Dralll-digested vector in a 1% (w/v) agarose gel in TAE.
Recover the 3.0-kb vector fragment (as described in Subheading 3.12.). Also,
keep the 0.4-kb stuffer fragment to use as a mock insert.

Before using the prepared vector for the cloning of the PCR-amplified cDNA
fragments, estimate the background level of undigested vector. Using the stuffer
recovered in step S instead of the cDNAs, follow the procedure described
in Subheading 3.12. Compare the number of transformed bacterial colonies
obtained using the “mock insert plus” and the “mock insert minus” preparations.
Until the ratio of the numbers becomes more than 100: 1, repeat the digestion
and purification.

3.14. Cloning and Transformation of the Library (see Notes 15-18)

1.

Using the vector prepared in Subheading 3.13., ligate the PCR-amplified cDNA
fragments to the vector by combining: 9 uL of the cDNA fragments, 1 pL of
the prepared vector (10 ng/uL), 80 uL of Solution A,” and 10 uL of Solution
B” (DNA ligation kit, TaKaRa).

Incubate at 16°C for 3 h.

Extract with phenol:chloroform (1:1) and ethanol precipitate (as described in
Subheading 3.2., steps 3-5).

Dissolve the sample in 50 pL of dH,0.

Use 1 puL of the library to transform competent E. coli cells TOP10 by electropora-
tion according to the standard method.

3.15. Evaluation of the Quality of the Library
3.15.1. Checking the Distribution of the Insert Size

1.

2.

4.
5.
6.

Randomly pick up the colonies and culture overnight in 185 puL of LB with
ampicilin at 50 ng/mL in a 96-well microtiter plate (MTP) at 37°C.

Add 45 pL of 80% (v/v) glycerol and mix well. This solution can be stored at
—80°C and used as a glycerol stock.

Set up the colony PCR by combining 1 drop of the glycerol stock in 4.93 uL of
dH,O with 1.0 uL of 10X ExTaq Buffer,” 0.9 uL of the four dNTPs at 2.5 mM
each,” 1.56 uL of each colony PCR primer (sequences H and I), and 0.05 uL
of ExTaq DNA polymerase.

Thermocycle for 30 cycles at 95°C, 15 s; 55°C, 15 s; 72°C, 4 min.
Electrophorese 2 UL of the PCR products in a 1% agarose gel in TAE.

Evaluate the length distribution of the inserts (see Fig. 4A).

3.15.2. Sequencing Analysis and Characterization of the Library

1.

2.

Set up the sequencing reaction by combining: 2.0 UL of the PCR products, 3.0 uL
of dH,0, 4.0 uL of BigDye buffer,” and 1.0 uL of the sequencing primer
(sequence J or K).

Thermocycle for 25 cycles at 96°C, 10 s; 50°C, 5 s; 60°C, 4 min, using a 9700 ABI
thermal cycler.
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Fig. 4. Characterization and evaluation of a full-length enriched and a 5’-end
enriched cDNA library. A full-length enriched and a 5’-end enriched cDNA library
from human ileum (right panel) and HEK293 cells (left panel), respectively. (A)
Results of the colony PCR; (B) results of the BLAST search against RefSeq; (C) length
distribution of the isolated cDNAs of known genes. It is noteworthy that the population
of long cDNAs (>5 kb), which is missing from the full-length library, is present in the
5’-end enriched cDNA library.

3. Determine the sequences using a 3700 ABI sequencer.

4. Base-call and trim the vector sequence. Using the processed sequence text data,
perform the BLAST search against RefSeq, which is a database of reference
human mRNA sequences maintained at NCBI (http://www.ncbi.nlm.nih.gov/
LocusLink/refseq.html).

5. Evaluate the population of full-length cDNAs. When the 5" end of a cDNA covers the
translation initiator codon of the known gene according to the RefSeq data, the cDNA
is tentatively categorized as “full length.” Based on this criterion, the population of
the “full-length” cDNAs in a library is usually 50-80% (see Fig. 4B).

3.15.3. Examples of a Full-Length Enriched and a 5’-End Enriched
cDNA Library

A full-length enriched cDNA library and a 5’-end enriched cDNA library
were constructed according to the above-described procedure. For the full-
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length library, HEK293 cells cultured in twenty 10-cm dishes, each of which
contained 1 x 10° cells (2 x 107 cells in total) were used. For the 5’-end library,
1 g of frozen human intestinal mucosa tissue was used. After the first-strand
cDNA synthesis, one-fifth of the sample was PCR-amplified and cloned into
the vector in both cases. Figure 4 exemplifies the results of the insert size
check by colony PCR and the evaluation of the population of full-length
cDNAs by BLAST search. Assessment using the cDNAs matched known genes
(Subheading 3.15., steps 4 and 5) revealed that the populations of full-length
cDNAs constituted 64% and 82% of the full-length and the 5" end cDNA
library, respectively. The distribution of the mRNA size was calculated using
the cDNAs of known genes and the reported mRNA lengths. It is noteworthy
that mRNAs longer than 5.0 kb is included in the 5’-end library. For further
details, see ref. 4).

3.16. Genomewide Analysis of the “Oligo-Capped” cDNA Libraries
3.16.1. Large-Scale Sequencing of the Library

The full-length cDNA library construction technology enabled us to obtain
full-length cDNAs of human genes efficiently. We have constructed more than
150 kinds of full-length enriched and 5’-end enriched cDNA libraries from
a wide variety of human tissues and cultured cells. Using these cDNA librar-
ies, we have been performing large-scale one-pass sequencing. So far, we
have collected 20,000 different putative full-length cDNAs corresponding
to candidate novel genes and more than 20,000 of these cDNAs have been
completely sequenced. The analyzed cDNA data and the progress of the
project are published at our website (http://cdna.ims.u-tokyo.ac.jp/). The cDNA
sequence data have also been deposited in public databases through DNA Data
Bank of Japan (DDBJ).

3.16.2. Large-Scale Identification of the Transcriptional Start Sites
and Adjacent Promoters

Although motifs important for understanding the transcriptional regulation
of human genes are embedded in the promoter, the number of genes whose
promoter structure has been determined so far is quite limited. According to the
Eukaryotic Promoter Database (http://www.epd.isb-sib.ch/), which accumulates
reported promoter sequences, only several hundred human promoters have
been characterized (273 human genes in Release 62). In part this may be the
result of the fact that the exact mRNA start sites have not been identified
for most human genes. The conventional methods for identifying the mRNA
start site, such as S1 mapping, primer extension, and 5-RACE, are technically
difficult and often lead to the inaccurate identification of the mRINA start sites.
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In order to elucidate the genomewide features of transcriptional regulation,
we have initiated a large-scale identification of promoters of human genes. For
that purpose, the “oligo-capped” cDNA libraries are good resources, because
the 5’ end of a full-length cDNA corresponds to the transcriptional start site
(TSS) and, in many cases, the promoter overlaps or is just proximal to the TSS.
We computationally aligned the 5" ends of the full-length cDNAs onto the
human draft genomic sequences and obtained the positional information
about the TSSs on the genome. Adjacent sequences were retrieved and consid-
ered to be the promoters. The latest information on the genomewide identifica-
tion of TSSs and promoters is available from our website (http://elmo.ims.
u-tokyo.ac.jp/dbtss/). For further details, refer to ref. 7.

4. Notes

1. Since the “oligo-capping” procedure consists of multi-step enzymatic reactions
with long incubation times, the utmost care should be taken for every manipula-
tion to avoid RNase contamination and ensure that all the reagents are kept in
an RNase-free condition.

1. Wear disposable gloves and change them at each step of the procedure.

2. Use sterile, disposable tubes, tips, and pipets.

3. Bake glassware in which dH,O and other reagents will be stored at 150°C
for 4 h.

4. Take special care not to touch inside the cap of the tube whenever it is opened
or closed.

5. Every manipulation should be carried out on ice.

6. The pH of every reagent should be strictly adjusted.

2. We also avoid using an autoclave because the autoclave is used for sterilizing
culture medium in many cases, and airborne particles highly contaminated with
RNases could easily be absorbed into the reagents. In addition, RNases cannot
be inactivated by prolonged autoclaving. Some procedures employ the DEPC
treatment of the plastic and glassware before use. This aims to inactivate the
RNase activity by alkylating the histidine residues in the active sites of RNaseA-
type enzymes. However, we do not recommend DEPC treatment because it has
not been fully assessed how much influence the residual DEPC would have on
the enzymatic activities of BAP, TAP, and RNA ligase.

3. The starting RNA material must be of the highest quality obtainable. One of the most
popular methods for extracting total RNA is the AGPC method. This is a convenient
method, which is applicable for a wide variety of tissues. However, the total
RNA isolated with AGPC method contains a lot of fragmented RNA and genomic
DNA. RNeasy (Qiagen) contains a column to remove such undesirable fractions.
Therefore, we combine these two kits for the isolation of total RNA. If cultured
cells are used as an RNA source, the most highly recommended method is the
NP-40 method (8). Using this method, only the cytoplasmic RNA can be isolated.
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Fig. 5. Assessment of the RNA quality. The panels show gel electrophoretic profiles
of the RNAs sampled after Trizol extraction (left), RNeasy purification (middle), and
poly(A) selection (right). The RNAs were isolated from human muscle, human ileum,
monkey liver, monkey heart, and dog brain (lanes A-E, respectively). In some samples,
contaminating genomic DNA (*¥) is observed. The slow-mobility fractions (*) might
indicate that a certain amount of protein is included in the samples. It is noteworthy that
these undesirable fractions and fragmented RNA (**%) could be removed by RNeasy
purification and poly(A) selection. M: Molecular weight marker, 1 kb DNA Ladder
(cat. no. N3232S, New England Biolabs).

4. Be fully aware that a lot of genomic DNA is included near the borders of
the layers. Residual genomic DNA could interfere with the oligo-capping
reaction and/or could be cloned into the vector as an erroneous product. Take
approximately two-thirds of the upper layer (or stop taking the solution at a
position sufficiently distant from the border) and discard the rest.

5. Before applying the sample to the gel, heat-denature at 65°C for 2 min.

6. For poly(A) selection, many kits, which use latex or magnetic beads for the
oligo-(dT) support (e.g., Oligo-Tex [cat. no. W9021B, Nippon-Roche, Tokyo,
Japan] and FastTrak [cat. no. 1593-02; Invitrogen]) are commercially available.
However, it is difficult to purify large quantities of poly(A)* RNA in high quality
with these kits. We use oligo-(dT) cellulose powder so that we could adjust the
bed volume and the washing conditions more flexibly according to the quality
and quantity of the sample RNA.

7. In Fig. 5, RNA samples from each isolation and purification step are shown. For
further details, refer to the figure legend. Now, more precise assessment of RNA
quality is possible using Lab-Chip (Agilent 2100 bioanalyzer and RNA 6000
Nano Assay; cat. no. 5065-4476, Agilent Technologies, Waldbronn, Germany),
which is a unit for performing the electrophoresis using a microcircuit. For
further details, please refer to the instructions for this unit.
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8. Drying the pellet is often hazardous to RNA, because RNase may get into the
tube. Moreover, sometimes it becomes difficult to redissolve the pellet for the
next reaction after the extensive drying.

9. At this step, the intermediate layer should be extremely sticky because of PEG
8000. Do not take this layer. Otherwise, it would be difficult to resuspend the
sample in dH,0 for the next reaction.

10. Centrifugation at a higher g-force would destroy the column support resin and
decrease the yield.

11. Inorder to avoid the misannealing of the oligo-(dT) primer, we omit the annealing
step for the dT primer. However, when the dR primer is used, the incubation at
12°C is indispensable. In both cases, use a long extension time so that the reverse
transcription can extend the cDNA maximally.

12. Use ammonium acetate at this step to remove fragmented RNA efficiently. Do not
use the ammonium ion for ethanol precipitation until RNA ligation is completed,
as ammonium ion interferes with T4 RNA ligase activity.

13. It is possible to excise the part of the gel containing the DNA fraction longer
than 3 kb to construct a cDNA library in which a longer population of cDNAs
of is enriched.

14. Regarding the vector plasmid pME18S-FL3, cDNA would be inserted down-
stream of the eukaryotic promoter, SRo., which is derived from the promoter of
SV40 large T antigen. Thus, the full-length cDNA could be directly expressed if
the vector was to be introduced into mammalian cells.

15. Usually the library size is 105-10° for 10-20 pg of starting poly(A)* RNA.

16. Use of PCR is a drawback for this procedure because it sometimes introduces a
mutation into a cDNA. We estimate the frequency of such mutations as 1/2,000
bp for substitutions and 1/10,000 bp for insertion/deletion mutations. Also, PCR
can cause a bias in the relative abundance of cDNAs because of differences in the
efficiency of PCR for different cDNAs. Thus, information about the expression
profile of mRNAs in cells may not be maintained in an “oligo-capped” cDNA
library.

17. The restriction enzyme Sfil, used for cDNA cloning, could cleave inside a
cDNA, resulting in the loss of the cDNA from the library. However, Sfil sites
are expected to be rare in cDNAs because their recognition site consists of eight
mers 5’GGCCNNNNNGGCC3'.

18. Other methods to construct a full-length enriched cDNA library using a cap-
targeted selection step have also been reported by several groups (9-11).
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cDNA Library Construction Using In Vitro
Transcriptional Amplification

Shi-Lung Lin and Henry Ji

1. Introduction

The generation of a complementary DNA (cDNA) library using transcrip-
tional amplification has been developed to offer better linear amplification than
polymerase chain reaction (PCR)-based methods. By incorporating a RNA
promoter element during reverse transcription of messenger RNA (mRNA), a
cDNA library can be preserved and amplified in the form of antisense RNA
(aRNA) construct. In brief, the aRNA amplification procedure (see Fig. 1)
is based on (1) reverse transcription of poly(A)* RNAs with promoter-linked
oligo-(dT) primers, (2) double-stranding the resulting cDNA, (3) vitro transcrip-
tion from the promoter element of the cDNA to synthesize the aRNA sequence
up to 2000-fold increase, (4) reverse transcription of the aRNA, (5) denaturation
and then double-stranding the resulting cDNA with promoter-linked oligo-(dT)
primers, and (6) repeating steps 3-5 to achieve the desired cDNA or aRNA
amount for the library preparation.

The advantages of this aRNA amplification are: First, single copy mRNAs
can be increased to 2000-fold in one round of amplification without misreading
mistakes (see Note 1). Second, the aRNA amplification is linear and does
not result in preferential amplification of abundant RNA species. Finally, a
limited RNA sample can be preserved using fixed cells as starting material.
The aRNA-derived cDNA library prepared from a single live neuron was
reported to cover average 50-75% of total intracellular mRNA population
(1,2). Although the aRNA amplification method has led to the identification of
several diseased RNA markers from single cells, the rare mRNAs may not be
assessable by the current aRNA method (3).

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ

93



94 Lin and Ji

Messenger RNAs =—=2AAAA <= oligo(dT)-T7 primer
A RNAExtraction

First Strand cDNAs B First Reverse Transcription
C Na Double-Stranding by
Replacement Reaction
" . ee— A -
Double-Stranded ¢DNAs TITIT] o = == = |
|
!
i
T7 RNA Polymerase ]
D in-vitro Transcription i
Amplified Full-Length |
aRNAs
A Uy
TAAAA UUUULpo0 x |
Cycling Amplification
Random Primers |
; . . |
E Second Reverse Transcription |
Second-Strand cDNA — A AAA |
Fragments e /UUU I
|
oligo(dT)-T7 primer |
|
F-c]')_\m Double-Stranding |
by DNA Polymerase I
Double-Stranded — AAAAW |
cDNA Fragments —TT"TT-T7 -

Fig. 1. aRNA amplification procedure.

The aRNA amplification has been widely used in probe preparation for the
modern microarray (or called genechip) technology. Because most current
microarrays use either sense RNA or denatured cDNA sequences on dot
blots, it is necessary to prepare aRNA probes for providing higher-affinity
hybridization. In general, RNA—RNA interaction is twice as strong as that
of DNA-DNA. Under stringent washing condition, the aRNA probes usually
generate less background noises, stronger positive signals, and more reliable
reading data. Using Northern blot analysis, we have confirmed that the aRNA
probed microarray results in much less deviation than those of cDNA probes.
There is no doubt that the aRNA amplification has facilitated the practicability
of microarray technology.

The original procedure has been improved using sequence replacement reac-
tion (4) for cDNA double-stranding. The replacement reaction was introduced
by Okayama and Berg in 1982 and modified by Gubler and Hoffman in
1983. Seeing that first-strand cDNA-mRNA hybrid as a template for a nick-
translation reaction, the utilization of RNase H activity produces a nicked and
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gapped mRNA sequence, serving as a series of RNA primers that are used
by Klenow fragment of Escherichia coli DNA polymerase I for the synthesis
of the second strand of cDNA. Compared to the original random priming
procedure, such improvement indeed provides better full-length conformation
and a more correct populationary ratio for individual RNA species. However, it
is impossible to reiterate the replacement reaction for cycling amplification of
full-length cDNAs. The use of random primers for the reverse transcription of
aRNAs usually disrupts the advantages of the replacement reaction.

In the most updated method, the above problem has been overcome by
combining aRNA amplification with a template-switching effect (5,6). It
has been observed that Moloney murine leukemia virus reverse transcriptase
(MMLYV RT) usually adds a few nontemplate nucleotides (mostly dC) to the 3’
end of a newly reverse-transcribed cDNA upon reaching the 5" end of the RNA
template (see Note 2). A 3’-poly(dG)-containing specific primer can, therefore,
be used to attach the protruding poly(dC) tail and guide the MMLV RT to add a
specific sequence in the 3” end of the cDNA. The specific sequence then serves
as a primer binding site for cDNA double-stranding. Because the cDNA
so generated is full length and flanked by a specific primer and a poly(dA)
tail in termini, the cycling amplification of aRNA has been tested to yield
approx 10°-fold the estimated amount of starting mRNA in one round,
and approx 10°-fold after two rounds of amplification (7). Conventional
aRNA amplification usually introduces bias products because of a possible
5’-end underrepresentation and random priming. In conjunction with template-
switching effect, the current method has prevented both problems.

From bulk RNA source (>5 pg total RNAs), the method can generate more
than 100 pg aRNAs after 5-7 h of incubation. The resultant aRNA can be
directly used in microarray analysis or for further reverse transcription to
cDNAs. It is noted that RNA degradation occurs significantly after over 2-3 h
of incubation in an in vitro transcription reaction. We therefore recommended
a 3-h incubation for about 30-40 ug aRNA generation with higher quality. A
much lower rate of false signals is always detected using the higher-quality
aRNAs. For cycling amplification of aRNA, minimal 10 ng mRNA or aRNA
can be used with the template-switching protocol (7) or poly(dA)-tailing
method (8) described in Chapter 11.

2. Materials
2.1. Generation of First-Strand cDNA Using Reverse Transcription
with Oligo-(dT)-Promoter Primers

1. Diethyl pyrocarbonate (DEPC) H2O: Stir double-distilled water with 0.1%
DEPC for more than 12 h and then autoclave at 120°C under about 1.2 kgf/cm?
for 20 min, twice.
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Oligo-(dT),4-T7 promoter primer: dephosphorylated 5’-dAAGCTTAGAT ATC
TAATACG ACTCACTATA GGGAATTTTT TTTTTTTTTT TTTTTTTTT-3’
(100 pmol/uL).

AMYV reverse transcriptase (50 U/uL) and 10X first-strand buffer (500 mM
Tris-HCI (pH 8.5) at 25°C, 80 mM MgCl,, 300 mM KCl, 10 mM dithiothreitol
[DTTY)).

First reverse transcriptase mix: 7 UL DEPC-treated ddH,0, 2 uLL 10X first-strand
buffer, 2 uL of 10 mM dNTP mix (10 mM each of dATP, dGTP, dCTP, and dTTP),
1 uL RNasin (25 U/uL), and 2 uLL AMV reverse transcriptase; prepare just
before use.

Incubation chamber: 65°C, 42°C, and 50°C.

2.2. cDNA Double-Stranding Using a Replacement Reaction
with DNA Polymerase—-RNase H-Ligase Blend Cocktail

1.

AN L B~ W

2.3.

10X Second-strand cDNA synthesis buffer: 250 mM Tris-HCI (pH 7.0) at 25°C,
1.35 M KCl, 65 mM MgSO,, 85 mM (NH,),SO,, 2.25 M B-NAD, and 80 mM
DTT; prepare fresh.

. Second-strand reaction mix: 10 uL. DEPC-treated ddH,0, 4 uL 10X second-

strand cDNA synthesis buffer, 3 UL E. coli DNA polymerase I, endonuclease-
free (5 U/uL), 1 uL E. coli RNase H (1 U/uL), and 2 UL E. coli DNA ligase
(5 U/uL); prepare just before use.

. T4 DNA polymerase (1 U/uL).

. Stop solution: 0.5 M EDTA (pH 8.0), sterile stock.

. Incubation chamber: 22°C, 12°C, and 16°C.

. Purification spin column: 100 basepair cutoff filter, such as a Microcon-50

centrifugal filter (Amicon, Beverly, MA), for example.

Generation of Antisense RNA Using In Vitro Transcription

with Promoter-Driven RNA Polymerase

1.

2.
3.

4.
5.
6.

10X In vitro transcription (IVT) buffer: 400 mM Tris-HCl (pH 8.0) at 25°C, 100 mM
MgCl,, 50 mM DTT, and 5 mg/mL nuclease-free bovine serum albumin (BSA).
T7 RNA polymerase (80 U/uL).

IVT reaction mix: 8 uL. DEPC-treated ddH,0, 4 uL 10X IVT buffer, 4 uL. 10 mM
dNTP mix (10 mM each of ATP, GTP, CTP, and UTP), 2 uLL RNasin (25 U/uL),
and 2 uL. T7 RNA polymerase; prepare just before use.

Incubation mixer: 37°C; 100g vortex for 30 s between every 30-min interval.
Incubation chamber: 65°C and 37°C.

Purification spin column: 100 base-pair cutoff filter.

2.4. Generation of Sense-Strand cDNA Using Reverse Transcription
with Random Primers

1.

Random deca-oligonucleotide primer mix: dephosphorylated 5-ANNNNNNN
NNN-3” (N = dATP, dGTP, dCTP or dTTP in a completely random order; total
100 pmol/uL).



cDNA Library Construction 97

2. AMV reverse transcriptase (50 U/uL) and 10X first-strand buffer (500 mM Tris-
HCI [pH 8.5] at 25°C, 80 mM MgCl,, 300 mM KCl, and 10 mM DTT).

3. Second reverse transcriptase mix: 4 UL DEPC-treated ddH,O, 4 pL 10X first-
strand buffer, 4 UL of 10 mM dNTP mix (10 mM each for dATP, dGTP, dCTP,
and dTTP), 2 uL RNasin (25 U/uL), and 4 pL. AMV reverse transcriptase;
prepare just before use.

4. Incubation chamber: 65°C, 42°C, and 50°C.

5. Purification spin column: 100 bp cutoff filter.

2.5. cDNA Double-Stranding Using High-Fidelity Tag DNA
Polymerization with Oligo-(dT)-Promoter Primers

1. Oligo-(dT),4-T7 promoter primer: dephosphorylated 5’-dAAGCTTAGAT ATCT
AATACG ACTCACTATA GGGAATTTTT TTTTTTTTTT TTTTTTTTT-3’
(100 pmol/uL).

2. 10X cDNA double-stranding buffer: 500 mM Tris-HCI (pH 9.2) at 25°C, 160 mM
(NH,),S0,, 20 mM MgCl,; prepare fresh.

3. cDNA double-stranding reaction mix: 12 pL. DEPC-treated ddH,O, 4 pL 10X
cDNA double-stranding buffer, 1.5 uL. 10 mM dNTP mix (10 mM each of dATP,
dGTP, dCTP, and dTTP), 0.7 uL. Tag DNA polymerase (5 U/uL), and 0.3 puL
Pwo DNA polymerase (5 U/uL); prepare just before use.

4. Incubation chamber: 94°C, 50°C, and 68°C.

3. Methods

3.1. Generation of First-Strand cDNA Using Reverse Transcription
with Oligo-(dT)-Promoter Primers

The starting material is 2-20 pg total RNA (1,9) or 0.1-3 ug mRNA (6).
Poly(A*) RNA is selected using promoter-linked poly(dT) primers, which
contains about 20-26 deoxythymidylate oligonucleotides. The first-strand
cDNA is synthesized by reverse transcription from the poly(A+) RNA with
promoter-linked poly(dT) primers. As shown in Fig. 1, the promoter used here
is a T7 bacteriophage RNA promoter element.

1. Primer annealing: Suspend RNA in 5 uL of DEPC-treated water, mix well with
1 uL oligo-(dT),4-T7 primer, heat to 65°C for 5 min for minimizing secondary
structure, cool to 50°C for 10 min for primer hybridization, and then cool on ice.

2. First-strand cDNA synthesis: Add 14 pL of first reverse transcriptase mix and
heat to 42°C for 50 min. Add another 1 UL of reverse transcriptase and mix.
Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for 10 min,
and then cool on ice. The RNA is still attached noncovalently to the cDNA.

3.2. cDNA Double-Stranding Using a Replacement Reaction
with DNA Polymerase—RNase H-Ligase Cocktail

In this method (4), which was developed by Okayama and Berg in 1982
and modified by Gubler and Hoffman in 1983, the product of first-strand
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cDNA-mRNA hybrid is used as a template for a nick-translation reaction.
The use of RNase H activity produces a nicked and gapped mRNA sequence,
serving as a series of RNA primers that are used by Klenow fragment of E.
coli DNA polymerase I during the synthesis of the second strand of cDNA
(see Note 4).

1. Second-strand cDNA synthesis: Add 20 uL of second-strand reaction mix to
the first-strand cDNA. Incubate the reaction at 22°C for 80 min and then 12°C
for another 30 min.

2. Blunt-end the cDNA: Add 10 uL of T4 DNA polymerase to the reaction, incubate

at 16°C for 10 min.

Reaction stop: Add 5 pL of stop solution to the reaction and mix well.

4. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin 10 min at 14,000g (see Note 3) and discard the flowthrough.
Add 200 uL of DEPC-treated ddH,O into the spin column to wash the cDNA,
spin 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-treated
ddH,0 into the spin column to dissolve the cDNA, place the spin column upside
down in a new collecting microtube, and spin 3 min at 3000g. Store the 20 uL of
the purified cDNA in a —20°C freezer or perform the next step immediately.

w

3.3. Generation of Anti-Sense RNA Using In Vitro Transcription
with Promoter-Driven RNA Polymerase

The promoter region of the double-stranded cDNA is now serving as a rec-
ognition site for RNA polymerase during an in vitro transcription reaction. The
in vitro transcription provides linear amplification up to 2000-fold of the amount
of starting materials (1,9). The proofreading capability of the RNA poly-
merase ensures the fidelity of the resulting RNA products. Because the promoter
is incorporated in the opposite orientation of sense mRNA, the resulting
product is aRNA rather than mRNA.

1. In vitro transcription reaction: Add 20 puL of the IVT reaction mix to the purified
cDNA and mix well. Incubate the reaction at 37°C for 4-5 h and occasionally
mix the reaction every 30 min for better RNA elongation (see Note 5).

2. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin 10 min at 14,000g, and discard the flowthrough. Add 200 uLL
of DEPC-treated ddH,O into the spin column to wash the aRNA, spin 10 min
at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-treated ddH,O
into the spin column to dissolve the aRNA, place the spin column upside down
in a new collecting microtube, and spin 3 min at 3000g. Store the 20 UL of the
purified aRNA in a —80°C freezer or perform next step immediately.
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3.4. Generation of Second-Strand cDNA Using Reverse
Transcription with Random Primers

The aRNA is further reverse-transcribed to second-strand cDNA using
random primers. Because the aRNA carries poly(T) sequences in its 5" end, the
resulting second-strand cDNA is tailed by poly(dA) oligonucleotides, which
are useful for generating promoter-linked double-stranded cDNA.

1. Primer annealing: Add 2 pL of random deca-oligonucleotide primer mix to the
purified aRNA, mix well and heat to 65°C for 5 min for minimizing secondary
structure, cool to 50°C for 1 min for primer hybridization, and then cool on ice.

2. Second-strand cDNA synthesis: Add 18 pL of second reverse transcriptase mix
and heat to 42°C for 50 min. Add another 1 pL of reverse transcriptase and
mix. Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for
10 min, and then cool on ice. The aRNA is still attached noncovalently to the
second-strand cDNA.

3. Denaturation: Heat the reaction at 94°C for 3 min and then cool on ice
immediately.

4. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin 10 min at 14,000g, and discard the flowthrough. Add 200 uL.
of DEPC-treated ddH,O into the spin column to wash the second-strand cDNA,
spin 10 min at 14,000g, and discard the flowthrough. Add 20 UL of DEPC-treated
ddH,O into the spin column to dissolve the second-strand cDNA, place the
spin column upside down in a new collecting microtube, and spin 3 min at
3000g. Store the 20 uL of the purified second-strand cDNA in a —20°C freezer
or perform next step immediately.

3.5. cDNA Double-Stranding Using High-Fidelity Tag DNA
Polymerization with Oligo-(dT)-Promoter Primers

The aRNA of the aRNA—cDNA hybrid is denatured and the cDNA is used
to form a double-stranded cDNA library using one cycle PCR-like reaction
with the promoter-linked poly(dT) primers. Then, another round of aRNA
amplification can be achieved by in vitro transcription using the promoter-
linked double-stranded cDNA as a template following the steps from Subhead-
ings 3.3.-3.5.

1. Primer annealing: Add 2 pL of oligo-(dT),4-T7 primer to the purified second-
strand cDNA, heat to 94°C for 3 min for aRNA removal, cool to 50°C for 10 min
for primer hybridization, and then cool on ice.

2. cDNA double-stranding: Add 18.5 pL of cDNA double-stranding reaction mix to
the reaction, mix well, and then incubate the reaction at 68°C for 10 min.

3. cDNA library assessment: See Chapter 13.
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4. Notes

1. As mentioned and proven in Eberwine, and Van Gelder, and their works (1,6,9),
the linear amplification of transcription means that the amplified RNA popula-
tion should reflect its abundance in the original RNA population. Because the
transcriptional amplification of nucleic acids only requires the recognition of
promoter regions by RNA polymerases and all promoters possess the same
affinity to their respective polymerases, the transcription-based nucleic acid
amplification technology will provide less preferential amplification than the
PCR-based technology. It is noted that the preferential amplification of PCR
is caused by the different affinities between different primers (forward and
reverse primers) to their templates as well as between the primers and different
templates. It is clear that the transcriptional amplification can bypass the use of
multiple primers and provide a better amplification rate (up to 2000 fold; cycle)
to mirror the mRNA population.

2. Moloney murine leukemia virus reverse transcriptase usually creates a 2- to
4-base nontemplate nucleotide overhang (mostly dC) to the 3’ end of a newly
reverse-transcribed cDNA upon reaching the 5" end of the mRNA template.
It is not known how much efficiency of the template-switching effect can be
generated by such a short overhang.

3. Relative Centrifugal Force (RCF) (g) = (1.12 x 10~2)(rpm)?r, where r is the radius
in centimeters measured from the center of the rotor to the middle of the spin
column, and rpm is the speed of the rotor in revolutions per minute.

4. In practice, the second-strand cDNA synthesized by Gubler and Hoffman’s
method is very efficient. Reaction temperatures between 12°C and 22°C usually
produces relatively full-length cDNA, lacking only a few nucleotides correspond-
ing to the 5" end of mRNA. Higher temperatures can partially denature the termini
of the cDNA and induce the 3’—5” exonuclease activity of DNA polymerase to
remove more than terminal two bases. However, some nicks and gaps may remain
in the second-strand cDNA because of the incomplete action of DNA ligase
and/or polymerase. For larger-sized mRNAs, such nicks and gaps occasionally
truncate the full-length sequences and skew the library toward smaller sizes.

5. The most stable and efficient IVT reaction occurs during the first 2 h of incubation
at 37°C. The rate of RNA synthesis decreases considerably (40-50%) after 3 h
of incubation or below 37°C incubation. A longer reaction may increase yield,
but the possibility of degradation by RNase increases. Occasionally gentle mix
can prevent the stall of crowded RNA polymerases on a template and enhance
full-length synthesis. The overall rate of RNA polymerization is maximal between
pH 7.7 and 8.3, but it remains about 70% of maximum at pH 7.0 or 9.0. High
concentrations of NaCl, KCI, or NH,CI above 75 mM will inhibit the reaction.
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Amplification of Representative cDNA Pools
from Microscopic Amounts of Animal Tissue

Mikhail V. Matz

1. Introduction

The possibility of amplifying total complementary DNA (cDNA) obtained
from small amounts of biological material is not yet routinely considered,
despite the fact that obtaining amounts of material suitable for direct processing
by standard methods is often time-consuming and expensive and may be even
impossible. Perhaps the most significant obstacle to the full appreciation of
the technique is the widespread belief that polymerase chain reaction (PCR)
amplification severely distorts the original cDNA profile, so that some cDNA
species dramatically rise in abundance while others diminish and may even
become completely lost. However, we found that there are just a few simple
rules that should be followed to ensure that the amplified sample is minimally
distorted and fully representative (i.e., contains all types of message originally
present in RNA, even the least abundant ones). This was demonstrated in
our own experiments on differential display (1) and elsewhere in application
of amplified cDNA as a probe for gene profiling by array technology (2-5).
According to our experience in gene hunting in various biological models,
amplified cDNA can substitute for normal, nonamplified cDNA in virtually all
tasks. Moreover, in PCR-based gene hunting techniques such as rapid amplifica-
tion of cDNA ends (RACE) (6,7; see also Chapter 5 of this volume), subtraction
(8), or differential display (9), the amplified cDNA usually outperforms the
normal one, because all backgrounds are predictable and can be easily kept
under control.

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ
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1.1. Total RNA Isolation

We use the procedure presented here rather than commercial kits, because
this technique is suitable for virtually all animals. It is based on the well-known
protocol of Chomczynski and Sacchi (10), with one difference: All of the
procedures are performed at neutral pH instead of acidic, as it was originally
suggested. Also, the step of RNA precipitation with lithium chloride (LiCl)
is added, because it results in very stable RNA preparations and considerably
improves the consecutive procedures of cDNA synthesis. We have successfully
applied the protocol to RNA isolation from representatives of 13 phyla of
multicellular animals. As an alternative, a popular Trizol method (Gibco/Life
Technologies) may be used in many cases, although it may not perform well
on some nonstandard objects, such as jellyfish. Kits for RNA isolation that
utilize columns (such as Qiagen’s RNeasy kit) are generally not recommended
for nonstandard samples.

The protocol is designed for rather large tissue samples (tissue volume,
10-100 pL), which normally yield about 10-100 pg of total RNA. The protocol
for really microscopic amounts of starting material (expected to yield about 1 ug
RNA or less) is the same but does not include second phenol—chloroform
extraction (Subheading 3.1., step 4) and LiCl precipitation (Subheading 3.1.,
step 6). Additionally, the final “pellet” should be dissolved in 5 UL instead
of 40 uL of water and transferred directly to cDNA synthesis, omitting the
agarose gel analysis.

1.2. cDNA Synthesis

We provide two alternatives for preparing amplified total cDNA from the
isolated RNA: method A and method B (Fig. 1). Both methods provide a
possibility to amplify a cDNA fraction corresponding to messenger (polyA[+]),
RNA, starting from total RNA. The fraction of ribosomal RNA in the amplified
sample, as it was determined in EST sequencing project based on amplified
cDNA, is 15-20%, represented mostly by small subunit ribosomal RNA. This
is the same figure that is normally obtained with standard methods of cDNA
synthesis (11).

Method A (“classical”) is to synthesize a double-stranded cDNA by a
conventional means (employing DNA polymerase I/RNAseH/DNA ligase
enzyme cocktail for second-strand synthesis), then ligate adaptors and amplify
the sample using adaptor-specific primers. The structure of the adaptors evokes
a PCR-suppression effect (12) and provides a method for selective amplification
of only those cDNA molecules that contain both adaptor sequence and T-primer
sequence [i.e., corresponding to the polyA(+) fraction of RNA]. The principles
behind this method are described in ref. 13. The obvious advantage of this



Amplification of cDNA Pools

poly(A)+ RNA

ds cDNA synthesis ¢

Method A

poly(A)- RNA

TRsa

Method B

RNA

1st strand cDNA carrr- TRsa
synthesis o0c -8 TS-olige

105

=TT Y
RAR e
e @cc TTTLy
adapter ligation lEﬂ l
CJocce -
C—-— —
TTT — ] ; cco TITCY
fill in the ends Mhagpens during PCR =iTrr TRsa
l first PCR cycle) TS-PCR
C — C-—-— -
¥ GGG AR
PCR DAP TRsa et =
O + O3TIT
amplified ds cDNA
-——
E—iE go
l suppression
of amplification
exponential
amplification

amplified ds cDNA

Fig. 1. Schematic outlines of cDNA amplification methods.

method is its high efficiency. A representative cDNA sample (with representa-
tion of 107 and higher) can be prepared from as little as 20-30 ng of total RNA.
However, the method is rather laborious.

Method B is implemented in the SMART cDNA synthesis kit available
from Clontech. It utilizes one surprising feature of Moloney murine leukemia
virus reverse transcriptase (MMLV RT)—its ability to add a few nontemplate
deoxynucleotides (mostly C) to the 3" end of a newly synthesized cDNA strand
upon reaching the 5" end of the RNA template. Oligonucleotide-containing
oligo(rG) sequence on the 3’ end, which is called “template-switch oligo”
(TS-oligo), will base pair with the deoxycytidine stretch produced by MMLV
RT when added to the RT reaction. Reverse transcriptase then switches
templates and continues replicating using the TS-oligo as a template. Thus, the
sequence complementary to the TS-oligo can be attached to the 3’ terminus of
the first strand of cDNA synthesized and may serve as a universal 5" terminal
site for primer annealing during total cDNA amplification (14). Recently, an
improvement to the original procedure was reported (15). The addition of
MnCl, to the reaction mixture after first-strand synthesis, followed by a short
incubation, increases the efficiency of nontemplate C addition to the cDNA and
thus results in higher overall yield following cDNA amplification.

Although method B is simpler and faster than method A, its somewhat
reduced efficiency means that a cDNA sample of suitable representation (more
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than 10) requires a minimum of 1 g of total RNA. It should be noted that both
techniques (as they are described here) provide material not only for total cDNA
amplification, but also for RACE, a procedure for obtaining unknown flanks of a
fragment. This procedure is indispensable for cloning complete coding regions
of proteins. Different RACE techniques are available for each of the methods
of cDNA amplification described here (refs. 6 and 7 for methods A and B,
respectively, see Chapter 5), both based on a PCR-suppression effect (12).

2. Materials

2.1. Total RNA Isolation (see Note 1)

1. Dispersion buffer (buffer D): 4 M guanidine thiocyanate, 30 mM disodium citrate,
30 mM B-mercaptoethanol (pH 7.0-7.5) (see Note 2).

. Buffer-saturated phenol, pH 7.0-8.0 (Gibco/Life Technologies).

. Chloroform—isoamyl alcohol mix (24:1).

. 96% Ethanol.

. 80% Ethanol.

. 12 M Lithium chloride.

. Coprecipitant: SeeDNA reagent (Amersham) or glycogen.

. Fresh Milli-Q water.

9. Agarose gel (1%) containing ethidium bromide.

2.2. cDNA Synthesis

2.2.1. Method A Using Conventional Second-Strand Synthesis (see Note 3)

1. SuperScript II reverse transcriptase, 200 U/uL (Life Technologies) or 20X
PowerScript reverse transcriptase (Clontech) with provided buffer.

2. 0.1 M dithiothreitol (DTT).

3. dNTP mix, 10 mM each.

4. 5X Second-strand buffer: 500 mM KCIl, 50 mM ammonium sulfate, 25 mM
MgCl,, 0.75 mM B-NAD, 100 mM Tris-HCI (pH 7.5), and 0.25 mg/mL bovine
serum albumin (BSA).

5. 20X Second-strand enzyme cocktail: 6 U/uUL DNA polymerase I, 0.2 U/uL
RNase H, 1.2 U/uL E. coli DNA ligase.

6. T4 DNA polymerase (1-3 U/uL).

7. T4 DNA ligase 2—4 U/uL with provided buffer (New England Biolabs or
equivalent).

8. T/M buffer: 10 mM Tris-HCI (pH 8.0) and 1 mM MgCl,.

9. Buffer-saturated phenol (pH 7.0-8.0) (Gibco/Life Technologies).

10. Chloroform-isoamyl alcohol mix (24:1).

11. Long-and-Accurate PCR enzyme mix (Advantage2 polymerase mix by Clontech,
LA-PCR by Takara, Expand Taq by Boehringer, or equivalent; see Note 4).

12. 10X PCR buffer: provided with the enzyme mix or, if KlenTag-based homemade
mix is used: 300 mM tricine—-KOH (pH 9.1), 160 mM ammonium sulfate, 30 mM
MgCl,, 0.2 mg/mL BSA.

0N AW
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Invertebrate-optimized sets of oligonucleotides for total cDNA amplification

For Method A (“classical”):

pseudo-double-stranded adaptor (two complementary oligonucleotides)
5/-CGA CGT GGA CTA TCC ATG AAC GCA ACT CTC CGA CCT CTC ACC GAG TAC G -3‘
: 3= TGG CTC ATG C -5’
H DAP (Distal Adapter Primer) i ;
5'-CGA CGT GGA CTA TCC ATG AAC GCA|-3' :
i i PAP (Proximal Adapter Prlmer)
5'-iACT CTC CGA CCT CTC ACC GA -3

TRsa
5’-CGC AGT CGG TAC (T);; -3'
DAP-TRsa
5/iCGA CGT GGA CTA TCC ATG AAC GCA CGC AGT CGG TAC (T); -3°'

Use of the oligos:
TRsa - for 1* strand cDNA synthesis
adapter - to ligate to ds cDNA
DAP, TRsa - to amplify adapter-ligated cDNA

For Method B (“SMART”):

Template-switch (TS) oligo
(contains three ribo-nucleotides at 3'-end)
5'- ARG CAG TGG TAT CAA CGC AGA GTA CGC rGrGrG -3'

TS PCR primer i
5'- AAG CAG TGG TAT CAA CGC AGA G'1! -3

DAP-TS H H
5'-CGA CGT GGA CTA TCC ATG AAC GCA AAG CAG TGG TAT CAA CGC AGA G'.l‘ -3'

TRsa, DAP, DAP-TRsa -same asin Method A

Use of the oligos:
TRsa, TS-oligo - for 1* strand cDNA synthesis
TRsa, TS-PCR - to amplify 1* strand cDNA

Fig. 2. Invertebrate-optimized sets of oligonucleotides for cDNA amplication.

13. Yeast tRNA, 10 pg/uL.

14. 3 M sodium acetate (pH 5).

15. Fresh Milli-Q water.

16. Agarose gel (1%) containing ethidium bromide.
17. Oligonucleotides (see Fig. 2 and Note 5).

2.2.2. Method B Using Template-Switching Effect

1. SuperScript II reverse transcriptase, 200 U/uL (Life Technologies) or 20X
PowerScript reverse transcriptase (Clontech) with provided buffer.

2. 20 mM MnCl,.

3. 0.1 M DTT.
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dNTP mix, 10 mM each.

Long-and-Accurate PCR enzyme mix with buffer (see Note 4).

10X PCR buffer: provided with the enzyme mix or, if KlenTaq-based homemade
mix is used: 300 mM tricine—KOH (pH 9.1), 160 mM ammonium sulfate, 30 mM
MgCl,, and 0.2 mg/mL BSA.

Agarose gel (1%) containing ethidium bromide.

Fresh Milli-Q water.

Oligonucleotides (see Fig. 2 and Note 5).

3. Methods
3.1. Total RNA Isolation

1.
2.

Dissolve the tissue sample in buffer D (see Note 6).

Spin the sample at maxumum speed on table microcentrifuge for 5 min at room
temperature to remove debris. Transfer the supernatant to a new tube.

Put the tube on ice; add equal volumes of buffer-saturated phenol and mix. There
will be no phase separation at this moment. Add 1/5 volume of chloroform—
isoamyl alcohol (24:1) and vortex the sample. Two distinct phases will separate.
Vortex three to four more times with about 1-min intervals between steps.
Incubate the tube on ice between steps. Spin at maximum speed on a table micro-
centrifuge for 30 min at 4°C. Remove and save the upper, aqueous phase. Take
care to avoid warming the tube with your fingers because the interphase may
become invisible.

Repeat step 3.

. Add 1 pL of coprecipitant and then add an equal volume of 96% ethanol and

mix. Spin immediately at maxumum speed on a table microcentrifuge at room
temperature for 10 min. The precipitate may not form a pellet, being instead
spread over the back wall of the tube and thus being almost invisible even with
coprecipitant added. Wash the pellet once with 0.5 mL of 80% ethanol. Dry the
pellet briefly until no liquid is seen in the tube (do not overdry).

Dissolve the pellet in 100 pL of fresh Milli-Q water. If the pellet cannot be
dissolved completely, remove the debris by spinning the sample at maxumum
speed on a table microcentrifuge for 3 min at room temperature. Transfer the
supernatant to a new tube, then add an equal volume of 12 M LiCl and chill
the solution at —20°C for 30 min. Spin at maxumum speed on a table microcentri-
fuge for 15 min at room temperature. Wash the pellet once with 0.5 mL of 80%
ethanol and dry as previously done. The precipitated RNA is usually invisible
because the coprecipitant does not precipitate in LiCl.

Dissolve the pellet in 40 UL of fresh Milli-Q water.

Load 2 uL of the solution onto a standard (nondenaturing) 1% agarose gel to
check the amount and integrity of the RNA. Add ethidium bromide (EtBr) to the
gel to avoid the additional (potentially RNAse prone) step of gel staining. Load
a known amount of some DNA on a neighboring lane to use as a standard for
determining the RNA concentration. Intact RNA should exhibit sharp band(s) of
ribosomal RNA (see Fig. 3A and Notes 7-10).
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A Total RNA B Amplified ds cDNA
M 1 2 3 4

1 2 3

Fig. 3. (A) Nondenaturating agarose electrophoresis of total RNA from various
invertebrate sources. Lane 1, unidentified sponge; lane 2, comb jelly Bolinopsis
infundibulum (phylum Ctenophora); lane 3, planarian Girardia tigrina (phylum
Platyhelminthes); lane 4, stony coral Montastraea cavernosa (phylum Cnidaria). M:
50 ng of 1-kb DNA ladder (Gibco/Life Technologies). (B) Amplified total cDNA from
various sources. Lane 1, comb jelly; lane 2, planarian; lane 3, mollusk Tridacna sp. M:
50 ng of 1-kb DNA ladder (Gibco/Life Technologies). The product on lane 2 needs one
more PCR cycle, whereas the product on lane 3 is already slightly overcycled (by one
to two cycles), but is still very suitable for further manipulations.

3.2. cDNA Synthesis
3.2.1. Method A (“Classical’)

3.2.1.1. MeTHoD A FIrsT-STRAND cDNA SYNTHESIS

1. To 5 pLL RNA solution in water (0.03-3 pg of total RNA), add 1 uL of 10 uM
primer TRsa and cover with mineral oil. Incubate at 65°C for 3 min and then
put the tube on ice.

2. Add 2 pL 5X first-strand buffer (provided with reverse transcriptase), 1 uL of
0.1 M DTT, 1 pL reverse transcriptase, and 0.5 UL of ANTP mix (10 mM each),
incubate at 42°C for 1 h, and then put the tube on ice.

3.2.1.2. MeTHOD A SECOND-STRAND CDNA SYNTHESIS

3. To the first-strand cDNA solution, add 49 pL of Milli-Q H,O, 1.6 uL of dNTP
mix (10 mM each), 16 UL of 5X second strand reaction buffer, and 4 pL of 20X
second-strand enzyme cocktail. (The total volume of the reaction mix is about
80 uL.) Incubate at 16°C for 1.5 h and then put the tube on ice.

4. Add 1 uL T4 DNA polymerase; incubate 0.5 h at 16°C to polish ends.

5. Stop the reaction by heating at 65°C for 5 min.
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6. Take the reaction mix from under the oil, put in new tube, and add 0.5 volume
phenol and then 0.5 volume chloroform-isoamyl alcohol (24:1). Vortex the
solution and spin at maxumum speed on a table microcentrifuge for 10 min.
Transfer the upper, aqueous phase into new tube.

7. Add carrier (DNA [Amersham] or glycogen) and precipitate DNA by adding
0.1 volume (8 uL) 3 M sodium acetate (pH 5.0) and 2.5 volume (200 puL) of 95%
ethanol at room temperature. Spin immediately for 15 min at maximum speed
on a table microcentrifuge at room temperature.

8. Wash the pellet with 80% ethanol; air-dry the pellet for about 5 min at room
temperature. Dissolve pellet in 6 uL H,O.

3.2.1.3. MeTHoD A ADAPTOR LIGATION

9. Tothe 6 UL of double-stranded cDNA (ds-cDNA), add 2 uL. of adaptor (10 uM), 1 pLL

of 10X ligation buffer, and 1 L. T4 DNA ligase and incubate overnight at 16°C.

10. To the ligation mixture, add 90 uL. Milli-Q water and 10 pg yeast transfer RNA

(tRNA). Purify by QiaQuick PCR purification kit (Qiagen, follow manufacturer’s

instructions) and elute with 40 uL of T/M buffer. Alternatively, dilute the ligation
mixture fivefold by adding 40 uL of Milli-Q water to it (see Note 11).

3.2.1.4. MeTHop A cDNA AMPLIFICATION

11. Prepare the PCR mixture (note that final concentration of primers is 0.1 uM) as
follows: add 3 puL of 10X PCR buffer, 1 uL of dNTP mix (10 mM of each),
1.5 uL of 2 uM TRsa primer, 1.5 uL of 2 uM DAP primer, 1 puL of fivefold dilution
of ligation mixture or 20 UL of Qia-Quick purified sample of adapter-ligated
c¢DNA, H,O to 30 puL, and KlenTaq/Pfu homemade polymerase mixture cor-
responding to 8 U of KlenTaq (see Note 3). When using commercial polymerase
mixtures, follow the manufacturer’s recommendations.

12. Perform cycling: 94°C for 30 s, —-65°C for 1 min, —72°C for 2 min 30 s (block
control), 95°C for 10 s, —65°C for 30 s, —72°C for 2 min 30 s (tube control or
simulated tube control). Check 2 uL of the product on a 1% agarose gel after
12 cycles, keeping the PCR tube at room temperature while the electrophoresis
runs. If nothing is seen, put the tube back into the thermal cycler and do five
more cycles. If the product is barely visible, do only three more cycles. It is
very important to determine the minimal number of cycles required to amplify
the product until it is readily detectable on an agarose gel with EtBr staining
(see Notes 12-15).

3.2.2. Method B for cDNA Synthesis Using Template-Switching Effect

3.2.2.1. MeTHoD B FirsT-STRAND cDNA SYNTHESIS

1. To 4 uL RNA solution in water (1-3 pg of total RNA) add 1 UL of 10-uM primer
TRsa and cover with mineral oil. Incubate at 65°C for 3 min; put on ice.

2. Add 2 pL 5X first-strand buffer provided with reverse transciptase, 1 UL of
0.1 M DTT, 1 uL of 5 uM TS-oligo, 1 UL reverse transcriptase, and 0.5 uL. ANTP
mix (10 mM each). Incubate at 42°C for 1 h, then add 1 uL of 20 mM MnCl, and
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incubate for an additional 15 min at 42°C. Heat to 65°C and incubate for 3 min to
stop the reaction. The product can be stored at —20°C for several months.

3.2.2.2. cDNA AMPLIFICATION

3. Prepare the PCR mixture (final concentration of primers is 0.1 pM) as follows:

3 uL of 10X PCR buffer, 1 pL of ANTP mix (10 mM each), 1.5 pL of 2 uM
TRsa primer, 1.5 pL of 2 pM TS-PCR primer, 1.5 pL of fivefold dilution of first-
strand cDNA (from step 2), Milli-Q H,O to 30 puL, and KlenTaq/Pfu homemade
polymerase mixture corresponding to 8 U of KlenTaq (see Note 4). When using
commercial polymerase mixtures, follow the manufacturer’s recommendations.

. Perform cycling: 94°C for 30 s, —65°C for 1 min, —72°C for 2 min 30 s (block

control); 95°C for 10 s, —65°C for 30 s, —72°C for 2 min 30 s (tube control or
simulated tube control). To determine the exact number of PCR cycles required
to amplify cDNA, use the same strategy as described for Method A, but do 17
cycles before the first check on agarose gel. Typically, it takes about 17 cycles
if there was 1 pg of total RNA at the start. If the number of cycles is 22-24, a
10%-representation sample still can be accumulated by making amplification in
10-fold larger volume (i.e., making it in ten 30 UL tubes instead of one) and
then pooling them. In this way, 10 times more product of first-strand synthesis
may be put into PCR while avoiding the background problems because of
nonincorporated cDNA synthesis oligomers. However, this approach leads to
slightly more distorted cDNA sample in comparison to direct “less than 20”
amplification (see Notes 12-15).

4. Notes

1.

There is widespread belief that RNA is very unstable and, therefore, all of the
reagents and materials for its handling should be specially treated to remove
possible RNAse activity. We have found that purified RNA is rather stable and,
ironically, too much anti-RNAse treatment can become a source of problems.
This especially applies to diethyl pyrocarbonate (DEPC)-treating of aqueous
solutions, which often leads to RNA preparations that are very stable but
completely unsuitable for cDNA synthesis. Simple precautions such as wearing
gloves, avoiding speaking over open tubes, using aerosol-barrier tips, and using
fresh Milli-Q water for all solutions are sufficient to obtain stable RNA prepara-
tions. All organic liquids (phenol, chloroform, and ethanol) can be considered
essentially RNAse-free by definition, as well as the dispersion buffer containing
4 M guanidine thiocyanate.

Normally, the dispersion buffer does not require titration. If the pH comes out
significantly lower than 7.0, try another batch of guanindine or disodium citrate.
The buffer may be stored for years at 4°C in the dark.

For cDNA synthesis, it is recommended to use reagents provided in the Marathon
kit (Clontech), with the exception of oligonucleotides.

For Long-and-Accurate (LA)-PCR enzyme mixtures I strongly recommend
enzyme the ones based on KlenTaq polymerase (Ab Peptides) or its analogs
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(such as AdvanTaq polymerase, Clontech) instead of nontruncated Taq variants.
In our experience, this enzyme produces the least distortion to the cDNA sample
during amplification. The LA mixture can be prepared by adding 1 U of cloned
Pfu polymerase (Stratagene) for every 30 U of KlenTaq polymerase. Calculate
the required amount of mix assuming that 25 U of KlenTaq are required for
100 uL PCR.

5. The set of oligonucleotides presented in Fig. 2 has been extensively tested on
a number of various invertebrates and consistently produced good results. It
is primarily designed for cDNA amplification and RACE, but it can be also
successfully applied to preparation of samples for suppression subtractive
hybridization (7), because the potentially interfering oligo-derived flanking
sequences are removed by Rsal digestion.

6. The volume of tissue should be not more than one-fifth of the buffer D volume.
To avoid RNA degradation, tissue dispersion should be done as quickly and
completely as possible, ensuring that cells do not die slowly on their own. To
adequately disperse a piece of tissue usually takes 2—3 min of triturating using a
pipet, taking all or nearly all volume of buffer into the tip each time. The piece
being dissolved must go up and down the tip, so it is sometimes helpful to cut
the tip to increase the diameter of the opening for larger tissue pieces. Tissue
dispersion can be done at room temperature. The dispersed samples can be
stored at 4°C for several days (exceptions, such as Balanoglossus—acorn worm,
phylum Hemichordata—that contain high concentrations of highly reactive
iodine in its tissues, are rare).

The tissue dispersed in buffer D produces a highly viscous solution. The
viscosity is usually the result of genomic DNA. This normally has no effect
on the RNA isolation (except for dictating longer periods of spinning at the
phenol-chloroform extraction steps), unless the amount of dissolved tissue
was, indeed, too large. However, in some cases (e.g., freshwater planarians or
mushroom anemones) mucus produced by the animal contributes to viscosity.
This substance tends to copurify with RNA, making it very difficult to collect the
aqueous phase at the phenol-chloroform extraction step. It likewise lowers the
efficiency of cDNA synthesis. The RNA sample contaminated with such mucus,
although completely dissolved in water, does not enter the agarose gel during
electrophoresis. The EtBr-stained material stays in the well, probably because
the mucus adsorbs RNA. Including cysteine in buffer D can diminish the
mucus problem. To buffer D, add 0.1 vol of solution containing 20% l-cysteine
hydrochloride hydrate and 50 mM tricine—KOH (pH 7) (takes a lot of titration!).
The cysteine solution should be freshly prepared. After dissolving the tissue,
incubate the sample for 2 h at 4°C and then proceed with the above protocol.

7. RNA degradation can be assessed using nondenaturing electrophoresis. The first
sign of RNA degradation on the nondenaturing gel is a slight smear starting from
the rRNA bands and extending to the area of shorter fragments, such as seen in
Fig. 3, lanes 3 and 4. The RNA showing this extent of degradation is still good
for further procedures. However, if the downward smearing is so pronounced that
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10.

11.

the ribosomal RNA (rRNA) bands do not have a discernible lower edge, the RNA
preparation should be discarded. The amount of RNA can be roughly estimated
from the intensity of the rRNA staining by ethidium bromide in the gel, assuming
that the dye incorporation efficiency is the same as for DNA (the ribosomal RNA
may be considered a double-stranded molecule because of its extensive secondary
structure).

The rule for vertebrate rRNA—that in intact total RNA, the upper (28s) rRNA
band should be twice as intense as the lower (18s) band—does not apply to
invertebrates. The overwhelming majority have 28s rRNA with a so-called
“hidden break” (16). It is actually a true break right in the middle of the 28s
rRNA molecule, which is called hidden because under nondenaturing conditions
the rRNA molecule is being held in one piece by the hydrogen-bonding between
its secondary structure elements. The two halves, should they separate, are each
equivalent in electrophoretic mobility to 18s rRNA. In some organisms, the
interaction between the halves is rather weak, so the total RNA preparation
exhibits a single 18s-like rRNA band even on nondenaturing gel (Fig. 3A, lane 3).
In others, the 28s rRNA is more robust, so it is still visible as a second band, but it
rarely has twice the intensity of the lower one (Fig. 3A, lanes 1, 2, and 4).
Curiously, genomic DNA contamination is reproducible for a particular species
but varies between species. However, it never exceeds the amount seen in Fig.
3A, lanes 1 and 2—a weak band of high molecular weight. Such an extent of
contamination does not affect further procedures. In fact, the methods of cDNA
amplification described here tolerate genomic DNA up to 50% of the total sample
mass, without losing specificity or efficiency.

To store the isolated RNA, add 0.1 vol of 3 M sodium acetate and 2.5 volumes
of 96% ethanol to the RNA in water and mix thoroughly. The sample may be
stored for several years at —20°C.

Using the Qia-Quick purified ligation mixture removes the excess of nonincor-
porated adapter oligomers and prevents them from interfering in the subsequent
PCR. The step is necessary when the starting amount of RNA was lower than
0.3-0.5 pg, to make it possible to take all of the generated cDNA into subsequent
PCR. For higher initial amounts, the purification step may be replaced by fivefold
dilution of the mixture, followed by PCR starting with 1 uL of the dilution. Thus,
the nonincorporated oligos are simply diluted to a non-interfering concentration.
In this case, only one-fiftieth part of the available adapter-ligated cDNA goes
into PCR, but because of the excess of RNA at the start, this is usually enough to
generate a representative cDNA sample. If you are not quite sure which variant
to choose, start with dilution. If you find that cDNA amplification requires too
many cycles (more than 20; see Note 11), purify the remaining ligation mixture
by Qia-Quick and take it all into PCR. It is important to use T/M buffer, which
contains 10 mM Tris-HCl and 1 mM MgCl,, for elution. Elution with plain water
leads to denaturation of DNA because of electrostatic repulsion of strands in low-
salt conditions, which decreases the specificity of amplification and promotes
background stemming from genomic DNA.
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Matz

Amplification guidelines

(40-n)
N = 2 (Lukyanov-Matz equation)

N - number of DNA molecules at the start of amplification, N - number of
PCR cycles required to amplify the product to the concentration 5-10 ng/ul.

1 DNA molecule 1 kb long weights about 10 _189

1 molecule = 40 cycles I
1000 molecules —» 30 cycles ErTEE
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Fig. 4. Amplification guidelines.

The number of PCR cycles required to amplify a visible amount of cDNA (i.e.,
about 5-10 ng/uL) is a key parameter for assessing the representation of an
amplified sample. There is a simple link between the initial number of target
DNA molecules and number of PCR cycles required to amplify the sample
(Fig. 4), as it was empirically determined during the work on in vitro cloning
(17,18). Using these guidelines, it can be calculated that a sample consisting of
10° molecules (a representation sufficient for most cDNA tasks) or more would
require 20 or less PCR cycles to be amplified. In other words, if it took less
than 20 PCR cycles to amplify your cDNA, this is a very representative sample.
In our practice, we prefer to achieve at least one order of magnitude higher
representation (i.e., get robust cDNA product in 16-17 cycles) to ensure that we
have even the rarest messages.

The amplified cDNA at agarose gel should look like a smear (which may contain
some bands, corresponding to the most abundant cDNA species) with the average
length about 1 kb (see Fig. 3B). If it comes out much less, this may be a sign
of pronounced RNA degradation during cDNA synthesis (if the total RNA was
confirmed to be intact), which is usually the result of the poor quality of reverse
transcriptase. Try another batch of it. Alternatively, something may be wrong
with the PCR system. Most likely, the polymerase mixture is bad, but it is better
to replace all of the reaction components.

It is recommended to store the product of amplification as a master sample. The
unpurified PCR product produced by a KlenTag-based enzyme mixture can be
stored at —20°C for several years. If large amount of cDNA is required for further
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15.

procedures (e.g., cloning), use aliquots of the master sample to amplify more
material. Dilute the aliquot of the master sample 50-fold in deionized water and
add 1 pL of the dilution per each 20 UL of the PCR mixture prepared as at step
10. Do exactly 10 PCR cycles, this will generate a product in a concentration
equal to the master sample. Do not apply more cycles attempting to generate
more material, as overcycling produces the most pronounced distortions of
cDNA profile. Instead, prepare a large volume of PCR mixture, distribute it into
several tubes (30 UL per tube), and pool them after amplification is complete. If
pure DNA is required for further procedures, the amplified cDNA may be cleaned
using the Qia-Quick PCR purification kit (Qiagen) according to the provided
protocol, but using T/M buffer for elution instead of the provided buffer.

If you intend to clone the product of cDNA amplification, it is necessary
to perform a “chase” step after the product is amplified. The conditions for
amplification recommended here include using a low working concentration of
primers (0.1 uM), which greatly enhance the specificity of poly(A)*-fraction
amplification. However, there is a very good chance that a substantial fraction of
the sample will be denatured at the end of PCR, because there will be already no
primers available to initiate the synthesis of the complementary strand (especially
if slight overcycling occurred). Obviously, for cloning, it is highly desirable to
have the entire PCR product double-stranded. To ensure this without sacrificing
the specificity of amplification, do the following. Run the PCR with a low primer
concentration, as recommended, until the product is amplified. Then, keeping the
completed PCR reaction in the thermocycler at 72°C, inject an additional amount
of primers there (up to 0.2 uM more of each), and perform two nondenaturing
“chase” cycles: 77°C for 1 min, —65°C for 1 min, 72°C for 3 min. Purify the
product by Qia-Quick PCR purification kit (Qiagen) before cloning (use T/M
buffer for elution).
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Single-Cell cDNA Library Construction
Using Cycling aRNA Amplification

Shi-Lung Lin

1. Introduction

Several existing methods for constructing complementary DNA (cDNA)
libraries require several thousand cells and involve the lengthy procedure of
reverse transcription (RT), restriction, adaptor ligation, and vector cloning,
which usually fail to maintain the completeness of a cDNA library, resulting
in a loss of rare cDNAs. However, gene expression analysis of specific cell
populations within a heterogeneous tissue is essential for research in vivo,
requiring a method to generate cDNA libraries from a very small number
of specific cells. The generation of amplified antisense RNA (aRNA) by
incorporating an oligo-(dT) primer coupled to a T7 RNA polymerase promoter
sequence during RT has been developed to linearly increase transcriptional
copies of mRNAs from a limited amount of promoter-linked cDNAs (1,2) (see
Note 1). However, the aRNAs prepared from a single live neuron has been
reported to cover 50-75% of the total mRNA population (2,3), indicating that
rare mRNAs were lost during the amplification procedure.

One possibility for the loss of rare mRNA species in the previous methods
may result from the use of random primers and diluted RNA amount. We
present a novel method for generating full-length cDNA libraries that combines
in situ reverse transcription and the terminal transferase tailing reaction (4).
To prevent mRNAs from degradation during extraction, the initial steps of in
situ reverse transcription, first-strand cDNA tailing, and aRNA amplification
are preferably performed using fixed and permeabilized cells (see Note 2). The
intracellular poly(A*) RNA is amplified up to 2000-fold prior to be extracted
from cells. Subsequent RT-PCR polymerase chain reaction generates a full-
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7.4kb—
5.3kb— "
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—=— GAPDH (1.7kb)
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| L Amplified ¢DNAs from a cell
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Fig. 1. (A) One percent formaldehyde—agarose gel analysis of the cDNA library
from different numbers of cultured LNCaP cells. Lane 1, RNA markers from 1.2 to
7.4 kb; lane 2, total RNA repertoire from 100,000 cells; lane 3, cDNA library from a
few single cells. The cDNA library obtained from single cells was sufficient to produce
a smear visualizable upon staining with ethidium bromide. (B) Southern blot analysis
of RB, p21, B-actin, and GAPDH in the ¢cDNA library generated from 10 LNCaP
cells, showing corrected sizes of all tested gene transcripts from 1.7 (GAPDH) to
4.9 kb (RB).

length cDNA library in a quantity easily manipulatable for gene expression
analysis; the resultant cDNA are amplified to total more than 10° the amount
of original mRNA. Moreover, the tailing reaction protects the 3" end of first-
strand cDNA, which codes the 5" end of a mRNA sequence. A more full-length
library construct, therefore, can be assessed for gene cloning. It is noted that
the maintenance of the populationary ratio of individual RNA species has also
been improved, indicating the necessity of preserving intact mRNA termini for
high-quality cDNA library generation. Our previous report (4) has shown that
the cDNA library so generated is suitable for Southern analysis of correctly
sized genes up to 5 kb (see Fig. 1).

The method can be broken down into six steps (A—F, Fig. 2): (A) cell fixation
and permeabilization, (B) first reverse transcription with oligo-(dT)-promoter
primers, (C) first-strand cDNA tailing and double-stranding, (D) in vitro or
in-cell transcription, (E) second reverse transcription using the externally added
tail, and (F) optional PCR amplification. Although the starting material can be
either from 0.1-2 g total RNAs or from as few as a single cell, we usually
use 20-200 cells for more consistent amplification results. It has also been
shown that too large an amount of starting material can cause lower efficiency
of tailing reaction. The chance to generate a complete cDNA library from more
than 200 cells will depend on the relative amount of terminal transferase (TdT)
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Fig. 2. Flowchart of current method for generating a full-length cDNA library from
a few single cells. Cells fixation and permeabilization protect intracellular mRNA from
degradation and allow enzymes to penetrate cell membranes. Upon RT using an oligo-
(dT)-T7 promoter and tailing with poly(dA) oligonucleotide, the cDNA library was
amplified by in-cell transcription up to 2000-fold and then PCR for another 10°-fold.
The final PCR products, therefore, yield more than 10° times the amount of original
mRNAs.

activity to the first-strand cDNA molecules. The coverage of TdT activity is
less effective when outnumbered cDNA molecules interact with limited TdT
enzyme in a short tailing period of time. A longer incubation time does not
improve the coverage efficiency of a tailing reaction and usually causes longer
tails to bias the corrected size of a cDNA sequence. Therefore, we suggest at
least 50 U of TdT for maximal 1 pg total RNAs or 20 ng mRNAs in a short
tailing reaction.

Two methods for the reamplification of the final cDNA library are presented.
In one method, because the amplified aRNA contains a poly(A) tail that is
similar to its originated mRNA, the aRNA amplification can be reiterated
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following the same procedure using aRNA as the starting material. The second
procedure uses PCR to amplify the cDNA based on its poly(dA) tail in both
termini. It is clear that PCR provides a much simpler approach for high-
quantity cDNA generation, but three major disadvantages are also created.
First, preferential amplification of some abundant genes is a well-known
problem for PCR-based methodology. Second, low fidelity of the resultant
DNA product is another generic problem caused by most thermostable DNA
polymerases. In addition to these two problems, we also found that PCR
using poly(dT) primers tends to increase the mean size of a cDNA library
after multiple cycles of amplification. Such size increase is a result from the
concatenate linkage between a poly(dA) tail and a poly(dT) termini of different
cDNA templates during PCR. Therefore, although the PCR product is useful
for Southern or reverse Northern blotting, we recommend to perform only the
cycling amplification procedure of this method without final PCR for cDNA
preparation and labeling for high-resolution gene-chip analysis.

2. Materials

2.1. Generation of First-Strand cDNA Using Reverse Transcription
with Oligo-(dT)-Promoter Primers

1. Diethyl pyrocarbonate (DEPC) H,O: Stir double-distilled water (ddH,0) with
0.1% DEPC for more than 12 h and then autoclave at 120°C under about
1.2 kgf/cm? for 20 min, twice.

2. Oligo-(dT)24-T7 promoter primer: dephosphorylated 5-dAAGCTTAGAT ATC
TAATACG ACTCACTATA GGGAATTTTT TTTTTTTTTT TTTTTTTTT-3’
(100 pmol/uL).

3. AMV reverse transcriptase (50 U/uL) and 10X reverse transcription buffer
(500 mM Tris-HCI (pH 8.5) at 25°C, 80 mM MgCl,, 300 mM KCI, 10 mM
dithiothreitol [DTT]).

4. First reverse transcriptase mix: 7 uL. DEPC-treated ddH,O, 2 uL 10X reverse
transcription buffer, 2 pL of 10 mM dNTP mix (10 mM each for dATP, dGTP,
dCTP, and dTTP), 1 uL. RNasin (25 U/uL), and 2 pLL AMYV reverse transcriptase;
prepare just before use.

5. Incubation chamber: 65°C, 42°C, 50°C, and 94°C.

6. Purification spin column: 100 bp cutoff filter (e.g., a Microcon-50 centrifugal
filter [Amicon, Beverly, MA], as shown here).

2.2. cDNA Amplification Using Terminal Transferase Tailing
with Poly(dA) Oligonucleotides

1. 10X Terminal transferase tailing buffer: 500 mM Tris-HCI (pH 8.0) at 25°C,
400 mM KCl, 80 mM MgCl,, and 100 mM DTT; prepare fresh.
2. Terminal deoxynucleotidyl transferase (TdT, 25 U/uL).
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3. Terminal transferase reaction mix: 3 uL. DEPC-treated ddH,0O, 1 pL of 10 mM
dNTP, 3 uL of 10X terminal transferase tailing buffer, 1 uL of 10 mM dATP, and
2 uL terminal deoxynucleotidyl transferase; prepare just before use.

4. Incubation mixer: 37°C, 100g vortex for 30 s between every 5-min interval.

5. Incubation chamber: 94°C.

2.3. cDNA Double-Stranding Using DNA Polymerization
with Poly(dT) Primers

1. Poly(dT),, primer: dephosphorylated 5'-dTTTTTTTTTT TTTTTTTTTT
TTTT-3 (100 pmol/uL).

2. 10X cDNA double-stranding buffer: 500 mM Tris-HCI (pH 9.2) at 25°C, 160 mM
(NH,),S0,, and 20 mM MgCl,; prepare fresh.

3. cDNA double-stranding reaction mix: 10 uL. DEPC-treated ddH,0O, 5 uL of 10X
first-strand buffer, 2 uL of 10 mM dNTP mix (10 mM each for dATP, dGTP,
dCTP, and dTTP), 0.7 uL. Tag DNA polymerase (5 U/uL), and 0.3 pL Pwo DNA
polymerase (5 U/uL); prepare just before use.

4. Incubation chamber: 94°C, 50°C, and 68°C.

5. Nonionic detergent (octylphenoxy)polyethanol (2%).

6. Purification spin column: 100 bp cutoff filter.

2.4. Generation of Full-Length Antisense RNA Using
In Vitro Transcription with Promoter-Driven RNA Polymerase

1. 10X In-vitro transcription (IVT) buffer: 400 mM Tris-HCI (pH 8.0) at 25°C,
100 mM MgCl,, 50 mM DTT, and 5 mg/mL nuclease-free bovine serum
albumin (BSA).

2. T7 RNA polymerase (80 U/uL).

3. IVT reaction mix: 8§ pL DEPC-treated ddH,O, 4 uL of 10X IVT buffer, 4 uL of
10 mM dNTP mix (10 mM each of ATP, GTP, CTP, and UTP), and 2 pL. RNasin
(25 U/uL); prepare just before use.

4. Incubation mixer: 37°C, 100g vortex for 30 s between every 30-min interval.

2.5. Generation of Sense-Strand cDNA Using Reverse
Transcription with Poly(dT) Primers

1. Poly(dT),, primer: dephosphorylated 5-dTTTTTTTTTT TTTTTTTTTT
TTTT-3’ (100 pmol/uL).

2. AMV reverse transcriptase (50 U/uL) and 10X reverse transcription buffer
(500 mM Tris-HCI [pH 8.5] at 25°C, 80 mM MgCl,, 300 mM KCI, and 10 mM
DTT).

3. Second reverse transcriptase mix: 9 pL. DEPC-treated ddH,0, 2 pL of 10X
reverse transcription buffer, 3 uL. of 10 mM dANTP mix (10 mM each of dATP,
dGTP, dCTP, and dTTP), 1 pL RNasin (25 U/uL), and 3 uL AMV reverse
transcriptase; prepare just before use.
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4. Incubation chamber: 65°C, 42°C, and 50°C.
5. Purification spin column: 100 bp cutoff filter.

2.6. cDNA Double-Stranding Using DNA Polymerization
with Oligo-(dT)-Promoter Primers

1. Oligo(dT),,-T7 promoter primer: dephosphorylated 5-dAAGCTTAGAT ATC
TAATACG ACTCACTATA GGGAATTTTT TTTTTTTTTT TTTTTTTTT-3’
(100 pmol/uL).

2. 10X cDNA double-stranding buffer: 500 mM Tris-HCl (pH 9.2) at 25°C, 160 mM
(NH,),S0,, and 20 mM MgCl,; prepare fresh.

3. cDNA double-stranding reaction mix: 12 uL. DEPC-treated ddH,0, 4 uL of 10X
cDNA double-stranding buffer, 1.5 uL of 10 mM dNTP mix (10 mM each of dATP,
dGTP, dCTP, and dTTP), 0.7 uL. Tag DNA polymerase (5 U/uL), and 0.3 puL
Pwo DNA polymerase (5 U/uUL); prepare just before use.

4. Incubation chamber: 94°C, 50°C, and 68°C.

2.7. Optional cDNA Amplification Using PCR Reaction
with Poly(dT) Primers

1. Poly(dT),, primer: dephosphorylated 5’-dTTTTTTTTTT TTTTTTTTTT TTTT-3’
(100 pmol/uL).

2. 10X cDNA double-stranding buffer: 500 mM Tris-HCl (pH 9.2) at 25°C, 160 mM
(NH,),S0,, and 20 mM MgCl,; prepare fresh.

3. cDNA PCR reaction mix: 12 uL. DEPC-treated ddH,0, 5 uL of 10X cDNA
double-stranding buffer, 2 uL of 10 mM dNTP mix (10 mM each of dATP, dGTP,
dCTP, and dTTP), 0.7 uL. Tag DNA polymerase (5 U/uL), and 0.3 uL. Pwo DNA
polymerase (5 U/uUL); prepare just before use.

4. Incubation chamber or thermocycler machine: 94°C, 50°C, and 68°C.

3. Methods

3.1. Generation of First-Strand cDNA Using Reverse Transcription
with Oligo-(dT)-Promoter Primers

The starting material is 0.1-2 pg total RNA (1-3) or a few permeabilized
cells (4) (see Note 3). Poly(A*) RNA is selected using promoter-linked oligo-
(dT) primers, which contains about 20-26 deoxythymidylate oligonucleotides.
The first-strand cDNA is synthesized by reverse transcription from the poly(A*)
RNA with promoter-linked oligo-(dT) primers. As shown in Fig. 1, the promoter
used here is a T7 bacteriophage RNA promoter element.

1. Primer annealing: Suspend RNA in 5 uL of DEPC-treated water, mix well with
1 UL oligo-(dT),,-T7 primer, heat to 65°C for 5 min for minimizing secondary
structure, cool to 50°C for 10 min for primer hybridization, and then cool on ice.

2. First-strand cDNA synthesis: Add 14 uL of first reverse transcriptase mix and
heat to 42°C for 50 min. Add another 1 UL of reverse transcriptase and mix.



Single-Cell cDNA Library Construction 123

Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for 10 min,
and then cool on ice. The RNA is still attached noncovalently to the cDNA.

3. Denaturation: Heat the reaction at 94°C for 3 min and then cool on ice
immediately.

4. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough (see Note 4).
Add 200 uL of DEPC-treated ddH,O into the spin column to wash the cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the cDNA, place the spin column
upside down in a new collecting microtube, and spin 3 min at 3000g. Store
the 20 UL of the purified cDNA in a —20°C freezer or perform the next step
immediately.

3.2. cDNA Amplification Using Terminal Transferase Tailing
with Poly(dA) Oligonucleotides

In this method, which was reported by Ying and Chuong in 1999, the first-
strand cDNA is dA-tailed using terminal deoxyribonucleotidyl transferase
(TdT), and a poly(dT) primer is applied to initiate the second-strand cDNA
synthesis by a two-cycle PCR-like reaction. Although this external priming
procedure preserves better full-length conformation of the mRNA, the effi-
ciency of the TdT tailing reaction seems to depend on the particular 3" termini
of different first-strand cDNA species, resulting in uneven coverage. Such a
problem, however, can be improved by adequate TdT activity rate and constant
reaction vortex (see Note 5). Practically, 1 U of TdT is required for tailing
every picomole of cDNA in a mild shaking incubator (100g), if the average
size of cDNA is 3 kb.

1. TdT tailing reaction: Add 10 puL of terminal transferase reaction mix to the
purified cDNA and mix well. Incubate the reaction at 37°C for 30 min and
occasionally mix the reaction every 5 min for better tailing coverage.

2. Reaction stop: Heat the reaction at 94°C for 3 min and cool on ice immediately.

3.3. cDNA Double-Stranding Using DNA Polymerization
with Poly(dT) Primers

The mRNA portion of the resulting messenger RNA (mRNA)-cDNA hybrid
is denatured, and double-stranded cDNA was formed using a one-cycle
PCR-like reaction with poly(dT) primers. Then, the amplification of cDNA
representative can be achieved by in vitro transcription using the promoter-
linked double-stranded cDNA as template.

1. Primer annealing: Add 2 pL of poly(dT),4 primer to the reaction, heat to 94°C
for 3 min for mRNA removal, cool to 50°C for 1 min for primer hybridization,
and then cool on ice.
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2. cDNA double-stranding: Add 20 uL of cDNA double-stranding reaction mix to
the reaction, mix well, and then incubate the reaction at 68°C for 10 min.

3. Breaking cell membrane: For using permeabilized cells as starting material, add
200 UL of 2% nonionic detergent (octylphenoxy)polyethanol to the reaction and
vortex at 100g for 10 min.

4. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 uL of
DEPC-treated ddH,O into the spin column to wash the double-stranded cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the double-stranded cDNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 puL of the purified cDNA in a —20°C freezer or perform
the next step immediately.

3.4. Generation of Full-Length Antisense RNA Using In Vitro
Transcription with Promoter-Driven RNA Polymerase

The promoter of the double-stranded cDNA is now served as a recognition
site for RNA polymerase during an in vitro transcription reaction. The in vitro
transcription provides linear amplification up to 2000-fold of the amount of
starting materials (1,2). The proofreading capability of the RNA polymerase
ensures the fidelity of the resulting nucleic acid products. Because the promoter
is incorporated in the opposite orientation of mRNA, the resulting product is
antisense RNA (aRNA) rather than sense mRNA.

1. In vitro transcription reaction: Add 20 pL of the IVT reaction mix to the purified
cDNA and mix well. Incubate the reaction at 37°C for 2-3 h and occasionally
mix the reaction every 30 min for better RNA elongation (see Note 6).

2. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 uL
of DEPC-treated ddH,O into the spin column to wash the aRNA, spin for 10 min
at 14,000g, and discard the flowthrough. Add 20 UL of DEPC-treated ddH,O into
the spin column to dissolve the aRNA, place the spin column upside down in a
new collecting microtube, and spin for 3 min at 3000g. Store the 20 uL of the
purified aRNA in a —80°C freezer or perform the next step immediately.

3.5. Generation of Second-Strand cDNA Using Reverse
Transcription with Poly(dT) Primers

Because the full-length aRNA is flanked by poly(T)- and poly(A)-oligonu-
cleotide in its 5" and 3’ termini, respectively, the second-strand cDNA can be
formed by reverse transcription of the aRNA using poly(dT) primers.

1. Primer annealing: Add 2 pL of poly(dT),4 primer to 10 UL of the purified aRNA,
mix well and heat to 65°C for 5 min for minimizing secondary structure, cool to
50°C for 1 min for primer hybridization, and then cool on ice.
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2. Second-strand cDNA synthesis: Add 18 pUL of second reverse transcriptase mix
and heat to 42°C for 50 min. Add another 1 uL of reverse transcriptase and
mix. Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for
10 min, and then cool on ice. The aRNA is still attached noncovalently to the
second-strand cDNA.

3. Denaturation: Heat the reaction at 94°C for 3 min and then cool on ice
immediately.

4. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 uL
of DEPC-treated ddH,O into the spin column to wash the second-strand cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the second-strand cDNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 UL of the purified second-strand cDNA in a —20°C freezer
or perform the next step immediately.

3.6. cDNA Double-Stranding Using DNA Polymerization
with Oligo-(dT)-Promoter Primers

The aRNA of the aRNA—cDNA hybrid is denatured and the cDNA is used
to form a double-stranded cDNA library using a one-cycle PCR-like reaction
with the promoter-linked oligo-(dT) primers. Then, another round of aRNA
amplification can be achieved by in vitro transcription using the promoter-
linked double-stranded cDNA as the template, following the steps from
Subheadings 3.4.-3.6.

1. Primer annealing: Add 2 pL of oligo-(dT),4-T7 primer to the purified second-
strand cDNA, heat to 94°C for 3 min for aRNA removal, cool to 50°C for 10 min
for primer hybridization, and then cool on ice.

2. cDNA double-stranding: Add 18.5 UL of cDNA double-stranding reaction mix to
the reaction, mix well, and then incubate the reaction at 68°C for 10 min.

3.7. Optional cDNA Amplification Using PCR Reaction
with Poly(dT) Primers

The resultant double-stranded cDNA contains the poly(dA-T) region in the
both termini, which can be used as a primer binding site for poly(dT) primers
during PCR. Although the following PCR procedure can easily provide a high
quantity full-length cDNA library, some PCR-based disadvantages may bias
the quality of a cDNA library. For high-fidelity gene analysis, the cycling steps
from Subheadings 3.4.-3.6 are recommended.

1. Primer annealing: Add 2 puL of poly(dT),, primer and 1 uL of the cDNA to 27 pL
of DEPC-treated ddH,O, heat to 94°C for 3 min for cDNA denaturation, cool to
50°C for 1 min for primer hybridization, and then cool on ice.
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2. PCR reaction: Add 20 uL of cDNA double-stranding reaction mix to the reaction,
mix well, and then incubate the reaction at 68°C for 10 min. Repeatedly incubate
the reaction at 94°C for 1 min, 50°C for 1 min, and then 68°C for 7 min up
to 25 cycles.

3. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 puL
of DEPC-treated ddH,O into the spin column to wash the second-strand cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the second-strand cDNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 UL of the purified cDNA in a —20°C freezer until use
up to 2 mo.

4. cDNA library assessment (see Chapter 13).

4. Notes

1. As described and proven in Eberwine, and Van Gelder, and their colleagues’
publications (1,2), the linear amplification of transcription means that the ampli-
fied RNA population should reflect its abundance in the original RNA population.
Because the transcriptional amplification of nucleic acids only requires the
recognition of promoter regions by RNA polymerases and all promoters possess
the same affinity to their respective polymerases, the transcription-based nucleic
acid amplification technology will provide less preferential amplification than
the PCR-based technology. It is noted that the preferential amplification of
PCR is caused by the different affinity between different primers (forward and
reverse primers) to their templates as well as between the primers and different
templates. It is clear that the transcriptional amplification can bypass the use of
multiple primers and also provide a better amplification rate (up to 2000-fold per
cycle) to mirror the mRNA population.

2. Because the penetration of formaldehyde is less effective than acetone, methanol,
or ethanol/acetone mixture, the dissected sample tissues should be as small as
possible (<2 mm size cubes) to enable rapid fixation.

3. Isolated cells were preserved in 500 UL of ice-cold 10% formaldehyde in suspen-
sion buffer (0.15 M NaCl (pH 7.0), and 1 mM EDTA) for the following fixation
and permeabilization procedure (5). After 1 h of incubation with occasional
agitation, fixed cells were collected with Microcon-50 filters and washed by
350 pL of ice-cold PBS with vigorous pipetting. The collection and wash were
repeated at least once. The fixed cells were then permeabilized in 500 uL of 0.5%
nonionic detergent (octylphenoxy)polyethanol for 1 h with frequent agitation.
After that, three collections and washes were given to the cells as earlier but
using 350 pL of ice-cold PBS containing 0.1 M glycine instead. The cells were
finally mixed with 0.1 uM poly(dT),, primer and resuspended in the same buffer
with vigorous pipetting to evenly distribute them into small aliquots (about
50 cells in 10 pL) for storage. They could be stored at —80°C for up to 2 wk.
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4. Relative Centrifugal Force (RCF) (g) = (1.12 x 107)(rpm)>r, where r is the
radius in centimeters measured from the center of the rotor to the middle of the
spin column and rpm is the speed of the rotor in revolutions per minute.

5. The first-strand cDNA is poly(dA)-tailed by TdT using provided condition that
should produces an average 35- to 65-base overhang. The incorporation rate is
increased about 80-90% with occasionally gentle mix, but drops to about 50%
without mix. The efficiency of TdT tailing seems to be varied among different
mRNA species, but can be improved by occasionally gently mixing in a short
period of incubation time. The use of multiple poly(dT),,N'N" primers (N’ = dA,
dC, or dG; and N” = dA, dT, dC or dG) instead of poly(dT),, primers for the
synthesis of second-strand cDNA can improve the final poly(dA) tail to be
about 20-26 residues. The use of cobalt-based buffers is not recommended in
this protocol.

6. The most stable and efficient IVT reaction occurs during the first 2-h incubation
at 37°C. The rate of RNA synthesis decreases considerably (40-50%) after
3 h of incubation or below 37°C incubation. A longer reaction may increase
the yield, but the possibility of degradation by RNase increases. Occasionally,
gentle mixing can prevent the stall of crowded RNA polymerases on a template
and enhance full-length synthesis. The overall rate of RNA polymerization is
maximal between pH 7.7 and 8.3, but it remains about 70% of maximum at
pH 7.0 or 9.0. High concentrations of NaCl, KCI, or NH,Cl above 75 mM will
inhibit the reaction.
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mRNA/cDNA Library Construction
Using RNA-Polymerase Cycling Reaction

Shi-Lung Lin and Shao-Yao Ying

1. Introduction

Molecular profiling of single-cell gene expression permits the high-definition
investigation of intracellular gene activity and physiological status of the cells
under certain special conditions, such as pathogenesis (1,2), cancer staging
(3), drug treatment, and developmental processes (4). Traditionally, gene
transcripts were extracted from lysed cells with phenol-chloroform followed
by precipitation, and messenger RNAs (mRNA) were further purified by
oligo-(dT)-dextran media (5). However, the tedious procedures of extraction,
chromatography, and precipitation could not maintain the completeness of
a whole mRNA repertoire, resulting in a significant loss of rare RNA (<10
copies/cell) populations. Such loss could be as much as 30% of the original
repertoire. The requirement of bulk tissue samples for a better population
coverage was another drawback of the phenol-chloroform extraction methods.
A minimum of several thousand cells is needed for an acceptable quality
of RNA extraction. Because of tissue heterogeneity, these methods usually
provided neither reliable nor reproducible results. Unfortunately, it is impos-
sible to collect adequate amounts of pure or homogeneous samples for these
methods because of a tremendous difficulty in sample dissection and RNA
preservation, especially the preservation of rare mRNA species.

A breakthrough improvement of mRNA preparation is now based on a in
vitro transcription (IVT) reaction, which provides linear amplification of a
whole poly(A)* RNA repertoire up to 2000-fold per cycle from limited numbers
of cells (6,7). By incorporating an RNA promoter into cDNA templates, these
transcription-based methods amplified nucleotides by RNA polymerization.
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Fig. 1. An illustration of the RNA-PCR thermocycling procedure. The cycling steps
D-F can be repeated at least one time for the linear amplification of a mRNA library by
in vitro transcription. Advantageously, the reactions of steps A-F can be continuously
performed in a reverse transcription and in vitro transcription (RT&T) buffer. The
cycling of reverse and in vitro transcription reactions provides more flexibility for
the enzymatic synthesis of single-stranded RNAs, RNA-DNA hybrids, and double-
stranded DNAs, which are ready for a variety of biochemical applications such
as mRNA library preparation for microarray analysis (see Figs. 3 and 4), probe
preparation for specific gene detection (7), full-length gene cloning, in vitro translation
for protein synthesis, and gene knockout analysis through a posttranscriptional gene
silencing mechanisms (8).

The identification of some useful mRNA markers for certain disease detection
has been reported (2,3). Recently, a novel thermocycling procedure, RNA-
polymerase cycling reaction (RNA-PCR), further achieved full-length mRNA
amplification and successfully displayed cancer-stage-specific gene expression
by Northern blot analysis (3). To the best of our knowledge, this is the first
procedure that has been tested to generate a full-length mRNA library from
as few as 20 tissue cells (2-pg mRNAs) for profiling cancer stages in vivo.
In brief, the RNA-PCR (polymerase chain reaction) procedure (see Fig. 1) is
based on (A) prevention of degradation, (B) reverse transcription of mRNAs
with poly-(dT) primers, (C) poly(dC)-tailing of the first-strand cDNAs, (D)
denaturation and then double-stranding the DNA templates with oligo-(dG)-



mRNA/cDNA Library Construction 131

T7-promoter primers, (E) in vitro transcription from the promoter region to
generate multiple RNA sequences, and (F) repeating steps A-E without step C
to achieve the desired poly(A)* RNA amount for analysis.

This method is capable of generating cell-type-specific poly(A)* RNA
libraries up to 5 kb in the full-length conformation of most mRNAs, and up
to 12 kb in a shorter 5" truncated form of larger mRNA species. A high G-C
content RNA, however, tends to be a little shorter than its original size. In
general, the good integrity of total cellular mRNAs should appear as a smear
between approx 500 bases and 5 kb on an electrophoresis gel and is composed
of a median size of around 2 kb (5). It is noteworthy that the full-length
conformation at this range actually covers more than 90% of a whole mRNA
population in cells. Based on our electrophoresis data, the quality of an RNA-
PCR-derived mRNA library has reached the same quality as a smear between
300 and 7.4 kb without ribosomal RNA and genomic DNA contamination on
a 1% formaldehyde—agarose gel (see Fig. 2A). Northern blot analysis of p16,
a rare gene usually not shown in phenol-chloroform extracted RNAs, was
clearly detected in a RNAPCR-derived library, whereas the signal of GAPDH
(a highly abundant gene) was observed in all tested libraries, indicating a better
preservation of rare mRNA species by RNA-PCR amplification. Moreover,
RB (4.9 kb), B-actin (2.2 kb), and GAPDH (1.7 kb) gene transcripts were all
measured in their corrected full-length sizes (Fig. 2B), further confirming
a potential full-length conformation up to at least 5 kb. The utilization of
thermostable reverse transcriptases in our current protocol has improved the
full-length potential up to 9 kb and the 5’-end start codon of the resulting
mRNA reading frames can be well preserved for further in vitro translation.
In addition to the linear amplification of a IVT-based reaction, the RNA-
PCR-derived RNAs could, therefore, proportionally represent most of mRNA
populations in their original makeup.

To test high-yield and linear amplification, we have routinely generated
30 ug of amplified mRNAs in a 40-uL reaction mixture after three rounds of
RNA-PCR amplification from about 20 single cells (approx 1 ng total RNAs).
This represents a 1.5 x 107-fold increase based on a comparison between the
amount of synthesized poly(A)* RNAs and that of theoretically presumed
mRNAs within a cell (0.1 pg). Even after 10-fold dilution of current enzymatic
activities, a more than 20-fold increase of specific mRNA sequences was
measured in each cycle of transcriptional amplification (see Fig. 2C). Such
high-yield amplification has been proven to be a linear amplification process,
as shown in Fig. 2D. Because of the strict proof-reading feature of RNA
polymerases, linear amplification is a natural property of transcriptional
amplification methods (7,9). Linear amplification maintains the accurate ratio
of each expressed gene transcript in an amplified library for representing the
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Fig. 2. Analyses of basic RNA-PCR features. (A) Comparison between RNA libraries
prepared by phenol—chloroform extraction (lane 2), oligo-(dT) chromatographic column
(lane 3), and RNA-PCR (lane 4) fractionated on a 1% formaldehyde—agarose gel, all
ranging from 300 to above 7.4 kb based on RNA markers. A uniform smearing pattern
of all three products indicates good RNA quality and quantity. p16, a rare and quickly
degraded gene transcript, can be clearly identified in the RNA-PCR-derived library
but not the others, whereas the abundant GAPDH and B-actin transcript was detected
by Northern blots in all three libraries. (B) The amplification level of a specific gene
transcript (activin) between two cycles of RNA-PCR has shown a significant 10-fold
increase after utilization of a 1/10-fold enzymatic activity (20 U of T7 RNA polymerase).
A greater than 250-fold amplification rate has been detected when 200 U of T7 RNA
polymerase was applied to a RNA-PCR reaction (3). However, such a tremendous
amplification rate cannot be observed by gel electrophoresis without dilution. (C)
The ratio of amplified gene products in (D) was analyzed by Northern blotting at two
predetermined concentrations (1:9) after two cycles of RNA-PCR amplification. The
final ratio (1:11) was considered to closely match the original 1:9 ratio, indicating that
the transcriptional amplification is a fairly linear amplification procedure.
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original RNA composition. Indeed, the correct ratio composition of a whole
mRNA population is critical to warrant the reproducibility and representation of
its resulting gene analyses. However, previous methods for RNA preparations
could not provide any evidence for linear amplification of rare RNAs (6,7,9,10).
To this end, the RNA-PCR-derived RNA library was experimentally tested to
provide better lineage, coverage, and representation of RNA amplification for
high-density microarray hybridizations, as shown in Fig. 3.

Reliable reproducibility and representation of a RNA-PCR-derived mRNA
library have been confirmed using microarray analysis. When applied to
affymetrix U95A2 gene chips (n = 3), both phenol-chloroform extracted and
RNA-PCR-amplified RNA libraries displayed about 4200 expressed genes on
a total about 12,670 gene chips (33.5 = 0.3% and 33.2 + 0.4%, respectively),
representing a very similar size of RNA populations. It should be noted that
the RNA-PCR-amplified library is amplified from 20 LNCaP cells, whereas
the total RNA library is extracted from about 10° cells of the same. Among
all expressed genes, 17 of them were completely missing in 1 of the libraries,
indicating a 0.4% of representation loss that may have occurred during different
handling. Less than 2% of the average population (approx 102 genes) was
detected to be differentially displayed more than threefold changes, showing
a very good mutual representation capacity. From the computing results of
scatterplots (Fig. 3, left), a highly linear correlation of gene coverage was
found in the abundant and moderate mRNA species of both. A more intense
signal for rare RNA population was detected in the RNA-PCR-derived mRNAs,
indicating a better preservation of most rare species. Although they were not
perfectly matched with each other, the above results have demonstrated much
more promising compatibility than those from the comparison of the extracted
total RNAs to an aRNA library amplified by Eberwine’s conventional aRNA
amplification method from 20 LNCaP cells (Fig. 3, right). It is known that
the aRNA amplification has been widely applied to prepare labeled probes
for microarray hybridization (7,11). However, because of the utilization of
random primers for cycling amplification, the compared aRNA library (n = 3)
displayed a more skewed and less abundant population containing an average
of 2243 expressed genes (approx 17.8%).

Using 8000 gene DNA microarrays provided by the National Cancer Institute
(NCI), we have also performed a similar experimental comparison among a
standard reference RNA library from NCI, amplified aRNAs generated from
10 ng of the standard, and RNA-PCR-derived RNAs amplified from 10 ng of
the standard (n = 2). It showed an average 83% linear correlation between the
standard and RNA-PCR-derived RNA libraries (see Fig. 4, middle), whereas
only 49% correlation was detected between the standard RNA and aRNA
library (Fig. 4, right). Based on 0.1 pg mRNA per cell and each cell containing
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Fig. 3. The comparison of differential gene expression patterns by microarray
analyses. (A) Among RNA-PCR-derived poly(A)* RNAs from 20 cells, aRNAs
amplified by Eberwine’s method (6,7), and traditional phenol-chloroform extracted
total RNAs from 10° cells, the results showed a highly compatible population in the
abundant and moderate mRNA species of the extracted and the RNA-PCR-derived
RNAs (left) but not the aRNAs (right). The rare mRNAs (white zone between two
squares) were, however, markedly different among all three groups. The gray shadow
area indicated a marginal reading zone of signal detection, showing genes absent in the
compared libraries. The 45° green lines parallel to the x/y slope marked the differential
changes from one (near the center) to eight (to both axes) folds. (B) A list of distinct
features between RNA-PCR and aRNA amplification methods, which may contribute

to the different results of microarray analysis.
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2% mRNAs, the 10-ng standard of referenced total RNAs is equivalent to the
mRNA amount of 200 cells. It is a reasonable cell number for sample collection
by a laser capture machine (LCM). For single-cell microarray analysis, this
result suggests that RNA-PCR preserves much better mRNA information
using fewer single cells than previous methods. However, the current method
is not suitable for analysis of bulk RNA sources because of its limitation
in terminal deoxynucleotidyl transferase (TdT) tailing procedure. For RNA
samples greater than 5 pg, Eberwine’s aRNA amplification method is still
the best choice (11).

2. Materials

2.1. Generation of First-Strand cDNA Using Reverse Transcription
with Poly(dT) Primers

1. Diethyl pyrocarbonate (DEPC) H,O: Stir double-distilled water with 0.1% DEPC
for more than 12 h and then autoclave at 120°C under about 1.2 kgf/cm? for
20 min, twice.

2. Poly(dT),4 primer: dephosphorylated 5-dTTTTTTTTTT TTTTTTTTTT
TTTT-3’ (100 pmol/uL) (see Note 1).

3. AMV reverse transcriptase (50 U/uL) and 10X reverse transcription buffer
(500 mM Tris-HCI [pH 8.5] at 25°C, 80 mM MgCl,, 300 mM KCl, and 10 mM
dithiothreitol [DTT]).

4. First reverse transcriptase mix: 7 uL. DEPC-treated ddH,O, 2 uL 10X reverse
transcription buffer, 2 uL. of 10 mM dNTP mix (10 mM each of dATP, dGTP,
dCTP, and dTTP), 1 uL. RNasin (25 U/uL), and 2 pL. AMV reverse transcriptase;
prepare just before use.

5. Incubation chamber: 65°C, 42°C, and 50°C.

6. Purification spin column: 100 bp cutoff filter (e.g., a Microcon-50 centrifugal
filter [Amicon, Beverly, MA], as shown here).

2.2. cDNA Amplification Using Terminal Transferase Tailing
with Poly(dC) Oligonucleotides

1. 10X terminal transferase tailing buffer: 500 mM Tris-HCI (pH 8.0) at 25°C,
400 mM KCl, 80 mM MgCl,, and 100 mM DTT; prepare fresh.

2. Terminal deoxynucleotidyl transferase (25 U/uL).

3. Terminal transferase reaction mix: 3 uL. DEPC-treated ddH,O, 1 pL of 10 mM
dNTP, 3 uL of 10X terminal transferase tailing buffer, 1 uL. of 10 mM dCTP, and
2 uL terminal deoxynucleotidyl transferase; prepare just before use.

4. Incubation mixer: 37°C, 100g vortex for 30 s between every 5-min interval.

5. Incubation chamber: 37°C and 94°C.
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Fig. 4. Microarray analysis using human DNA gene-chips (n = 2 for each group), two-cycle amplification products of RNA-
PCR-derived RNA from 10 ng total RNA referenced by National Cancer Institute (NCI) display an average 83.7% correlation
coefficiency (CC) compared to 10 pg of the original reference RNA. Because our preset threshold for acceptable variation is
onefold change, such high CC rate indicates that >83% of the original mRNA population has been well preserved in almost
the same composition and ratio. Traditional aRNA amplification products from 10 ng reference RNA, however, display a lower
49% CC rate, which may result from the use of random primers and, therefore, loss of full-length RNA composition during
cycling amplification.
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2.3. cDNA Double-Stranding Using DNA Polymerization
with Oligo(dG)-Promoter Primers

1. Oligo-(dG),(N-T7 RNA promoter primer mix: dephosphorylated 5-GGCAGT-
GAAT TGTAATACGA CTCACTCACT ATAGGGAAGG CGGGGGGGN-3’
(N=A, T, or C; total 100 pmol/uL including 35 pmol/uL 5’-GGCAGTGAAT TGTA
ATACGA CTCACTCACT ATAGGGAAGG CGGGGGGGA-3’, 35 pmol/uL
5’-GGCAGTGAAT TGTAATACGA CTCACTCACT ATAGGGAAGG CGGG
GGGGT-3’, and 30 pmol/uL 5-GGCAGTGAAT TGTAATACGA CTCACT
CACT ATAGGGAAGG CGGGGGGGC-3").

2. 10X cDNA double-stranding buffer: 500 mM Tris-HCI (pH 9.2) at 25°C, 160 mM
(NH,),S0O,, 20 mM MgCl,; prepare fresh.

3. cDNA double-stranding reaction mix: 10 uL. DEPC-treated ddH,0, 5 uL of 10X
cDNA double-stranding buffer, 2 uL of 10 mM dNTP mix (10 mM each of dATP,
dGTP, dCTP, and dTTP), 0.7 puL Tag DNA polymerase (5 U/uL), and 0.3 puL
Pwo DNA polymerase (5 U/uL); prepare just before use.

4. Incubation chamber: 94°C, 50°C, and 68°C.

5. Purification spin column: 100 bp cutoff filter.

2.4. Generation of Full-Length Sense RNA Using In Vitro
Transcription with Promoter-Driven RNA Polymerase

1. 10X In vitro transcription (IVT) buffer: 400 mM Tris-HCl (pH 8.0) at 25°C, 100 mM
MgCl,, 50 mM DTT, and 5 mg/mL nuclease-free bovine serum albumin (BSA).

2. T7 RNA polymerase (80 U/uL).

3. IVT reaction mix: 8§ UL DEPC-treated ddH,O, 4 uL 10X IVT buffer, 4 uL of
10 mM dNTP mix (10 mM each of ATP, GTP, CTP, and UTP), 2 uL. RNasin
(25 U/uL), and 2 uL. T7 RNA polymerase; prepare just before use.

4. Incubation mixer: 37°C, 100g vortex for 30 s between every 30-min interval.

2.5. Another Round of Thermocycling Amplification
Using RNA-PCR with Sense RNA

1. Poly(dT),4 primer: dephosphorylated 5’-dTTTTTTTTTT TTTTTTTTTT TT
TT-3" (100 pmol/uL).

2. 10X RT&T buffer: 600 mM Tris-HCI (pH 8.3) at 25°C, 300 mM KCl, 80 mM
MgCl,, 100 mM DTT, and 5M betaine.

3. RNA-PCR reaction mix: 2 uL. DEPC-treated ddH,O, 2 UL of 10X RT&T buffer,
2 uL of 10 mM dNTP mix (10 mM each for dATP, dGTP, dCTP, and dTTP), 1 uL
RNasin (25 U/uL), and 2 uL. AMYV reverse transcriptase (50 U/uL); prepare
just before use.

4. DEPC-treated ddH,O.

5. Oligo-(dG)(N-T7 RNA promoter primer mix: dephosphorylated 5’-GGCAGT
GAAT TGTAATACGA CTCACTCACT ATAGGGAAGG CGGGGGGGN-3’
(N =A, T or C; total 100 pmol/uL).

6. Tag DNA polymerase (5 U/uL) and Pwo DNA polymerase (5 U/uL).
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7. Incubation chamber: 65°C, 42°C, 50°C, 94°C, and 68°C.
8. Purification spin column: 100 bp cutoff filter.

3. Methods

3.1. Generation of First-Strand cDNA Using Reverse Transcription
with Poly(dT) Primers

The starting material can be either 0.1 ng to 1 ug total RNA (3) or per-
meabilized cell preparation (3,12) (see Notes 2 and 3). Poly(A*) RNA is
selected using poly(dT) primers, which contains about 20-26 deoxythymidylate
oligonucleotides. The first-strand cDNA is synthesized by reverse transcription
from the poly(A*) RNA with the poly(dT) primers. As shown in Fig. 1, the
promoter used here is a T7 bacteriophage RNA promoter element.

1. Primer annealing: Suspend RNA in 5 uL. of DEPC-treated water, mix well with
1 uL poly(dT),4 primer, heat to 65°C for 5 min for minimizing secondary struc-
ture, cool to 50°C for 1 min for primer hybridization, and then cool on ice.

2. First-strand cDNA synthesis: Add 14 uL of first reverse transcriptase mix and
heat to 42°C for 50 min. Add another 1 UL of reverse transcriptase and mix.
Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for 10 min,
and then cool on ice. The RNA is still attached noncovalently to the cDNA.

3. Denaturation: Heat the reaction at 94°C for 3 min and then cool on ice
immediately.

4. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough (see Note 4).
Add 200 pL of DEPC-treated ddH,O into the spin column to wash the cDNA, spin
for 10 min at 14,000g, and discard the flowthrough. Add 20 pL of DEPC-treated
ddH,O into the spin column to dissolve the cDNA, place the spin column upside
down in a new collecting microtube, and spin 3 min at 3000g. Store the 20 uL of
the purified cDNA in a —20°C freezer or perform the next step immediately.

3.2. cDNA Amplification Using Terminal Transferase Tailing
with Poly(dC) Oligonucleotides

In this method, which was reported by Lin and Ying in 2000, the first-strand
c¢DNA is dC-tailed using TdT and a promoter-linked oligo(dG) primer is
applied to initiate the second-strand cDNA synthesis. As shown in Fig. 1, the
promoter used here is a T7 bacteriophage RNA promoter element. Although
this external priming procedure preserves better full-length conformation of
the mRNA, the efficiency of the TdT tailing reaction seems to depend on
the particular 3" termini of different first-strand cDNA species, resulting in
uneven coverage. Such a problem, however, can be improved by adequate TdT
activity rate and constant reaction vortex (see Note 5). Practically, 1 U of TdT
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is required for tailing every picomole of cDNA in a mild shaking incubator
(100g), if the average size of cDNA is 3 kb.

1. TdT tailing reaction: Add 10 uL of terminal transferase reaction mix to the
purified cDNA and mix well. Incubate the reaction at 37°C for 30 min and
occasionally mix the reaction every 5 min for better tailing coverage.

2. Reaction stop: Heat the reaction at 94°C for 3 min and cool on ice immediately.

3.3. cDNA Double-Stranding Using DNA Polymerization
with Oligo-(dG)-Promoter Primers

The mRNA of the resulting mRNA—cDNA hybrid is denatured, and double-
stranded cDNA was formed using a modified two-cycle PCR-like reaction
with promoter-linked oligo-(dG) primers. Then, the amplification of cDNA
representative can be achieved by in vitro transcription using the promoter-
linked double-stranded cDNA as the template. The full-length construct of
the cDNA template is protected and flanked by poly(dC)- and poly(dA)-
oligonucleotide in its 5" and 3’ termini, respectively.

1. Primer annealing: Add 2 pL of oligo-(dG),,N-T7 RNA promoter primer mix to
the reaction, heat to 94°C for 3 min for mRNA removal, cool to 50°C for 10 min
for primer hybridization, and then cool on ice.

2. cDNA double-stranding: Add 20 uL of cDNA double-stranding reaction mix to
the reaction, mix well, and then incubate the reaction at 68°C for 10 min. Repeat
the thermocycling incubation from 94°C for 3 min, 50°C for 10 min, and then
68°C for 10 min, one more time.

3. Breaking cell membrane: For using permeabilized cells as starting material, add
200 UL of 2% nonionic detergent (octylphenoxy)polyethanol to the reaction and
vortex at 100g for 10 min.

4. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 uL of
DEPC-treated ddH,O into the spin column to wash the double-stranded cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the double-stranded cDNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 puL of the purified cDNA in a —20°C freezer or perform
the next step immediately.

3.4. Generation of Full-Length Sense RNA Using In Vitro
Transcription with Promoter-Driven RNA Polymerase

The promoter of the double-stranded cDNA is now served as a recog-
nition site for RNA polymerase during an in vitro transcription reaction.
The in vitro transcription provides linear amplification up to 2000-fold of
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the amount of starting materials (6,7). The proofreading capability of the
RNA polymerase ensures the fidelity of the resulting nucleic acid products.
Because the promoter is incorporated in the same orientation of mRNA, the
resulting product is sense RNA (mRNA) rather than antisense RNA. A cap
structure can be added to the sense RNA for further peptide synthesis (see
Note 6).

1. In vitro transcription reaction: Add 20 UL of IVT reaction mix to the purified
cDNA and mix well. Incubate the reaction at 37°C for 2-3 h and occasionally
mix the reaction every 30 min for better RNA elongation (see Note 7).

2. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin for 10 min at 14,000g, and discard the flowthrough. Add
200 puL of DEPC-treated ddH,O into the spin column to wash the poly(A*)
RNA, spin for 10 min at 14,000g, and discard the flowthrough. Add 20 pL of
DEPC-treated ddH,O into the spin column to dissolve the poly(A*) RNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 uL of the purified poly(A*) RNA in a —80°C freezer or
perform the next step immediately.

3.5. Another Round of Thermocycling Amplification
Using RNA-PCR with Sense RNA

The sense RNA so generated is flanked by poly(dC)- and poly(A)-oligonu-
cleotide in its 5" and 3’ termini, respectively. These homopolymeric tails not
only maintain the full-length conformation of the mRNA but also serve as
templates for the poly(dT) and promoter-linked oligo-(dG) primers. The cycling
of the above transcriptional amplification can be reiterated using the sense
RNA directly in the next round of RNA-PCR reaction following the cycling
steps of Subheading 3.4. and 3.5. (see Note 8).

1. Primer annealing: Add 1 uL poly(dT),, primer to 10 uL of the purified poly(A™*)
RNA, heat to 65°C for 5 min for minimizing secondary structure, cool to 50°C
for 1 min for primer hybridization, and then cool on ice.

2. First-strand cDNA synthesis: Add 9 uL. of RNA-PCR reaction mix to the reaction,
and heat to 42°C for 50 min. Add another 1 UL of reverse transcriptase and mix.
Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for 10 min,
and then cool on ice. The RNA is still attached noncovalently to the cDNA.

3. Denaturation: Add 16 pL of DEPC-treated ddH,O and 2 uL of oligo-(dG)(N-T7
RNA promoter primer mix to the reaction and incubate the reaction at 94°C for
3 min and then 50°C for 10 min.

4. cDNA double-stranding: Add 0.7 uL. Tag DNA polymerase and 0.3 uL. Pwo DNA
polymerase to the reaction and incubate at 68°C for 10 min.

5. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin for 10 min at 14,000g, and discard the flowthrough. Add 200 uL of
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DEPC-treated ddH,O into the spin column to wash the double-stranded cDNA,
spin for 10 min at 14,000g, and discard the flowthrough. Add 20 uL of DEPC-
treated ddH,O into the spin column to dissolve the double-stranded cDNA, place
the spin column upside down in a new collecting microtube, and spin for 3 min
at 3000g. Store the 20 puL of the purified cDNA in a —20°C freezer or perform
the next step immediately.

6. cDNA library assessment (see Chapter 13).

4. Notes

1. When performed with a specific primer complementary to the 3’-targeted
sequence of a desired mRNA in conjunction with the oligo-(dG)-T7 primer, the 5’
end of a specific mRNA can be generated by RNA-PCR for 5-UTR (untranslated
region) analysis. The design of these sequence-specific primers is based on the
same principle used by PCR (50-55% G-C rich). On the other hand, in addition
to the 3’-end sequence-specific primer, we can also use another sequence-specific
promoter—primer to amplify certain domain within the code-reading frame
of the mRNA for further research. The design of these promoter—primers,
however, requires a higher G-C content (60-65%) working at the same anneal-
ing temperature as the sequence-specific primers because of their unmatched
promoter regions. For example, the new annealing temperature for the sequence-
matched region of a promoter-primer is [2(dA + dT) + 3(dC + dG)] (5/6), not
including the promoter region. Please remember that all primers were purified by
polyacrylamide gel electrophoresis before used in an RNA-PCR reaction.

2. Isolated cells were preserved in 500 pL of ice-cold 10% formaldehyde in suspen-
sion buffer (0.15 M NaCl [pH 7.0], | mM EDTA) for the following fixation and
permeabilization procedure (12). After 1-h incubation with occasional agitation,
fixed cells were collected with a Microcon-50 filter and washed by 350 uL of
ice-cold PBS with vigorous pipetting. The collection and wash were repeated at
least once. The fixed cells were then permeabilized in 500 UL of 0.5% nonionic
detergent (octylphenoxy)polyethanol for 1 h with frequent agitation. After that,
three collections and washes were given to cells, as earlier, but using 350 UL of
ice-cold phosphate-buffered saline (PBS) containing 0.1 M glycine instead.
The cells were finally mixed with 0.1 uM poly(dT),, primer and resuspended
in the same buffer with vigorous pipetting to evenly distribute them into small
aliquots (about 50 cells in 10 uL) for RNA-PCR. They could be stored at —80°C
for up to 2 wk.

3. The adequate amount of fixed cells for RNA-PCR ranged from more than 20
but less than 200 cells (if each cell contains 0.1 pg mRNAs) because of the
completeness of TdT tailing reactions. The chance to generate a good mRNA
library (300 bp~ to 5 kb) from <20 cells is less than 50% based on our tests.
The chance to generate a complete mRNA library from more than 200 cells
will depend on the relative amount of terminal transferase (TdT) activity to the
first-strand cDNA molecules. The TdT activity is less effective when too many
cDNA molecules interact with TdT in a limited tailing reaction. In brief, we
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currently know that the concentration of TdT determines the completeness of
an RNA-PCR-derived library, whereas that of RNA polymerases and reverse
transcriptases determines the amplification rate of a RNA-PCR reaction. There-
fore, we suggest that please use at least 50 U of TdT for every 0.1 ng mRNAs
in a tailing reaction and more than 60 U each of RNA polymerases and reverse
transcriptases in a 20-yL transcription reaction.

4. Relative Centrifugal Force (RCF) (g) = (1.12 x 1075) « (rpm)? - 7, where r is the
radius in centimeters measured from the center of the rotor to the middle of the
spin column and rpm is the speed of the rotor in revolutions per minute.

5. The first-strand cDNA is poly(dC)-tailed by TdT using the provided condition
that should produces an average 8—15-base overhang. The incorporation rate is
increased about 75-85% with occasionally gentle mix, but drops to about 50%
without mixing. The efficiency of TdT tailing seems to be varied among different
mRNA species but can be improved by occasionally gently mixing in a short
period of incubation time. The length of homopolymeric tails should be limited
by the special designs of returning primers or promoter—primers, as mentioned
in ref. (3) (e.g., an equal mixture of T7-oligo-(dG),o_.;oN primers;
N=dA, dT, or dC). The homopolymeric region of a returning primer should range
from 7 to 16 bases, most preferably from 10 to 12 bases. The use of cobalt-based
buffers is not recommended in this protocol.

6. The RNA-PCR has been tested to provide amplified full-length mRNAs for
in vitro translation (see Chapter 25). A cap nucleotide can be added to the
5" end of the amplified mRNAs during the transcriptional amplification. Unlike
normalized RNAs, the capped mRNAs can be directly used in protein synthesis
and may help to isolate such protein activity if its folding is correct. The
preferred cap nucleotides include P1-5’-(7-methyl)-guanosine-P3-5"-adenosine-
triphosphate and P1-5’-(7-methyl)-guanosine-P3-5’-guanosine-triphosphate.
Such protein products are useful for protein differential display on a two-
dimensional gel.

7. The most stable and efficient IVT reaction occurs during the first 2-h of incubation
at 37°C. The rate of RNA synthesis decreases considerably (40-50%) after a 3-h
incubation or below 37°C incubation. A longer reaction may increase yield, but
the possibility of degradation by RNase increases. Occasionally, gentle mixing
can prevent the stall of crowded RNA polymerases on a template and enhance
full-length synthesis. The overall rate of RNA polymerization is maximal between
pH 7.7 and 8.3, but it remains about 70% of maximum at pH 7.0 or 9.0. High
concentrations of NaCl, KCI, or NH,CI above 75 mM will inhibit the reaction.

8. To reach about 1.5 x 107-fold amplification of mRNAs, 3—4 cycles of RNA-
PCR were needed to perform for about 20-50 cells and 2-3 cycles for about
125-200 cells. The optical density (OD) (A,g0/Asg) Value ranged from about
1.7 to 2.0 for mRNA products and mRNA—cDNA hybrids and from about 1.6 to
1.9 for double-stranded cDNA products, depending at which cycling step you
stop the RNA-PCR reaction. Remove enzymes with protein-remover filters
(Microcon) before OD detection. A lower OD value may indicate an insufficient
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amplification rate, enzyme-related variation, or RNase contamination. We
preferred to run a 1% formaldehyde—agarose gel to exam the quality of RNA-
PCR products. Identification of some rare mRNAs (<six copies/cell) by RT-PCR
from the RNAPCR-derived library is another way to observe its quality.
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Quality Assessment of cDNA Libraries

Hans-Jiirgen Fiille

1. Introduction

A perfect complementary DNA (cDNA) library would provide an accurate
and complete representation of all messenger RNA (mRNA) sequences
expressed in a particular source, whether a cell, tissue, or organism. Of primary
importance during cDNA library construction is the use of a high-quality
preparation of RNA, poly (A)* RNA, or other specific subsets of mRNA as
starting material for generating a double-stranded DNA copy. Monitoring
quality during cDNA synthesis to ensure generation of full-length cDNA is
another crucial step in the process. Because only a high-quality cDNA library
will yield high-quality data, including valid sequence information, rigorous
quality assessment is also needed after library construction (i.e., prior to
and during the use of a library for downstream applications). Applying a set
of common quality criteria to newly generated cDNA libraries will become
increasingly important (1).

The quality of a cDNA library can be assessed by a number of criteria. Strict
quality control testing prior to its use should include (1) the determination of
complexity and titer, (2) the determination of frequency of recombinants, and
(3) an analysis of the average insert size and range. In addition, (4) a number
of other tests can be performed to ensure, for example, normal representation
of sequences of housekeeping genes, absence of any contaminating sequences,
and intactness of cDNA on their 5" ends. Last but not least, DNA sequencing
of selected recombinants can be a useful approach for determining the overall
fidelity of the cloning process, depending on the techniques used for cDNA
synthesis.

Taken together, there is not one single approach to assess whether a library
is indeed perfect or less than perfect. Ultimately, of course, the best criterion
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of the quality of a cDNA library remains the successful identification and
isolation of those sequences originally sought.

2. Materials

1. cDNA library, unamplified or amplified (see Note 1).

2. Plating bacteria from a suitable Escherichia coli host strain: Use only strains of
E. coli that are suitable for supporting the growth of the selected bacteriophage A
vector and recommended by the manufacturer or distributor of the library. Dilute
an overnight bacterial culture to a final concentration (optical density [ODg]) of
1.0 in 10 mM MgSO, and store at 4°C for up to 1 wk (see Note 2).

3. Bacterial culture media, agar plates, and 0.7% top agarose: To optimize adsorp-
tion of A phage to host bacteria include 10 mM MgSO, in all Luria-Bertani (LB)
media. When growing overnight bacterial cultures for A phage transduction, also
include 0.2% maltose. Plates used for phage titering should be 1-2 d old and free
of surface moisture. Prewarm plates at 37°C for 30 min before use.

4. SM buffer plus gelatin, X-Gal, and IPTG: The suspension medium (SM) buffer
plus gelatin is 100 mM NaCl, 8 mM MgSO,-7H,0, 50 mM Tris-HCI (pH 7.5),
and 0.01% (w/v) gelatin; sterilize by autoclaving and store in aliquots at room
temperature. For 100 mM IPTG (isopropyl-thio-B-galactoside), add 0.238 g
IPTG to 10 mL of H,O, filter sterilize, and store at —20°C. For 100 mM X-gal
(5-bromo-4-chloro-3-indoyl-B-p-galactopyranoside), add 0.409 g X-gal to 10 mL
of dimethyl formamide (DMF), store at —20°C. Caution: DMF vapor is irritating
to skin and mucous membranes; handle under a fume hood.

5. Reagents for polymerase chain reaction (PCR), including specific oligonucleotide
primers.

6. Reagents for agarose gel electrophoresis.

3. Methods
3.1. Complexity of a cDNA Library and Determination of Titer

Obtaining information about the complexity (i.e., the total number of
independent recombinants) and the titer of a cDNA library is critical to confirm
with an adequate probability that a specific recombinant is represented and can
be isolated. Complexity—together with titer and frequency of recombinants—is
one of the main determinants for the minimal number of recombinants that
must be screened (see Note 3).

The library titer is usually expressed as plaque-forming units per milliliter
(pfu/mL) for cDNA libraries constructed in bacteriophage A and its derivatives
and is determined by serial dilution. A library should be titered or retitered
before each plating and screening, as the titer can drop considerably during
long-term storage (2,3).

In a primary, unamplified cDNA library, determining the titer will give
an estimate of the number of independent recombinants (see Note 4). The
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complexity of a primary library with good quality should be 1 x 10° or larger.
This usually corresponds to a primary titer of 1 x 10° pfu/mL or higher. A library
of this complexity should be representative of the complexity of the starting
messenger RNA (mRNA) population and readily yield “low abundance”
recombinants (see Note 5). However, screening of 1 x 107 independent
recombinants or more may be required if the desired clone is present at very
low levels. This could be the case, for example, if the library is derived from a
mixed population of mRNAs from several cell or tissue types (see Note 6).

Although it is widely recommended that unamplified libraries be used for
screening, most commercial cDNA libraries have been amplified at least once
to generate an almost limitless source of cDNA clones to screen. Titers for
amplified A-based libraries are typically between 1 x 10 and 1 x 10! pfu/mL,
sometimes even higher. However, because an amplified library is comprised of
sibling pfu sets rather than independent recombinants, its titer alone is usually
not a good indicator of its complexity. Amplification involves resampling
of the primary library, invariably reduces complexity, and tends to distort
the overall representation of mRNAs. A biased representation of the starting
mRNA population is often the result (2,3).

1. Prepare plating bacteria from a suitable E. coli bacterial host strain (see Note 2).
Prepare LB agar plates and 0.7% LB top agarose.

2. Make a series of 10-fold dilutions (e.g., 10-'=107%) of the cDNA library, using
SM buffer plus gelatin as a diluent or an equivalent buffer recommended by the
manufacturer or distributor of the library.

3. Titer the library by infecting 0.2-mL aliquots of plating bacteria in sterile
17 x 100-mm polypropylene tubes with 10-uL aliquots of phage dilutions. Also
include, as a control, SM buffer that does not contain bacteriophage A.

4. Mix by gently shaking and incubate tubes for 15 min at 37°C to allow adsorption
of phage to cells and start of infection.

5. Add 3 mL of melted 0.7% LB top agarose at approx 48°C to each aliquot of
infected bacteria.

6. Quickly mix by gently shaking and immediately pour entire mixture evenly onto
the surface of a prewarmed 100-mm LB agar plate.

7. Allow top agarose to harden at room temperature, then invert and incubate
plates at 37°C for 6-12 h or until distinct plaques developed just large enough
to be counted.

8. Count the number of plaques on a readily countable plate (30—300 plaques); that
is, count the small circular areas of clearing that indicate phage-infected and
lysed bacteria on the confluent bacterial lawn. Compute the titer considering the
corresponding dilution factor using the following formula:

100 X (no. of plaques)
Titer (in pfu/mL) =

Library dilution
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3.2. Determination of Frequency of Recombinants

The proportion of recombinants vs nonrecombinants in a cDNA library
should be larger than 90% to keep to a minimum the dilution of rare recombi-
nants and thus the number of plaques to be screened. Two methods, blue/white
and PCR screening, are available to determine the frequency of recombinants.

3.2.1. Blue/White Screening

The percentage of recombinants can often be conveniently verified during
titer determination if blue/white color screening for recombinants is available
through o-complementation with the chosen vector (see Note 7).

1. Titer the library as described (see Subheading 3.1.), but use 3 mL LB top agarose
supplemented with 50 puL each of 100 mM X-gal and IPTG.

2. Score an appropriate plate for the number of colorless plaques vs total number
of plaques (colorless plus blue). This ratio is a measure of the proportion of the
library that consists of recombinant bacteriophages (see Note 8).

3.2.2. PCR Screening

Polymerase chain reaction screening can be performed directly on bacterio-
phage plaque lysates to determine the presence or absence of inserts (see also
Subheading 3.3.). Universal oligonucleotide primers are employed that are
complementary to vector-specific sequences flanking the cloning site (e.g.,
Agt10- or Agtl1-specific sequences or RNA polymerase promoter sequences
like T3, T7, or SP6) (3).

1. Prepare a PCR master mix minus thermostable DNA polymerase according
to standard methods (2,3) and dispense in an appropriate number of PCR
amplification tubes.

2. Lightly touch a bacteriophage plaque with the end of a small plastic pipet tip.
Transfer the tip to one of the PCR amplification tubes and quickly rinse with
master mix. Repeat for a total of 10 or more randomly selected plaques.

3. Liberate phage DNAs by boiling for 2 min. Cool tubes on ice and spin briefly
to collect contents.

4. Add thermostable DNA polymerase (conventional or capable of amplifying long
templates) and perform 30 cycles of standard PCR. Adapt conditions to specific
equipment, reagent, reaction volume, and primer requirements (2,3).

5. Controls include tubes that contain either known recombinant or known nonre-
combinant bacteriophage or no template DNA.

6. Analyze resulting PCR products by agarose gel electrophoresis and ethidium
bromide staining according to standard methods (2,3).

7. Score for the presence of small DNA fragments that correspond to the distance
between primer sites in parental nonrecombinant bacteriophage vs total number
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of plaques picked. This ratio is a measure of the proportion of the library that
consists of nonrecombinant bacteriophages.

3.3. Analysis of Size Range and Average Insert Size

An analysis of the average insert size and its range should be performed to
control for an appropriate and complete representation of full-length cDNA
clones, particularly those derived from long mRNAs. This may be less of an
issue when size selection of newly synthesized double-stranded cDNA (usually
>500 bp) has been performed during construction of the library. Nevertheless,
the distribution of the insert sizes is an important parameter to consider when
assessing the quality of a cDNA library.

The average insert size in cDNA libraries is often 2 kb or less, although large
insert libraries have become available. However, even libraries with a smaller
average insert size can be sufficiently useful, especially when the approximate
length of the desired cDNA is known to be within the insert size range of the
library (see Note 9).

The insert sizes of a small number of randomly selected recombinants can be
determined by isolation of bacteriophage DNA and digest with an appropriate
restriction enzyme. However, the use of the PCR can dramatically reduce the
time and effort required to characterize cDNAs cloned in vectors. When two
universal oligonucleotide primers flanking the cloning sites are available, PCR
can be used to quickly screen a cDNA library for inserts (see also Subheading
3.2.2.) and to determine their size. With the introduction of long-distance (L.D)
PCR, it is possible to characterize a library by performing insert screening of
all cDNA clones regardless of size (4,5).

1. Prepare a LD PCR master mix minus thermostable DNA polymerase according
to standard methods (2,3) and dispense in an appropriate number of PCR
amplification tubes.

2. Lightly touch a bacteriophage plaque with the end of a small plastic pipet tip.
Transfer the tip to one of the PCR amplification tubes and quickly rinse with
master mix. Repeat for a total of 10 or more randomly selected plaques.

3. Liberate phage DNAs by boiling for 2 min. Cool tubes on ice and spin briefly
to collect contents.

4. Add thermostable DNA polymerase capable of amplifying long templates (4,5)
and perform 30 cycles of standard PCR. Adapt conditions to specific equipment,
reagent, reaction volume, and primer requirements (2,3).

5. Controls include tubes that contain either known recombinant or known nonre-
combinant bacteriophage or no template DNA.

6. Analyze resulting PCR products by agarose gel electrophoresis and ethidium
bromide staining according to standard methods (2,3).

7. Estimate average size and range of inserts.
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3.4. Additional Approaches for Quality Assessment
of cDNA Libraries

3.4.1. Tests for Normal Representation of Housekeeping Genes

Under certain circumstances, additional quality control tests need to be
performed, for example, to ensure normal representation of sequences of
housekeeping genes that are expected to be highly represented in a given library.
These may include PCR analyses for recombinants encoding glyceraldehyde-
3-phosphate dehydrogenase, B-actin, tubulin, clathrin, or ribosomal proteins
(e.g., L3 and S6). The general protocol for direct analysis of bacteriophage
plaque lysates by LD PCR should be followed (see Subheading 3.3.), using
oligonucleotide primers specific for one or more of these genes (see Note 10).

3.4.2. Detection of Contamination by Sequence Similarity Searches

Complementary DNA libraries may contain sequence elements of foreign
origin and, therefore, may not faithfully represent the genetic information from
the biological source (6). Such contaminating sequences are most commonly
derived from accessory DNAs, including vectors, adapters, linkers, or PCR
primers that were used in the process of constructing the library. Occasionally,
unintended contamination from other sources occurs that can stem from
transposable elements from the cloning host organism becoming integrated
during propagation of the library. Contamination may also be the result of
impurities in RNA preparations or reagents used in the isolation, purification,
or cloning procedures (e.g., nuclear RNA or DNA present in total cellular
RNA, yeast genomic DNA present in transfer RNA used as a carrier in the
preparation of cDNAs, or cross-contamination with other recombinant DNA
used in the laboratory).

Obviously, such contamination has its greatest impact on nucleotide
sequence analyses. If not properly identified, it may result in wasted time and
effort on meaningless analyses and erroneous conclusions drawn about the
biological significance of sequences (6).

An on-line sequence similarity search against databases of vector or similar
sequences is an efficient and convenient approach to screen sequences derived
from cDNA libraries for contamination from accessory DNAs. One of the
many noncommercial tools and free databases available for conducting such
a search is VecScreen, provided by the National Center for Biotechnology
Information (NCBI). VecScreen is a BLASTn-based search engine for the
detection of vector and other sequences (see Note 11).

1. To screen a sequence for contaminating sequences, log onto the VecScreen web
page at http://www.ncbi.nlm.nih.gov/VecScreen/ VecScreen.html.



QA of cDNA Libraries 151

2. Type in or cut and paste the nucleotide sequence to be queried in FASTA format
and select the “Run VecScreen” button.

3. On the following page, press “FORMAT!” to check the results.

4. The VecScreen output lists all segments of the query sequence that closely match
any of the sequences in the UniVec database using a BLAST search (see Note 12).
A link is available with on-line help for the interpretation of results.

In addition, the Basic Local Alignment Search Tool (BLAST) family of
programs or similar software can be employed to search for specific foreign
sequences known to have been used during library construction or to check for
recombinant DNA concurrently used elsewhere in the laboratory. Databases of
sequences from potential contaminants should include the BLAST databases
of E. coli or yeast sequences.

3.4.3. Test for Intactness of cDNA 5 Ends

Rarely performed but considered to provide a good indication for the quality
of a cDNA library is testing for the intactness of cDNA 5’ ends (1).

1. Compare 5" end sequence information derived from randomly selected cDNA
clones to known protein sequences (see Note 13).

3.4.4. DNA Sequencing to Determine Cloning Fidelity

Quality control efforts scrutinizing the fidelity of cloned recombinants may
be of particular concern when total cellular RNA rather than cytoplasmic RNA
has been isolated as a source to clone cDNAs or when PCR-based cloning
techniques have been used. In these instances, a greater potential of generating
artifacts during cDNA synthesis may exist, e.g., by introducing randomly
ligated, intron-containing, or jumped cDNAs. Direct PCR analyses of selected
recombinants can be used to check for the presence of introns in ubiquitously
expressed genes (see Subheadings 3.2.2. and 3.3.). DNA sequencing or
genomic Southern blotting according to standard methods can be other useful
approaches to determine the fidelity of cDNAs (2,3).

4. Notes

1. In this chapter, only the quality assessment of bacteriophage A-based cDNA
libraries is discussed in detail, but most of the general considerations are readily
applicable to plasmid-based libraries as well. Many of the techniques used to
characterize the quality of a cDNA library are similar or identical to methods
that are described elsewhere in this volume.

2. Numerous protocols are available on how to prepare host bacteria for plating
bacteriophage libraries (2,3).
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3. The complexity of a cDNA library should be sufficiently high to contain full-
length representatives of all sequences of interest, including those derived from
“low-abundance” or “rare” mRNAs, to ensure that a clone of interest has a good
chance of being represented. The abundance of a specific mRNA depends on
the cell type. It has been estimated that 10,000-30,000 different mRNA species
are present in varying abundance in a typical mammalian cell (3). Statistically, the
number of independent recombinants (N) required to achieve a given probability
that a low-abundance mRNA will be present at least once in a cDNA library is
N = [In (1-P)/In (1-n)], where P is the probability desired (often 0.99, or 99%)
and n is the fractional proportion of total mRNA population represented by
a single mRNA species. According to Williams et al., the value of n is about
2.7 x 1073 or 1/37,000 for a typical “low-abundance” mRNA species (10 copies/
cell) in a transformed human fibroblast (7). Therefore, the number of independent
recombinants that need to be screened to isolate this mRNA with a probability
of 99% is about N = 170,000. To ensure that a “rare” recombinant (1 copy/cell)
is contained in a library, 1 x 10° or more independent recombinants may be
required. Empirically, a library is desired to contain at least five times more
individual recombinants (fivefold coverage) than the total expected by the
lowest-abundance estimate (2,3).

4. The titer reflects the number of plaque-forming bacteriophages—recombinant
plus nonrecombinant—rather than the actual number of recombinants (see
Subheading 3.2.).

5. Limited complexity is often less of a problem in microdissected compared to
traditional cDNA libraries.

6. Other reasons for a very low abundance of recombinants include sampling
variation and preferential cloning of certain sequences. For mRNAs that represent
less than 0.1-0.01% of the total mRNA population, the richest cell or tissue
source should be used for isolating cDNA clones of interest. Construction of
a subtracted cDNA library for enrichment of “rare” mRNAs can be an other
option (2,3).

7. In suitable A vectors, cDNA insertion inactivates the product of the E. coli lacZ
gene (B-galactosidase), and colorless, clear plaques are formed. Vectors not
containing a cDNA insert are lacZ-positive nonrecombinants. When plated in an
appropriate host on medium containing IPTG and X-gal, parental nonrecombinant
vectors produce blue plaques because they can metabolize X-gal (a chromogenic
substrate for B-galactosidase activity) or similar substrates in the presence of
IPTG (a synthetic inducer of the lac repressor).

8. Caveat: False positive (nonrecombinant) colorless plaques can sometimes appear
because of false inserts or suboptimal levels of IPTG.

9. Complementary DNA libraries derived from microdissected tissues also tend to
have smaller insert sizes, mostly as a result of the recovery of fragmented RNA.
However, this is usually not considered a problem, as these libraries are intended
for gene profiling and not as templates for full-length gene cloning.
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10

11.

12.

13.

. Alternatively, comparative hybridization with oligonucleotide probes from

the 5" and 3’ ends of housekeeping genes can be performed to ensure normal
representation.

VecScreen detects contamination by running a BLAST sequence similarity search
against the UniVec vector sequence database. VecScreen then categorizes the
matches, eliminates redundant hits, and shows the location of contaminating and
suspect segments on a simple graphical display. Screens for vector contamination
may also be conducted by running a sequence similarity search, such as BLAST,
against other vector sequence databases (e.g., NCBI’s vector database) (6).

In addition to unique sequence segments from a large number of vectors, the
UniVec database also contains sequences for adapters, linkers, and primers
commonly used in the process of cloning cDNA (6).

Often, the presence of translation initiation codons followed by intact open
reading frames is taken as an indication for the presence of full-length cDNA
clones in a library, although, ideally, the complete sequence from the 5’ cap to
the poly(A) addition site should be present.
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Assessment of the Quality of mRNA Libraries
by Agarose Gel Electrophoresis

Tsen-Yin Lin and Shao-Yao Ying

1. Introduction

Gel electrophoresis has been widely used in separating and purifying
macromolecules such as proteins and nucleic acids that differ in size, shape,
charge, and conformations. The gel basically acts as a tube in which the long-
chain macromolecules such as RNAs contract and migrate in an extended
configuration (1). When charged molecules are placed in an electric field, they
migrate toward either the positive (anode) or negative (cathode) pole according
to their charge; polymers of a small organic molecule such as agarose and
polyacrylamide are matrix which serves as a molecular sieve. Because of
their negatively charged phosphate backbone, nucleic acid molecules migrate
toward the anode.

Agarose gel electrophoresis is the most common method of analyzing
RNA species, which has a relatively low resolving power but a large range
of separation from 50 bp to 500 kb in concentrations from 3.0% to 0.1%,
respectively (2). By using gels with different concentrations of agarose, one
can resolve different sizes of RNA fragments. Higher concentrations of agarose
facilitate separation of small RNAs, whereas low agarose concentrations allow
the resolution of larger RNAs. Agarose gels are nontoxic and extremely easy to
prepare. Just by completely melting the agarose in the appropriate buffer and
then pouring into the model, the gels are formed. Although RNA has a high
degree of secondary structure, it is necessary to use a denaturing agents such as
formaldehyde or methylmercuric hydroxide in the gel to disrupt the secondary
structure and leave RNA 1in its linear form (3,4).

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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7A4AKb —
S3kb —

2.8kb —

LGKb —
L2Kh =

Fig. 1. Comparison between RNA repertoires prepared from phenol-chloroform
extraction (lane 2), oligo-(dT) chromatographic column (lane 3), and RNA-PCR
(polymerase chain reaction) (lane 4) fractionated on a 1% formaldehyde—agarose gel,
all ranging from 300 bases to above 7.4 kb based on RNA markers. A homogenous and
uniform smearing pattern of the RNA-PCR products indicates better mRNA quality
than produced by the other methods, containing no contamination from nonpoly(A)*
nucleotide species. (From ref. 6 with permission.)

To detect the separation of various sizes of nucleic acids, the gel is stained
with a low concentration of the fluorescent interacting dye, ethidium bromide.
The bands of DNAs/RNAs containing as little as 1-10 ng can be viewed under
ultraviolet light (5). For agrose gel separation, a homogenous and uniform
smearing pattern is considered to be a criterion for good quality of mRNA
generated (see Fig. 1), which shows no contamination with either rRNAs or
genomic DNAs (6). As discussed earlier, agarose electrophoresis provides
the most common and easiest way of identifying the quality of mRNA before
subsequent analysis such as Northern blotting.
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2. Materials
2.1. Preparation of Agarose Gel

1.
2.

IV}

Diethyl pyrocarbonate (DEPC)-treated ddH,O.

10X MOPS buffer: 200 mM MOPS [3-(N-morpholino)propanesulfonic acid]
(pH 7.0), 50 mM NaOAc, and 10 mM EDTA (pH 8.0). Treat with DEPC and
autoclave. Adjust volume to 1 L with DEPC double-distilled (dd) H,O (see
Note 1).

. RNase-free agarose.

4. 37% Formaldehyde.
5. Ethidium bromide stock: 10 mg/mL EtBr in DEPC ddH,O (see Note 2).
2.2. Preparation of RNA Sample
1. RNA loading buffer: 50% (v/v) glycerol, 1 mM EDTA (pH 8.0), and 0.4%
bromophenol blue.
2. RNA sample (up to 20 pg).
3. 10X MOPS buffer.
4. 37% Formaldehyde.
5. Formamide (deionized).
2.3. Electrophoresis
1. 1X MOPS buffer: 20 mM MOPS (pH 7.0), 5 mM NaOAc, and 1 mM EDTA
(pH 8.0).
2. Horizontal gel electrophoresis apparatus.
2.4. Visualization of RNA by UV Illlumination
1. 300-nm-Wavelength ultraviolet (UV) light source.
3. Methods
3.1. Preparation of Agarose Gel
1. Seal the edges of the gel tray with tape and set the mold horizontally on the
bench.
2. Add 1.2 g of agarose to 100 mL DEPC ddH,O in an Erlenmeyer flask and heat
it in a microwave oven.
3. Cool the agarose to 60°C in a water bath. Equilibrate for 15 min.
4. Add 10 mL of 10X MOPS buffer, 2 mL of 37% formaldehyde, and 5 uL of EtBr
stock to the agarose solution in the hood (see Note 3).
5. Pour the agarose solution into the gel tray to form a gel of 3—5 mm thickness

in a fume hood (see Note 4).
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6. Insert the gel comb after the pouring and allow the gel to solidify for at least
30 min.

7. After the gel has set, place the gel in the electrophoresis tank. Fill the tank with
1X MOPS buffer to cover the gel.

3.2. Preparation of RNA Sample

1. Prepare samples in a sterile 1.5 mL microfuge tube:
RNA (upto20 ug)  4.5uL

DEPC ddH,0 4.5 uL
2X MOPS buffer 2.0 uL
37% Formaldehyde 3.5uL
Formamide 10 uL

2. Vortex the sample briefly and centrifuge for a few seconds at maximum speed
in a microcentrifuge.

Incubate samples at 68°C for 10 min to denature the RNA and immediately
place on ice.

Add 2 pL of loading buffer to each sample and mix well.

bt

Electrophoresis

Load the denatured RNA samples into the wells of the gel (see Note 5).
Connect the electrophoresis tank to a constant-voltage power supply.

Run the gel at a maximum of 5 V/cm gel distance until the bromophenol blue
dye has migrated approximately two-thirds of the way through the gel (see
Note 6).

4. Rinse the gel in DEPC ddH,O with three changes of water and apply gentle
shaking lasting 15-30 min to remove the formaldehyde.

©
L= W s

3.4. Visualization of RNA by UV Illlumination

1. Ethidium bromide intercalated with RNA induces increased fluorescence under
UV light compared to the uncomplexed dye in solution.

2. Place the gel on UV transparent Perpex and illuminate it with UV light of 300 nm

from below (see Note 7).

Observe the stained RNA for analysis (see Note 8).

4. Record the gel image by taking photography or using gel documentation
system.

b

4. Notes

1. The buffer will turn yellow during autoclaving. This has no influence on gel
electrophoresis.

2. Ethidium bromide is toxic and a powerful mutagen. Take appropriate safety
precautions when handling. The stock should be stored at 2-8°C in a dark
bottle.

3. Formaldehyde is toxic and volatile. Use a fume hood to avoid inhalation.
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4.

5.

Avoid air bubbles in the gel or trapped between the wells. Air bubbles can be
removed with a pipet before gel sets.

Do not make sample volumes close to the well’s capacity because samples
may spill over to adjacent wells. Make sure to include one lane for appropriate
molecular-weight markers.

Avoid use of high voltages, which may cause trailing and smearing of RNA
bands.

. Ultraviolet light damages RNA. Use a lower-intensity UV light if RNA fragments

are to be extracted from the gel (7).

The respective ribosomal bands should appear as sharp bands on the gel. If
the ribosomal bands are not sharp but appears as a smear toward smaller-sized
RNAs, it is possible that the RNA sample degrades before electrophoresis. The
28S ribosomal RNA band should be twice as intense as the 18S rRNA band. If
not, this generally indicates that some degradation occurred.
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PACS RT-PCR

A Method for the Generation and Measurement
of any Poly(A)-Containing mRNA Not Affected
by Contaminating Genomic DNA

Igor Nepluev and Rodney J. Folz

1. Introduction

The generation and measurement of low-abundance messenger RNA (mRNA)
transcripts is possible using techniques such as reverse transcriptase—polymerase
chain reaction (RT-PCR) (1,2). There are a number of variables that must be con-
trolled for if accurate and reproducible results are to be obtained (1). A
significant limitation to the accurate quantitation of many mRNA species
is genomic DNA contamination during the RNA purification step (3). This
contaminating genomic DNA often results in artifactual genomic-derived DNA-
PCR amplification products. In most cases, exhaustive DNase digestion of the
purified RNA sample is critical, especially in those where exon-specific primers
cannot be separated by intronic sequences (3). Although DNase digestion appears
to work well for poly(A*) mRNA preparations, DNase pretreatment fails to
remove all trace contaminating genomic DNA from total RNA preparations (3).
In this method, we will demonstrate a quantitative method for the measurement
of any poly(A)-containing mRNA that is not affected by contaminating genomic
DNA, which we have termed poly(A) cDNA-specific RT-PCR (PACS).

2. Materials

1. T3 RNA polymerase with transcription optimized 5X buffer and 100 mM
dithiothreitol (DTT) (Promega, Madison, WI). Store the phage RNA polymerases
at —20°C and avoid exposure to frequent temperature changes.

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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2. DNA template, linearized plasmid with T3 promoter sequences as a start site
for transcription, and cDNA with 126-bp deletion located in the 3" untranslated
region close to the poly(A) tract.

3. TRIzol reagent (Life Technologies, Rockville, MD). When working with the
TRIzol use gloves and avoid breathing vapor.

4. Chloroform, isopropanol, and 75% ethanol.

5. QIAprep spin mini prep kit (Qiagen, Valencia, CA) with buffers: PB, PE, and
QIAprep spin column.

6. Restriction enzymes, DNase I (RNase-free), AMV reverse transcriptase, Deep
Vent (exo-) DNA polymerase (all from New England BioLabs, Beverly, MA).
Store at —20°C; avoid exposure to frequent temperature changes.

7. Diethyl pyrocarbonate (DEPC) (0.1%)-treated, RNase-free water. Add 0.1 mL
DEPC to 100 mL of water and shake vigorously to bring DEPC into solution and
incubate overnight. Autoclave for 30 min to remove any trace of DEPC. Wear
gloves and use a fume hood when using this chemical. DEPC is a suspected
carcinogen and should be handled with great care.

8. rNTP mix (2.5 mM each of ATP, CTP, GTP, and UTP), dNTP mix (25 mM each
of dATP, dCTP, dGTP, dTTP).

9. [**S]-dATP, 1000 Ci/mmol (Amersham Pharmacia Biotech, Piscataway, NIJ);
radiation hazard. Gloves should be worn when working with radiolabeled dATP
or PCR products.

10. Oligonucleotide primers, oligo-(dT,g) primer (Stratagene Co., La Jolla, CA).
Store at —20°C in a small aliquot; avoid exposure to frequent temperature
changes.

11. Agarose and acrylamide mini-gel electrophoresis equipment, thermal cycler, and
Storm 860 phosphorimager.

12. TBE buffer: 0.89 M Tris-borate and 0.002 M EDTA.

13. RNA gel loading solution: 95% formamide, 20 mM EDTA, 0.05% bromophenol
blue, and 0.05% xylene cyanol FF; store at —20°C.

3. Methods
3.1. Generation of Internal Standards for Competitive RT-PCR

We will demonstrate this method using a full-length mouse extracellular
superoxide dismutase (EC-SOD) cDNA (4). After obtaining the cDNA of
interest, a deletion mutation is generated in the 3’ region of the cDNA. This
can be accomplished by PCR-directed deletion mutagenesis techniques or by
taking advantage of unique restriction sites located within the cDNA. As shown
in Fig. 1, a 126-bp deletion was made in the 3" noncoding region of a mouse
full-length EC-SOD c¢DNA. The plasmid containing this deletion was named
pSK5/27 SS7. Ideally, a small deletion of about 50-100 bp should be generated
in order to keep the internal standard cDNA nucleotide composition as close
as possible to the original cDNA nucleotide composition so as to minimize



MFA2
EC-SOD 1834/10
Mouse EC- - <
Deletlon—.— AAAAAAAAAAAAAAAA
internal standard AAAAAAAARAAAAARA
cDNA 10712 10838
MFA2
A
Mouse EC-SOD —
Genbank Accsession ' 10943
I
#AF039602 18451 |
ATTAAA
PCR fragments:
509 bp (From cDNA only)
382bp (From internal standard cDNA only)
PCR primers:
MFAZ2: 5'"-TTA ATG CTC TAG ATC CAT CC-3'
1834/10: 5’ -ttt ttt ttt ttt ttt ttt TTG TGT TG-3'

Fig. 1. Localization of the mouse EC-SOD deletion site mutation and the primers used for PCR and RT-PCR
analysis. The first (main) poly(A) signal (ATTAAA). Nucleotide numbering is based on GenBank accession no.
AF039602. The nucleotide sequence of each of the PCR primers used in this chapter and corresponding PCR
size-amplification fragments from DNA or cDNA are shown.
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any differential PCR amplification efficiencies between the two. The deletion
must be large enough to be easily recognizable on an agarose or acrylamide
mini-gel.

3.2. Internal Standard cRNA Preparation
3.2.1. Preparation of Linearized DNA Template

In this example, the plasmid DNA pSKS5/27 SS7 (20 pg) is linearized with
40 units of Xhol in 0.2 mL of 1X Xhol buffer for 2 h at 37°C. This results in
the generation of 5" protruding (overhang) ends. It is important to avoid the use
of restriction enzymes that produce 3 protruding ends. If these enzymes must
be used, the linearized template ends must be made blunt with Klenow DNA
polymerase prior to transcription. To demonstrate complete linearization and
ensure the presence of a clean nondegraded DNA fragment of the expected size,
the digested DNA template is analyzed by 1.2% agarose gel electrophoresis.
Once completely digested, the linearized DNA is purified using the QIAprep
Spin Miniprep Kit protocol using a microcenttrifuge as described next.

3.2.2. QlAprep Miniprep Kit Protocol

1. Mix 5 vol of buffer PB to 1 vol of DNA solution. Next, the solution is centrifuged
through the QIAprep membrane at 15,300g for 2 min.

2. The QIAprep spin column is washed by adding 0.5 mL of buffer PB and
centrifuging for 1 min. Discard the flowthrough.

3. The QIAprep spin column is again washed with 0.75 mL of buffer PE and
centrifuged for 1 min at 15,300g. After discarding the flowthrough, recentrifuge
for an additional 1 min to remove any remaining buffer.

4. To elute the DNA, add 50 puL of nuclease-free water to the center QIAprep
column, let stand for 1 min, and centrifuge at 15,300g for 1 min in a clean
1.5-mL microfuge tube.

3.2.3. Synthesis of cRNA Internal Standard

The purified linearized plasmid is used as a template to direct in vitro cRNA
synthesis as follows:

1. Combine the following reaction components at room temperature and in the
order given:
10 uL  Transcription optimized 5X buffer
SuL 100 mM DTT
90U  Recombinant RNasin ribonuclease inhibitor
20 uL. tNTP mix (2.5 mM each of ATP, GTP, UTP, and CTP)
10 uL  DNA template, linearized at 3—4 ug

60 U Phage T3 RNA Polymerase
50 uL  Final volume
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2. Incubate for 2 h at 37°C.
3. Remove the DNA template by adding 2 uL. RNase-free DNase I (2 U).
4. Incubate for an additional 30 min at 37°C.
5. Remove unincorporated NTP and purify cRNA:
a. Add 50 puL nuclease-free water and 1 mL TRIzol reagent.
b. Shake vigorously for 15 s.
c. Add 0.2 mL of chloroform, cover the samples tightly, shake vigorously for 15 s,
and let stand at room temperature for 2 min.
. Centrifuge the homogenate at 15,300g for 15 min at 4°C.
Transfer the aqueous phase to a fresh tube and mix with 0.5 mL isopropanol.
Store samples at room temperature for 5 min.
. Centrifuge at 12,000g for 10 min at 4°C.
. Remove supernatant and wash RNA pellet with 1 mL of 75% ethanol by
vortexing and subsequent centrifugation at 7500g for 5 min at 4°C.
Air-dry the RNA pellet, briefly. However, do not let the RNA pellet dry
completely, as it will greatly decrease its solubility.
6. Check the quantity and integrity of the in-vitro synthesized cRNA by gel
electrophoresis.
a. Prepare 1% agarose gel dissolved in 0.5X TBE buffer. Heat in microwave, and
after the solution cools, add sodium dodecyl sulfate (SDS) to 0.1%.
b. Remove a total of 4 L. cRNA and combine with 8 UL RNA gel loading solu-
tion. Heat to 85°C for 2 min and load onto the nondenaturing agarose gel.
c. After electrophoresis, stain the gel with ethidium bromide (0.5 pg/mL) for
20 min. The cRNA should appear as a single band.

S0 rh oo
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3.3. Extraction of Nucleic Acids and Reverse Transcription

Total mouse RNA and DNA were isolated from mouse lungs using TRIzol
reagent. Briefly, 250 mg of lung tissue was homogenized for 1 min in 9 vol
of TRIzol using a Brinkmann (Westbury, NY) polytron homogenizer setting at
5 (see Note 1). The size distribution of the RNA can be checked by nondenatur-
ing 1% agarose gel electrophoresis containing 0.1% SDS in 0.5X TBE buffer.
Both rRNA and mRNA can be seen as discrete bands ranging from 200 bp to 8 kb
and indicates an intact RNA population. RNA extracted by this method can
be quantified spectrophotometrically at 260 nm. Typical yields are 10 pg total
RNA per 10 mg lung tissue. RNA should be dissolved in RNase-free water and
stored at —80°C until further use.

3.4. First-Strand cDNA Synthesis

First-Strand synthesis of cDNA was generated using AMV reverse tran-
scriptase following a protocol outlined from Promega (Madison, WI) with
slight modification. One microliter of the oligo-(dT) primer (0.1 pug/uL) was
added to 10 pg total RNA (final volume of 10 pL) and heated to 75°C for
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5 min and then allowed to cool to 42°C. To this mixture was added the following
components: 3 uLL AMV RT 5X reaction buffer, 1 L. dNTP mix, and either
1 uL AMV RT (10 U/uL) or 1 puL nuclease-free water. The RT reaction was
carried out at 42°C for 40 min, followed by heating at 95°C for 5 min in order
to inactivate the reverse transcriptase. The reaction mixture was placed on ice
and 85 pL nuclease-free water was added (total volume 100 pL), mixed, and
stored at —80°C until further use.

3.5. PCR Reaction

Mouse EC-SOD primers used are shown in Fig. 1. Also shown are the
expected PCR fragment sizes.

Polymerase chain reactions were performed in a thermal cycler Gene
Amp PCR System 2400 (Perkin Elmer, Norwalk, CT) in 20 puL of a solution
containing 1X ThermoPol reaction buffer, 0.2 mM each of dATP, dCTP, dGTP,
and dTTP, 0.5 U Deep Vent (exo-) DNA polymerase, 1 uCi [*>S]-dATP, and a
1-uL template (first-strand cDNA synthesis reaction). Negative control PCR
reactions included nonreverse transcribed total mouse lung RNA (800 ng), no
DNA or RNA template, internal standard cDNA alone (10~ copies), as well as
cDNA prepared from 20 ng mouse total RNA (see Fig. 2). The amplification
program consisted of 35 cycles: 96°C for 30 s, 60°C for 60 s, followed by 72°C
for 30 s. After amplification, the reaction was held at 72°C for 7 min.

3.6. Detection and Analysis of RT-PCR Products

Mouse lung homogenates were spiked with increasing amounts of internal
EC-SOD cRNA standards (106, 107, 108, and 10° copies), subjected to standard
RNA isolation methods, reverse-transcribed and PCR amplified using the
primer pair MFA2 and 1834/10. This primer pair is predicted to generate a
509-bp fragment if first-strand cDNA is used as the template or 382 bp if
cDNA synthesized from mouse EC-SOD internal standard is used. As seen in
Fig. 1, increasing the amount of competitive internal deletion standard into the
mixture results in progressively increased amounts of the 382-bp PCR product
(Fig. 2, lanes 1-4). When 800 ng of mouse lung total RNA (lane 5) or no RNA
or DNA (lane 6) is used as the template, no bands are seen. When the Internal
deletion standard alone is used as the template, only the 382-bp PCR fragment
is seen (lane 7), whereas when cDNA generated by reverse transcriptase of
total mouse lung RNA is used as the template, only the 509-bp PCR fragment
is seen (lane 8).

Following completion of PCR cycling, 10 uL of gel loading solution (95%
formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol
FF) was added, the tubes were heated to 85°C for 3 min and placed on ice
immediately. Samples (5 pL) were loaded onto 5% (w/v) denaturing 8 M
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Fig. 2. PACS quantitative RT-PCR of EC-SOD mRNA obtained from mouse lung.
Using the 3’-specific primer set MFA2 and 1834/10, RT-PCR was performed from
mouse lung total RNA spiked with internal standard cRNA and analyzed by denaturing
polyacrylamide gels. Lanes 1-4 show the results obtained when 10 mg mouse lung
tissue total RNA was spiked with increasing amount of EC-SOD internal standard
cRNA, reverse-transcribed, and 1% used as the template during the reaction. Lanes
5-8 represent various control reactions. Lane 5, uses nonreverse-transcribed total
mouse lung RNA, 800 ng. Lane 6 has no DNA or RNA template. Lane 7 shows the
internal deletion standard cDNA, at 10~ copies, used as the template. In lane 8, cDNA
generated from 20 ng mouse lung total RNA is shown. The 509-bp PCR fragment is
generated by PCR using native EC-SOD mRNA as the template. The 382-bp PCR
fragment is generated from the EC-SOD internal standard.

urea polyacrylamide TBE (0.89 M Tris-borate and 0.002 M EDTA) gel and
electrophoresed at 10 W for 3 h. The gel was then dried and exposed on
a phosphor screen for 18 h. The relative intensity of PCR products was
determined by scanning the phosphor screen with a STORM 860 scanner
(Molecular Dynamics, Inc., Sunnyvale, CA) and quantifying bands of interest
using ImageQuant Analysis Program (version 1.2).

After correcting for the size of the PCR fragment and the A/T content,
mouse lung EC-SOD mRNA content was measured to be 4.97 x 107
+ 0.86 x 107 copies per 10 mg mouse lung tissue. Under similar conditions,
PACS RT-PCR would be predicted to readily determine significant differences
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in mRNA concentrations of as little as 0.4-fold from controls using small
sample sizes.

4. Notes

1. Isolation of RNA from a very small amount of tissue (10 mg) samples can be
homogenized in 0.1 mL of TRizol in 1.5-mL Eppendorf tubes by adding 0.5 mL
of sand and applying a 1-mL pipet tip to mechanically disrupt the tissue. Follow-
ing homogenization, add 0.1 mL TRizol and store the homogenate for 5 min
at room temperature to permit the complete dissociation of nucleoprotein com-
plexes. Next, add 40 puL of chloroform, cover, shake for 15 s, and let stand for
3 min at room temperature. Extract the RNA as described in Subheading 3.2.3.
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Single-Cell mRNA Library Analysis
by Northern Blot Hybridization

Shi-Lung Lin

1. Introduction

The debut of RNA-polymerase cycling reaction (RNA-PCR) has promised
to provide linear amplification of a reproducible mRNA library from as few as
20 single cells (). By incorporating a RNA promoter element during the
synthesis of double-stranded complementary DNA (cDNA) templates, a
poly(A*) RNA library can be generated and reamplified from the templates in
the same conformation and composition as its mRNA origins (Fig. 1). Using
microarray analysis, the RNA-PCR-derived poly(A*) library has been proven
to contain above 97% of the original poly(A*) RNA population and maintain
88 + 4% linear correlationship to the populationary ratio of each RNA species
(Chapter 12). It has also been tested to generate a full-length mRNA library
from as few as 20 homologous tissue cells (2-pg mRNAs) for profiling cancer
stages in vivo.

Northern blot analysis of gene expression usually requires abundant mRNA
resources (>0.5 pg/lane), which is impossible to acquire from a few homologous
tissue cells using traditional RNA extraction methods. However, we have
acquired 30 pg of amplified poly(A*) RNAs in one 50-uL reaction after three
rounds of RNA-PCR amplification from about 20 single cells. This represents
a 1.5 x 10°-fold increase based on the comparison between the amount of the
amplified poly(A*) RNAs and that of theoretically presumed mRNAs within
a cell (0.1 pg). It is noted that some rare RNAs can be well preserved by
RNA-PCR for further gene analysis. Therefore, RNA-PCR can be a tool
for providing unlimited mRNA resources for Northern blot detection at the
single-cell scale.

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ
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Fig. 1. An illustration of using RNA-PCR-derived poly(A*) RNA for Northern blot
analysis. The mRNA generated in step D can be fractionated on a formaldehyde—
agarose gel for specific gene detection.

One of the most powerful applications of this procedure is to the analyses
of pathological sections. In our model, pathological sections were stained by
in situ hybridization (Fig. 2A) with activin probes to identify activin-positive
and activin-negative cells in vivo. Following microdissection, poly(A*) RNAs
were amplified by RNA-PCR from the activin-positive and activin-negative epi-
thelial prostatic cancer cells, respectively. The amplified poly(A*) RNAs from
malignant, intermediate, and neoplastic patients of prostate cancers were dis-
played by electrophoresis on a formaldehyde-containing agarose gel (Fig. 2B)
and then transferred to a nylon membrane as blots.

We has successfully verified the Northern blotting results of this procedure
by investigating the behavior of known genes in prostate cancers (2,3). For
cultured LNCaP cells, we observed the time-course alterations of p53 and p16
expressions with Northern blotting at times after activin treatment, consistent
with previous reports demonstrating by traditional chromatography methods
that both genes were slightly upregulated after activin treatment (Fig. 3A, left
panel). For pathological tissue sections, a similar upregulation pattern was
also seen in the patients with intermediate and neoplastic prostate cancers,
showing a good correlation (Fig. 3, middle panel). However, the expression of
p53 was identical in activin-positive and activin-negative cells derived from
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Fig. 2. RNA-PCR using cells microdissected from specific regions of pathological
sections. (A) Identification of activin-positive and activin-negative prostate cancer
epithelial cells by in situ hybridization. Dotted circles demarcate the regions for cell
isolation with a micromanipulator under a microscope. For clarity, the background of
this section was stained by hematoxylin. This staining was not used in the sections
used for cell isolation. (B) One percent denaturing agarose gel electrophoresis of
RNA-PCR products from the above isolated few cells. Three stages of prostate cancers
were identified under a microscope and label as malignancy (M), intermediate (I), and
prostatic intraepithelial neoplasia (PIN). From left to right: RNA markers (lane 1),
mRNAs from activin-negative prostatic cancer cells (lane 2, 4, and 6), mRNAs from
activin-positive prostatic cancer cells (lane 3, 5, and 7), and negative control of RNA-
PCR without cells (lane 8). (From ref. 7 with permission.)

the malignant cancer patient, suggesting a possible loss of apoptotic regula-
tion. This presumption is likely related to the observation that the more
progressive the cancer, the fewer activin-positive cells were detected by in
situ hybridization.

Poly(A*) RNAs generated from prostate cancer sections were further
compared with RNA-PCR-derived poly(A*) RNAs prepared from LNCaP cells
(Fig. 3B). Both data showed consistent levels of p53 at the neoplastic stage,
apoptosin at the malignant and intermediate stages, and p16 and apoptostatin at
all three stages. Some inconsistency was observed; the expression of p21 was
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Fig. 3. Northern blot analyses of gene expression changes. (A) Comparison between
poly(A*) mRNA libraries made by oligo-(dT) column chromatography and RNA-PCR.
In vitro mRNAs (left panel) were generated by chromatography from 10° LNCaP cells
at different times after activin treatments (after 0, 12, 24, 48, 68, and 120 h). In vivo
mRNAs were amplified by RNA-PCR from 20 isolated cancer cells with (Ac+) or
without (Ac—) expression of activin. p53, B-actin templates (Ambion, Austin, TX), and
synthetic pl16 were used as probes in panel A. (B) Comparison between in vitro and
in vivo mRNAs made by RNA-PCR from 20 cells. The blots of in vitro mRNAs (right
panel) displayed differential alterations of gene expressions in LNCaP cells before and
after activin treatment (120 h); the blots of in vivo mRNAs (middle panel) showed the
actual differential expressions in patients’ tissue cells. Probes (about 500-750 bases
in length) for panel B were isolated from RNA-PCR-derived cDNA libraries prepared
from LNCaP cells and amplified by PCR with sequence-specific primers. The sequences
of the probes were confirmed by automated sequencing. All detected gene transcripts
matched their original mRNA sizes, indicating that they were of good integrity and
most likely full length. (From ref. I with permission.)
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weak in vivo but clearly expressed in vitro. This may result from individual
and stage-related variations, demonstrating the need to maintain caution in
extrapolating cell culture data to tissue sections. With this new, easy, and
reliable procedure, re-evaluation of cancer molecular phenotypes at the single
cell levels can be performed without artifacts produced in cultured cells.

2. Materials

2.1.
1.

(O]

N
W= N o

Fractionation of Poly(A*) RNA Library by Electrophoresis

Diethyl pyrocarbonate (DEPC) H,O: Stir double-distilled water with 0.1% DEPC
for more than 12 h and then autoclave at 120°C under about 1.2 kgf/cm? for
20 min, twice.

. 1% Agarose gel (40 mL): Add 0.4 g agarose powder into 29.4 mL DEPC H,0O

and mix it with 4 mL 10X BE buffer (0.2 M sodium borate [pH 8.3] at 25°C
and 2 mM EDTA).

. 37% Formaldehyde (see Note 1).
. Running buffer (500 mL): Add 40 mL of 37% formaldehyde into 410 mL DEPC

H,0 and mix it with 50 mL 10X BE buffer.

. Sample preparation (20 uL): Add 2 ug RNA-PCR-derived RNAs in total 5 uL

DEPC H,0 and mix it with 2 uL. 10X BE buffer, 3.5 UL of 37% formaldehyde,
10 uL. formamide, and 0.5 pL ethidium bromide (10 mg/mL) in order. Heat
to 55°C for 15 min, then cool on ice and add 2 pL 10X loading dyes (50%
glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol FF in 1 mM EDTA
[pH 8.0]).

. Horizontal gel electrophoresis system.

. Blotting of Fractionated Poly(A*) RNA Library

. 0.05 N NaOH.
. 20X SSC buffer: 0.3 M trisodium citrate (pH 7.0) and 3 M NaCl.
. Nylon membrane: 0.2 mm larger than the surface length (L) and width (W)

of gel.

. 3MM blotting papers: One is the same size as the gel; the other one is three times

longer in length but with the same width.

. 3MM blotting thick pads: 0.2 mm smaller than the surface length and width

of the gel.

. Plastic wrap.

7. Blotting platform (10L x 8W x 3H [cm?] and container (>750 mL).

. Preparation of Radioactive Probes
. Random 9-oligonucleotide primer mix: dephosphorylated 5'-dNNNNNNNNN-3’

(N = dATP, dGTP, dCTP, or dTTP in a completely random order; total
100 pmol//uL).

. 10X Nick-translation buffer: 250 mM Tris-HCI (pH 7.0) at 25°C, 1.35 M KCl,

65 mM MgSO,, 85 mM (NH,),S0,, 2.25 M B-NAD, 80 mM dithiothreitol (DTT),
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and 1 mM each of dCTP, dGTP, and dTTP; prepare fresh.

. Isotope shielding plate.

[0-32P] dATP at 3000 Ci/mmol (see Note 2).
Exo(-) Klenow enzyme (5 U/uL).

. Stop solution: 0.5 M EDTA (pH 8.0), sterile stock.
. Incubation chamber: 37°C.
. Purification spin column: 100 bp cutoff filter (such as Bio-Rad spin column

P-30).

. Blot Hybridization with Probes

. QuikHyb solution (Stratagene, La Jolla, CA).
. Fragmented salmon sperm DNA (100 pwg/mL).

Probe denaturing chamber: 94°C.

. Hybridization chamber with rotors: 65°C.
. Low-stringent washing buffer: 2X SSC and 0.1% sodium dodecyl sulfate

(SDS).
High-stringent washing buffer: 0.2X SSC and 0.1% SDS.

2.5. Autoradiography

1.

2.
3.
4.

Transparent plastic hybridization bag.

X-ray film (such as Kodak BioMax equivalent).
Film cassette.

—80°C Freezer.

3. Methods

3.1.

Fractionation of Poly(A*) RNA Library by Electrophoresis

This method is modified from those of Lehrach et al. (4) and Goldberg (5).

The

starting material is preferably 0.5-2 pug RNA-PCR-derived RNAs (7).

A larger amount (>10 pg) of the starting material may increase the signal
intensity of rare RNA species and nonspecific background.

1.

Gel casting (10L x 8W x 0.5H [cm?]): Melt the 1% agarose gel powder in a
microwave oven; then, cool to about 50°C and add 6.6 mL of 37% formaldehyde.
Gently mix well without causing any bubbles and pour into a gel-casting mold.

. Electrophoresis: Submerge the precasted gel in an electrophoresis tank containing

running buffer and prerun it for 5 min at 3 V/cm. Immediately load the sample
preparations into the lanes of the gel and continue to run it at 3 V/cm. The sizes
of RNAs can be determined by RNA markers, which are usually loaded in the
most outside lanes.

Quality analysis: At the end of the electrophoresis (when the xylene cynaol FF
has almost migrated to the margin of the gel), align the gel with a transparent
ruler and photograph them by ultraviolet illumination.
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3.2. Blotting of Fractionated Poly(A*) RNA Library

For an occasional use, the capillary elution method is inexpensive and
efficient enough to transfer most of RNAs sized less than 5 kb from the gel to a
blotting membrane. If heavily routine practice or analysis on much larger-sized
RNAG s is required, vacuum transfer or electroblotting should be considered.

1. Removal of formaldehyde: Rinse the gel by DEPC-treated water and soak it in
0.05 N NaOH for 15 min. Then, rinse the gel by DEPC-treated water and soak
it in 20X SSC buffer for 30 min.

2. Blotting: Place a blotting platform in a RNase-free container containing 750 mL
of 20X SSC buffer and make sure that the platform is raised at least 1 cm above
the buffer surface. Rinse the longer 3MM blotting paper in 20X SSC buffer and
place it on the surface of the platform. Make sure that there is no air bubble
between the blotting paper and the platform. Both ends of the 3MM paper should
be submerged in the buffer to provide capillary elution force all of the time. Place
the gel upside down on the 3MM paper; then, rinse the nylon membrane and use it
to cover all of the gel surface. Again, make sure there is no bubble between the gel
and the nylon membrane. Rinse the shorter 3MM paper and place it on the top of
the nylon membrane with no bubble in between. Stack at least 10-cm-thick
3MM blotting pads on the top of the short 3MM paper and cover the buffer
surface by plastic wrap to prevent water vaporization. Put a 500-g weight
on the top of the 3MM blotting pads to ensure a tight contact between the
layers of materials used in the blotting system. Allow RNA transferring for
at least 14 h.

3. Crosslinking: Remove all materials on the top of nylon membrane and carefully
peel off the membrane from the gel. Soak the membrane in 6X SSC buffer for
5 min at room temperature; then, dry it on a paper towel for at least 15 min. Place
the membrane with RNA face up in an ultraviolet irradiator (254 nm) and bake it
for 20 s (1 J/cm?). Store the membrane in a —80°C freezer for up to 2 mo.

3.3. Preparation of Radioactive Probes

This protocol is modified from those of Feinberg and Vogelstein (6). The
method relies on the ability of random 9-mer oligonucleotides to anneal to
multiple sites along the DNA template of interest. The Klenow fragment of
DNA polymerase I then synthesizes new DNA by incorporating deoxynucleo-
tide monophosphates at the free 3’~OH end provided by the 9-mers. The newly
synthesized DNA is made radioactive by substituting a radiolabeled dATP
for a nonradioactive one in the reaction mixture. The resulting labeled DNA
has been proven to be useful for differential display (7), Northern/Southern
blotting (8,9), and in situ hybridization techniques. The handling of radioactive
materials should be performed under proper shielding protection (Note 2).
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1. Primer annealing: Add 2 pL random 9-oligonucleotide primer mix into 31 pL
DEPC-treated ddH,O containing cDNA template of interest at 25 ng/uL. Heat
the reaction at 94°C for 5 min and cool to the room temperature for 1 min.

2. Nick-translation labeling: Under proper shielding, sequentially add following
materials into the reaction: 5 uL of 10X nick-translation buffer, 5 uL of [a-32P]
dATP, and 1 pL of Exo(-) Klenow enzyme; carefully mix well. Incubate the
reaction at 37°C for 20 min and add 2 pL stop solution.

3. Probe purification: Unload the content solution from a purification spin column,
spin for 2 min at 1000g, and discard the flowthrough (Note 3). Under proper
shielding, load the labeled reaction into a purification spin column, spin for
4 min at 1000g, and collect the flowthrough. Store the purified probes in a —20°C
freezer or perform the next step immediately.

3.4. Blot Hybridization with Probes

There are many commercial materials and solutions available to hybride
radioactive probes to nucleic acids immobilized on a nylon membrane. To
prevent the tedious preparation of traditional hybridization reagents, we use
QuikHyb solution to achieve cleaner and more efficient results.

1. Blot prehybridization: Place the membrane blotted with RNA face up in a
hybridization tube and add 10 mL QuikHyb solution to rinse the membrane.
Heat 90 pL of fragmented salmon sperm DNA to 94°C for 7 min and place on
ice immediately. Add the denatured salmon sperm DNA into the tube and mix
well. Make sure that there is no leakage and place the tube into a hybridization
chamber with rotation at 60°C for 20 min.

2. Probe denaturation: Under proper shielding, add 10 puL of the fragmented salmon
sperm DNA into the labeled radioactive probes and mix well. Heat to 94°C for
7 min and place on ice immediately.

3. Hybridization: Under proper shielding, add the denatured probes into the tube
without touching the membrane and gently mix well after closing the tube. Make
sure that there is no leakage and place the tube into a hybridization chamber
with rotation at 60°C for 4 h.

4. Washing: Under proper shielding, trash the QuikHyb solution into a certified
container and add 200 mL of low-stringent washing buffer to the tube. Then,
make sure that there is no leakage and place the tube into a hybridization chamber
with rotation at 25°C for 20 min. Trash the low-stringent washing buffer into
the certified container and add 200 mL of high-stringent washing buffer to the
tube. Make sure that there is no leakage and place the tube into a hybridization
chamber with rotation at 25°C for 20 min. Trash the high-stringent washing
buffer into the certified container and add 200 mL of high-stringent washing
buffer to the tube. Make sure that there is no leakage and place the tube into a
hybridization chamber with rotation at 50°C for 20 min. Trash the high-stringent
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washing buffer into the certified container and rinse the membrane shortly by
DEPC ddH,O0. Dry it on a paper towel for 15 min.

3.5. Autoradiography

Perform this procedure in a dark room with a very limited red light source.

1.

Film loading and exposure: Under proper shielding, place the semidry nylon
membrane into a plastic bag and stick the margin of the bag onto the back surface
inside a cassette. Place a film on top of the bag and close the cassette tightly to
prevent any leakage of light. Place the cassette in a —80°C freezer and allow the
film to be exposed by the isotope radiation on the membrane for about 24—48 h.
Then, develop the film.

4. Notes

1.

Formaldehyde is toxic and can be vaporized at room temperature. Solutions
containing formaldehyde should be prepared and used in a chemical hood. The
electrophoresis tank for running a formaldehyde gel should be covered whenever
possible.

All the procedure related to radioactive materials should be performed under
proper shielding devices. All of the waste of radioactive materials should be
trashed into certified containers with a clear isotope label display.

Relative Centrifugal Force (RCF) (g) = (1.12 x 107%) « (rpm)? « r, where 7 is
the radius in centimeters measured from the center of the rotor to the middle
of the spin column and rpm is the speed of the rotor in revolutions per minute.
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Generation of cDNA Libraries for Profiling
Gene Expression of Given Tissues or Cells

Xin Zhang, Qiu-Hua Huang, and Ze-Guang Han

1. Introduction

Complementary DNA (cDNA) library construction is a foundational
technique for various organism genome projects and molecular biological
approaches. Numerous methods for generating a cDNA library have been
applied for different purposes. To profile the gene expression of a given tissue
or cells, the researchers often used an oligo-(dT) primed and directional
cloned strategy for generating cDNA libraries, and then DNA sequencing
to characterize novel genes from those libraries (I1-6). The cDNA library
derived from the strategy may contain more abundance gene species without
significant bias because polymerase chain reaction (PCR) is not usually used
for amplifying the double-strain cDNA. However, the strategy needs more
sample and abundant message RNA. If there is only a little mRNA, the PCR-
based method must been adopted in cDNA library construction. Recently,
some researchers utilized cap structure at the 5" end of eukaryotic mRNA
to design novel methods for PCR-based cDNA library construction (7-11).
Moreover, the strategy has been applied to identifying gene expression and
isolating full-length cDNA (12-14). In our laboratory, the conventional and
PCR-based strategies have been utilized for generating some libraries from
massive sample (human liver cancer, hypothalamus, pituitary, adrenal gland)
and a small amount of RNA (human CD34+ cells), respectively.

2. Materials

1. TRIzol reagent (Gibco-BRL; Gaithersburg, MD).
2. Oligotex mRNA kit (Qiagen, Hilden, Germany).
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hed

Escherichia coli strains XL1-Blue, SOLR, and BM25.8.
4. Lambda Uni-ZAP XR vector digested with EcoRI and Xhol, CIAP-treated and
plasmid pBluescript SK vector (Stratagene, La Jolla, CA).
5. StrataScript reverse transcriptase (Stratagene) or SuperScript II transcriptase
(Gibco-BRL).
6. RNase inhibitor.
7. Methyl nucleotide mixture (10 mM dATP, dGTP, and dTTP, and 5 mM 5-mthyl
dCTP).
8. DEPC (diethyl pyrocarbonate)-treated water.
9. RNase H and Pfu DNA polymerase.
10. EcoRI adapter (Stratagene).
11. T4 DNA ligase, DNA polymerase I, and T4 polynucleotide kinase.
12. dNTP (10 mM) and ATP.
13. EcoRI, Xhol, and Sfil restriction enzymes.
14. Sepharose CL-2B (Pharmacia Piscataway, NJ).
15. STE buffer: 1 M NaCl, 200 mM Tris-HCI (pH 7.5), and 100 mM EDTA.
16. SM buffer: 5.8 g NaCl, 2.0 g MgSO,+7H,0, 50 mL of 1 M Tris-HCI (pH 7.5), and
5.0 mL of 2% (w/v) gelatin, and add deionized H,O to a final volume of 1 L.
17. Gigapack III Gold packaging extract (Stratagene).
18. ExAssist interference-resistant helper phage (Stratagene).
19. LB broth and LB agar plate.
20. Ampicillin and Kanamycin.
21. IPTG (isopropyl-1-thio-f-p-galactopyranoside) and X-Gal (5-bromo-4-chloro-
3-indolyl-B-p- galactopyranoside).
22. ATriplEx2 (Sfil A and B-digested arms) and pTriplEx2 (Clontech, Palo
Alto, CA).
23. Oligonucleotide primer for oligo-(dT) and oligo-capping.
24. Proteinase K.
25. CHROMA SPIN-400 columns (Clontech)

3. Methods

The following methods outline (1) extraction of total RNA and message
RNA, (2) vectors for the cDNA library, (3) construction of oligo-(dT) primed
and directional cloned cDNA library (conventional cDNA library), (4) PCR-
based cDNA library construction, and (5) library amplification.

3.1. Extraction of Total RNA and Message RNA

The RNA used to generate the cDNA library for gene expression profile
analysis must be high-quality, nondegraded, and no genomic DNA contamina-
tion. The procedures for isolating RNA include (1) the extraction of total RNA
and (2) the isolation of poly(A)* RNA from total RNA (see Note 1).
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3.1.1. Isolation of Total RNA from Tissues or Cells

Recently, the modified single-step RNA isolation method with TRIzol
reagent, which was developed by Chomczynski and Sacchi, was often used for
extracting total RNA from tissues or cells (15,16).

1. Take out the sample tissue wrapped with foil from liquid nitrogen and quickly
weight on a balance. Grind the tissue in a mortar adding liquid nitrogen frequently.
As the tissue become powder-like, TRIzol reagent (50-100 mg tissue/mL
TRIzol) may be added into the mortar and transfer the liquid to a glass—Teflon
homogenizer.

2. Homogenize tissue completely and incubate the homogenized samples for 5 min
at room temperature. Transfer the sample to a polypropylene tube. Add 0.2 mL
of chloroform per milliliter of TRIzol reagent. If extracting from cells, such as
CD34* cells, adequate TRIzol reagent may be mixed directly with cells without
grinding and homogenizing (12).

3. Cap sample tubes securely and shake tubes vigorously by hand or shaker for
15 s. Incubate them at room temperature for 2-3 min. Centrifuge the sample at
12,000¢ for 15 min at 4°C.

4. Carefully transfer the colorless upper aqueous phase to a fresh tube. Add 0.5 mL
isopropyl alcohol per milliliter of TRIzol reagent to precipitate the RNA from the
aqueous phase. Mix and incubate the sample at room temperature for 10 min.

5. Centrifuge the sample at 12,000g for 10 min at 4°C and RNA precipitate on the
side and bottom of the tube.

6. Carefully remove the supernatant. Wash the RNA pellet with 75% ethanol
(diluted in DEPC-treated water) and add 1 mL of 75% ethanol per milliliter
TRIzol reagent. Centrifuge the samples at 7500g for 5 min at 4°C.

7. Carefully remove the supernatant with a pipet and briefly air-dry the RNA pellet.
Dissolve RNA in RNase-free water. Examine the quality of the total RNA on
a denaturing formaldehyde—agarose gel. The total RNA should appear as two
bright bands (18S and 28S ribosomal RNA) at approx 4.5 and 1.9 kb (see Fig. 1).
The ratio of intensities of 28S and 18S rRNA should be 1.5-2.5:1. The total
RNA with high quality can be stored at —80°C for up to 1 yr.

3.1.2. Isolation of Poly(A)* RNA from Total RNA

Usually, poly(A)* RNA, not total RNA, is used for generating a cDNA library.
We preferred to utilize the Oligotex mRNA column (Qiagen) to isolate high-
quality poly(A)* RNA from total RNA. Total RNA preparations are incubated
with Oligotex resin, and oligo-(dT): mRNA complexes, which are linked
covalently to the surface of resin, are collected by a brief centrifugation step.
After washing, the mRNA is eluted in a small volume of Tris buffer or water.
Commonly, 1 pg poly(A)* RNA could be isolated from 100 pg total RNA.
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Fig. 1. Total RNA from the hypothalamus and adrenal gland on a denaturing
formaldehyde—agarose gel. Total RNA was extracted by the modified RNA isolation
method with TRIzol reagent (15,16).

3.2. Vectors for the cDNA Library

The Uni-ZAP XR vector system (Stratagene) and TriplEx2 system (Clon-
tech) were used in our studies. The two vector systems combine the high
efficiency of phage library construction and the convenience of a plasmid
system with blue-white color selection. The Uni-ZAP XR vector (see Fig. 2)
may be double digested with EcoRI and Xhol restriction enzymes and accom-
modates DNA inserts from O to 10 kb in length. This vector allows in vivo
excision of the matched pBluescript phagemid (see Fig. 3), allowing the inserts
to be characterized in a plasmid system. The multiple-cloning-site (MCS)
region of pBluescript phagemid has 21 unique cloning sites flanked by T3 and
T7 promoters and many different primer binding sites. Like the Uni-ZAP XR
vector system, the TriplEx2 vector also possess the following advantages for
generating cDNA library in a phagemid vector: high titer libraries, blue/white
screening for recombinants, regulated expression of cloned inserts, and ease
of converting clones from phage to a plasmid vector via Cre-loxP-mediated
subcloning (see Fig. 4). However, the two vector systems have distinct features
(see Note 2).
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Fig. 2. Schematic drawing of the Uni-ZAP XR insertion vector from Stratagene
(La Jolla, CA).

3.3. Construction of Oligo-(dT) Primed and Directional Cloned
cDNA Library (Conventional cDNA Library)

The Uni-ZAP XR system was used for generating the oligo-(dT) primed and
directional cloned cDNA library derived from massive samples such as liver,
liver cancer, hypothalamus, pituitary, and adrenal gland in our laboratory
(4,5). The procedure includes (1) conversion of mRNA into double-stranded
cDNA, (2) preparation of the cDNA insert, (3) size fractionating, (4) ligating
cDNA into the Uni-ZAP XR vector, (5) packaging and titering, and (6) in
vivo excision.

3.3.1. cDNA Synthesis

The most basic step in constructing a cDNA library is process of generating
a double-strand cDNA copy derived from corresponding mRNA. For obtaining
essentially the representative information of gene expression pattern and full-
length cDNA copies from mRNA, the most important factors are the quality
of the mRNA and efficiency of the reverse transcriptase that will effect the
extension of the cDNA along mRNA. It is essential to start with the high-quality
mRNA or total RNA and good reverse transcriptase.

1. To synthesize the first-strand cDNA, an oligo-(dT) linker—primer with an
appropriate restriction enzyme recognition site should be used. For the
lambda—ZAP cDNA library, the primer is a 50-base oligonucleotide with
the following sequence: 5'-GAGAGAGAGAGAGAGAGAGA ACTAGTCTC
GAGTTTTTTTTTTTTTTTTTT-3’. This oligonucleotide contains a Xhol restric-
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Fig. 4. Schematic drawing of the ATriplEx2 system from Clontech (Palo Alto, CA)
(A) and the corresponding plasmid pTriplEx2 (B).

tion site and an 18-base poly(dT) sequence. Five to six micrograms of mRNA is
used for first-strand cDNA synthesis by reverse transcriptase, such as StrataScript
RT or SuperScript I, in a 50-uL reaction system at 37°C for 1 h. Three microliters
of methyl nucleotide mixture, which contains normal dATP, dGTP, dTTP, and the
analog 5-methyl dCTP, 2.8 ug linker primer and 40 U RNase block ribonuclease
inhibitor from Stratagene, is added into the reaction. Both Stratascript RT and
SuperScript II lack RNase H activity, but retain wild-type polymerase activity,
so they can synthesize longer cDNA fragments than wild-type Moloney murine
leukemia virus reverse transcriptase (MMLV RT). Methyl nucleotide mixture
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will prevent the cDNA from the following Xhol digestion. Usually, the start
amount of poly(A)* RNA is about 5 g (see Notes 1 and 3).

2. One hundred units of DNA polymerase I may be used for synthesizing the
second-strand cDNA at 16°C for 2.5 h. Three units of RNase H are added to
digest mRNA.

3. The uneven termini of the double-strand cDNA will be nibbled back and filled
in with 5 U of cloned Pfu DNA polymerase at 72°C for 30 min. T4 DNA
polymerase can be used at this step as an option. Then, add the equal volume of
phenol—chloroform (1:1) to extract the cDNA from the reaction and precipitate
DNA using 3 M sodium acetate and 100% ethanol and wash the DNA pellet
with 75% ethanol.

3.3.2. cDNA Insert

To insert the cDNA fragment into the vectors directionally, adapters should
first be ligated to the double-strand cDNA to provide restriction endonuclease
sites.

1. EcoRI adapters, which are composed of 10- and 14-mer oligonucleotides and
complementary with an EcoRI cohesive end and the 14-mer oligonucleotide is
kept dephosphorylated, are ligated to the blunted cDNA ends by T4 ligase. The
dephosphorylated end could eliminate self-ligation of the adapters during ligation
to the cDNA. Then, the adapters are phosphorylated by T4 polynucleotide
kinase.

2. To release the EcoRI adapter and residual linker—primer from the 3” end of the
cDNA, add 120 U of Xhol to digest the cDNA at 37°C for 1.5 h. Then, precipitate
the cDNA with 3 M sodium acetate and 100% ethanol. Resuspended the cDNA
pellet with 14 puL of 1X STE buffer. The sample is ready for size fraction after
adding a 3.5-pL column loading dye.

3.3.3. Size Fractionation

Size fractionation could remove the unligated adapters and the low-molec-
ular-weight materials from adapted cDNA. The different sized cDNAs for
different purposes could also be separated using this procedure (see Note 4).

1. Connect a 1-mL sterile pipet and a 10-mL syringe with a small piece of connect-
ing tube to assemble the drip column. Cut off the cotton plug of the pipet and
leave approx 3—4 mm in the pipet before the connection. Thrust the cotton plug
down into the tip of the pipet by pushing the plunger into the syringe.

2. Fill the drip column with 2 mL of 1X STE and immediately add a uniform
suspension of Sepharose CL-2B slurry to the column with a Pasteur pipet by
inserting the pipet as far into the column as possible. Continue adding the slurry
as the resin settles. When the surface of the packed bed is 0.25 in. below the lip of
the pipet, stop adding the resin. Avoid air bubbles forming in the column.
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Fig. 5. The analysis of cDNA after size fractionation. Collect 2—12 fractions for
Sepharose CL-2B column and electrophoresis on 1% agarose—EtBr gel to evaluate
the cDNA size of each fraction (A). Measure the amount of the recovered cDNA
by comparing with the concentration of standard DNA on an agarose—EtBr gel. The
amount of the cDNA is about 40 ng/uL (B).

3. Wash the column with 10 mL of 1X STE. Immediately load the cDNA sample
into the column when approx 50 pL. STE buffer remains above the surface of
the resin. Fill the connecting tube with STE buffer when the sample enters
the gel.

4. Collect each fraction in 1.5-mL centrifuge tubes. Three drops per fraction are
collected when the dye reaches the 0.4-mL graduation on the pipet, until the
trailing edge of the dye reaches the 0.3-mL graduation. About 12—18 tubes of
fraction could be collected, each tube containing approx 100 pL. Remove 8 uL
of each collected fraction and analyze on a 1% agarose—EtBr gel for the size of
each fraction (see Fig. 5A).

5. Pool the proper sizes of the fractions together and extracted the cDNA with
phenol—chloroform (1:1) and precipitate using ethanol. Resuspend the cDNA
pellet with 3.5 pL sterile water. To measure the amount of the recovered cDNA, a
0.5-uL cDNA solution is compared with 0.5 UL of the different concentrations of
standard DNA by loading the DNA to an agarose gel and staining with ethidium
bromide (see Fig. 5B).
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3.3.4. Ligation

About 100 ng of resuspended cDNA is ligated into 1 pug of the Uni-ZAP XR
vector with 2 U of T4 DNA ligase at 4°C for 2 d in a 5-uL volume.

3.3.5. Packaging

The ligated cDNA is packaged with the Gigapack III Gold packaging extract
(Stratagene) at 22°C for 2 h. Add 500 uL SM buffer and 20 uL chloroform. Mix
gently and spin down to sediment the debris. Store the supernatant containing
the phage at 4°C for up to 1 mo. For long-term storage, the phage cDNA
library should be stored as small aliquots in 7% (v/v) dimethyl sulfoxide
(DMSO) at —80°C.

3.3.6. Titering

1. Incubate the XL-1 blue MRF’ strain in LB with 10 mM MgSO, and 0.2% (w/v)
maltose at 37°C for 46 h, with shaking at 250 rpm. Spin the bacterial cells at
500g for 10 min, resuspend the cells to an optical density (ODg,) of 0.5 with
sterile 10 mM MgSO,.

2. Prepare two consecutive 1072 dilutions of the packaging reaction with SM buffer.
Add 10 pL and 1 uL, respectively, of the 10~ dilution to 200 uL of the XL-1
blue cells from step 1. Incubate at 37°C for 15 min. Add 3 mL of LB top agar
(0.7% agar in LB broth) that was melted and cooled to 48°C and quickly pour
onto dry, prewarmed LB agar plates.

3. Incubate the plates for at least 12 h at 37°C. Count the plaques of the plates.
Calculate the titer of the library using the following equation:

No. of plaques X Dilution factor x Total packaging volume

UL of diluted phage plated

Usually, the titer of the libraries is 10°~107 plaque-forming units (pfu/mL).

4. To verify the inserts, pick 25 plaques from the titering plates randomly. Inoculate
the agar to 5 UL sterile water. Use the water containing phage as the template,
PCR amplifying the inserted fragment with T3 and T7 primers. Calculate the
average size of the inserted fragments after electrophoresis of the PCR product on
an agarose—EtBr gel. In a high-quality cDNA library, the average of the inserted
fragments should be longer than 1 kb (see Fig. 6 and Note 5).

3.3.7. In Vivo Excision

The helper phage allows efficient excision of the pBluescript phagemid
from the Uni-ZAP XR vector. The ExAssist helper phage contains an amber
mutation that prevents replication of the phage genome in a nonsuppressing
E. coli strain (e.g., SOLR cells). Only the excised phagemid can replicate in
SOLR, removing the possibility of coinfection.
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Fig. 6. Pick 22 plaques from the titering plates randomly and PCR amplifying
the inserted fragment with T3 and T7 primers to evaluate the quality of our cDNA
library. Among those plaques, PCR products 19-22 (86%) show significant bands on
an agarose—EtBr gel. The average 2-kb size of the cDNA fragments in the library was
estimated according to the size of all inserts. M: molecular marker.

1. Grow separate overnight cultures of XL-1 Blue MRF’ and SOLR cells in LB
broth with 0.2% (w/v) maltose and 10 mM MgSO, at 30°C. Gently spin down
the XL1-Blue and SOLR cells (100g) and resuspend the cells in 10 mM MgSO,
to an ODg of 1.0 (8 x 10% cell/mL).

2. In a 15-mL tube, combine a portion of the A phage library with 200 uL XL-1
Blue MRF’ cells at a 1: 10 helper phage-to-cell ratio. Add ExAssist helper phage
(Stratagene) at a 10:1 helper phage-to-cell ratio to ensure that every cell is
coinfected with A phage and helper phage.

3. Incubate the tube at 37°C for 15 min to allow absorption. Add 3 mL of LB
broth and incubate the conical tube for 1 h at 37°C, shaking at 250 rpm. Do not
incubate for more than 1 h because this will cause high redundancy.

4. Heat the tube at 65-70°C for 20 min to kill the bacterial cells. Spin down the
debris at 1000g for 10 min and then decant the supernatant that contains the
excised phagemid in a sterile conical tube. The phagemid can be stored at 4°C
for 2 wk.

5. Add 10 pL and 100 pL, respectively, of the excised phagemid from step 4 to
200 uL of SOLR cells from step 1 in a 1.5-mL microcentrifuge tube. Incubate
at 37°C for 15 min. Plate to LB agar plate containing IPTG and X-Gal. After
incubation at 37°C overnight, the excised phagemid can be titered by counting
the colony number. The white colonies contain the phagemid with cDNA insert
and can be used for DNA sequencing.

3.4. PCR-Based cDNA Library Construction

The PCR-based strategy allows us to generate a cDNA library derived from
a small amount of total RNA or poly(A)* RNA. In our laboratory, the strategy
was used for constructing some cDNA libraries, such as a human CD34* cDNA
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library (12-14). The method can produce high-quality, enriched full-length
cDNA libraries from nanograms of total or message RNA. The procedures
include (1) cDNA synthesis, (2) digestion with Sfil, (3) size fractionation, (4)
ligation of cDNA to ATripEx2 vector, (5) packaging and titering the library,
and (6) converting the phage library to plasmid library.

3.4.1. cDNA Synthesis

1. Use 1 to 2 pg of total RNA or 50 ng to 1 ug mRNA (or even less) for first-
strand cDNA synthesis by reverse transcriptase, such as Superscript II, at
37°C for 1 h with CDS III/3” PCR primer and SMART III oligonucleotide (Clon-
tech). CDS III/3” PCR primer [5’-ATTCTAGAGGCCGAGGCGGCCGACATG-
d(T)3)N-1N-3"] primes the first-strand synthesis reaction, and the SMART III
oligonucleotide with oligo(G) at its 3’ end (5-AAGCAGTGG TATCAACG
CAGAGTGGCCATT ACGGCCGGG-3’) serves as a short, extended template
at the 5" end of the mRNA because reverse transcriptase’s terminal transferase
activity adds a few additional nucleotides, primarily deoxycytidine, to the 3" ends
of the cDNA. SMART III oligonucleotide and CDS III primer contains SfilA and
SfilB restriction sites, respectively.

2. Use long-distance (LD) PCR to synthesize double-strand cDNA. Add high-
quality DNA polymerase, such as Adervantage 2 polymerase (Clontech), an
additional 2 pLL CDS III primer to the reaction, 2 pUL of first-strand cDNA from
step 1, and 2 uL 5" PCR primer (5'-AAGCAGTGGTATCAACGCAGT-3’). The
optimal number of thermal cycles depends on the amount of RNA starting
material. Usually, perform 18-25 thermal cycles for amplifying the cDNA at
95°C for 5 s and 68°C for 8 min using the 9600 Thermal reactor (Perkin-Elmer).
If the starting material RNA for cDNA synthesis is more than 1 pug, 11 pL of
first-strand cDNA and only a few cycles were used for synthesizing the ds cDNA.
Analyze a 5-uL sample of the PCR product on a 1.1% agarose—EtBr gel. The
double-strand (ds) cDNA should appear as a 0.1-4-kb smear on the gel, with
some bright bands corresponding to the abundant mRNAs for that tissue or cell
source (see Fig. 7 and Note 3).

3.4.2. Digestion

The 2- to 3-ug amplified ds cDNA is digested with proteinase K at 45°C
for 20 min to inactivate the DNA polymerase activity and then extracted with
phenol—chloroform (1:1) and precipitated with 3 M sodium acetate and 100%
ethanol. Resuspend the cDNA and digest with 10 puL Sfil at 50°C for 2 h.

3.4.3. Size Fractionation

A CHROMA SPIN-400 column may be used for cDNA size fractionation
according to the manufacturer’s protocol. Check the fraction on a 1%
agarose—EtBr gel. Pool the desired size fraction and precipitate the ds cDNA
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Fig. 7. Perform 20-22 thermal cycles for amplifying 1 png total RNA derived
from human CD34+ cells, in parallel with the 1-ug control human placenta poly(A)*
RNA provided by Clontech. Analyze a 5-uL sample of the PCR product on a 1.1%
agarose—EtBr gel. The control and experimental double-strand cDNAs appear as a 0.2-
to 4-kb smear on the gel, with similar bright bands and sizes. M: molecular marker.

with 3 M sodium acetate, 20 mg/mL glycogen, and 100% ethanol. Measure the
amount of the cDNA (see Subheading 3.3.3.).

3.4.4. Ligation, Packaging, and Titering

Ligate cDNA to ATripIEx2 vector (or the Uni-ZAP XR vector) at an optimal
ratio of cDNA to vector by T4 DNA ligase. Optimizing the ratio of cDNA to
vector is a critical step in determining transformation efficiency and the titer
of cDNA libraries. Packaging and titering methods are similar to that of the
conventional cDNA library construction (see Subheadings 3.3.5.-3.3.6.).

3.4.5. Converting the Phage Library to Plasmid Library by In Vivo Excision

The conversion of a ATriplEx2 clone to a pTriplEx2 plasmid involves in vivo
excision. pTriplEx2 is released as a result of Cre recombinase-mediated site-
specific recombination at the loxP sites flanking the embedded plasmid (see
Fig. 4). In this system, E. coli BM25.8 provides the necessary Cre recombinase
activity. Therefore, release of the plasmid occurs automatically when the
recombinant phage is transduced into BM25.8.
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1. Incubate cultures of BM25.8 cells in LB/MgSO, broth at 31°C overnight, shaking
until the ODg, of 1.1-1.4 is attained. Add MgCl, (10 mM) to the cultures of
BM25.8 host cells.

2. Combine a portion of the phage ATriplEx2 library in dilution buffer with BM25.8
host cell culture and then incubate at 31°C for 30 min. Continue to incubate with
shaking after adding LB broth.

3. Spread the infected cell suspension on LB/carbenicillin plates with IPTG and
X-Gal and grow at 31°C.

3.5. Library Amplification

1. Pick a colony from the primary working plate of the XL1-Blue strain and
inoculate it with LB/10 mM MgSO, broth at 37°C overnight, shaking until the
ODyg of the culture reaches 2.0. Centrifuge the cells for 5 min, pour off the
supernatant, and resuspend the pellet with 10 mM MgSO, at an ODg, of 0.5
for each 150-mm plate.

2. Plan the number of LB/MgSO, agar plates you will need. Combine 500 uL of
overnight bacterial culture from step 1 and the packaged mixture or library
suspension that can yield 1 x 103 plaques per 150-mm plate. Incubate at 37°C
for 15 min.

3. Add 4.5 mL of melted LB/MgSO, soft top agar to each tube. Quickly mix and
pour the mixture onto LB/MgSO, agar plates. Swirl the plate quickly and spread
evenly in the plate. Cool the plates at room temperature for 10 min. Invert the
plates and incubate at 37°C for 6-18 h or until the plaques become confluent.

4. Add 12 mL of SM buffer to each plate. Store plates at 4°C overnight. This allows the
phage to diffuse into the SM buffer. On a platform shaker (approx 50 rpm), incubate
the plates at room temperature for 1 h. This is the amplified-library lysate.

5. Mix the phage lysate well and pour it into a sterile 50-mL polypropylene tube.
Add 10 mL of chloroform to the lysate. Vortex for 2 min. Centrifuge at 5000g for
10 min. Collect the supernatant into another sterile 50-mL tube. Determine the
titer of the amplified library (see Subheading 3.3.6. and Note 5). The amplified
library can be stored at 4°C for up to 6 mo. For long-term storage (up to 1 yr),
make 1-mL aliquots, add DMSO to a final concentration of 7%, and place at
—70°C. Avoid repeated freeze—thaw cycles.

4. Notes

1. The quality of total RNA and mRNA is crucial for construction of a high-quality
cDNA library. In other words, the sequence complexity of the double-strand
cDNA synthesized and the cDNA library constructed depends on the quality of
the experimental RNA starting material. Avoiding RNA and cDNA degeneration
is the most important for generating cDNA libraries. Wear gloves throughout
the procedure to protect your RNA and cDNA samples from degradation by
nucleases. Use only disposable plastic pipets and pipet tips with RNA. Checking
the quality of total RNA and poly(A)* RNA, which should appear as a smear
from 0.5 to 12 kb, is necessary for constructing cDNA libraries. If the ratio of
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intensity of 28S RNA to 18S RNA (for total RNA) is less than 1:1 or if your
experimental poly(A)* RNA appears significantly smaller than expected (e.g.,
no larger than 1-5 kb), we suggest that you prepare fresh RNA after checking
your RNA purification reagents for RNase and other impurities. For generating a
conventional cDNA library, the starting amount of mRNA could be from 1.5 ug
to 6 ug. The larger starting amount of total RNA and mRNA will be valuable
for profiling gene expression of a given tissue or cells. Less reverse transcriptase
should be used for small amounts of mRNA. For PCR-based cDNA library
construction, the strategy also needs the larger starting amoung of total RNA
or mRNA and as few numbers of PCR thermal cycles as possible, in order not
to lose the representativity of cDNA libraries. In general, the more RNA you
start with, the fewer PCR cycles will be required for the second-strand synthesis.
Fewer thermal cycles are less likely to generate nonspecific PCR products
and, therefore, are best for optimal cDNA library construction. Usually, the
minimum starting amount of the strategy is 50 ng of total RNA or 25 ng of
poly(A)* RNA.

2. The cDNA fragments were inserted into the upstream of B-galactosidase under
the lacZ promoter in the Uni-ZAP system. Probably, some of the genes in the
frame are fused to the B-galactosidase. This will allow the antibody screening on
the phage library or the excised phagemid library, in addition to DNA hybridizing
screening. The phagemid from the Uni-ZAP system is pBluscript, which has the
bacteriophage fl origin of replication, allowing rescue of single-stranded DNA
and site-directed mutagenesis. Transcripts made from the T3 and T7 promoters
could be useful in in situ hybridization as probes. The lacZ promoter may be used
to drive expression of fusion protein for Western blotting or protein purification
under inducing by IPTG. However, even if every cDNA molecule inserted into
the MCS of ATriplEx2 are expressed in all three reading frames, the PCR-based
cDNA libraries may not be suitable for immunoscreening because 5" untranslated
regions (UTRs) of the genes enriched in the cDNA libraries using the oligo-
capping strategy are valuable for relatively large-scale, efficient, full-length
cDNA cloning from small amount of RNA (12,14). To generate cDNA plasmid
library directly, the vectors, such as pBluescript, should be digested with restric-
tion enzymes overnight and then treated with CIP (New England Biolab, Beverly,
MA) to remove 5’-phosphate residues. Purify the large vector fragment using
the Quiquick Gel Extraction kit (Qiagen). Follow the protocol for the construc-
tion of the conventional cDNA library (see Subheading 3.3.). Transform the
plasmid into XL1-Blue stain instead of packaging and in vivo excision with
electroporation.

3. The optimal temperature for the first-stand synthesis is 37°C; a higher reaction
temperature may be used if the secondary structure makes reverse transcription
difficult. If possible, we suggest that the beginners may use [0-3?P]-dATP as a
tracer in the conventional cDNA library construction to control the quality of
each procedure for synthesized cDNA, although a lower amount of cDNA may
be observed using radioactive labels. In PCR-based cDNA library construction,



194 Zhang, Huang, and Han

we strongly recommend that a positive control cDNA synthesis be performed
in parallel with the experimental cDNA synthesis. This is especially important
because it may not be possible to visualize your first-strand reaction product on
a gel. Furthermore, the control reaction through the PCR step will allow us to
evaluate the yield and size distribution of the ds cDNA synthesized from your
RNA sample (see Fig. 7). If the size distribution of the experimental cDNA
synthesis is smaller than that of the control, all of the components involved in
the experiment might not be working properly.

4. It is very important to choose the fraction containing the larger-size cDNA
because the smaller-size cDNA fraction may be unligated adapters, primer—dimer,
and small-size cDNA inserts. The majority of clones in the cDNA library, if the
small size fraction do not put away, will contain small-size cDNA inserts for
the small-size cDNA fragments are easier to insert to the vectors. Therefore, the
cDNA library generated will lead to bias for profiling gene expression of
the given tissues and cells and to difficult in isolating full-length cDNA. The
cDNA should be collected as large and small sized potions and then ligated to
the vectors respectively. Somtimes, the fraction of the large-size cDNA could
not be detected on the agarose gel because of the small amount. In this case, just
collect the fractions, without the small-size DNA, and check the cDNA amount
after recovering the cDNA. If the amount of DNA is enough for construction of
the library, continue the procedure.

5. Both the conventional cDNA libraries and the PCR-based cDNA libraries
may be amplified. The amplified cDNA libraries could be used for molecular
biology. However, the amplified library could not be parallel with original
cDNA library—in particular gene species could be less than original one. More
importantly, the amplified library could lead to significant bias, in which some
genes would be redundant while others would be lost. Therefore, the amplified
library, which may be used for screening and isolating an individual gene, would
not be suitable for gene expression profile analysis.
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Screening Poly [dA/dT(-)] cDNA
for Gene Identification

San Ming Wang, Scott C. Fears, Lin Zhang,
Jian-Jun Chen, and Janet D. Rowley

1. Introduction

The goal for developing the SPGI (screening poly [da/dT(-)] cDNA for
gene identification technique was to generate an efficient tool for maximal
identification of the expressed genes from eukaryotic genomes. The impetus
for developing the SPGI method was triggered by the observation that a large
number of human novel transcripts have not been identified in spite of intensive
efforts in the past decades using the expressed sequence tag (EST) approach
(1-9). Based on our analysis, we believe that the use of complementary
DNA (cDNA) libraries generated by regular oligo-(dT) primers contributes
significantly to this problem (10,11). The cDNAs generated by oligo-(dT) prim-
ing contain various lengths of poly(dA/dT) tail sequences at the 3’ end. Most
of the cDNA libraries are processed through normalization/subtraction before
being used for sequencing analysis (7). During the process of normalization/
subtraction, poly(dA)—poly(dT) hybrids will form randomly between unrelated
cDNA templates. The removal of these hybrids causes the loss of cDNA
templates. This phenomenon affects especially the low-copy cDNA templates,
which represent most of the genes. To overcome this problem, we developed
the SPGI method. In this method, a set of anchored oligo-(dT) primers is used
for mRNA priming to prevent the inclusion of the poly(dA/dT) sequences
from the 3" ends of cDNAs. Using the poly [dA/dT(-)] cDNA for subtraction/
normalization prevents the formation of poly(dA)—poly(dT) hybrids, therefore
preventing the nonspecific loss of cDNAs because of the poly(dA)—poly(dT)
hybrids. Screening the subtracted/normalized poly [dA/dT(-)] cDNA libraries
should provide high rate of novel gene identification.

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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2. Materials

1. TRIzol reagent (Invitrogen, Grand Island, NY).

2. Dynabeads Oligo-(dT),s, Dynabeads Mg, streptavidin, and dynal MPC (Dynal,
Lake Success, NY).

3. 2X Binding buffer: 20 mM Tris-HCI (pH 7.5), 1 M LiCl, and 2 mM EDTA.

4. Washing buffer: 10 mM Tris-HCI (pH 8.0), 150 mM LiCl, and 1 mM EDTA.

5. Elution buffer: 10 mM Tris-HCI.

6. Reverse transcription (RT) primers: 5 biotin-ATCTAGAGCGGCCGC-T16-R, 5’
biotin-ATCTAG AGCGGCCGC-T16-C-V (R=A/G, V=A/G/C) (IDT, Integrated
DNA Technologies, Coralville, TA).

7. cDNA synthesis kit (Invitrogen, cat. no. 18267-021).

8. DNase-free RNase A (Qiagen, Santa Clarita, CA, cat. no. 19101).

9. pGEMS5Zf(+) vector (Promega, WI).

10. T4 ligase (Promega).

11. JIM109 competent cell (Promega).

12. Qiagen Maxi plasmid preparation kit (Qiagen).
13. Gene II and buffer (Invitrogen).

14. Exon III (Invitrogen).

15. Pvull (Promega).

16. Hydroxyapatite (Sigma, St. Louis, MO).

17. Sephadex G50 minicolumn (AmershaPharmacia).
18. Glycogen (Roche Diagnostics; Indianapolis, IN).
19. SP6 primer (IDT).

20. Sequenase (AmershaPharmacia).

21. DH5o (Invitrogen).

22. Qiagen REAL system for plasmid preparation (Qiagen).
23. GeneClean beads (Biol01, CA).

3. Methods
3.1. Isolate Total RNA

1. Isolate total RNA with TRIzol solution following the manufacturer’s protocol
and determine the yield of RNA through measuring at OD,q, (OD = optical
density).

3.2. Isolate mRNA

1. Transfer 1 mL Dynal dT,5 beads (5 mg) to an Eppendorf tube and place on
Magnetic Particle Concentrator (MPC). Remove supernatant.

2. Resuspend beads in 1000 pL of 2X binding buffer; place in MPC.

3. Remove supernatant; resuspend the beads in 200 puL of 2X binding buffer.

4. Add 200 pg/200 puL total RNA to the tube, mix well, and place the tube in
MPC for 1 min.

5. Remove the supernatant and wash three times with 1000 uL washing buffer.

6. Resuspend beads with 20 uL elution buffer.
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Keep the tube at 65°C for 2 min and recover the supernatant in MPC.
Resuspend the beads in 10 pL elution buffer and keep at 65°C for 2 min.
Recover the supernatant again.

Combine all mRNA elutes, use 1 uL for gel check and OD,4, quantification, and
use immediately for cDNA synthesis or store at —70°C for later use.

3.3. Synthesis of poly[dA/dT(-)] Double-Strand cDNA
3.3.1. Prepare the Primer Mixture (see Note 1).

© 0 oA

1. Set the A/G anchored primer to 2 pg/uL.

2. Set the C-A/G/C anchored primer to 1 pg/uL.

3. Mix A/G and C-A/G/C anchored primers at aratio of 1: 1. The final concentration
is 0.5 pg/uL for A and G anchored primers and 0.5 pug/uL (0.167 ug/uL for each)
for CA/CG/CC anchored primers.

3.3.2. Synthesis of First-Strand cDNA (see Note 2)

1. Prepare the reaction mixture:

Items 1X 2X 3X 4X 5X
5X First-strand buffer 10 20 30 40 50
10 mM dNTP mix 2.5 5 7.5 10 12.5
RT oligo 2 4 6 8 10
RNasin 1 2 3 4 5
Dithiothreitol (DTT) (100 mM) 5 10 15 20 25
MMLV RT 2.5 5 7.5 10 12.5
mRNA(1 pg/ul) 5 10 15 20 25
H,0" 23 46 69 92 105

“Depending on the input of mRNA, the final volume can be adjusted with H,O.

Keep the reaction at 37°C for 30 min, 55°C for 2 min, and back to 37°C again.
Add 2 pL RT, keep the tube at 37°C for 30 min.

Repeat steps 2 and 3 twice.

Remove 5 uL from the reaction to a tube and add 1 uL DNase-free RNase A.
6. Aliquot the rest to several tubes, 50 uL/tube.

3.3.3. Synthesis of Second-Strand cDNA

1. Prepare the reaction mixture:

Al e

Items 1X 2X 3X 4X 5X
(DEPC) H,O 290 580 870 1160 1450
dNTP mix (10 mM) 7.5 15 22.5 30 37.5
10X second-strand buffer 40 80 120 160 200
Escherichia coli DNA pol. I 10 20 30 40 50

E. coli DNA ligase 1.25 2.5 3.75 5 6.25
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. Mix 350 pL to each first-strand cDNA tube and mix well.

. Keep the reaction at 16°C for 2 h.

. Check 20 uL on an agarose gel together with the first strand cDNA.

. Extract the reaction with 400 uL phenol-chloroform and recover the upper

phase.

. Aliquot the upper phase to new tubes, 300 uL/tube.

. To each tube, add 3 UL glycogen, 150 puL of 7.5 M NH40AC, and 600 uL cold

ethanol; mix well.
9. Spin for 15 min at maximal speed and at room temperature.

10. Combine all pellets into one tube and wash with 500 uL of 70% ethanol.

11. Dry and dissolve the pellets in 20-50 uL Tris-EDTA (TE).

12. Make double dilutions from 1:0 to 1:10 with 2 uL. cDNA. Estimate the con-
centration by EBr-dot quantification with dilutions of DNA with known
concentration.

13. Adjust the concentration to 200 ng/uL.

WD AW N

[o LN

3.4. Purify 3 cDNAs Using Nlalll Digestion (see Note 3)
3.4.1. Prepare the Digestion

Double-strand cDNA 75 (20 ng)
Buffer 4 (NEB) 10
10X bovine serum albumin (BSA) (NEB) 10
Nlalll 5

Keep the digestion at 37°C for 1-2 h; check 1 UL on gel. The digested cDNA
should be centered between 200 and 500 bps.

3.4.2. Recovery of 3’ cDNA (see Note 4)

1. Aliquot 200 pL. Dynal M280 beads into a tube for every 4 g cDNA.
2. Wash beads with 500 uL binding/washing buffer; resuspend beads in 200 uL
binding/washing (B/W) buffer.
3. Add 20 pL cDNA and 180 puL H,O to the beads.
4. Rotate the tube at room temp for 20—-60 min.
5. Isolate the beads in MRC; save the supernatant.
6. Wash the beads three times—twice with 500 pL of 1X B/W and once with
1000 uL TE.
7. Resuspend the beads in 50 pL TE.
8. Add 50 pL phenol and vortex for 5 min at maximal speed.
9. Keep the tube at 65°C for 30 min, vortex every 5 min.
10. Vortex at full speed for 10 min, spin, and recover the upper phase.
11. Add equal volume of phenol-chloroform, spin, and recover the upper phase.
12. Add 1/2 vol of 7.5 M NH40AC, 2 vol of 100% ethanol, and 3 uL glycogen.
13. Spin for 15 min at room temperature, wash pellets with 70% ethanol, air-dry,
and dissolve the pellets in 20 uL TE.
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14.

15.

Notl digestion:

NEB buffer 3 +BSA 3

DNA 20

Notl (10 p/uL) 3

Keep at 37°C overnight

Extract with phenol—chloroform, precipitate, wash as before, and dissolve cDNA
in 22 uL H,O. Check 1 UL on a 1.5% agarose gel.

3.5. Prepare Vector for 3 cDNA Cloning

1.

Prepare the digestion:
pGEMS5zf(+) 10 pug/10
NEB buffer 3+ BSA 4

Notl (10 p/uL) 2

Sphl (10 p/pL) 2

H,0 22

Digest at 37°C for more than 2 h.

. Add 1 pL Calf Intestinal Alkaline Phosphatase (CIP) to the reaction and keep

at 37°C for 1 h.

. Purify the digested DNA with GeneClean beads following the manufacturer’s

instruction, resuspend the purified DNA to 200 ng/uL.

. Clone 3 cDNAs into Vector

. Mix the following:
Linearized vector 1
3’ cDNA 5
Buffer 1
Ligase 1

Keep the reaction at 16°C overnight.

. Transformation: Add 5 pL ligation mixture to 50 uL. JM109, keep on ice for

30 min, heat shock at 42°C for 2 min, cool on ice for 2 min, add 800 uL SOC,
and shake at 250 rpm at 37°C for 30 min; alternatively, one can use electropora-
tion for transformation. Plate 100 uL of transformants in a plate containing
IPTG/Xgal/Amp and incubate overnight. Pull the remaining transformants into
400 mL LB (50 pg/mL Amp) and shake at 250 rpm at 37°C overnight.

. Check the quality of clones: Prepare regular PCR mixtures with T7/SP6 primers,

pick clones directly from plates to PCR mixture, perform regular PCR with 30
cycles, and check the PCR products on agarose gels. If necessary, purify the PCR
products with a S-300 column (AmershamPharmacia) and sequence the PCR
products using PE BigDye kit with SP6 primer.

. Perform large-scale preparation of plasmids using Qiagen Maxi plasmid prepara-

tion kit following manufacture’s protocol; adjust plasmid concentration to
1 pg/uL.
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3.7. Prepare the Driver for Normalization

1. Release the inserts:

Plasmid 30 ng/30
Notl 3
Apall 3
H,0 18

NEB buffer3 6

Keep the digestion overnight.

Run the digestion on a 1% agarose gel to separate inserts from vector.

Cut the inserts from the gel.

Purify the inserts using Gene Clean kit following the manufacturer’s protocol.
Resuspend the purified inserts in TE.

A

3.8. Prepare the Tester for Normalization
3.8.1. Gene Il Digestion

Plasmid 50
Gene II buffer 8
H,0 24
Gene II 8

Keep the reaction at 30°C for 1 h, 65°C for 10 min, and then move back to 37°C.

3.8.2. Exon Il Digestion

1. Add 8 puL Exon III to the sample, keep the reaction at 37°C for 60 min.

2. Extract the sample twice with phenol—chloroform.

3. Precipitate the DNA with 40 uL of 7.5 M NH40AC and 200 ethanol; keep the
tube on dry ice for 15 min.

4. Spin, wash with 70% ethanol, dry, and resuspend the pellets in 40 uL. H,O.

3.8.3. Pvull Digestion to Linearize the Double-Strand DNA Escaping
the Digestion

Single-strand DNA 40
NEB buffer 2 5
Pyull 5
Keep the reaction at 37°C for 2 h.

3.8.4. Remove Double-Strand DNA

1. Aliquot 500 UL hydroxyapatite (HAP) (pH 6.8) in a tube and place at 65°C, add
the Pvull-digested DNA directly to the tube and vortex briefly, spin for 10 s, and
recover 400 UL of supernatant containing the single-strand DNA.

2. Desalt the single-strand DNA. Add the supernatant to a Sephadex G50 minicol-
umn (20 pL/column), spin, and collect the elutes together (about 17 pL each,
total about 370 uL).
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3.

Precipitate the purified single-strand DNA:
Single-strand DNA elutes 350

7.5 M NH40AC 150
Ethanol 875
Glycogen 2

Keep on dry ice for 20 min, spin, wash pellet as before, resuspend DNA in 20 uL
H,0, use 1 pL for gel check and 2 uL. for OD260 quantification, and adjust the
final concentration to 100 ng/uL.

3.9. Perform Normalization

1.

Prepare the following mixture:

Single-strand DNA (100 ng/uL) 1
Insert DNA (100 ng/uL) 4
4X hyb buffer (CloneTech) 2
H,0 1

Heat the tube at 98°C for 3 min; then move and keep at 68°C overnight.

HAP absorption to remove the hybrids (see Note 5). Aliquot 50 uL. HAP in an
eppendorf tube and keep the tube at 60°C, resuspend the mixture to HAP, spin
for 10 s, and recover the supernatant. Pass the supernatant through Sephadex
G50 minicolumn twice to desalt, 20 uL/column. Pull all of the elutions together
and precipitate with 7.5 M NH40AC, as previously. Resuspend the purified DNA
in 22 uL. H,0; use 1 UL for gel check.

3.10. Conversion of Single-Strand DNA
to Double-Strand Plasmids (see Note 6)

1.

Prepare the mixture:

Single-strand DNA 11

5X Sequenase buffer 4

SP6 primer (1 pug/uL) 1

Keep at 65°C for 5 min; move to 30°C for 5 min.

Add the following to the reaction:

DTT (100 mM) 1

dNTP (10 mM) 2

Sequenase 1

Keep the reaction at 30°C for 2 min and then switch to 37°C for 30 min.

. Extract the sample with 100 uL phenol-chloroform and 50 uL H,O. Vortex.

spin, and collect 100 UL supernatant. Precipitate with glycogen as previously.
Dissolve DNA in 10 uL H,O.

. Transformation of normalized plasmids (see Note 7).

a. Mix 5 uL double-strand DNA with 100 uL DHS5a.

b. Transform cells with electroporation.

c. Plate the transformants in IPTG/Xgal/Amp plate and incubate at 37°C
overnight.

d. Prepare clones with 96X Qiagen REAL system following the protocol.
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3.11. Sequencing Plasmids

1. Sequence each clone with either T7 primer (5" reading through) or SP6 primer
(3’ reading through) using the Big-dye sequencing kit following the standard
sequencing process.

2. Collect all the sequences in ABI377 or other auto sequencer.

3.12. Identify Genes

1. Match each sequence using BLAST to “Non Redundant” in GenBank. If matched,
it is a known gene.

2. Match “human EST” for sequence without match in “Non Redundant.” If
matched, it is a known human EST.

3. For the sequences without match in both “Non Redundant” and EST, they are
likely to be novel expressed sequences.

4. Match all of the sequences to Human Genome Sequences (http://genome.
ucsc.edu/) for genomic confirmation.

4. Notes

1. The concentrations provide equal probability for each primer to match the
expressed sequences theoretically. We analyzed the distribution of the last
nucleotide in human reference sequences deposited in the RefSeq database and
observed the similar rate of distribution for G, C, and T in the last position before
the poly(A) sequence (C=2371, G=2212, T=2099). However, the number of A
residues at the last position is 7353. This number can not be reliable because the
uncertainty of the last A re-tailed in the original submitted sequences.

2. Repeating the heating/cooling process increases significantly the yield of cDNA
by increasing the correct annealing of the anchored oligo-(dT) primers to the
right position in mRNA templates. The efficiency of cDNA synthesis using
this procedure is about 1:1.7 (mRNA :double-strand cDNA) as determined
by OD»4p.

3. We used 3’ cDNA after the last CATG (Nlalll restriction site) for the construction
of the cDNA library, in order to combine the analysis with the SAGE system
(12,13). However, one can generate the cDNA library containing the full-length
cDNAs following the procedures (7).

4. This treatment directly effects the rate of 3’ cDNA recovery. The steps of repeated
heating/vortexing are absolutely necessary to disrupt the biotin—streptoavidin
complex to release 3” cDNA.

5. The HAP absorption is very efficient. After mixing the sample with HAP, it needs
to be spun quickly to recover the supernatant. Delay of spinning will result in a
decrease of the recovery of single-strand DNA because of nonspecific binding.

6. In addition to the use of Sequenase, there are several methods for conversion
of single-strand DNA into double-strand DNA, such as PCR-based methods.
A recent method developed by Strategies is worth trying. In this method, the
single-strand DNAs are directly transformed into competent cell (XL10-Gold
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ultracompetent cells, QuickChange site-directed mutagenesis kits). This will
simplify substantially the procedures if it works.

It is better not to amplify the normalized library in order to maintain the normal-
ized clonal distribution. If the numbers of clones are not enough for large-scale
sequencing, the amplification should be kept minimal.
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Generation of Longer cDNA Fragments
from SAGE Tags for Gene Identification

Jian-Jun Chen, Sanggyu Lee, Guolin Zhou,
Janet D. Rowley, and San Ming Wang

1. Introduction

Serial analysis of gene expression (SAGE) is a powerful technique for
genomewide analysis of gene expression (I-14). However, almost two-thirds
of SAGE tags cannot be used directly for gene identification for two reasons.
First, many of SAGE tags match to multiple known expressed sequences
because of the short length of SAGE tag sequences (12-14). Second, many
SAGE tags do not match any known expressed sequences because the sequences
corresponding to these SAGE tags have not been identified yet (2—14). These
problems substantially diminish the power of the SAGE technique. The GLGI
(Generation of Longer complementary DNA [cDNA] fragments from SAGE
tags for Gene Identification) technique was designed to solve these two
problems (15). The basic principle of GLGI is to use the SAGE tag as the sense
primer, and anchored oligo-(dT) primers as the antisense primer to amplify
the original 3” cDNA from which the SAGE tag was derived. The size of 3’
cDNA will be hundreds of bases longer, which is long enough for solving the
two problems. In a typical SAGE project, hundreds or thousands of SAGE
tags need to be further analyzed. To facilitate such large-scale performance,
we developed the GLGI method into a high-throughput procedure (16). In this
high-throughput GLGI procedure, 3’ cDNAs starting from the last CATG are
used as the templates for GLGI amplification, a SAGE tag sequence is used as
the sense primer, and a universal sequence located at the 3” end of all the cDNA
templates generated from anchored oligo(dT) primers is used as antisense
primer to amplify the original 3" cDNA template from which the SAGE tag was
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derived. The whole process is simple, rapid, and low cost, with high efficiency
(12-14,16). In addition to its use in identifying the correct genes for SAGE
tags with multiple matches, GLGI can be used for large-scale identification
of novel genes by converting novel SAGE tags into novel 3° ¢cDNAs. This
GLGI method provides a powerful tool for gene identification in the human
and other eukaryotic genomes.

2. Materials

1. TRIzol reagent (Invitrogen, Grand Island, NY).

2. Dynabeads oligo-(dT),5, Dynabeads M-280 streptavidin, and Dynal MPC (Dynal,
Lake Success, NY).

3. 2X Binding buffer: 20 mM Tris-HCI (pH 7.5), 1M LiCl, and 2 mM EDTA.

Washing buffer: 10 mM Tris-HCI (pH 8.0), 150 mM LiCl, and 1 mM EDTA.

5. DNA oligonucleotide primers (IDT, Integrated DNA Technologies, Coralville, IA):
Anchored oligo-(dT) reverse transcription (RT) primers polyacrylamide gel
electrophoresis ([PAGE] purified):

5" Biotin—~ATCTAGAGCGGCCGC-T16-R (R=A/G);
5" Biotin—~ATCTAGAGCGGCCGC-T16-C-V (V=A/G/C);
Linker A (PAGE gel purified):
Al: 5-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATAGGGACA
TG-3';
A2: 5-pTCCCTATTAAGCCTAGTTGTACTGCACCAGCAAATCC[amino-
modifiedC7]-3";
Linker B (PAGE gel purified):
B1: 5-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACAT
G-3;
B2: 5-pTCCCCGTACATCGTTAGAAGCTTGAATTCGAGCAG [amino-
modified C7]-3";
SAGE primer-P1: 5-GGATTTGCTGGTGCAGTACA-3’;
SAGE primer-P2: 5-CTGCTCGAATTCAAGCTTCT-3;
Antisense primer: 5’-ACTATCTAGAGCGGCCGCTT-3;
GLGI sense primers: 5’-GGATCCCATG XXXXXXXXXX-3" (XXXXXXXXXX
is the 10-base SAGE tag sequence);
A positive control GLGI sense primer for human libraries: 5’-GGATTCCATGCT
GTTGGTGA-3;
M13 Forward (-20): 5’-GTTGTAAAACGACGGCCAGT-3;
M13 Reverse: 5'-ACAGGAAACAGCTATGACCA-3'.

6. CDNA synthesis kit (Invitrogen; cat. no. 18267-021).

7. Recombinant ribonuclease inhibitor (rRNasin) (40 U/uL; Promega, Madison,
WI; cat. no. N2511).

8. RNase ONE™ Ribonuclease (5-10 U/uL; Promega, cat. no. M4261) or DNase-
free RNase A (100 mg/mL; 7 U/uL; Qiagen, Santa Clarita, CA; cat. no. 19101).

9. Glycogen (20 mg/mL) (Roche Diagnostics, Indianapolis, IN).

>



cDNA Fragments from SAGE Tags 209

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.

20.
21.

LoTE: 3 mM Tris-HCI (pH 7.5) and 0.2 mM EDTA (pH 7.5), in H,O.

Nlialll (New England Biolabs, Beverly, MA).

2X Binding/washing buffer (2X B/W): 10.0 mM Tris-HCI (pH 7.5), 1.0 mM
EDTA, and 2.0 M NaCl.

Platinum 7aq DNA polymerase (Invitrogen).

MicroAmp caps, MicroAmp optical 96-well reaction plate, PE GeneAmp PCR
Systems 9600 or 9700 (Applied Biosystems; Foster City, CA).

Square-well block for plasmid preparation (Qiagen, cat. no. 26173) and tape
pads (Qiagen, cat. no. 19570).

Centrifuge for 96-well plate or block (SORVALL RC5C plus; rotor: SH3000;
Kendro Laboratory Products LP, Newtown, CT).

pCR4-TOPO vector, TOPO10 chemically competent cells, and SOC medium
(TOPO TA Cloning Kit for Sequencing; Invitrogen, cat. no. K4575-40).

LB medium, kanamycin, agar powder (Sigma; St. Louis, MO).

TaKaRa Tag DNA polymerase (TaKaRa Shuzo, Tokyo, Japan).

Agarose and electrophoresis equipment.

Big-Dye premixture, sequencing loading dye, ABI377 sequencer, and sequencing
analysis V3.3 program (Applied Biosystems).

3. Methods

Figure 1 shows the schematic of the GLGI method. Figure 2 shows the
high-throughput procedure. Several important changes have been made in this
GLGI procedure compared with the original GLGI protocol (15,16). Our data
showed that these changes significantly increase the efficiency and specificity
for GLGI amplification (12-16). The changes include the following:

1.

Use of 3’ cDNAs digested by Nlalll rather than full-length cDNAs as the
templates for GLGI amplification. This will decrease the complexity of the
templates and thus reduce nonspecific amplification.

Amplifying the 3’ cDNAs by polymerase chain reaction (PCR) to provide
sufficient templates for GLGI amplification. We tested the 3’ cDNAs amplified
twice from the original 3" cDNAs and the results showed that these templates
maintain high specificity for GLGI analysis.

Use of a single antisense primer (5’-ACTATCTAGAGCGGCCGCTT-3’) instead
of the combination of three anchored oligo-(dT) primers (dT11A, G, C) for all
GLGI reactions (see Note 1).

Use of platinum DNA polymerase rather than Pfu DNA polymerase for GLGI
amplification. This DNA polymerase generates a higher yield of PCR products
while keeping a high specificity of amplification. This feature further increases
the efficiency of amplification for low-copy templates.

. The GLGI amplified products are directly precipitated and cloned into vectors

without gel purification to prevent loss of amplified products. This is especially
important for small-size or low-copy GLGI products.
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Fig. 1. Schematic of the GLGI procedure. Biotin-labeled double-strand poly(dA/
dT)- cDNAs are synthesized and digested with Nlalll. SAGE linker A or B is
ligated to the 3’ ¢cDNAs bound to the streptavidin beads, and the 3’ cDNAs can
be amplified by PCR (optional). A sense primer based on each unique SAGE tag
sequence (5-GGATCCCATGXXXXXXXXXX-3") and a universal antisense primer
(5’-ACTATCTAGAGCGGCCGCTT-3") are used for GLGI amplification.

3.1. cDNA Synthesis

The same RNA samples used for SAGE analyses should be used for GLGI
analysis. The steps for cDNA synthesis and 3’ cDNA generation in the GLGI
procedures are similar to the steps in our SAGE process (17). The poly
[dA/dT(-)] 3’ cDNAs generated in SAGE (16-19) (see Note 2) can be amplified
to produce more 3" cDNA templates (starting from step 3 or 4 of Subhead-
ing 3.2.) or used directly for GLGI amplification (starting from step 3 of
Subheading 3.2.). The following are detailed descriptions.

3.1.1. Isolation of mMRNA

1. Prepare total RNA from tissues or cells with TRIzol reagent (Life Technology)
following the manufacturer’s protocol and dissolve every 1-10 g of the total
RNA sample in 100 pL diethyl pyrocarbonate (DEPC)-treated H,O. Check RNA
quality on a mini RNase-free 1% agarose gel.

2. Transfer 200 uL of Dynabeads oligo-(dT),s (6.6 X 107 beads) to a RNase-free
1.5-mL Eppendorf tube and place on a magnet particle concentrator (MPC); then,
remove the supernatant and resuspend beads in 200 uL of 2X binding buffer.
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Fig. 2. Schematic of the high-throughput GLGI procedure. Ninety-six sense primers
based on each SAGE tag are synthesized in a 96-well plate. The GLGI master mixture
contain the universal antisense primer and 3° cDNAs are prepared. The specific 3’
cDNA templates are amplified in a new 96-well plate. GLGI-amplified products are
precipitated directly and cloned into the pCR4-TOPO vector. After transformation,
clones from each GLGI product are screened by direct-colony PCR in a 96-well and
sequencing in 96-lane format. The qualified sequences are matched to the databases
for gene identification.

Place in the MPC and remove the supernatant again; then, resuspend the beads
in 100 uL of 2X binding buffer.

3. Heat 100 uL total RNA (1-10 pg) at 65°C for 2 min and move to ice to disrupt
secondary structure. Then, mix the total RNA thoroughly with the prewashed
100-pL beads and rotate the tube on a roller for 5 min at room temperature.

4. Place the tube in the MPC for 1 min and remove the supernatant. Wash the beads
two times with 300 pL washing buffer.

5. Resuspend beads with 20 uL of DEPC-treated H,O and heat at 65°C for 2 min.
Recover the supernatant in the MPC and transfer it to a new RNase-free 1.5-mL
Eppendorf tube.
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6. Resuspend beads with 10 uL. of DEPC-treated H,O again and keep at 65°C for
2 min; recover the supernatant in MPC.

7. Combine all mRNA elutes (total about 30 uL) and check 1-2 puL on a mini
RNase-free agarose gel.

3.1.2. Synthesis of Poly[dA/dT(-)] Double-Strand cDNA

Two sets of anchored RT primers (19) (see Note 2) are synthesized by IDT
for the generation of poly[dA/dT(-)] cDNAs: RTP-R (5’ biotin-ATCTAGAGC
GGCCGC-T16-R) (R=A/G) and RTP-CV (5’ biotin-ATCTAGAGCGGCCGC-
T16-C-V) (V=A/G/C) (PAGE gel purified). Primer RTP-R is prepared to
2 pg/uL and primer RTP-CV is prepared to 1 pg/uL with TE buffer (pH 8.0).
These two sets of anchored primers are mixed at a volume ratio of 1:1.
The final concentration for A/G anchored primers is 0.5 pg/uL, and final
concentration for CA/CG/CC anchored primers is 0.5 pg/uL (0.167 pg/uL
for each). The first- and second-strand cDNAs are synthesized with cDNA
synthesis kit (Invitrogen).

3.1.2.1. SYNTHESIS OF THE FIRST-STRAND CDNAS

1. Add the following items to a 1.5-mL Eppendorf tube cooled on ice:

Items Volume (uL)
5X First-strand buffer 10.0
dNTP mix (10 mM) 2.5
Anchored RT primers mixture 2.0
DTT (100 mM) 5.0
mRNA in DEPC-treated H,0O 27.0

2. Incubate at 65°C for 3—-5 min and place on ice for 1-2 min.

3. Add 1 pL of rRNasin (40 U/uL) and 2.5 pL of Molony murine leukemia virus
(MMLV) RT (200 U/uL) to above components. Mix well the reaction gently and
incubate at 37°C for 40 min.

4. Spin the tube briefly and heat the tube at 65°C for 2 min. Then, set to 37°C again,
add 2 uL RT, mix well, and keep for 30 min.

5. Repeat step 4 two more times (65°C 2 min = add 2 puL. RT — 37°C 30 min)
(see Note 3).

6. Remove 3 pL from the reaction, add 0.2 uL RNase ONE™ Ribonuclease
(5-10 U/uL) or DNase-free RNase A (100 mg/mL) and keep at 37°C for 30 min.
Use the rest of the reaction (53 uL) for synthesizing second-strand cDNAs.

3.1.2.2. SYNTHESIS OF THE SECOND-STRAND cDNASs

1. Prepare the following mixture and add to the remainder of the first-strand reaction
(48 uL):
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Items 1X
DEPC-treated H,O 288 UL
dNTP mix (10 mM) 7.5 uL
10X Second-strand buffer 40.0 uL
Escherichia coli DNA pol. I 10.0 uL
E. coli DNA ligase 1.5 uL.

. Mix the sample gently and incubate the reaction at 16°C for 2 h. (Do not let

the temperature rise above 16°C). Add 1-2 uL. RNase ONE™ Ribonuclease
(5—10 U/uL) or DNase-free RNase A (100 mg/mL) and keep at 37°C for 30 min.

. Check 5 uL RNase-treated double-strand cDNAs on an 1% agarose gel, together

with the RNase-treated first-strand cDNAs to confirm the success syntheses of
the first- and second-strand cDNAs (see Note 4).

. Treat the sample with 400 uL phenol-chloroform—isoamyl alcohol (25:24:1;

pH 8.0). Recover the upper phase and divide cDNA into two Eppendorf tubes
(200 pL/tube).

. Precipitate cDNAs by adding 3 uL glycogen (20 mg/mL), 100 uL. 10 M NH,OAc,

and 700 pUL cold 100% ethanol to each tube. Vortex the tube; spin for 15 min at
maximal speed at room temperature.

. Combine pellets into one tube and wash the pellets twice with 800 uL of 70%

cold ethanol.
Air-dry the pellets. Dissolve the pellets in 21 pL. LoTE. Check 1 pL double-
strand cDNAs on a 1% agarose gel.

3.2. Generation of 3’ cDNAs
3.2.1. Nlalll Digestion of Double-Strand cDNAs

1.

2.

Digest the 20 uL double-strand cDNAs in 100 pL. volume at 37°C for 1-2 h, with
5 uL of Nlalll (10 U/uL), 10 uL of 10X buffer 4, 1 uL of 100X BSA (bovine
serum albumin), and 64 uL of H,O.

Check 4 uL of digestion on a 2% agarose gel. The cDNA should be centered
at about 200-500 bp.

3.2.2. Recovery of 3’ cDNAs

1.
2.

3.

4.

Transfer 100 uLL of Dynal M280 beads into a 1.5-mL Eppendorf tube.

Wash beads with 300 pL of 2X binding/washing buffer (2X B/W) and resuspend
beads in 100 uL 2X B/W.

Add 4 uL H,O to the 96 uL of Nialll-digested cDNAs and then mix with the
100 uL of beads. Rotate or shake at room temperature for 60 min.

Place the tube in the MPC and remove the supernatant. Rinse beads with 300 uL
of 1X B/W three times and 300 pL TE one time. Resuspend the beads in
50 uL LoTE.
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3.2.3. Linker Ligation to 3" cDNAs (Optional; see Note 5)

3.2.3.1. PREPARATION OF LINKERS

1. Either linker A or linker B used in SAGE procedures (3,17) can be used in this
step. Each oligo is dissolved in LoTE at 100 pmol/uL. Mix 50 uL. A1 and 50 puLL
A2 (or Bl and B2) and add 5 pL buffer 2 (NEB) (the concentration of the
resulting linker is about 50 pmol/uL [1.5 pug/uL]).

2. Heat the tube at 95°C for 2 min and cool down the sample at room temperature
for 2 h.

3. Remove 20 UL of annealed linkers (1.5 pg/uL) to a new tube, add 80 UL LoTE
to make 10X diluted annealed linkers (150 ng/uL).

3.2.3.2. LigATING LINKER TO 3" cDNA

1. Resuspend thoroughly the 3" cDNA-bound beads and transfer 30 pL into a new
1.5-mL Eppendorf tube (total is 50 uL; save 20 uL). Place the tube in the MPC
and remove the supernatant.

2. Wash the beads with 200 UL of 1X T, ligase buffer (Invitrogen) two times.

3. Resuspend the beads in 14 pL. H,0, add 2 puL of 10X T, ligase buffer (Invitrogen)
and 2 puL of 10X diluted annealed linkers (150 ng/uL) to the tube, and mix well.

4. Heat the tube at 50°C for 2 min and keep at room temperature for 5-10 min.
Then, move to ice. Add 2 uL T, ligase (4 U/uL; Invitrogen), mix well, and
incubate at 16°C for 2 h.

5. Place the ligation tube in the MPC and remove the supernatant. Rinse three times
with 300 pL of 1X B/W.

6. Rinse the beads one times with 200 uL LoTE. Then, resuspend beads with 50 uL
LoTE.

3.2.4. PCR Amplification of the 3'-cDNAs (Optional)

The 3’ cDNAs linked with linker A or B can be amplified by SAGE sense
primer (SAGE primer-P1 for linker A, or SAGE primer-P2 for linker B) (3)
and the antisense primer (5-ACTATCTAGAGCGGCCGCTT-3"). The amount
of input beads and numbers of PCR cycles need to be pretested for large-scale
PCR amplification.

3.2.4.1. PReTESTING OF 3 cDNA AMPLIFICATION
1. Premix the following items and aliquot 48 puL per PCR tube:

Items 1X 4X

10X PCR buffer 5.0 uL 20.0 uL
MgCI2 (50 mM) 1.5uL 6.0 uL
dNTPs (10 mM) 1.0 pL 4.0 uL
Sense primer (SAGE-P1, or P2, 100 ng/uL) 1.0 uLL 4.0 uL
Antisense primer (100 ng/uL) 1.0 uLL 4.0 uL
Platinum Taq (5 U/uL) 0.5 uL. 2.0 uL

H,0 38 uL 152 uL
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2. Dilute 2 uL of the beads binding linker-ligated 3’ cDNAs by 2, 4, 8, and 16 times.
Add 2 pL of each of the diluted beads to one PCR tube.

3. Perform the PCR reactions in the PE GeneAmp PCR Systems 9600 or 9700.
Heat at 94°C for 2 min and then perform PCR at 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s. Pick 5 UL of the PCR reaction at 15/20/25 cycles and check
on 2% agarose gel to determine the optimal PCR conditions.

3.2.4.2. LARGE-ScALE 3’ cDNA AMPLIFICATION

Based on the pretesting results, perform large-scale PCR amplification.
Normally, 600 uL (12X 50 uL) of PCR products are enough to provide
templates for large-scale GLGI amplification. Upon finishing the reaction,
maintain the tubes at 72°C for 10 min for extension. The amplified templates
are purified by phenol-chloroform extraction, ethanol precipitation (the process
is similar to the step 2 of Subheading 3.1.2.), and then resuspended in 150 uLL
TE (pH 8.0).

3.3. GLGI Amplification

Target genes can be specially amplified from the above 3 cDNA pool by
GLGI, with a special sense primer (5-GGATCCCATGXXXXXXXXXX-3")
and the universal antisense primer (5'-ACTATCTAGAGCGGCCGCTT-3")
(see Note 1).

3.3.1. Pretesting of GLGI Amplification

Pretest using PCR to determine the optimal amount of 3’ cDNAs and the
number of PCR cycles for large-scale GLGI amplification. A sense primer
(GGATTCCATGCTGTTGGTGA) can be used as a positive control in most of
cases. This primer is generated from SAGE tag CTGTTGGTGA (UniGene ID.
Hs.3463). Using this sense primer for GLGI, a special band of 150 bp has been
amplified from the cDNAs generated from 24 different human tissues (15).

1. Set PCR conditions as follows (see Note 6):

Items 1X XX
10X PCR buffer (Invitrogen) 3.0 uL XX 3.0 uL
MgCl12 (50 mM) (Invitrogen) 1.2 uL XX 1.2 uL
dNTPs (10 mM) 0.6 uL XX 0.6 uL
Sense primer (50 ng/uL) 1.4 uL —
Antisense primer (50 ng/uL) 1.4 uL XX 1.4 uL
3’ cDNAs (diluted 2, 4, 8 times, respectively) 1.5 uL —
Platinum 7agq (5 U/uL; Invitrogen) 0.3 uL XX 0.3 uL
H,0 20.6 uL XX 20.6 uL

2. Dilute 1.5 puL of the 3’ cDNAs by 2, 4, and 8 times with H,O. Add 1.5 puL of
each of the diluted 3 cDNAs to one PCR tube.
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Perform the PCR reactions in a PE GeneAmp PCR System 9600 or 9700. Heat at
94°C for 2 min, followed by five cycles at 94°C for 30 s, 55°C for 30 s, and 72°C
for 30 s. The condition is then changed to 94°C for 30 s, 60°C for 30 s, and 72°C
for 30 s for 15/20/25/28 more cycles (20/25/30/33 cycles in total, respectively)
(see Note 7). At each point of the cycle, pick 3 UL from the reaction and check
on a 2% agarose gel to determine the optimal conditions.

3.3.2. Small-Scale GLGI Amplification (see Note 8)

1.

2.

If there are only a few GLGI reactions, perform the GLGI reactions in small
numbers with the optimal PCR conditions.

After PCR, transfer PCR reactions to 1.5-mL Eppendorf tubes and add LoTE
to 200 pL.

Extract with an equal volume with phenol-chloroform—isoamyl alcohol
(25:24:1; pH 8.0) and recover the upper phase into a new Eppendorf tubes.
Precipitate the PCR products by adding 1.5 uLL glycogen (20 mg/mL), 100 uL of
10 M NH,OAc, and 800 uL. 100% ethanol. Mix well by vortex and spin for 15 min
at maximal speed at room temperature.

Wash pellet twice with 0.5 mL of 70% cold ethanol. Air-dry and dissolve the
pellets with 6 uL. H,O for each sample.

3.3.3. Large-Scale GLGI Amplification

1.

Ninety-six sense primers are synthesized and deposited in a 96-well plate and
dissolved in TE at 1 ug/uL. Transfer 10 uL of each 1-ug/uL primer into a new
96-well plate and adjust the concentration of primers to 50 ng/uL by adding
90 uL of LoTE.

. Prepare GLGI master mixtures with 28.6 UL per reaction, including 3 uLL of 10X

PCR buffer, 1.2 uL of 50 mM MgCl,, 0.6 uL of 10 mM dNTPs, 1.4 uL of 50 ng/uL
antisense primer, 0.5-5 ng of 3’ ¢cDNAs, 0.3 uL of 5 U/uL of Platinum Tag
DNA polymerase (Invitrogen), and H,O to 28.6 uL. Prepare 100 aliquots of the
28.6-uL GLGI master mixtures together for each 96 reactions.

Aliquot the master mixtures into a 96-well PCR plate (Applied Biosystems)
by 28.6 uL/well.

Transfer 1.4 uL of each sense primer (50 ng/uL) into each well containing 28.6 uL.
GLGI master mixture by using a multiple-channel pipet. Spin the GLGI plate
briefly (centrifuge: SORVALL RCS5C plus; rotor: SH3000).

Perform GLGI reactions in the PE GeneAmp PCR System 9600 or 9700. The
PCR condition is 94°C for 2 min, followed by five cycles at 94°C for 30 s, 55°C
for 30 s, and 72°C for 30 s. The conditions are then changed to 20-25 cycles
at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Maintain the reactions at
72°C for 8 min after the last cycle. Check 3 UL of each PCR reaction on a 2%
agarose gel if necessary.

Directly precipitate the GLGI amplified products in the PCR plate as the follows
(see Note 8):
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a. Add 100 pL of precipitation mixtures to each well, containing 1 UL of
glycogen (20 mg/mL; Roche), 15 uL of 7.5 M NH,0Ac, and 84 pL of 100%
ethanol, by using a multiple-channel pipet.

b. Seal the plate with a tape pad (Qiagen), vortex, and keep at room temperature
for 15 min.

c¢. Spin at 4000 rpm for 35 min at 4°C (centrifuge: SORVALL RC5C plus; rotor:
SH3000), pour out the supernatants and dry with paper towels.

d. Add 150 pL of 70% cold ethanol to each well by using a multiple-channel
pipet, seal the plate with a new tape pad, and invert the plate several times.

e. Spin at 4000 rpm for 15 min, pour out the supernatants, and dry with paper
towels.

f. Air-dry the pellets and add 6 uL H,O to each well by using a multiple-channel
pipet. Then, vortex thoroughly and spin the plate briefly.

g. Check 1.0 pL of purified PCR samples on a 2% agarose gel (optional).

3.4. Cloning GLGI Products

The GLGI-amplified cDNAs are directly cloned into pCR4-TOPO vector
(Invitrogen) as the follows (see Note 9):

1.

et

Prepare master ligation mixtures with 2 pL per reaction, which contains 0.5 puL
of pCR4-TOPO vector (10 ng/uL), 0.7 uL of salt solution (1.2 M NaCl, 0.06 M
MgCl,), and 0.8 uL of sterile water. Prepare 100 aliquots of the 2-uL master
ligation mixtures together for each 96 reactions.

. Aliquot the ligation mixtures into a 96-well plate at 2 pL/well by using a

repeating pipet, then add 2 UL of each purified GLGI product to each well and
mix gently by using a multiple-channel pipet. Spin the plate briefly.

Keep the ligation reaction at room temperature for 30 min; then, keep on ice.
Aliquot TOPO10 chemically competent cells (Invitrogen) into a 96-well PCR
plate (Applied Biosystems) or a Square-Well Block (Qiagen) at 25 uL/well by
using a repeating pipet; then, transfer 1.2 uL of each ligation mixture into each
well containing competent cells and mix gently by using a multiple-channel

pipet.

. Keep the plate on ice for 25 min, heat at 42°C for 50 s, and then keep on ice

for 2 min.

Add 125 pL of SOC medium to each well by using a repeating pipet. Seal the
plate and shake at 37°C for 60 min at 225 rpm. Spread the transformants on LB
plates containing 50 pg/mL of kanamycin and incubate at 37°C overnight.

3.5. Direct-Colony PCR Amplification

Direct colony-PCR is performed for amplification of the GLGI clones. Four
colonies are screened for each SAGE tag with 50 or more copies, and 6 colonies
are screened for each SAGE tag with less than 50 copies (see Note 10):
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. Prepare PCR master mixtures with 25 pUL per reaction, containing 2.5 UL of

10X PCR buffer (TaKaRa), 1.0 uL of 2.5 mM dNTPs (TaKaRa), 0.1 uL of Taq
polymerase (5 U/uL; TaKaRa), 60 ng of M13 reverse primer, and 60 ng of M13
forward [-20] primer. Prepare 100 aliquots of the 25-uL. PCR master mixtures
together for each 96 reactions.

Aliquot the reaction mixtures into 96-well PCR plates at 25 puL/well by using a
repeating pipet. Colonies are picked directly from the LB plates into each well
with sterile pipet tips (see Note 11).

Perform PCR in the PE GeneAmp PCR System 9600 or 9700; the PCR condition
is 94°C for 2 min, followed by 25 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C
for 60 s. Maintain the reactions at 72°C for 7 min after the last cycle.
Precipitate the PCR products by adding of 75 pUL of the precipitation mixture
per well by using a multiple-channel pipet, containing 22 pL of H,O, 15 puL
of 2 M NaClOy, and 38 pL of 2-propanol. Seal the plates, vortex, and keep at
room temperature for 5 min.

Spin at 4000 rpm for 35 min at 4°C, then pour out the supernatants and dry
with paper towels.

Add 150 pL of 70% cold ethanol to each well by using a multiple-channel pipet,
seal the plate with a new tape pad, and invert the plate two to three times.

. Spin at 4000 rpm for 25 min, pour out the supernatants, and dry with paper

towels.

Air-dry the pellets and add 10 uLL H,O to each well by using a multiple-channel
pipet. Then, vortex thoroughly and spin the plates briefly.

Check 1.5 pL of several purified PCR samples on a 2% agarose gel (optional).

3.6. Sequencing

The sequencing reaction is performed in a total volume of 7 uL for each
reaction (see Note 12):

1.

Prepare master sequencing mixtures with 4 UL for each reaction, containing 0.7 uL
of Big-Dye premixture (Applied Biosystems), 1.5 UL of dilution buffer (400 mM
TriseHCI [pH 9.0] and 10 mM MgCl,), 0.3 uL of 100 ng/uL sequencing primer
(M13 forward [-20] primer or M 13 reverse primer), and 1.5 pL. of H,O. Prepare
100 aliquots of the 4-uLL master sequencing mixtures together for each 96
reactions.

Aliquot the reaction mixtures into 96-well PCR plates at 4 uL/well by using
a repeating pipet. Add 3 pL. of DNA template to each well and mix gently by
using a multiple-channel pipet.

Perform sequencing reactions at 96°C for 10 s, 50°C for 5 s, and 60°C for
4 min for 99 cycles.

. Precipitate the sequencing products by adding 75 UL of precipitation mixture per

well by using a multiple-channel pipet, containing 64 puL of 100% ethanol/3 M
NaOAc mixture (25:1), 1 uL glycogen (20 mg/mL; Roche), and 10 uL of H,O.
Seal the plates, vortex, and keep at room temperature for 5 min.
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5. Spin at 4000 rpm for 35 min at 4°C; then, pour out the supernatants and dry
with paper towels.

6. Add 150 puL of 70% cold ethanol to each well by using a multiple-channel pipet,
seal the plate with a new tape pad, and invert the plate several times.

7. Spin at 4000 rpm for 15 min, pour out the supernatants, and dry with paper
towels.

8. Air-dry the pellets and add 3 pL loading dye to each well by using a repeating
pipet. Then, vortex thoroughly and spin the plates briefly.

9. Heat sequencing sample at 96°C for 2 min and load 0.7-1.2 uL sequencing
products on a 5-6% sequencing gel with 96 lanes; then, collect sequences in a
ABI377 sequencer (Applied Biosystems).

3.7. Sequence Analysis

Sequences are extracted by the Sequencing Analysis V3.3 program (Applied
Biosystems). All sequences without a 14-base pair SAGE tag sequence (CAT
GXXXXXXXXXX) should be excluded from further analysis. The qualified
sequences are matched to the GenBank Database (NR and ESTs, http://
www.ncbi.nlm.nih.gov/BLAST/) through BLAST. For the sequences generated
from SAGE tags with a known match, any mismatch between the SAGE tag
sequence used for GLGI amplification and the SAGE tag sequence of the
matched sequence in the database is classified as artifact, and these sequences
are eliminated from further analysis. The matched sequence ID is used to
search the UniGene database to obtain the UniGene cluster ID. A sequence
generated from a novel SAGE tag sequence is defined as a real novel sequence
if it did not match to any known expressed sequences with higher than 80%
homology in the same orientation. A sequence generated from a novel SAGE
tag sequence is reclassified as a known sequence if it is matched to a known
sequence with over 80% homology in the same orientation, including the same
14-base pair SAGE tag sequence.

4. Notes

1. In this revised protocol (16), we use a single antisense primer (5-ACTATC
TAGAGCGGCCGCTT-3") for GLGI reaction. This sequence is located at the
3" end of all the cDNA templates generated from anchored oligo-(dT) primers.
Comparing with the three anchored oligo-(dT) primers (dT11A, G, C) used in the
original protocol (15), this change increases the efficiency of GLGI amplification
significantly, particularly for low-copy templates.

2. Regular unanchored oligo-(dT) RT primers have been widely used for cDNA
synthesis. Using regular oligo-(dT)-generated cDNAs for GLGI will generate
several problems. (1) Regular oligo-(dT)-generated cDNAs include various
lengths of poly(dA/dT) sequences at the 3" end of the cDNA, even from the same
mRNA template. These undefined poly(dA/dT) sequences will affect GLGI
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amplification, resulting in multiple fragments with different sizes or smears. (2)
The presence of longer poly(dA/dT) sequences will largely affect the quality
of sequencing signals.

This treatment can significantly increase the cDNA yield because repeating
dissociation/association of anchored RT primers with mRNA templates increases
the rate of correct annealing and, therefore, increase the yield of cDNAs.
Compared with that of the first-strand cDNAs, the distribution of double-strand
cDNAs should shift up on the 1% agarose gel.

If the Nialll-digested 3’ cDNA sample is enough for GLGI application, steps 3
and 4 of Subheading 3.2. can be skipped.

. Although satisfactory results can be obtained for most GLGI reactions by PCR

with of 2 mM [Mg]**, optimal concentration of [Mg]** can be tested to obtain
better result for some specific target sequences. Platinum 7ag DNA polymerase
is better than Pfu DNA polymerase for GLGI amplification, generating a higher
yield of PCR products and keeping a high specificity of amplification. Other
DNA Tagq polymerase also can be tested for GLGI amplification.

. The number of PCR cycles is important to maintain the specificity of the

amplification. For high-abundant templates, 20-25 cycles (in total) are sufficient;
for low-abundant templates, 25-33 cycles (in total) are enough. Overamplification
can generate false products.

The GLGI-amplified products are directly precipitated and cloned into vectors
without gel purification in order to prevent the loss of amplified products. This
is especially important for small-size or low-copy GLGI products. Moreover, it
largely simplifies the cloning process.

Compared with the manufacturer’s protocol, only half of the amount of ligation
reagents, competent cells, and SOC medium is used in this protocol.

The efficiency of GLGI amplification for the targeted template parallels with
the abundance of the SAGE tags. Amplification of SAGE tags with high copy
numbers (=50 copies) usually generates a single intense band, whereas amplifica-
tion of SAGE tags with lower-copy numbers (<50 copies) yields fewer products
and may contain additional bands. Compared with standard PCR, only the
sense primer provides specificity for the GLGI amplifications. When the level
of targeted templates is very low, partial annealing of the sense primer with
other templates can result in nonspecific amplification. This limitation can be
overcome by screening several clones for each GLGI product. Direct-colony PCR
amplification is used to collect templates for sequencing reactions. Screening
four to six colonies usually generated more than 85% qualified 3° cDNAs for
SAGE tags with high copies and between 65% and 80% qualified 3" cDNAs for
SAGE tags with low copies. If necessary, a second round of screening four to
six colonies usually generates an additional 10-15% more qualified 3" cDNAs
from SAGE tags with low copies.

In regular colony PCR protocols, colonies should be heated and broken before
they were added into PCR reactions, but our experiment results showed that
this step is not necessary.
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12. In our protocol, only 0.7 uL of Big-Dye premixture (Applied Biosystems) is used

in each sequencing reaction, and sequencing cycles increase to 99 cycles. Such a
setting decreases the sequencing cost for large-scale studies.
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Generation of Full-Length cDNA Libraries Enriched
for Differentially Expressed Genes

Bakhyt Zhumabayeva, Cynthia Chang, Joseph McKinley,
Luda Diatchenko, and Paul D. Siebert

1. Introduction

With sequence analysis of the human genome well underway, the scientific
focus is shifting toward understanding the fundamentals of gene function.
Sequence information alone is insufficient for a full understanding of gene
function, expression, and regulation. Modern approaches such as subtractive
hybridization (1-5), differential display (6,7), serial analysis of gene expression
(SAGE) (8), or complementary DNA (cDNA) arrays (9,10) allow researchers
to monitor the differential expression of many genes in parallel. However,
cDNAs identified by these techniques are often only short fragments. Further
analyses, such as functional assays, require full-length cDNA clones. Two
dominant approaches for cloning full-length cDNAs are cDNA library screen-
ing and PCR-based rapid amplification of cDNA ends (RACE) technology.
Both techniques require knowledge of the cDNA sequence and are only
useful for cloning a few genes at a time. Cloning full-length cDNAs for
multiple genes and generation of full-length cDNA libraries enriched for
differentially expressed genes in an efficient high-throughput manner still
remain challenging.

A potential method for overcoming this limitation is to use a RecA-based
cloning technology to convert either defined cDNA fragment mixtures or
whole subtracted cDNA populations into expression-ready full-length cDNA
sublibraries. The application of the RecA-technology for cloning single full-
length cDNAs from cDNA libraries has been described previously (11).
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RecA is a protein required for DNA repair and genetic recombination in
Escherichia coli (12-14). In the presence of ATP, RecA coats single-stranded
DNA that can then form triple-stranded hybrid structures with homologous
sequences in double-stranded DNA (Fig. 1) (12—14). In RecA cloning technol-
ogy, a DNA fragment is biotinylated, coated with RecA and used as an “enrich-
ment probe” to isolate target cDNA clones from a plasmid-based cDNA library
using streptavidin—biotin affinity interactions to isolate the resulting D-looped
plasmids (11,15,16). The enriched plasmid population is then transformed
into E. coli and screened by colony hybridization with a gene-specific probe.
Although the RecA-based conversion of subtracted cDNA into full-length
clones has been proposed (17,18), thorough optimization of reaction conditions
and evaluation of reaction efficiencies have not been conducted.

Here, we describe an optimized protocol for obtaining full-length low-
complexity cDNA libraries enriched for multiple-target genes using the RecA-
method. We validated this method by sequentially increasing the number of
probes used in individual RecA reaction up to library-scale experiments and
showed that target cDNAs were efficiently enriched in each case.

2. Materials

1. cDNA libraries:

a. ClonCapture™ mammalian cDNA expression libraries from the human liver,
brain, heart, testis, and placenta.

b. Human retroviral cDNA libraries from the mammary gland, leukocyte, brain,
skeletal muscle, and prostate (all from BD Biosciences Clontech, Palo Alto,
CA) (see Note 1).

2. Enrichment probes:

a. HLH, NF45, RPA, SKY, TNFR1, Dadl, TRADD, CIAP2, ETS, and caspase.

b. Independent clones from several subtracted cDNA libraries corresponding to
differentially expressed genes.

c. Subtracted cDNA populations enriched for upregulated or downregulated
genes in lung carcinoma, adenocarcinoma of prostate, liver carcinoma, and
postcolorectal adenocarcinoma.

RecA protein (New England Biolabs, Beverly, MA).

4. 10X RecA buffer: 250 mM Tris-acetate (pH 7.5), 80 mM MgOAc, 20 mM CoCl,,
and 10 pug/uL bovine serum albumin (BSA) (CoCl, should be prepared as a
0.1-M stock solution and added separately just before use).

5. ATP mix: 2 mM ATPYS, and 1 mM ATP (ATP mix should be kept at —80°C;

Sigma, St. Louis, MO) (see Note 2).

Proteinase K (0.2 pg/uL, Sigma).

10% Sodium dodecyl sulfate (SDS).

0.1 M Phenylmethylsulfonyl fluoride (PMSF), Sigma).

Streptavidin magnetic beads (Roche Applied Science, Indianapolis, IN).
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10. Biotin-21-dUTP (BD Biosciences Clontech).

11. Binding buffer: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 1 M NaCl.

12. Washing buffer: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 2 M NaCl.

13. Elution buffer: 0.1 N NaOH and 1 mM EDTA.

14. Precipitation mix: 12 puL. of 3 M NaOAc (pH 5.0), 0.5 puL of glycogen
(20 mg/mL), and 10 UL of 1 M acetic acid.

15. [0—*?P]-dATP (Amersham Pharmacia Biotech, Piscataway, NJ).

16. Advantage™ cDNA PCR kit (BD Biosciences Clontech).

17. 10X Advantage buffer: 40 mM Tricine-KOH (pH 9.2 at 25°C), 3.5 mM
Mg(OAc),, 15 mM KOAc, and 3.75 pg/mL BSA.

18. 5’ and 3’ gene-specific primers (each 0.2 uM).

19. NucleoSpin® Extraction kit (BD Biosciences Clontech).

20. DH-5a electrocompetent cells (BD Biosciences Clontech).

21. Ethanol (70% and 100%).

22. Luria Bertani (LB)-agar plates containing 50 pg/mL ampicillin.

23. DECAprime™ II DNA labeling kit (Ambion, Austin, TX).

24. ExpressHyb™ hybridization solution (BD Biosciences Clontech).

25. PCR-Select™ cDNA subtraction kit (BD Biosciences Clontech).

26. NYTRAN® SuperCharge nylon membranes (Schleicher & Schuell, Keene, MA).

3. Methods

RecA-mediated enrichment of cDNA libraries consists of three distinct
steps. The schematic overview of RecA-mediated affinity capture is outlined
in Fig. 1. First, a single-stranded, biotinylated enrichment probe is incubated
with RecA to allow polymerization on the single-stranded DNA (ssDNA). In
the second step, the RecA-coated enrichment probe is incubated with plasmid
DNA in the presence of y[S] ATP to allow formation of stable triple-stranded
complexes between the enrichment probe and homologous portions of the
duplex DNA. In the final stage, RecA is proteolytically removed, and the
triple-helical hybrid molecules are recovered by capture on streptavidin-coated
magnetic beads.

3.1. Preparation of Biotinylated Enrichment Probes

Biotinylated enrichment probes were prepared by polymerase chain reaction
(PCR) incorporation of biotin-21-dUTP. For efficient enrichment, we gener-
ated PCR fragments of 200-600 bp. Gene-specific PCR fragments generated
from poly(A*) or total RNA (using reverse transcription [RT]-PCR) may be
contaminated with fragments of other genes. For best results, we amplified
enrichment probes from plasmid clones containing a particular gene of interest.
Amplification of such clone yields a single PCR product. Enrichment probes
should not contain repetitive sequences, poly-(A) sequences, or sequences
sharing homology with other genes. Therefore, we subdivided the probe



Full-Length cDNA Libraries 227

preparation stage into two steps: (1) preparation of a “pure” template for
biotinylation and (2) biotin incorporation by PCR using a “pure” template
from the previous step. In order to prepare a “pure” template, we performed an
analytical PCR and visualized the PCR products on 2% TAE agarose gel. Then,
a small piece (approx 1 mm?) of the band was picked using a sterile Pasteur
pipet. The excised gel fragment was placed in a 1.5-mL microcentrifuge
tube with 200 pL of deionized water and incubated at 70°C for 30 min with
occasional vortexing. This extract was then used as a template for further
probe generation. Subtracted cDNAs were generated according to the PCR-
Select Subtraction kit using NP2 nested primers (3). Biotinylated probes were
generated as follows:

Template (Gel extract) 2uL
dNTP (10 mM) 2 uL
10X PCR buffer 10 uL
5’ Primer (10 mM) 2 uL
3’ Primer (10 mM) 2 uL
Biotin-21-dUTP (0.5 mM) 10 uL
H,0 70 uL

Advantage PCR enzyme mix 2 uL

Polymerase chain reaction parameters were as follows: 94°C for 1 min,
followed by 25 cycles of 94°C for 30 s and 68°C for 2 min, followed by a final
incubation at 68°C for 5 min. Overcycling of PCR products should be avoided.
The purity of the biotinylated PCR product is essential for efficient enrichment.
The biotinylated PCR fragments were purified from unincorporated nucleotides
and primers using a NucleoSpin® Extraction kit. Purified PCR fragments should
be visualized on a 2% TAE agarose gel and checked for the concentration on
a spectrophotometer.

3.1.1. Checking the Biotinylation Efficiency of the Probe Using
a Scintillation Counter

In order to check the biotinylation efficiency of the enrichment probe, a
probe should be generated by PCR incorporation of 1 uL of [o-3?P]-dCTP
along with biotin-21-dUTP.

1. The magnetic beads are mixed thoroughly and 15 pL is aliquoted into a 1.5-mL
tube. The storage buffer is removed using the magnetic stand.

2. The beads are then washed three times with 100 uL binding buffer and resus-
pended in 30 pL of binding buffer.

3. Then, 50 ng of the biotinylated probe (radioactively labeled) is added to the
prewashed beads and mixed well.



228 Zhumabayeva et al.

4. At this time, the reaction tube containing beads and the biotinylated probe is
placed in a scintillation vial and the signal is determined in a scintillation counter.
This signal represents total cpm or the preincubation signal.

5. Then, the beads with the probe are incubated for 30 min at room temperature
with shaking to allow beads to bind the biotinylated probe.

6. After incubation, we separate the bound probe from unbound supernatant using
the magnetic stand.

7. Then, we measure each tube separately in a scintillation vial to determine (the
postincubation signal) what percent of radioactively labeled probe is biotinylated
or not biotinylated. (see Note 3.)

3.2. RecA-Mediated Enrichment of cDNA Libraries

The use of RecA-mediated affinity capture technology for cloning full-length
cDNAs has been described previously (11). The purpose of the present study
was to explore the use of RecA-based cloning for functional genomics: (1) high-
throughput cloning of full-length cDNAs when only partial cDNA fragments are
available and (2) obtaining full-length, subtracted cDNA libraries enriched for
differentially expressed genes. These applications are extremely important for
cloning novel genes and functionally screening genes of interest.

3.2.1. The Enrichment of cDNA Libraries with Multiple Probes

First, we demonstrated the feasibility of cloning multiple full-length cDNAs
in a single experiment by enriching cDNA libraries for several different genes
using a mixture of 10 distinct probes. We prepared biotinylated probes for the
following genes: HLH, NF45, RPA, SKY, TNFR1, Dadl, TRADD, CIAP2,
ETS, and Caspase; we then pooled them to enrich a human liver ClonCapture
cDNA library and a mixture of five ClonCapture libraries (see Fig. 2). Before
the enrichment, we determined the relative abundance of these genes in
the human liver cDNA library using PCR with B-actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), which were assumed to be 0.1-0.2%
of the total population (11). Three out of 10 genes (SKY, TRADD, and CIAP2)
were very low abundance (35 PCR cycles); the remaining 7 were medium to
low abundance (see Table 1).

3.2.1.1. THE ENRICHMENT PROCEDURE

For each multiple probe enrichment experiment, we used 10-15 ng of each
biotinylated probe (total 100—150 ng) and 5 pug of the cDNA library. For
experiments using the cDNA library mixtures, 1 \g of each library was used.

1. The necessary volumes of 1X RecA buffer, ATP mix, enrichment probe, cDNA
library, RecA protein, and sterile water are determined to bring up a total reaction
volume to 30 pL.
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Fig. 2. Colony hybridization screening of LB-agar plates of an enriched human liver
cDNA library with a mixture of 10 probes: (A) unenriched cDNA library after colony
screening; (B) enriched cDNA library after colony screening. Approximately 1200
colonies were plated onto 90-mm LB-ampicillin plates. The filters were hybridized
with a 32P-labeled probe prepared from the mixture of 10 probes, as described in the
Methods section and exposed to X-ray film.

2. Then, 100-150 ng of purified, biotinylated PCR fragments are mixed with water
and denatured by boiling for 5 min, immediately chilled on ice water, and
centrifuged for 20 s at 20,000g in a microcentrifuge.

3. During the denaturation, a reaction mix containing 3 uL. of 1X RecA buffer (includ-
ing 0.6 uL of 0.1 M CoCL,), 4 uL of ATP mix, and 2 ug RecA per each 50 ng
of probe is prepared and added to the denatured probe (see Note 3).

4. After incubating this mixture at 37°C for 15 min, 5 ug of purified cDNA library
is added and mixed by pipetting to give a final volume of 30 uL.

5. RecA is then removed enzymatically by adding 0.6 uL of 0.2 ug/uL Proteinase
K and 0.4 UL of 0.2% SDS and incubating at 37°C for 10 min. We recommend
mixing them first and then adding them to the reaction mixture.

6. Proteinase K is inactivated by adding 1 uL of 0.1 M PMSF. This step prevents
proteolytic digestion of the streptavidin on the magnetic beads.

7. Then, the prepared streptavidin magnetic beads are transferred to this reaction
mixture and incubated at room temperature for 30 min, with gentle shaking to
capture the enriched cDNA clones (see the following details).

3.2.1.2. CArTURE oF ENRICHED cDNA CLONES ON STREPTAVIDIN-COATED
MacGNETIC BEADS

Using a biotinylated ssSDNA as an “enrichment probe” allows the isolation
of enriched clones from a ¢cDNA library using streptavidin—biotin affinity
interactions.
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1. The magnetic beads are mixed well before pipeting the 30 mL of beads into
1.5-mL tubes. The storage buffer is removed using the magnetic stand.

2. Streptavidin beads (10 mg/mL) are then washed with 100 puL binding buffer by
gentle vortexing. The supernatant is removed using the magnetic stand. This
washing step is repeated three more times and then beads are resuspended in
30 uL binding buffer.

3. Prewashed streptavidin beads are then added to the mixture containing the
enriched ssDNA-dsDNA complexes generated earlier, and incubated for 30 min
at room temperature on a shaker to keep beads in suspension.

4. After incubation, the supernatant is removed using a magnetic stand and the
beads are washed three times in 1 mL washing buffer with gentle vortexing
for 1-2 min.

5. Beads are washed once more with 1 mL of deionized water.

6. After the last wash, the captured plasmids are eluted in 100 UL elution buffer by
incubating the tube for 5 min at room temperature with vortexing.

7. The eluate containing the enriched plasmids is transferred to a fresh tube
containing 22.5 UL precipitation mix.

8. The eluate is precipitated with 2.5 vol of 100% ethanol, mixed well, and incubated
for 45 min at —70°C.

9. After incubation, the tube is centrifuged for 20 min at 20,000g.

10. The pellet is washed with 70% ethanol, air-dried at room temperature, and
resuspended in 10 pL deionized water.

11. Then, 2-5 uL of the resuspended pellet is electroporated into electrocompetent
DHS5-o cells.

12. Then, 50 and 100 uL of transformed cells are plated on LB-agar plates containing
50 pg/mL ampicillin.

3.2.1.3. ScreeNING THE ENRICHED cDNA LIBRARIES

After completing the RecA procedure, we verified enrichment for all 10
probes by hybridizing colony lift replica filters with a radiolabeled probe
mixture (see Fig. 2). After analyzing the enrichment for all 10 probes as a
group, we determined the enrichment for each of the 10 probes individually.
For this purpose, we plated 1000-1200 colonies on each of 10 LB-ampicillin
agar plates. Replica filters were prepared from each plate and hybridized with
the individual labeled probes. NYTRAN® SuperCharge nylon membranes
were used for colony lifting according to the manufacturer’s protocol. The
hybridization probes were prepared by random priming using [o-3?P]-dATP
and the DECAprime™ II DNA labeling kit. Prehybridization and hybridization
were carried out at 68°C with ExpressHyb™ hybridization solution containing
100 ng/mL sheared salmon sperm DNA. Membranes were washed three times
in 2X standard saline citrate (SSC) and 0.5% SDS for 30 min each and once in
0.2X SSC and 0.5% SDS for 30 min. Finally, membranes were briefly washed
in 2X SSC and exposed to X-ray film.
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Table 1
Enrichment of a Human Liver cDNA Library and Mixture
of Five ClonCapture Libraries Using Probes for 10 Different Genes

Mixture® of five

Human liver ClonCapture ClonCapture
cDNA library cDNA libraries
Positive Positive
Representation  clones after clones after
in unenriched  hybridization = Enrichment  hybridization Enrichment
Enrichment probe library (%) fold (%) fold
Mixture of 10 probes
HLH 0.007 1.3 186 2.2 314
NF45 0.006 22 367 32 533
RPA 0.007 0.4 57 0.5 71
SKY 0.0002 0.8 4000 0.7 3500
TNFR1 0.001 4.1 4100 1.4 1400
DADI1 0.005 43 860 22 440
TRADD 0.0005 0.7 1400 0.3 600
CIAP2 0.001 0.5 500 0.4 400
ETS 0.007 0.5 71 0.4 57
Caspase 0.003 0.3 100 0.2 67
Total positive clones 15.1 11.5
A single probe:
TNFR1 10.0 10,000

“Mixture of human brain, heart, liver, testis, and placenta libraries. Enrichment fold was calculated
by dividing the percentage of positive clones in the enriched library by that in the original library.

3.2.1.4. ResuLts

Table 1 shows the enrichment efficiencies of the human liver and the mixture
of 5 cDNA libraries for the combined set of 10 probes as well as for a parallel
experiment using the TNFR1 probe individually. Of the clones in the enriched
human liver cDNA library, 15.1% were positive after hybridization with the
combined set of probes. For the mixture of libraries, about 11.5% of clones
were positive. In both experiments, the most highly enriched genes were
TNFRI1, SKY1, TRADD, and Dadl. The least enriched genes, with less than
100-fold enrichment, were RPA, ETS, and Caspase. The highest percentages of
positive clones were identified for TNFR1, DAD1, NF45, and HLH. Enrichment
of the library mixture with the individual TNFR1 probe yielded about 10%
positive clones with 10,000-fold enrichment efficiency. Comparison of enrich-
ment efficiencies for TNFR1 when probed in a mixture or individually suggests
that the relative abundance of each cDNA in the enriched library decreases as
the number of individual cDNAs in probe is increased (see Table 1).



232 Zhumabayeva et al.

These results clearly demonstrate that low-abundance genes with representa-
tion frequencies as low as 0.0002% can be enriched along with medium-
abundance genes when probes are used in a mixture. Nevertheless, it should
be mentioned that enrichment efficiency for any given cDNA might vary
significantly regardless of its abundance. For example, CIAP2 (low abundance)
as well as RPA and ETS (medium abundance) were not highly enriched.
However, NF45, which has about the same abundance as RPA and ETS was
enriched fivefold to sixfold further. This variance could be the result of
sequence specificity or quality of biotinylated probes.

In spite of this variability, the overall enrichment picture for all genes was
sufficient to pick several colonies for further analyses. Next, we analyzed the
insert sizes of several positive clones for TNFR1, CIAP2, and TRADD to see
if full-length cDNAs could be identified. The longest clones were for 2.3 kb,
2.8 kb, and 1.8 kb for TNFR1, CIAP2, and TRADD, respectively (data not
shown). The sequence identities of all three clones were confirmed by PCR
as well as by secondary hybridization. Additionally, TNFR1 clones were
verified by sequencing. All three analyzed clones contained complete open
reading frames.

3.2.2. Generation of cDNA Libraries Enriched
for the Differentially Expressed Genes

As a further extension of the analysis, we used the RecA method to
convert entire subtracted cDNA populations—representing genes differentially
expressed in tumor samples—into full-length retroviral cDNA libraries.
These differentially expressed cDNA populations included genes that are
upregulated or downregulated in lung carcinoma, adenocarcinoma of prostate,
liver carcinoma, and colorectal adenocarcinoma (1). For this study, we tested
specific mixes of subtracted cDNA fragments as well as entire subtracted
populations (see Table 2). These subtracted cDNAs were obtained using
suppression subtractive hybridization as described previously (1).

For enrichment, we used retroviral cDNA libraries constructed from human
normal prostate, mammary gland, liver, and a mixture of five different libraries.
Ideally, a plasmid cDNA library based on the tissue or sample from which
the subtracted clones were identified should be used for the conversion of
subtracted cDNA into full-length clones. However, cDNA libraries constructed
from particular diseased tissues are not always available. Therefore, for RecA-
conversion experiments, we used cDNA libraries from corresponding normal
tissues. To increase the probability of obtaining target cDNAs, we used a
mixture of several different cDNA libraries.

The enrichment procedure was the same as described in Subheading 3.2.1.
However, we used 400 ng of biotinylated subtracted cDNA with 16 pug of
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Table 2
Enrichment of Human Prostate, Mammary Gland, Liver, and Mixture
of Five Retroviral cDNA Libraries with Multiple Subtracted cDNA Probes

Positive clones after enrichment

No. of clones Origin of Mammary  Mixture
from subtracted subtracted Prostate gland of five Liver
Experiment library cDNAs (%) (%) libraries (%)
1 5b Prostate tumor 10 10 — —
2 9b Prostate tumor 20 10 — —
3 19¢ Prostate tumor 10 — 12 —
4 20¢ Prostate tumor 13 — — —
5 30¢ Prostate tumor 14 — — —
6 10? Lung tumor — — 18 —
7 Subtracted cDNA Prostate tumor 29 — — —
8 Subtracted cDNA Liver tumor — — — 25

“Mixture of human liver, prostate, leukocyte, brain, and skeletal muscle cDNA libraries.
bSubset of high-abundance cDNAs.

“Subset of low-abundance cDNAs.

Note: — indicates experiment has not been performed.

RecA. Because of the amount of used probes, we increased the reaction volume
to 50 UL and other reaction components, respectively.

3.2.2.1. ResuLts

Colony hybridization of a RecA-enriched human prostate library using a
subtracted probe containing genes upregulated in a prostate adenocarcinoma
produced about 29% positive clones (see Table 2, experiment 7). In contrast,
hybridization to the unenriched human prostate retroviral library produced only
2% positives (data not shown). A comparable result (25%) was obtained in the
analysis of a human liver retroviral library after enrichment and subsequent
probing for a population of genes downregulated in a liver-metastasized tumor
(see Table 2, experiment 8). To evaluate whether this increased library complex-
ity can affect the efficiency of RecA-mediated enrichment, we compared two
sublibraries enriched with a pool of 19 different probes: from the prostate
retroviral library (10%) and a mixture of five human retroviral libraries (12%;
see Table 2, experiment 3). We also investigated the effect of increasing the
number of individual probes in a mixture on the enrichment efficiency of
cDNA libraries. The results show a correlation between the number of species
in the probe mix and the percentage of positive clones after enrichment when
pools of five or nine high-abundance probes were used to enrich the human
prostate cDNA library (see Table 2, compare lanes 1 and 2). However, the
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correlation was less pronounced in the low-abundance cDNA mixture (see
Table 2, experiments 3, 4, and 5). It is true for cDNA clones abundant in
prostate cDNA library, but not in mammary gland (see Note 5).

Next, we evaluated how the abundance of target cDNAs affects the percent-
age of positive clones in the enriched sublibraries. In these experiments,
we grouped the subtracted cDNA probes according to their abundance. The
abundance level of differentially expressed cDNAs was evaluated using a
differential screening procedure, as described previously (). Clones were
subdivided according to their abundance into two populations and used
separately to enrich for full-length clones (see Table 2). We observed a good
correlation between the abundance of target cDNAs and the percentage of
positive clones in the enriched sublibraries. The results for the enrichment of
human prostate and human mammary gland retroviral cDNA libraries with a
pool of nine high-abundance cDNA probes derived from a subtracted prostate
cancer cDNA library are shown in Table 2. Twenty percent of clones were
identified as positive for enriched human prostate and about 10% were positive
for enriched human mammary gland cDNA libraries. As was expected, the
population of high-abundance cDNAs clones yielded a higher percentage of
positive clones, than did the low-abundance cDNAs (compare experiments
1-3) (see Note 6).

4. Notes

1. The important criteria of successful enrichment is related to quality and integrity
of dsDNA (cDNA library), which is to be used as a target molecule. In order
to minimize the level of nonspecific binding and to maximize the stability of
the triple-helix complex after removal of RecA protein, the plasmid library
should be purified through the CsCl gradient. When compared to alkaline-based
commercially available plasmid isolation kits, enrichment efficiency was more
than 10-fold higher using CsCl. However, some commercial plasmid isolation
kits such as Nucleobond (Macherey-Nagel GmbH, Duren, Germany) with minor
modifications in the protocol, allow isolation of higher-quality superhelical
DNA. Using the Nucleobond plasmid isolation kit, we have achieved comparable
results to those obtained by CsCl purification.

2. One of the important factors of RecA-based enrichment technology is the
requirement for the nucleoside triphosphate cofactor ATP. RecA protein is
a DNA-dependent ATPase and ATP is hydrolyzed by RecA throughout each
nucleoprotein filament. RecA-promoted dissociation of ATP directly affects
stability of the deproteinized triple-helix complexes in vitro. ATP hydrolysis
reduces the affinity of RecA protein to DNA; therefore, an ATP-regenerating
system is required in vitro. A nonhydrolyzable analog of ATP, Y[S]ATP, blocks
disassembly of triple-helix complex. We have tested different ratios of y[S]ATP
and ATP as well as Y[S]JATP alone on the stability and recovery of enriched
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clones. Y[S]ATP used alone for the enrichment gave a much higher background
and subsequently reduced percentage of specific DNA. However, a 1:2 ratio of
ATP:y[S]ATP achieved high recovery of homologous clones with lower levels
of nonspecific background.

3. Another important factor is the quality of biotinylated PCR probe. We have
found that 50-75% incorporation of biotin-21-dUTP into the PCR product allows
successful enrichment of desired cDNA clones. Among different sources of
biotin-dUTP, biotin-21-dUTP was found to give better enrichment by RecA
protein as a result of its 21-mer-long spacer arm bio-dUTP than with analogs
with shorter arms. The optimal size of a biotinylated probe was found between
200 and 600 bp. In addition, DNA probes as small as 100 bp could also be
used with comparable efficiency. However, the biotinylated oligonucleotide
probes with 28- and 48-mer length were not efficient and generate high level
of nonspecific background.

4. An accurate estimation of the ratio of biotinylated probe and RecA protein in
the reaction has also been found to be an important factor. We have calculated
the exact amount of RecA protein required based on the amount of biotinylated
probe according to the following formula: Amount of RecA (mol) = Amount
of probe/990. According to this formula, we have determined that 51 pmol of
RecA protein could be used for every 50 ng of biotinylated probe, which is
approximately equal to 2 pg of RecA protein. This formula is based on the
general knowledge that one monomer of RecA protein binds to three nucleotide
bases on the single-stranded probe. This formula requires only the correct
estimation of concentration of biotinylated probe, which could be done by a
spectrophotometer or fluorometer.

5. Our experiments show that background is still a problem of this technology.
Background is caused by many different factors such as sequence specificity
of a biotinylated probe, quality of cDNA library, and nonspecific binding of
streptavidin beads. Background may occur if an enrichment probe has some
sequence similarity to some repetitive elements or poly(A) sequences. Our
experiments with gel-shifting assays showed that up to 30% of the triple-helix
complex could form the concatamers. The concatamers could be one source of
nonspecific background that cannot be eliminated by washing. Our experiments
on the model systems showed that a higher nonspecific background is directly
correlated to greater complexity of the cDNA library.

6. In summary, the RecA enrichment technique has several benefits over existing
approaches. First, it dramatically reduces the time and effort for screening
compared to conventional library screening approaches. The RecA method is also
superior to RACE techniques because it is not subject to PCR mutagenesis and
it can be used to isolate many cDNAs at the same time. Furthermore, the RecA
method does not require any sequence information for the target cDNA(s)—a
characteristic that enables its use with complex cDNA mixtures such as uncloned,
subtracted cDNA.We see a great deal of potential for this approach in converting
defined mixtures of differentially expressed cDNA fragments into full-length
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sublibraries. The entire subtracted cDNA mixture can also be used for obtaining
cDNA libraries enriched for differentially expressed genes. Sublibraries enriched
for populations of full-length cDNAs can be used for subsequent functional
analysis as well as for high-throughput cloning of full-length cDNAs.
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Subtractive Hybridization for the Identification
of Differentially Expressed Genes Using Uracil-DNA
Glycosylase and Mung-Bean Nuclease

Tsen-Yin Lin and Shao-Yao Ying

1. Introduction

Subtractive hybridization is a technique for detecting differences of gene
expression between two populations of RNAs or complementary DNAs
(cDNAs). It is based on base pair complementary that nucleic acid sequences
in common with the two populations can form hybrids. After hybridization, the
hybrids are removed and the sequences in only one population are identified.
This technique can be used for detecting differences between the mRNA in
different cells, tissues, and organisms, or cells under two different conditions,
tissues of various stages of development and growth, and treatments of hormone
or other modulators. One of the common uses of subtractive hybridization is
for the detection of DNA differences between different genomes or between
cell types to identify certain types of genomic rearrangement as well as
differentially expressed genes. For example, a recently developed method of
subtractive hybridization has been used to identify cDNAs associated with
activin-mediated inhibition of cell growth in human prostate cancer cells (7).
In addition to the detection of genes differentially expressed in the same cell
type under two different conditions, this technique can be used to ascertain the
quantity of mRNAs and cDNAs generated (2).

1.1. Principles

There are two different populations of nucleic acids, mRNA and cDNA, in
a subtractive hybridization. The cDNA generated from the control group is
called the driver, whereas the experimental group is called the tester. The tester
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is supposed to contain certain sequences the driver lacks. By hybridization
between the tester and an excessive amount of the driver (approx 10-fold),
the vast majority of the cDNA molecules in the driver, which are identical or
homologous to those in the tester, would form driver—tester hybrids rather
than double-stranded tester DNAs, therefore leaving only those present in
the tester that can be enriched as the specific cDNA species. Basically, this
technique includes the following steps: (1) production of the tester and driver,
(2) hybridization, (3) subtraction; removing of driver—tester hybrids and excess
driver, and (4) isolation of the complete sequence of the remaining target DNA.

1.2. Production of the Tester and Driver

Generally, the tester is produced with the isolation of RNA, which is
reverse-transcribed into double-stranded cDNA. To facilitate the elimination of
unwanted homologous sequences between two cDNA libraries, modifications
of the driver for specific enzymatic digestion (3) or by chemical carboxylation
of the pyrimidines (4) was proposed. To assure efficient subtraction and
amplification, cDNA from tester and driver sources is ligated to different primer
“adapters”; double-stranded cDNAs are digested with different restriction
enzymes to produce a few hundred base pair nucleotides that are amplified by
PCR to form the representative amplicons (5).

1.3. Hybridization

After the initiation hybridization, the tester—driver hybrids are removed and
excess fresh driver is added to allow second hybridization. The remaining cDNA
(the cDNA targeted to be isolated is called target cDNA), is either cloned or
used to make a probe. For limited or complex starting material, multiple rounds
of the hybridization—subtraction cycling procedure are used. During subtractive
hybridization, the hybridization step is driven by the excess driver amplicons,
so tester amplicons that have complementary sequences in the driver population
rapidly form driver—tester hybrids, whereas sequences unique to the tester
population remain single-stranded or form tester—tester pairs more slowly.
Rare sequences from either population take longer to pair up than abundant
sequences. The ratio of driver to tester, the overall concentration of driver, the
temperature, and the length of hybridization should be chosen based on the
complexity of the driver and tester populations, the abundance of the target
nucleic acids, and the length of the driver and tester sequences used.

1.4. Subtraction and Removing of Driver-Tester Hybrids
and Excess Driver

The purpose of the subtraction step is to remove driver—tester hybrids
formed during the hybridization step, leaving behind a tester enriched for the
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target sequences. Many different methods are used for subtraction, depending
on the nature of the driver and the tester. In one method, deoxyuridylate is
incorporated into the driver cDNA; uracil-DNA glycosylase is used to remove
uracil from driver—driver and driver—tester hybrid duplexes, leaving behind
a partially single-stranded sequence that is cleaved by single-strand-specific
digestion, leave nondigested sequences for enrichment by PCR.

Immobilizing medium such as hydroxyapatite chromatography is used to
bind double-stranded driver and driver—tester hybrids, leaving single-stranded
nucleic acids behind, particularly if the driver can be removed chemically or
enzymatically, leaving only single-stranded cDNA tester after the subtraction.

Another procedure is to use biotin—streptavidin binding to separate nucleic
acids. Streptavidin binds to biotinylated driver sequences, and phenol extraction
is used to remove the streptavidin protein and the bound driver and driver—tester
hybrids. Streptavidin can also be attached to beads or to a column and used to
remove excess driver and driver—tester hybrids.

1.5. Isolation of the Complete Sequence Target DNA

After one or more hybridization and subtraction steps, the resulting tester
nucleic acids should be greatly enriched for target sequences. However, it is still
possible that rare sequences common to both the driver and the tester remain,
and in many cases, the sequences isolated are only partial gene sequences.
The remaining tester sequences are isolated and analyzed in a variety of ways.
It is necessary to analyze the tester sequences by Northern blotting, in situ
hybridization, or competitive polymerase chain reaction (PCR) methods to
determine whether the sequences are truly tester-specific.

1.6. Subtractive Hybridization by Uracil-DNA Glycosylase
and Mung-Bean Nuclease

A process to eliminate unwanted homologous sequences between compared
cDNA libraries were developed using nonmodified cDNAs as tester and uracil-
incorporated cDNAs (U-DNAs) as the driver has been described previously
(3). In this method, the elimination of nondifferentially expressed homologs is
achieved by hybridization of the tester to the compared driver and subsequent
digestion of driver-bound hybrids with uracil-dependent endonucleases. In this
way, only differentially expressed genes in the tester can be preserved after the
enzymatic digestion and final PCR amplification. To prevent crossover digestion
among gene transcripts with a small homologous domain, the compared cDNA
libraries are preferentially restricted by a four-cutting enzyme (such as Hpa2)
and ligated to a specific adaptor to yield sequences ranging from 150 to 1000 bp
with low complexity. This step also allows for a greater completeness during
subtractive hybridization and differential amplification (see Fig. 1) (4).
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Fig. 1. Schematic protocol for uracil-DNA subtraction assay (USA), illustrating
the sequential enzymatic digestion and differential amplification steps after subtractive
hybridization. The enzymatic digestion contains two substeps: uracil-DNA (continued)
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In this method, an activin-treated LNCaP cDNA library was used as tester and
an untreated one as driver, and vice versa, in which the driver always contained
uridine. After subtractive hybridization of tester to driver and then enzymatic
digestion, the differentially expressed genes were amplified and displayed on
an electrophoresis gel, from which the results were extracted and confirmed by
Northern blot analysis (see Fig. 2). Based on the sequence data of the results
from a Genbank search, 12 highly differentially expressed genes between the
activin-treated and untreated LNCaP cells were identified (see Fig. 3).

1.7. Other Subtractive Hybridization Methods
1.7.1. Differential Display

Differential display is a technique capable of detecting very small changes
in the expression of RNA species. However, it is a labor-intensive technique,
potentially time-consuming with some limitations.

1.7.2. Representational Difference Analysis

Representative difference analysis (RDA) is a positive selection technique
employing polymerase chain reaction (PCR). RDA was originally used to
identify differences between complex genomes, such as those caused by
chromosomal rearrangements or losses resulting from cancer, infections with
pathogens, and polymorphisms between individuals (6), and it was later
adapted to analyze differences in gene expression (7). In both cases, the
tester and driver are ligated to adapters and amplified by PCR, the original
adapters are removed, and new adapters (T2) are ligated only to the tester.
After hybridization, only tester—tester DNA is amplified by using primers
specific for the T2 adapter. The amplified tester is used again in further rounds
of hybridization.

1.7.3. Suppression Subtractive Hybridization

In this positive selection technique, both driver and tester are digested with
a frequent-cutting restriction enzyme to give blunt ends. The tester is divided
into two samples, which are ligated to different adapters, P1 and P2, and then
hybridized to excess driver (8). Then, the two tester populations are mixed,

Fig. 1. (continued) glycosylase digestion, which nicks all driverlike homologs, and
single-strand-specific nuclease digestion, which cleaves the homologs into unamplifi-
able fragments. The process is outlined through the final products of the first round of
the USA method. To reiterate another round of subtraction, the first difference products
are used as the tester following the same scheme to generate the second difference
products and so on. (From ref. 1 with permission.)
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Fig. 2. Agarose gel electrophoresis of PCR-subtracted products. From left to right:
lane A, DNA markers; lane B, driver amplicon from untreated LNCaP cells amplified
by driver-24 primer; lane C, tester amplicon from activin-treated cells amplified by
tester-24 primer; lane D, driver amplicon amplified by tester primer; lane E, tester
amplicon amplified by driver primer; lane F, driver amplicon subtracted with driver and
then amplified by driver primer; lane G, tester amplicon subtracted with tester
and then amplified by tester primer; lane H, driver amplicon subtracted with tester and
then amplified by driver primer; lane I, tester amplicon subtracted with driver and then
amplified by tester primer. The self-subtraction of driver to driver (lane F) and tester
to tester (lane G) shows complete elimination of all sequences, whereas the mutual
subtraction between tester and driver (lanes H and I) presents difference products on
the gel, indicating differential gene expressed in the tester and driver, respectively. The
misuse of PCR primer (lanes D and E) will result in no amplification because of the
specific affinity of the primer to its own adaptor. (From ref. 1 with permission.)

and additional driver is added. Hybrids formed between members of the two
subtracted tester populations are selectively amplified by PCR using primers
specific to P1 and P2. Molecules that have either P1 or P2 adapters at both ends
form “panhandles” as the adapters hybridize to each other. and these molecules
are not amplified by PCR (this results in the “suppression”).

Suppression subtractive hybridization is better suited to examine potential
difference in rare transcripts but only when their expression is changed
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Down-regulated:

probe 1 (LC2) myosin-like (1.1kb) (99%) 47.6(1.46)" cytoskeleton

probe 2 (LC3) RHAMM (2.8kb) +2~+63 (95%) -55.9 (1. 54)* cytoskeleton

probe 3 (LC6) novel (1.0kb) -60.9 (305)‘ ?

probe 4 (LC8) novel (2.0kb) -64.9 (309)“ ?

probe 5 (LC9) l}elli;;g motif-like +993~+1162 (95%) | _g0.5 (4 ,66}* replication

probe 6 (LC12) Pax2 (3.7kb) (97%) 277.0 (2'37)** proliferation

probe 7 (LC13) elF-4A1 (1.7kb) +487~+557 (100%) -53.5 (D.{]D)‘ translation

Up-regulated:

probe 8 (LT1) novel (0.8kb) +728 (159" |?

probe 9 (LT6) CCPK-like +432~+470 (100%) | 4265 (4.38)** spindle lesion
(1.8kb) apoptosis

probe 10 (LT7) pl6 (0.7kb) +434~+573 (97%) +354 (0.67)* Gl arrest

probe 11 (LT11) | p53 (1.7kb) +112~+262 (100%) [ 4213 (5.35)** | G1 arrest

probe 12 (LT14) Siva (1.0kb) +281~+333 (100%) | +191(3.19)* apoptosis

*  n=3, p<0.01

=3,
*¥* n=4, p<0.01

Fig. 3. Autoradiogram of positive Northern blots hybridized to the final difference
products of USA. Upper panel (LC2 to LC13) indicates seven downregulated genes
mainly present in untreated LNCaP cells but not in the activin-treated cells, and the
lower panel (LT1 to LT14) shows five upregulated genes significantly increased after
activin treatment. p16 (LT7) and p53 (LT11) have been known to be upregulated in the
activin-treated LNCaP cells. The downregulated known genes (LC2, 3, 9, 12, 13) are
related to physiological functions of cells, and the upregulated known genes (LT6, 7,
11, 14) are involved in either cell cycle regulation, apoptosis or both. Genes listed are
transcriptionally altered above twofold. The size of each identified gene transcript is
deduced from individual Northern blots, and the homology shown here indicates the
sequence similarity between the identified fragment and its deduced gene, rather than
the full identified sequence. (From ref. I with permission.)
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substantially (>fivefold). Total RNA isolated from two sources of tissues
(such as diseased vs normal) is reverse-transcribed to generated cDNA and
subtracted, the suppression PCR is combined with subtraction, and the cDNA is
digested with a restriction enzyme to generate small fragments (approx 500 bp).
Specific DNA adapters are ligated onto one of the cDNAs (usually the tester),
which followed by two rounds of hybridization and PCR.

1.7.4. Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) is based on the fact that 9 bp of
sequence located at its 3” end is all the sequence information needed to identify
a gene unambiguously (9). The first step in SAGE involves generating a 9-bp
cDNA tag for each of the mRNAs in a population. Then, many unrelated tags
are concatenated, the concatenated tags are cloned, and random clones are
sequenced. These sequences give a spectrum of the genes expressed in the tissue
and indicate their relative abundance. Many genes can be analyzed at once,
because only 9 bp of each gene are sequenced and many tags are sequenced in
a single reaction. To be useful for most purposes, however, full-length genes
corresponding to the tags must be subsequently identified and isolated.

1.7.5. Microarrays

Complementary DNAs representing either known or unknown genes can
be spotted onto glass and probed with different sources of fluorescent-labeled
mRNA (10). Alternatively, 20-mer oligonucleotides (oligos) can be synthesized
in situ in high-density arrays (11). Oligo sequences are derived from known
gene sequences and a number of oligos are prepared for each gene, so that there
are many internal controls. Arrays can be synthesized that contain hundreds
of thousands of oligos and can thus simultaneously monitor differences in the
expression of tens of thousands of different genes corresponding to the cDNAs.
A number of different probes can be analyzed at once because differently
colored fluorescent labels are available. As the full repertoire of expressed
sequences becomes available for different organisms, this technique will be
extremely useful in monitoring genomewide changes in gene expression in
different tissues, developmental states, and mutant backgrounds.

2. Materials
2.1. Oligonucleotides

1. Tester-24-mer (5'-GCCACCAGAAGAGCGTGTACGTCC-3").
2. Tester-11-mer (5-CGGGACGTACA-3’ with a dephosphorylated 5’-end).
3. Driver-24-mer (5’-CGGTAGTGACTCGGTTAAGATCGC-3).
4. Driver-11-mer (5-CGGCGATCTTA-3" with a dephosphorylated 5’-end).
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5.

2.2.

The 24-mer oligonucleotides were used as 5" adaptors and primers for differential
PCR, whereas the 11-mer oligonucleotides functioned as linkers for ligation
of 5’-end adaptors.

Generation of Double-Stranded cDNA Libraries

and Representative Amplicons

1.

N
AW~ W OO

AN

8.

Diethyl pyrocarbonate (DEPC) H,O: Stir double distilled water with 0.1% DEPC
for more than 12 h and then autoclave at 120°C under about 1.2 kgf/cm? for
20 min, twice.

. Washing buffer: 50 mM sodium citrate (pH 7.6), 0.5 M NaCl, 1 mM EDTA, 0.1%

sodium laurylsarcosinate, and 0.1% DEPC.

. cDNA double-stranding buffer: 500 mM Tris-HCI (pH 9.2) at 25°C, 160 mM

(NH,),S0,, and 20 mM MgCl,; prepare fresh.

. Incubation chamber: 70°C.
. Incubation mixer: 54°C, 100g vortex for 30 s betweem every 3-min interval.
. Poly(dT)24 primer: dephosphrylated 5-dTTTTTTTTTT TTTTTTTTTT TTTT-3

(100 pmol/mL).

. AMV reverse transcriptase (50 U/mL) and 10X reverse transcription buffer

(500 mM Tris-HCI [pH 8.5] at 25°C, 80 mM MgCl,, 300 mM KCl, and 10 mM
dithiothreitol [DTTT]).

. Reverse transcriptase mix: 7 uL. DEPC-treated ddH,O, 2 uL 10X reverse tran-

scription buffer, 2 uL. 10 mM dNTP mix (10 mM each of dATP, dGTP, dCTP, and
dTTP), 1 uL Rnasom (25 U/mL), and 2 uL AMV reverse transcriptase; prepare
just before use.

. Incubation chamber: 65°C, 42°C, and 50°C.
. Enzyme cocktail: DNA polymerase I, RNase H, and T4 ligase mixture.

. Generation of Uracil-cDNA Driver

. Enzymatic digestion: Hpa2 (3 h, 37°C) for double-stranded cDNA digestion.

. 100-bp-cutoff microconcentrator columns (Amicon, Beverly, MA).

. Ligase buffer.

. dNTP mixture 1: 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dCTP, 0.05 mM dTTP,

and 0.5 mM dUTP.

. Tag DNA polymerase (5 U) in 1X PCR buffer.
. Microconcentrator column.
. Subtractive hybridization buffer: 3 mM N-(2-hydroxyethyl)piperazine-

N-3-propansal fonic acid (EPPS) (pH 8.0), 0.5 M NaCl, and 3 mM EDTA.
2% Agarose gel.

2.4. Subtractive Hybridization, Enzymatic Digestion,
and Differential Amplification

1.

Subtractive hybridization buffer: 3 mM EPPS (pH 8.0), 0.5 M NaCl, and
3 mM EDTA.
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Incubation mixer: 37°C, 100g vortex for 30 s between every 30-min interval.
Phenol.

NaSCN.

Uracil-DNA glycosylase.

Mung-bean nuclease (MBN) and S1 nuclease.

AN e

3. Methods

In this section, we describe a detailed protocol for subtraction hybridiza-
tion, including the isolation of mRNAs, preparation of cDNA libraries, and
formation of representative amplicons,

3.1. Generation of Double-Stranded cDNA Libraries
and Representative Amplicons

All routine techniques and DNA manipulations, including gel electrophore-
sis, plasmid preparations, and transformations, were performed according to
standard procedures. All enzymes and buffer treatments were applied following
the manufacture’s recommendations (Boehringer-Mannheim, Indianapolis, IN).
For Northern blots, mRNAs were fractionated on 1% formaldehyde—agarose
gels and transferred onto nylon membranes (Schleicher & Schuell, Keene,
NH). Probes were labeled with the Prime-It II kit (Stratagene, La Jolla, CA)
by random primer extension in the presence of [3?P]-dATP (>3000 Ci/mM;
Amersham International, Arlington Heights, IL) and purified with Micro Bio-
Spin chromatography columns (Bio-Rad, Hercules, CA). Hybridization was
carried out in the mixture of 50% freshly deionized formamide (pH 7.0), 5X
Denhardt’s solution, 0.5% sodium dodecyl sulfate (SDS), 4X saline sodium
phosphate EDTA buffer (SSPE) (Sigma), and 250 mg/mL denatured salmon
sperm DNAs (18 h, 42°C). Membranes were sequentially washed twice in 2X
SSC, 0.1% SDS (15 min, 25°C), and once each in 0.2X SSC, 0.1% SDS (15 min,
25°C); and 0.2X SSC, 0.1% SDS (30 min, 65°C) before autoradiography.

1. The first strand of cDNAs is prepared by reverse transcription of the mRNAs
with oligo-(dT) primers following the protocol of a cDNA Cycle kit (Invitrogen,
Carlsbad, CA).

2. The quality is assessed on 2% agarose gel.

3. The second strand of cDNAs is synthesized with an enzyme cocktail contain-
ing DNA polymerase I, RNase H, and T4 ligase, as reported by Gubler and
Hoffman (12).

4. To generate adequate lengths of cDNA amplicons for efficient subtraction
and amplification, double-stranded cDNAs (1.5 mg) are digested with Hpa2
(3 h, 37°C).

5. The products are recovered by 100-bp-cutoff microconcentrator columns
(Amicon, Beverly, MA), then ligated to either Tester-24/11-mer or Driver-24/
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11-mer adaptors in a mixture containing the 24/11-mer oligo (0.75 nmol each)
in 30 mL of 1X ligase buffer.

For precise ligation between restricted cDNAs and the adaptors, the mixture is
held by gradually cooling from 50°C to 10°C over a period of 1 h and then T,
ligase is added to anneal the 24-mer oligonucleotides onto the 5" ends of the
restricted cDNAs, at 16°C for 14 h.

The products are the representative amplicons for both the tester and driver,
depending on the distinctive adaptor used.

3.2. Generation of Uracil-cDNA Driver

1.

For incorporation of deoxyuridylate into the driver cDNAs, multiple PCR reac-
tions are set up as follows: Each 50 mL reaction contains driver amplicon (10 ng),
1 mM Driver-24-mer oligo, ANTP mixture 1 (0.2 mM dATP, 0.2 mM dGTP, 0.2
mM dCTP, 0.05 mM dTTP, and 0.5 mM dUTP), and Tag DNA polymerase (5
U) in 1X PCR buffer.

The Driver-11-mer linker is melted away (3 min, 72°C), and the recessed 3’ ends
are filled in with 7ag DNA polymerase (3 min, 72°C).

. Thirty cycles of amplification are performed (1 min, 95°C; 3 min, 72°C), and

the PCR products are combined and recovered by a microconcentrator column
in Tris buffer (10 mM, pH 7.0).

. The driver—adaptor is removed by Hpa2 cleavage and the digest was recovered by

a microconcentrator column in EPPS and EDTA (EE) X 3 buffer (30 mM EPPS
(pH 8.0) at 20°C, 3 mM EDTA) at 1 mg/mL to form the driver.

. The quality of the driver (2 mg) is assessed on 2% agarose gel, ranging from

100 bp to about 1 kb.

3.3. Subtractive Hybridization, Enzymatic Digestion,
and Differential Amplification

1.

For the first subtractive hybridization, 0.2 mg of tester amplicon (tester) is mixed
with 10 mL restricted driver, overlaid with mineral oil, denatured (5 min, 98°C),
and immediately cooled on ice.

. Hybridization is performed with the phenol emulsion reassociation technique

in a 400 mL solution containing 1.5 M NaSCN and 8% phenol at 25°C for
48 h (9,10).

. An emulsion of the phenol and aqueous phases is maintained throughout the

hybridization by continuous agitation on a vortex mixer.

The hybridized DNAs are recovered by a microconcentrator column in 20 mL of
Tris buffer and treated with DNA polymerase I-T, DNA polymerase 3 : 1 mixture
(3 min, 37°C without dNTPs; 25 min, 37°C with ANTP mixture 2 in 0.2 mM each
for dATP, dGTP, dCTP, and dTTP) to fill in the 3’ end of the tester.

. In order to eliminate driver homologs in the hybridized DNAs, uracil-DNA gly-

cosylase (UNG) is added (30 min, 25°C) to remove uracil from driver—driver and
driver—tester hybrid duplexes, This will result in a partially single-stranded confor-
mation with abasic nicks and gaps.
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6.

10.

11.

The abasic homolog duplexes are then subjected to digestion by a single-strand-
specific endonuclease, such as MBN and S1 nuclease (2 U at 25°C for 20 min),
and finally cleaved into unamplifiable fragments (<50 bp).

. To ensure the completeness of homolog elimination, the hybridization and

enzymatic digestion described in steps 1-6 are repeated at least once.

. The final digest is recovered by a microconcentrator column in 20 mL of Tris buffer

and prepared for differential PCR in a 50-mL reaction, containing 2 mL of the
digest, 1 mM Tester-24-mer oligo, ANTP mixture 2, and 7ag DNA polymerase.

. Final PCR products are phenol-extracted, ethanol-precipitated, resuspended in

20 mL of Tris buffer, and assessed on 3% agarose gel.

The DNA bands shown on the electrophoresis gel are excised, recovered by a
gel extraction kit (Qiagen), and further purified by 4% nondenaturing polyacryl-
amide gel.

The processes of hybridization, enzymatic digestion, and amplification are
repeated until a clear banding pattern was observed.

. Cloning and Sequencing of Differential Products
. Final products of USA are ligated to the pCR2.1 plasmid and transformed into

INVaF’ cells using a TA cloning kit (Invitrogen).

. Double-stranded plasmid DNAs are purified by miniprep spin columns (Qiagen)

and sequenced by a Sequenase v.2 DNA sequencing kit (Amersham) with
dideoxy-mediated chain termination.

. Resulting sequences are searched and compared to the Genbank database using

the BLAST program from the National Institutes of Health (NIH).
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Subtractive Cloning of Differential Genes
Using RNA-PCR

Shao-Yao Ying and Shi-Lung Lin

1. Introduction

The ability to compare two different messenger RNA (mRNA) or comple-
mentary DNA (cDNA) libraries has permitted studies into the role of differen-
tially expressed genes involved in the mechanisms of neoplastic transformation,
developmental regulation, therapeutic effects, pathological disorders, and cell-
physiological phenomena. Understanding the alterations of gene expression
and chromosomal rearrangement between normal and disordered cells is
important for gene therapy, eugenical improvement, pharmaceutical design,
and etiological investigation.

Several methods have been designed to detect and isolate different cDNA
sequences that are present in one cDNA (1) or mRNA (2,3) library but absent
in another. The most commonly used one is subtractive hybridization cloning,
which involves the elimination of homologous sequences from the mixture
of two mutually compared nucleotide libraries. This method relies upon the
formation of homologous hybrid duplexes between a control cell library
(subtracter) and another cell library of experimental treatments, disorders,
or morphological/functional changes (tester). After the homolog is removed,
the remaining cDNA sequences are the desired differentially expressed genes
only present in the tester, which is highly related to the treatments, disorders,
or changes of interest.

The feasibility of subtractive cloning, however, is usually limited by the
generation of abundance of mRNA, limited number of cells, and heterogenous
tissue sources. To reach sufficient subtraction force, a minimal amount of 20 ug
mRNA or 200 pg total RNA is needed for the library of subtracter. The use

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
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of RNA-PCR (polymerase chain reaction)-derived poly(A*) RNA library can
overcome such problem and provides reproducible mRNA/cDNA sources for a
more consistent library comparison. Moreover, the RNA-PCR is able to amplify
mRNA/cDNA libraries from a few homologous tissue cells, which facilitate
in vivo gene analysis at the single-cell level. Furthermore, the resulting cDNA
is amplified by RNA-PCR, which has been proven to be of high fidelity,
lineage, and reproducibility (4). Use a few homogenous cells microdissected,
subtractive hybridization, and the RNAPCR technique to clone differentially
expressed genes is called subtractive cloning. For the subtractive cloning of
unknown differential genes, the present method provides a convenient and
reliable approach.

2. Materials

2.1. Immobilization of a Poly(A*) RNA Library
by Oligo-(dT)-Linked Beads

1. Diethyl pyrocarbonate (DEPC) H,O: Stir double-distilled water (ddH,0) with
0.1% DEPC for more than 12 h and then autoclave at 120°C under about
1.2 kgf/cm? for 20 min, twice.

2. Olig-o(dT)-linked beads (such as Oligotex resin, Qiagen, Valencia, CA).

3. Washing buffer: 50 mM sodium citrate (pH 7.6), 0.5 M NaCl, 1 mM EDTA, 0.1%
sodium lauryl sarcosinate, and 0.1% DEPC.

4. Crosslinking buffer: 50 mM sodium citrate (pH 7.0), 0.5 M NaCl, 1 mM EDTA,
20% formamide, 5% dimethyl sulfoxide (DMSO), and 4 mM ascorbic acid;
prepare just before use.

5. Crosslinking agent: 5 mM 2,5-diaziridinyl-1,4-benzoquinone, prepare just
before use.

6. Subtractive hybridization buffer: 3 mM EPPS (N-(2-hydroxyethyl)piperazine-
N-3-propansulfonic acid) (pH 8.0), 0.5 M NaCl, and 3 mM EDTA.

7. Incubation chamber: 70°C.

Incubation mixer: 54°C, 100g vortex for 30 s between every 3-min interval.

*®

2.2. Preparation of a cDNA Library

1. Poly(dT),, primer: dephosphorylated 5'-dTTTTTTTTTT TTTTTTTTTT
TTTT-3" (100 pmol/uL).

2. AMV reverse transcriptase (50 U/uL) and 10X reverse transcription buffer
(500 mM Tris-HCI [pH 8.5] at 25°C, 80 mM MgCl,, 300 mM KCI, and 10 mM
dithiothreitol [DTT]).

3. Reverse transcriptase mix: 7 uL DEPC-treated ddH,O, 2 uL 10X reverse
transcription buffer, 2 uL of 10 mM dNTP mix (10 mM each of dATP, dGTP,
dCTP, and dTTP), 1 uLL RNasin (25 U/uL), and 2 uL. AMV reverse transcriptase;
prepare just before use.

4. Incubation chamber: 65°C, 42°C, and 50°C.
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5. Purification spin column: 100 bp cutoff filter, such as a Microcon-50 centrifugal
filter (Amicon, Beverly, MA).

2.3. Hybridization of the cDNA Library
to the Immobilized Poly(A*) RNAs

1. Subtractive hybridization buffer: 3 mM EPPS (pH 8.0), 0.5 M NaCl, and 3 mM
EDTA.
2. Incubation mixer: 37°C, 100g vortex for 30 s between every 30 min interval.

2.4. Amplification of Nonhybridized cDNAs Using RNA-PCR

1. Terminal transferase reaction mix: 4 L. DEPC-treated ddH,0, 3 uL. 10X terminal
transferase tailing buffer (500 mM Tris-HCl [pH 8.0] at 25°C, 400 mM KCl, 80 mM
MgCl,, 100 mM DTT; prepare fresh), 1 uL. 10 mM dCTP, and 2 pL terminal
deoxynucleotidyl transferase (25 U/uL); prepare just before use.

2. Purification spin column: 100 bp cutoff filter.

3. Oligo-(dG)(N-T7 RNA promoter primer mix: dephosphorylated 5’-GGCAGT
GAAT TGTAATACGA CTCACTCACT ATAGGGAAGG CGGGGGGGN-3’
(N =A, T, or C; total 100 pmol/uL).

4. 10X RT&T buffer: 600 mM Tris-HCI (pH 8.3) at 25°C, 300 mM KCl, 80 mM
MgCl,, 100 mM DTT, and 5 M betaine.

5. Double-stranding reaction mix: 6 uL. DEPC-treated ddH,O, 1 pL 10X RT&T
buffer, 1 uL 10 mM dNTP mix (10 mM each for dATP, dGTP, dCTP, and dTTP),
1 UL Tag and Pwo DNA polymerase mixture (5 U/UL); prepare just before use.

6. RNA-PCR reaction mix: 4 uL. 10X RT&T buffer, 4 uL 10 mM dNTP mix (10 mM
each for ATP, GTP, CTP, and UTP), 4 uL 10 mM dNTP mix (10 mM each
for dATP, dGTP, dCTP, and dTTP), 1 uL RNasin (25 U/uL), 2 uL. T7 RNA
polymerase (80 U/uL); prepare just before use.

7. Poly(dT),, primer: dephosphorylated 5'-dTTTTTTTTTT TTTTTTTTTT
TTTT-3" (100 pmol/uL).

8. AMV reverse transcriptase (50 U/uL).

9. Incubation chamber: 65°C, 42°C, 50°C, 94°C, and 68°C.

10. Incubation mixer: 37°C, 100g vortex for 30 s between every 30 min interval.

3. Methods

3.1. Immobilization of a Poly(A*) RNA Library
by Oligo-(dT)-Linked Beads

The subtraction force is provided by the homologous affinity of 20 pg RNA-
PCR-derived RNA (1) or at least 200 g total RNA to a compared first-strand
cDNA library. Poly(A*) RNA is selectively bound by beads through poly(dT)
ligand, which contains about 20-30 deoxythymidylate oligonucleotides. Many
kinds of commercial oligo-(dT)-linked beads are available for mRNA purifica-
tion, including cellulose, Sephadex, latex resin, and so on. They are all suitable
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for the subtractive cloning of differential expressed genes as shown here. For
demonstration purposes, we use oligo-(dT)-latex resin as an example because
of its high binding efficiency.

1. Hybridization of poly(A*) RNA to oligo-(dT)-latex: Suspend 20 ug mRNA in
40 pL of washing buffer, mix well with 40 uL oligo-(dT);-latex beads, heat to
70°C for 5 min to minimize secondary structure, cool to 54°C for 15 min for
primer hybridization, and then cool on ice. Occasionally, mix the reaction every
3 min to prevent precipitation of beads. The above procedure can be repeated
once for better binding coverage.

2. Covalent immobilization: Add 100 pL of crosslinking buffer and 10 puL of
crosslinking agent into the reaction and mix well. Incubate the reaction at 54°C
for 10 min.

3. Washing and collecting RNA-bound beads: Spin the reaction 5 min at 14,000g
and discard the suspension solution. Add 200 uL of washing buffer into the
microtube and mix well with the bead precipitate. Spin 5 min at 14,000g and
discard the suspension solution. Add 200 pL of subtractive hybridization buffer
into the microtube and mix well with the beads. Spin 5 min at 14,000g and
discard the suspension solution. Again, add 40 UL of subtractive hybridization
buffer into the microtube and mix well with the beads. Separate the 40 puL of
the purified RNA-bound beads into two aliquots and store at a —80°C freezer or
perform the next step immediately.

3.2. Preparation of a cDNA Library

Following the procedure described in Chapter 12, a first-strand cDNA library
is prepared by reverse transcription and can be further amplified by RNA-
PCR for screening differential genes after subtractive cloning. The starting
cDNA library is generated by reverse transcription of 0.1 pg total RNA.
Poly(A*) RNA is selected using poly(dT) primers, which contains about
20-26 deoxythymidylate oligonucleotides.

1. Primer annealing: Suspend RNA in 5 uL of DEPC-treated water, mix well with
1 uL poly(dT),, primer, heat to 65°C for 5 min for minimizing secondary struc-
ture, cool to 50°C for 1 min for primer hybridization, and then cool on ice.

2. First-strand cDNA synthesis: Add 14 pL of first reverse transcriptase mix and
heat to 42°C for 50 min. Add another 1 UL of reverse transcriptase and mix.
Continue to incubate the reaction at 42°C for 30 min, heat to 50°C for 10 min,
and then cool on ice. The RNA is still attached noncovalently to the cDNA.

3. Denaturation: Heat the reaction at 94°C for 3 min and then cool on ice
immediately.

4. Primer removal and buffer exchange: Load the reaction into a purification spin
column, spin 10 min at 14,000g, and discard the flowthrough. Add 200 puL of
DEPC-treated ddH,O into the spin column to wash the cDNA, spin 10 min at
14,000g, and discard the flowthrough. Add 20 uL of subtractive hybridization
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buffer into the spin column to dissolve the cDNA, place the spin column upside
down in a new collecting microtube, and spin 3 min at 3000g. Store the 20 uL of
the purified cDNA in a —20°C freezer or perform the next step immediately.

3.3. Hybridization of the cDNA Library
to the Immobilized Poly(A*) RNAs

When a cDNA sequence is homologous to a RNA sequence on the bead, the
homolog will be trapped by the bead and selected out by centrifugation. The
cDNAs remaining in the suspension solution after subtraction hybridization
are the differential gene products of interest.

1. Subtractive hybridization: Add 20 pL of the above cDNA preparation into 20 uLL
of the purified RNA-bound beads and mix well. Incubate the reaction at 65°C
for 30 min and occasionally mix the reaction every 3 min for more completely
subtractive coverage.

2. Sample collection: Spin the reaction 5 min at 14,000g and collect the suspension
solution.

3. Subtractive hybridization: Add the above suspension solution into 20 uL of
the purified RNA-bound beads and mix well. Incubate the reaction at 65°C for
30 min and occasionally mix the reaction every 3 min for a more complete
subtractive coverage.

4. Sample collection: Spin the reaction 5 min at 14,000g and collect the suspension
solution. Load the suspension solution into a purification spin column, spin
10 min at 14,000g, and discard the flowthrough. Add 200 pL. of DEPC-treated
ddH,0 into the spin column to wash the cDNA, spin 10 min at 14,000g, and
discard the flowthrough. Add 20 uL of DEPC-treated ddH,O into the spin column
to dissolve the cDNA, place the spin column upside down in a new collecting
microtube, and spin 3 min at 3000g. Store the 20 pL of the purified cDNA in a
—20°C freezer or perform the next step immediately.

3.4. Amplification of Nonhybridized cDNAs Using RNA-PCR

The subtracted cDNA is then tailed by poly(dC)-oligonucleotide and flanked
by poly(dT)-oligonucleotide in its 3" and 5’ termini, respectively. These
homopolymeric termini not only maintain the full-length conformation of the
cDNA but also serve as binding regions for promoter-linked oligo-(dG) and
poly(dT) primers (see Chapter 12). The final differential cDNAs are therefore
displayed by RNA-PCR amplification.

1. TdT tailing reaction: Add 10 uL of terminal transferase reaction mix to the
purified cDNA and mix well. Incubate the reaction at 37°C for 30 min and
occasionally mix the reaction every 5 min for better tailing coverage. Heat to
94°C for 1 min to stop the tailing reaction.

2. Buffer exchange: Load the reaction into a purification spin column, spin 10 min
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10.
11.

at 14,000g, and discard the flowthrough. Add 200 uL of DEPC-treated ddH,O
into the spin column to wash the dC-tailed cDNA, spin 10 min at 14,000g,
and discard the flowthrough. Add 20 pL. of DEPC-treated ddH,O into the spin
column to dissolve the dC-tailed cDNA, place the spin column upside down
in a new collecting microtube, and spin 3 min at 3000g. Perform the next step
immediately.

Primer annealing: Add 1 pL of oligo-(dG),(N-T7 RNA promoter primer mix
into 20 UL of the dC-tailed cDNA and mix well. Heat to 94°C for 3 min, cool to
50°C for 10 min, and then cool on ice.

cDNA double-stranding: Add 9 UL of cDNA double-stranding reaction mix to the
21 pL reaction, mix well, and then incubate the reaction at 68°C for 10 min.
Primer removal: Load the reaction into a purification spin column, spin 10 min
at 14,000g, and discard the flowthrough. Add 200 uL of DEPC-treated ddH,O
into the spin column to wash the double-stranded cDNA, spin 10 min at 14,000g,
and discard the flowthrough. Add 20 pL. of DEPC-treated ddH,O into the spin
column to dissolve the double-stranded cDNA, place the spin column upside
down in a new collecting microtube, and spin 3 min at 3000g. Perform the next
step immediately.

In vitro transcription reaction: Add 15 UL of RNA-PCR reaction mix to the
20 uL purified cDNA and mix well. Incubate the reaction at 37°C for 2 h and
occasionally mix the reaction every 30 min.

Primer annealing: Add 2 uL of poly(dT),, primer into the reaction and mix well.
Heat to 65°C for 5 min, cool to 50°C for 1 min, and then cool on ice.

Reverse transcription: Add 4 uL of AMV reverse transcriptase into the reaction
and mix well. Heat to 42°C for 55 min and then 52°C for 5 min. Add another 1 pLL
of reverse transcriptase and mix well. Continue to incubate the reaction at 42°C
for 30 min, heat to 94°C for 3 min, and then cool on ice.

Primer removal: Load the reaction into a purification spin column, spin 10 min
at 14,000g and discard the flowthrough. Add 200 uL of DEPC-treated ddH,O
into the spin column to wash the double-stranded cDNA, spin 10 min at 14,000g,
and discard the flowthrough. Add 20 pL. of DEPC-treated ddH,O into the spin
column to dissolve the double-stranded cDNA, place the spin column upside
down in a new collecting microtube, and spin 3 min at 3000g. Store the 20 uL of
the purified cDNA in a —20°C freezer or perform the next step immediately.
Cycling amplification: Repeat steps 1-7 one more time.

Differential gene assessment: 3% agarose gel electrophoresis.
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Strategy for Construction of a cDNA Encoding
a Repetitive Amino Acid Sequence

Masahiro Asada and Toru Imamura

1. Introduction

The polymerase chain reaction (PCR) is a powerful method permitting
generation of almost any desired cDNA sequence. Construction of cDNA
fragments that encode repetitive amino acid sequences by PCR has proven
problematic, however, as repetitive nucleotide primers tend to amplify unde-
sired fragments (because of their misannealing with the template). To overcome
this problem, Dombrowski and Wright (1) developed a solid-phase gene-
assembly protocol, but because this technique requires preparation of a solid-
phase reaction system, it cannot be routinely performed in most laboratories.
Here, we describe a new strategy that makes use of standard PCR protocols, yet
enables assembly of cDNAs encoding repetitive amino acid sequences (2).

By strategically varying the third nucleotide of each codon, we were able
to construct successfully a cDNA that encoded 10 repeats of the peptide
AlaThrProAlaPro, a motif for O-glycosylation (3). This strategy is not limited
to the introduction of clustered O-glycans into proteins, but it should also be
useful for the creation of other cDNAs encoding repetitive short peptides.

2. Materials

1. DNA polymerase with adequate buffers: TaKaRa Tag DNA polymerase (Takara
Shuzo, Siga, Japan) was used in the experiments described in this chapter.
More recently, we have routinely used KOD-plus- DNA polymerase (Toyobo,
Osaka, Japan), which works well for the construction of artificial DNAs rich
in repetitive sequences.

2. Oligonucleotide primers: Custom oligonucleotide primers were synthesized by
Espec Oligo Service Corp. (Tsukuba, Japan), and purified using a C-18 cartridge.
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3. Thermal cycling machine: Any thermal cycler designed for PCR can be used.
However, because the optimal conditions for PCR vary among thermal cyclers,
we strongly recommend that the best thermal cycling conditions for the chosen
are ascertained. All of the reactions described here were performed using a
TaKaRa PCR Thermal Cycler MP (Takara Shuzo).

4. Reagents and equipment for agarose gel electrophoresis: A mupid-2 mini
electrophoresis unit (Cosmo Bio, Tokyo, Japan) was used for agarose gel
electrophoresis. Agarose (A-6013) was purchased from Sigma—Aldrich Co. (St.
Louis, MO), and molecular-weight markers for electrophoresis was purchased
from Invitrogen Corp. (Carlsbad, CA).

5. Reagents and kit to extract DNA from agarose gel: The DNA fragment separated
by agarose gel electrophoresis was extracted using ultrafree-MC UFC3-0DV-25
(Millipore Corp., Bedford, MA), the manufacturer’s instructions (application
sheet Vol. L/S 5) being followed exactly.

6. Vector DNA.

7. A complementary DNA (cDNA) encoding the target protein, into which the
repetitive amino acid sequence should be introduced.

8. Escherichia coli strains and reagents to cultivate the bacteria: DH5a was used for
all the experiments described in this chapter. For the cultivation of the bacteria,
Luria-Bertani’s broth (LB), LB-agar, and ampicillin are also required.

9. Restriction enzymes.

10. Reagents for DNA ligation: All DNA-ligation reactions described here were
performed by means of a DNA ligation kit, ver. 2 (Takara, Shiga, Japan).
Recently, we found that a Quick Ligation Kit (New England Biolabs, Beverly,
MA) also gave good results for our purposes.

3. Methods
3.1. General Strategy for Creation of an Artificial DNA

The strategy described in this chapter is based on the overlap extension
protocol (4). As shown schematically in Fig. 1, PCR is performed without
template DNA, using primers A and B to generate the 5" half of the desired
sequence. In the same way, the 3’ half is generated by PCR using primers C
and D. Because these products overlap each other in sequence at the region
common to primers B and C, mixing them can cause the DNA fragments to
anneal each other and function as a template for the second-round PCR. Thus,
a mixture of the first-round PCR products is used as a template, and the
second-round PCR is performed using primers E and F. As the result, a DNA
fragment with the desired repetitive sequence is generated, as shown in Fig. 1.
To introduce this DNA fragment into the target cDNA of interest, we then use
it as a template for the subsequent overlap extension PCR.
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desired repetitive sequence

5'-anchor repeating jirepeating |repeatingy repeating ||3"-anchor
sequence | {cassette-1jcassette-2jcassette-3] ~ 77T cassette-N|| sequence
> i
primer A —2T s B
_——-—-—» .
i C primer D
primer -
primer E primer F

Fig. 1. Outline of the strategy used to construct the DNA encoding a repetitive amino
acid sequence. The repetitive sequence comprises an N-times repeat of a peptide-
encoding cassette created between anchor sequences. Primers A and B are designed for
the 5” half of the desired DNA and primers C and D for the 3’ half. Primers A and B, or
C and D, share complimentary 3" ends that enable generation of primer dimers.

The products of the first-round PCR (i.e., the 5" half and 3" half of the desired DNA)
share the same sequence where primers B and C overlap each other. In a mixture, the
first-round PCR products therefore anneal each other and can serve as a template for
the second-round PCR. In the second-round PCR, primers E and F are used to generate
a full-length desired repetitive DNA fragment.

3.2. Designing a cDNA for the Desired Repetitive
Amino Acid Sequence

The most critical point in the generation of a cDNA encoding a repetitive
amino acid sequence by PCR is the avoidance of undesired misannealing
during the PCR process. To avoid misannealing, the third nucleotide of each
codon encoding an amino acid should be degenerated as much as possible.
In the case of the sequence of a motif for O-glycosylation, the amino acids
comprising this motif (i.e., alanine [Ala: A], proline [Pro: P], and threonine
[Thr: T]) are encoded by codons GCX, CCX, and ACX, respectively, where
X is any nucleotide. We therefore designed four nucleotide cassettes that each
encoded ATPAP and differed from one another only in the last nucleotide in
each codon (see Fig. 2A).

To avoid misannealing between the cassettes, more than three cassettes of
the ATPAP unit were synthesized in a single oligonucleotide format (see Fig.
2B). In designing the desired cDNA sequence for first-round PCR, the cassettes
should not be placed in the same order in the 5" half and 3’ half (see Note 1).

At the two ends of the DNA encoding the repetitive amino acid sequence,
anchor sequences can be added, and the result would serve as a specific
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Fig. 2. Construction of a cDNA encoding a repetitive Ala-Thr-Pro-Ala-Pro sequence.
(A) Four oligonucleotide cassettes, each encoding the pentapeptide O-glycosylation
unit Ala-Thr-Pro-Ala-Pro. (B) Schematic diagram of the construction of a cDNA
encoding the [Ala-Thr-Pro-Ala-Pro],, cassette, which is to be inserted between the
signal peptide and the N-terminus of FGF-1. Each O-glycosylation unit is indicated
by a bracket containing the symbol of the last nucleotide in each codon, as shown in
panel A. PCR protocols were initially carried out separately using oligonucleotides
#235 and #225, or #226 and #236, without a template. A mixture of the two reaction
products was then subjected to PCR using primers #237 and #238. (C) Alignment
of the primers with the completed sequence. The nucleotide sequences encoding the
signal peptide and the FGF-1 N-terminus are underlined. The EcoRI recognition
sites are indicated by asterisks. Primers are shown by arrows. (D) Agarose gel (4%)
electrophoresis of the PCR products and the enzyme digest of the final clone. Lane 1,
the first PCR product obtained using #235 and #225 (106 bp); lane 2, the first PCR
product obtained using #226 and #236 (123 bp); lane 3, the second PCR product
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template for the subsequent overlap extension PCR, in which the generated
repetitive sequence is introduced into the target sequence of interest. In general,
each anchor sequence should be around 20-mer, to prevent the primers for the
second-round PCR from annealing with the repetitive sequence.

3.3. Primer Design for PCR

The design of the PCR primers is the key to the success of this protocol,
especially for the avoidance of misannealing. In the first-round PCR, no
template is added to the initial reaction mixture; therefore, the reaction products
are generated as a so-called primer dimer. To generate the primer dimer as
intended, the 3” end of each primer is very important. To encode the desired
repetitive amino acid sequence, the first and second nucleotides of the codon
appear many times. Thus, the 3" end nucleotide in each primer should match
with the third nucleotide in the codon to ensure correct annealing of the primers.
For effective annealing, the primers used for the first-round PCR should be
designed to overlap about 810 nucleotides at their 3" ends.

To enable effective annealing in the second-round PCR, the 5’ half and
3’ half of the entire repetitive sequence should overlap each other by about
20 nucleotides. As in the case of the first PCR, it is preferable that the termini
to be elongated (i.e., the 3’-terminal nucleotide of the 5" half and the 5" terminal
nucleotide of the 3" half) should correspond to the third nucleotide in the codon
(i.e., the 5’-end nucleotide of primer B and that of primer C should correspond
to the third nucleotide in the codon).

The design of the primers for the second-round PCR is relatively easy. To
avoid their misannealing with the template repetitive sequence, the greatest
part of these primers is designed to anneal with the anchor sequences at the
two ends of the generating repetitive sequence. This ensures the specificity
of the primers used for the second-round PCR. When introducing a repetitive
amino acid sequence into the N-terminus of the target protein, it is an effective
approach to include the 5’-terminal nucleotide sequence of the respective cDNA
as the 3’-anchor sequence. If the repetitive sequence is to be introduced at the
C-terminus, the 5’-anchor sequence can be that of the 3’-terminal sequence
of the target protein.

An example of the construction of the DNA encoding the repetitive ATPAP
sequence for clustered O-glycosylation, including the exact nucleotide sequence
and the primers used, is illustrated in Fig. 2C.

Fig. 2. (continued) (207 bp); lane M, 25 bp ladder markers (Invitrogen Corp.);
lane 4, EcoRI digest of the clone N-[ATPAP],,-secFGF/pBS/#9 (195 bp). Arrowheads
indicate the DNA bands having the expected sizes. (From ref. 2 with permission.)
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3.4. First-Round PCR

Without a template DNA, the two combinations of forward and reverse
primers (primers A and B, or primers C and D, 8 pmol/uL each) were mixed
individually with ANTP (0.2 mM) and subjected to PCR using adequate DNA
polymerase. The choice of DNA polymerase is a critical issue for this protocol
(see Note 2); therefore, it is recommended that several kinds of polymerase be
examined to see which gives the best results.

The thermal cycling conditions are also important for satisfactory results.
The annealing temperature is critical to avoid undesired byproducts and to
obtain a high yield of the expected products. The extension time is not a
problem, as the desired sequence is a short DNA. It is recommended that
pilot experiments should be performed to determine the optimal conditions
for amplification. In the case of the construction of a DNA fragment encoding
ATPAP repeats for clustered O-glycosylation, the amplification protocol
consisted of 30 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 30 s.

After resolving the PCR product by agarose gel electrophoresis, the distinct
bands of the 5’- and 3” halves were excised (Fig. 2D, lanes 1 and 2; see Note 3).
The gel pieces were frozen in an ultrafree-MC cup for 10 min and then thawed
at 37°C. The extracted DNA was collected by centrifugation (11,500g, 10 min,
at 4°C), purified by ethanol precipitation, and used for the subsequent experi-
ments.

3.5. Second-Round PCR

The DNAs extracted as in Subheading 3.4. were mixed and used as the
template for the second-round PCR. The quantity of the template is also
important for specific amplification in the second-round PCR (see Note 4). In
Fig. 1, primers E and F are used for this reaction (8 pmol/uL each).

The thermal cycling conditions should be optimized as in Subheading 3.4.
In the case of the construction of a DNA fragment encoding ATPAP repeats
for clustered O-glycosylation, the amplification protocol of the second PCR
consisted of 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. The
reaction product was resolved by agarose gel electrophoresis, and the target
DNA fragment was isolated (Fig. 2D, lane 3).

3.6. Cloning of the PCR Product into a Cloning Vector

Any protocol can be used to clone the PCR product into a cloning vector.
In our experiment, as EcoRI recognition sites were introduced by the second-
round PCR as anchor sequences, the PCR product was subcloned into a
pBluscript® II (KS+) vector (Stratagene) at the EcoRI site. The DNA Ligation
Kit, ver. 2 (Takara) is useful and effective for ligation, and the resultant ligation
mixture was used to transform DH5o E. coli cells (see Note 5).
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Fig. 3. Introduction of the desired repetitive sequence into the cDNA of interest.
As in the case of the second-round PCR, the PCR products generated by primers G
and H and primers E and F can anneal at the respective ends of the fragment. Thus,
using mixtures of these two reaction products as a template and primers G and F for
the third-round PCR, a cDNA is obtained that encodes both the repetitive amino acid
sequence and the protein of interest.

Positive clones were initially identified on the basis of their ampicillin
resistance and white color. The clones were then screened by direct PCR
using vector primers to reveal the size of the inserted sequence, and several
promising clones with inserts of the expected size were obtained. The size of
the insert was further verified by digestion with EcoRI (Fig. 2D, lane 4), and
the sequence was verified by direct sequencing.

3.7. Introducing the Repetitive Amino Acid Sequence
into the Protein of Interest

The resultant DNA encoding the repetitive amino acid sequence is finally
linked with a cDNA encoding a protein of interest. This process is also
performed using the overlap extension protocol (see Fig. 3). Because the
second-round PCR product contains an anchor sequence sharing a common
sequence with the cDNA of the protein of interest, the PCR product obtained
by the use of primers G and H can anneal with the PCR product obtained using
primers E and F. Therefore, a mixture of the products of each PCR works as a
template for the third-round PCR to yield a cDNA encoding the target protein
of interest with the desired repetitive amino acid sequence.

In our example, the DNA encoding a cluster of O-glycans can be success-
fully linked to a cDNA encoding secretable fibroblast growth factor (FGF)
polypeptide (5). The generated cDNA had the expected size and the correct
sequence (6).

This strategy is an effective way of introducing ATPAP units into any protein
of interest. Furthermore, with appropriate modifications, it should be possible
to generate cDNAs encoding other repetitive short peptides.
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4. Notes

1. In designing the DNA sequence for the desired repetitive amino acids, theoreti-
cally the nucleotides designated X (the third nucleotide in each codon) in each
cassette could be arranged in a wide variety of ways to eliminate the possibility
of misannealing. However, in practice, it is not easy to design the sequence of
the nucleotides so as to eliminate emergence of the same sequence. Therefore,
we fixed the third nucleotide in each cassette and just shuffled the cassettes to
randomize the order of appearance.

2. The choice of DNA polymerase is critical for the success of this protocol.
Generally, it is considered that an o-type proofreading polymerse (such as Pfu
polymerse, Vent polymerse, etc.) is preferable for DNA construction. However,
for the present protocol, we believe that the traditional Tag polymerase (Pol
I-type) is preferable. The reason is that the 3’5 exonuclease activity of such
a proof-reading polymerase can eliminate mismatched nucleotides if a misan-
nealing of the primers with an undesired region takes place. This leads to the
occurrence of mispriming, a consequent amplification of a variety of products
differing in size, and a decreased yield of the desired DNA.

Recently, hybrid- or mixed-type DNA polymerases have become commercially
available. Such polymerases, such as KOD-plus- polymerase, proved to give
good results in our experiments.

3. It is frequently observed that the PCR product appears as smeared or multiple
bands on an electrophoresis gel. This is likely to be the result of an unintended
amplification reaction and can be ignored. If a distinct band with the expected
size can be identified, the DNA extracted from the band is useful for the next
process. In our example, as shown in Fig. 2D (lanes 1 and 2), several bands
appeared in the first PCR product. However, excising only the expected bands
gave successful results in subsequent experiments.

4. The amount of the template DNA necessary for the second-round PCR varies
among experiments. In our experiments, using one-twentieth to one-fifth of the
extract of the first-round PCR product as a template gives a satisfactory results.
Using too much template DNA increases the chances of misannealing and of
undesired byproducts.

5. Various TA cloning kits are available from a number of companies, such as
Invitrogen Corp. and Qiagen Inc. The PCR product, especially the one generated
by a Pol I-type DNA polymerase, is easy to clone into one of these vectors by
following the standard protocol suggested.
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Preparing Lambda Libraries for Expression
of Proteins in Prokaryotes or Eukaryotes

Rebecca L. Mullinax and Joseph A. Sorge

1. Introduction

Complementary DNA (cDNA) libraries represent the information encoded
in the messenger RNA (mRNA) of a particular tissue or organism. RNA
molecules are exceptionally labile and difficult to amplify in their natural
form. For this reason, a cDNA library is created by converting the information
encoded by the RNA into a stable DNA duplex (cDNA) and then inserting it
into a self-replicating lambda or plasmid vector. Individual cDNA representing
the original genetic information can be isolated from the cDNA library and
examined with relative ease.

Lambda vectors are commonly used to generate high-quality cDNA libraries.
For example, the Uni-ZAP® XR vector (1) and Lambda ZAP-CMV® XR vector
(2) systems combine the high efficiency of lambda library construction and
the convenience of a plasmid system for expression of proteins in prokaryotes
and eukaryotes, respectively.

2. Materials

1. 3 M NaOAc: (per 100 mL), 40.82 g NaOAc * 3H,0, and deionized water up to
80 mL. Adjust pH to 5.2 using glacial acetic acid. Adjust volume to 100 mL with
additional deionized dH,O. Filter-sterilize or autoclave.

2. 70% (v/v) Ethanol: (per 100 mL) 70 mL molecular-biology-grade ethanol and

30 mL deionized water.

ZAP-cDNA® synthesis kit (Stratagene, La Jolla, CA).

Uni-ZAP® XR Vector (Stratagene, La Jolla, CA).

5. Lambda ZAP-CMV XR Vector (Stratagene, La Jolla, CA).

bl
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[o-32P]-labeled deoxynucleotide (800 Ci/mmol) ([3*P]dATP, [3*P]dGTP, or
[3>P]dTTP.

10X Alkaline agarose: (per 50 mL) 3 mL of 5.0 M NaOH, 2 mL of 0.5 M EDTA,
and 45 mL deionized H,O.

Saturated bromophenol blue (BPB): Add a small amount of bromophenol blue
crystals to 200 uL water and vortex. Centrifuge briefly and look for the presence
of an orange pellet. If a pellet is seen, the solution is saturated. If not, add more
crystals and repeat the procedure.

Alkaline agarose 2X loading buffer: 200 uL glycerol, 750 uL water, 46 uL
saturated BPB, and 5 pL of 5 M NaOH.

10X STE buffer: 1 M NaCl, 200 mM Tris-HCI (pH 7.5), and 100 mM EDTA.

1 mM MgSOy,: (per liter) Add 203.3 g MgSO, ¢ 7 H,O to 1 L deionized H,O.
Autoclave.

0.5 M isopropyl-1-thio-B-p-galactopyranoside (IPTG): (per 10 mL) Dissolve
1.19 g in 10 mL deionized H,O. Filter sterilize. Store in 1-mL aliquots at —20°C.
X-gal: (per 10 mL) Dissolve 2.5 g in 10 mL dimethyl formamide. Store in the
dark at —20°C.

SM buffer: (per liter) 5.8 g NaCl, 2.0 g MgSO, ¢ 7TH,0, 50.0 mL of 1 M Tris-HCI,
pH 7.5, 5.0 mL of 2% (w/v) gelatin, and deionized H,O to a final volume of 1 L.
Falcon® 2054 and 2059 polypropylene tubes.

LB broth: (per liter) 10 g NaCl, 10 g tryptone, 5 g yeast extract, and deionized
H,O to a final volume of 1 L. Adjust to pH 7.0 with 5 N NaOH. Autoclave.
LB-Tetracycline broth: (per liter) Prepare 1 L LB broth. Autoclave. Cool to 55°C
and add 1.5 mL of 10 mg/mL filter-sterilized tetracycline. Store broth in the
dark, as tetracycline is light sensitive.

LB-Tetracycline broth supplemented with 10 mM MgSO, and 0.2% (w/v)
maltose: (per liter). Prepare 1 L LB-tetracycline broth. Add 10 mL of 1 M MgSO,
and 2 g maltose prior to autoclaving.

LB-Tetracycline agar: (per liter) Prepare 1 L of LB broth. Add 15 g agar.
Autoclave. Cool to 55°C and add 1.5 mL 10 mg/mL filter-sterilized tetracycline.
Pour into Petri dishes (approx 25 mL/100-mm plate). Store plates in the dark,
as tetracycline is light sensitive.

NZY broth: (per liter) 5 g NaCl, 2 g MgSO, * 7H,0, 5 g yeast extract, 10 g NZ
amine (casein hydrolysate), and deionized H2O to a final volume of 1 L. Adjust
the pH to 7.5 with NaOH. Autoclave.

LB-Ampicillin agar plates: (per liter) Prepare 1 L of LB broth. Add 15 g
agar. Autoclave. Cool to 55°C and add 1.0 mL of 50 mg/mL filter-sterilized
ampicillin.

LB-Kanamycin agar plates: (per liter) Prepare 1 L of LB broth. Add 15 g
agar. Autoclave. Cool to 55°C and add 1.0 mL of 50 mg/mL filter-sterilized
kanamycin.

NZY top agar: (per liter) Prepare 1 L NZY broth. Add 7 g agarose. Autoclave.
NZY agar plates: (per liter) Prepare 1 L NZY broth. Add 15 g agarose. Autoclave.
Pour into Petri dishes (approx 80 mL/150-mm plate).
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Oligo(dT) linker-primer
TTTTTTTTTTTTGAGCTC 5°

Messenger RNA template 5° mRNA AAAAAAAAAAAA 3’
Reverse transcriptase
5-methyl dCTP
dATP, dGTP, dTTP
CHy CHz CHz CHy CHg Xho |
First-strand synthesis 3° TTTTTTTTTTTTGAGCTC 5°
5 QRN /. A A AAAAAAAA 3’
RNase H
DNA polymerase |
dNTPs
CHy CHz CHy CHy CHy Xho |
Second-strand synihesis 3 TTTTTTTTTTTTGAGCTC 57
5° DNA AAAAAAAAAAAACTCGAG 3’
EcoR | adapters
T4 DNA ligase
EcoR | CHs CHa CHs CHy CHy Xho | EcoR |
Adapter addition 3’ G... TTTTTTTTTTTTGAGCTC. . .CTTAA 5
5 AATTC. .. AAAAAAAAAAAACTCGAG. . .G 3’
1 Xho | restriction enzyme
EcoR | CH3 CH3 CH3 CH3 CH:3 Xho |
Xho | digestion 3° . TTTTTTTTTTTTGAGCT 5°
5° AATTC..! AAAAAAAAAAAAC 3’

Completed unidirectional cDNA

Fig. 1. cDNA synthesis.

3. Methods

The following includes methods for (1) converting mRNA to double-stranded
cDNA having EcoRI and Xhol-compatible ends, (2) directionally ligating the
cDNA to a vector, (3) analyzing recombinants to determine library quality, and
(4) screening recombinants. Additional information regarding these techniques
that is beyond the scope of this chapter can be found in ref. 3.

3.1. cDNA Synthesis

The ZAP-cDNA® synthesis kit converts poly(A) mRNA into double-
stranded cDNA having EcoRI and Xhol-compatible ends (4) (see Fig. 1). In
the first-strand synthesis reaction, mRNA is primed with a hybrid oligo-(dT)
linker—primer that contains an Xhol restriction site and is reverse-transcribed
using StrataScript reverse transcriptase and 5-methyl dCTP. Incorporation
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of 5-methyl dCTP during first-strand synthesis results in single-stranded
hemimethylated cDNA, which is protected from digestion with the restriction
enzyme Xhol. Therefore, only the unmethylated Xhol site within the linker—
primer is cleaved when the synthesized cDNA is incubated with Xhol.

First-strand cDNA is converted to double-stranded cDNA during a second-
strand synthesis reaction. In this reaction, RNase H nicks the RNA bound to the
first-strand cDNA to produce a multitude of fragments that serve as primers for
DNA polymerase I. DNA polymerase I “nick-translates” these RNA frag-
ments into second-strand cDNA. The second-strand nucleotide mixture has
been supplemented with dCTP to reduce the probability of incorporating
5-methyl dCTP into the second strand, ensuring that the restriction site in the
linker—primers will be digested with Xhol.

3.1.1. First-Strand cDNA Synthesis

1. For each reaction, combine (in this order) 5 uL of 10X first-strand buffer,
3 uL first-strand methyl nucleotide mixture, 2 UL linker—primer (1.4 pg/uL),
X uL diethyl pyrocarbonate (DEPC)-treated water (see Notes 1 and 2), and 1 pL
RNase block ribonuclease inhibitor (40 U/uL) in an RNase-free microcentrifuge
tube. Mix.

2. Add X uL poly(A)* RNA (5 ng) (see Notes 1 and 2). Mix gently and incubate
at room temperature for 10 min.

3. Add 1.5 pL StrataScript RT (50 U/uL). Mix gently and spin briefly. For a first-
strand synthesis control reaction, transfer 5 UL of each first-strand synthesis
reaction to a separate tube containing 0.5 uL of [0-3”P]-ANTP (800 Ci/mmol).
Incubate at 42°C for 1 h.

4. Place the nonradioactive first-strand synthesis reaction on ice. Store the radioac-
tive first-strand synthesis control reaction at —20°C for later analysis (see
Subheading 3.1.3.2.).

3.1.2. Second-Strand cDNA Synthesis

1. Add 20 pL of 10X second-strand buffer, 6 UL second-strand dNTP mixture,
114 pL sterile distilled water, and 2 pL of [a-3?P]-dANTP (800 Ci/mmol) to the
45-uL first-strand synthesis reaction.

2. Add 2 uL of RNase H (1.5 U/uL) and 11 puL of DNA polymerase I (9.0 U/uL)
(see Note 3).

3. Gently vortex, spin briefly, and incubate for 2.5 h at 16°C.

4. Place on ice.

3.1.3. Generating cDNA with EcoRI- and Xhol-Compatible Ends

Following second-strand synthesis, EcoRI- and Xhol-compatible ends are
created on the ends of the cDNA. In this process, the uneven termini are
incubated with cloned Pfu DNA polymerase to generate blunt ends. The first-
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and second-strand cDNA are then analyzed by denaturing gel electrophoresis
to determine the size range of the cDNA and if a secondary structure is present.
Following analysis, the cDNA is ligated to EcoRI adapters. These adapters
are composed of 10- and 14-mer oligonucleotides that anneal to each other to
generate a blunt end and a EcoRI-compatible end. The 10-mer oligonucleotide
is phosphorylated at the 5" end, which allows it to ligate to the blunt termini on
the double-stranded cDNA and to other adapters. The 14-mer oligonucleotide
is dephosphorylated at the 5" end to prevent it from ligating to other adapters.
After adapter ligation is complete and the ligase has been heat inactivated, the
14-mer oligonucleotide is phosphorylated to enable its ligation to the termini
of a dephosphorylated vector. The cDNA is then size fractionated to select for
cDNA of the desired length.

3.1.3.1. BLunTiNg cDNA TERMINI

1. Add 23 pL of blunting dNTP mix and 2 pUL of cloned Pfu DNA polymerase
(2.5 U/uL) to the second-strand synthesis reaction. Vortex, spin briefly, and
incubate at 72°C for 30 min.

2. Add 200 pL of phenol-chloroform (1:1 [v/v]) and vortex. Spin at maximum
speed for 2 min at room temperature. Transfer the upper aqueous layer to a new
tube. Avoid removing any interface that may be present.

3. Add an equal volume of chloroform and vortex. Spin at maximum speed for
2 min at room temperature and transfer the upper aqueous layer to a new tube.

4. Add 20 pL of 3 M sodium acetate and 400 uL of 100% ethanol and vortex.
Place at —20°C overnight.

5. Spin at maximum speed for 60 min at 4°C.

6. Carefully remove and discard the radioactive supernatant. Do not disturb the
large white pellet that accumulates near the bottom of the microcentrifuge tube
and may taper up along the side of the tube.

7. Gently wash the pellet by adding 500 uL of 70% (v/v) ethanol to the side of the

tube away from the pellet. Do not mix or vortex. Spin at maximum speed for

2 min at room temperature with the pellet toward the outside of the centrifuge.

Carefully aspirate the ethanol wash and dry the pellet by vacuum centrifugation.

9. Resuspend the pellet in 9 UL of the EcoRI adapters and incubate at 4°C for

at least 30 min.

10. Transfer 1 UL of this second-strand synthesis reaction to a separate tube and save

it as the second-strand synthesis control reaction. Store at —20°C.

*®

3.1.3.2. ANALYSIS OF FIRST- AND SECOND-STRAND SYNTHESIS REACTIONS

The size range and the presence of secondary structure in the cDNA is
determined by analyzing the first- and second-strand synthesis control reac-
tions by alkaline agarose gel electrophoresis. The size range is determined
by comparing the synthesized cDNA to molecular-weight DNA markers.
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The presence of a secondary structure or “hairpinning” is determined by
denaturation of the cDNA by the alkaline conditions. Hairpinning can occur in
either the first- or second-strand reactions when the newly polymerized strand
“snaps back” on itself and forms an antiparallel double helix.

1. Melt 0.5 g of agarose in 45 mL of water and cool to 55°C.

2. Add 5 mL of 10X alkaline buffer, swirl to mix, and pour immediately onto the
glass slide with minigel comb (see Notes 4 and 5).

3. Combine the sample with an equal volume of alkaline agarose 2X loading buffer
and vortex.

4. Run the gel with 1X alkaline buffer at 100 mA and monitor the system for heat.
If the apparatus becomes warmer than 37°C, reduce the amperage. The migration
of the BPB in alkaline agarose is similar to the migration in regular agarose and
should be run to at least one-half or three-quarters distance of the gel. The alkali
condition causes the blue dye to fade.

5. Expose the gel to X-ray film to visualize the radiolabeled first- and second-strand
cDNA. The test cDNA sample will run as a tight band at 1.8 kb and will show
distinctly different intensity between the first and second strands. This is the result
of the relative ratio of 0-3?P to the amount of NTP in the first- or second-strand
reaction. Normally, the second strand will be only one-tenth to one-twentieth the
intensity of the first-strand band.

3.1.3.3. EcoRI| AbaPTER LigATION AND XHol DIGESTION

Following ligation of the EcoRI adapters, the cDNA is digested with Xhol,
which releases the EcoRI adapter and a portion of the linker—primer from the
3" end of the cDNA. This results in double-stranded cDNA having EcoRI- and
Xhol-compatible ends and part of the linker—primer and EcoRI adapter.

1. Add 1 pL of 10X ligase buffer, 1 uL of 10 mM rATP, and 1 uL. T4 DNA ligase
(4 U/uL) to the blunted second-strand cDNA and the EcoRI adapters. Mix gently
and spin briefly.

2. Incubate overnight at 8°C or at 4°C for 2 d.

3. Heat at 70°C for 30 min.

4. Spin briefly. Cool at room temperature for 5 min.

5. Add 1 pL of 10X ligase buffer, 2 uL of 10 mM rATP, 6 pL sterile water, and
1 uL. T4 polynucleotide kinase (10 U/uL). Mix gently and incubate for 30 min
at 37°C.

6. Incubate at 70°C for 30 min. Spin briefly and cool at room temperature for
5 min.

7. Add 28 uL of Xhol buffer supplement and 3 uLL Xhol (40 U/uL). Incubate for
1.5hat37°C.

8. Add 5 pL of 10X STE buffer and 125 pL of 100% (v/v) ethanol and vortex.
Precipitate overnight at —20°C.



Preparing Lambda Libraries 277

B-Galactosidase
_

T3 T7
S
o ™~ o o5 3 o © o
D — 0 o © 0 O~3= FONN At a5 @ T F
o N © 0 BE a4 HARBLROEIOINNTIANY SN cacR R © 8 5
- ¥ < ] S Y BENISQuINYNNNGNaN N T PP d @ o ©
g © o v T x—Fx—FNﬁﬂNEﬁ—ENNEI_IOEEMOM_ = s W
= = = T T ooy g -_DE® E-TBOU===@ ©w T ©
= = S S © > © 5 £ 5C 0 B89ECGBocR2ERTEZRB 2 T 5
O D = = as c 2= 62 acgoldcEdEcoafaE g E £ © O
4 o = = <A ¢ SXYEXYNZXOOAWUIXXYXINO A ITIdOM » T 2 ¥
V4 | [ | N T =17 itz
A £5 wg2 1857 (nin5
J Es TEX cl857 (nin5)
<O

Fig. 2. Map of the Uni-ZAP XR lambda vector.

9. Spin at maximum speed for 60 min at 4°C. Discard the supernatant and dry
the pellet completely.

3.1.3.4. Size FracTiONATION OF cDNA

The sample is size fractionated to select for cDNA that are >400 bp.
Suitable methods include a drip column containing Sepharose CL-2B gel
filtration medium (see Note 6) and resin-packed microcentrifuge columns (see
Note 7). Size fractionation can be monitored using a handheld Geiger counter
because of the incorporation of radioactivity during first- and second-strand
synthesis. Phenol—chloroform extract, ethanol precipitate and analyze collected
fractions by nondenaturing agarose or acrylamide gel electrophoresis. The
analysis assesses the effectiveness of the size fractionation and identifies the
fractions that will be used for ligation. The fractions with the highest amount
of cDNA of the desired size range are used for ligation.

3.2. Ligating cDNA to a Lambda Vector

The use of lambda vectors results in high-quality cDNA libraries having
high numbers of members in the primary library and a low percentage of
vector without insert.

3.2.1. Uni-ZAP XR Vector System

The Uni-ZAP XR vector (see Fig. 2) has EcoRI- and Xhol-compatible ends
and will accommodate DNA inserts from O to 10 kb in length. The Uni-ZAP
XR vector can be screened with either DNA probes or antibody probes and
allows in vivo excision of the ampicillin-resistant pBluescript® phagemid
(see Fig. 3), allowing the insert to be characterized in a plasmid system. The
polylinker of the pBluescript phagemid has 21 unique cloning sites (multiple
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ampicilling lacZ'
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Fig. 3. Circular map of the pBluescript SK(-) phagemid vector (GenBank accession
no. X52324).

cloning site [MCS]) flanked by T3 and T7 promoters and a choice of 6 different
primer sites for DNA sequencing. The lacZ promoter (Plac) is used to drive
expression of fusion proteins (cDNA-lacZ’) suitable for immunoscreening,
Western blot analysis, or protein purification.

3.2.2. ZAP-CMV XR Vector System

The ZAP-CMV Express vector system combines the high efficiency of
lambda library construction and the convenience of a plasmid system for
expression of proteins in eukaryotes. The ZAP-CMV XR vector has EcoRI-
and Xhol-compatible ends and will accommodate DNA inserts up to 6.5 kb
in length (see Fig. 4). Inserts cloned into the Lambda ZAP-CMV XR vector
can be excised out of the phage in the form of the kanamycin-resistant pCM V-
Script® EX phagemid vector (see Fig. 5) by the same excision mechanism
used with the Lambda ZAP vectors (1). The polylinker of pCMV-Script EX
phagemid has 15 unique cloning sites flanked by T3 and T7 promoters and has
three primer sites for DNA sequencing. Selection of clones in prokayotic cells
is by expression of the neomycin- and kanamycin-resistance gene (neo/kan)
driven by the B-lactamase promoter (P bla) to render transfectants resistant
to kanamycin.

The unique ability to quickly and efficiently convert the lambda library
to a phagemid library allows for screening of either plaques or colonies for
the desired cDNA insert. Additionally, the library can be transfected into
mammalian cells for functional screening. Eukaryotic expression of inserts in
pCMV-Script EX is driven by the cytomegalovirus (CMV) immediate early (IE)
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Fig. 5. Circular map of the pCMV-Script EX phagemid vector.

promoter (P CMV) with the SV40 transcription terminator and polyadenylation
signal (SV40, pA) (see Fig. 5). Stable selection of clones in eukaryotic cells is
by expression of the neomycin- and kanamycin-resistance gene (neo/kan) with
TK transcription polyadenylation signals (TK, pA) driven by the SV40 early
promoter (P SV40) to render transfectants resistant to G418 (geneticin). The
pCMV-Script EX phagemid within the Lambda ZAP-CMV vector does not
contain an ATG initiation codon. Clones must contain their own ATG initiation
codon to be expressed.

3.2.3. cDNA and Lambda Vector Ligation

Lambda XR vector refers to either the Uni-ZAP® XR vector or the Lambda
ZAP®-CMV XR vector. The lambda XR vectors are digested with EcoRI
and Xhol and dephosphorylated with calf intenstinal alkaline phosphatase
(CIAP).

1. Prepare a control ligation by combining 1.0 uL of the lambda XR vector
(1 png), 1.6 uL of the test insert (0.4 pg), 0.5 uL of 10X ligase buffer, 0.5 uL
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of 10 mM rATP (pH 7.5), 0.9 uL of water, and 0.5 uL of T4 DNA ligase
(4 U/uL) (see Note 8).

2. Prepare a sample ligation by combining X pL of resuspended cDNA (approx
100 ng), 0.5 uL of 10X ligase buffer, 0.5 uL of 10 mM rATP (pH 7.5), 1.0 uL
of the lambda XR vector (1 pug/uL), X uL of water for a final volume of 4.5 puL,
and 0.5 uL of T4 DNA ligase (4 U/uL) (see Note 8).

3. Mix gently and incubate overnight at 12°C or for up to 2 d at 4°C.

3.2.4. Packaging Ligated cDNA and Lambda Vector

Packaging extracts are used to assemble the recombinant lambda phage DNA
and phage proteins into phage particles. Gigapack III Gold packaging extract
(5-8) is recommended because of its high packaging efficiency, resulting in
an increase in the size and representation of the gene library, and because it
is restriction minus (HsdR™ McrA~ McrBC~ McrF~ Mrr). Other commercially
available packaging extracts can restrict hemimethylated cDNA, therefore
producing low-titer libraries.

Package 1 puL of each ligation, including the control ligations, using
Gigapack III Gold packaging extract. A good representational primary library
size consists of approx 1 x 10° clones. If a low number of plaque-forming units
results from packaging the 1-uL ligation, package 2-3 UL of the remaining
ligation mixture in one packaging reaction.

1. Streak the XL.1-Blue MRF’ bacterial glycerol stock onto LB-tetracycline plates
and incubate overnight at 37°C.
2. Inoculate LB-tetracycline, supplemented with 10 mM MgSO, and 0.2% (w/v)
maltose, with a single colony. Incubate at 37°C with shaking for 4-6 h (do not
grow past an optical density [ODgqo] of 1.0). Alternatively, grow overnight at
30°C, with shaking (see Note 9).
Spin the cells at 500g for 10 min and discard the supernatant.
4. Gently resuspend the cells in half the original volume with sterile 10 mM
MgSO,.
5. Dilute the cells to an ODg, of 0.5 with additional sterile 10 mM MgSO,.
6. Remove the appropriate number of packaging extract vials from the —80°C
freezer and place on dry ice.
7. Quickly thaw a packaging extract by holding the tube between your fingers until
the contents of the tube just begins to thaw.
8. Add the experimental DNA immediately (1-4 uL containing 0.1-1.0 pug of
ligated DNA) to the packaging extract.
9. Stir the reaction mixture with a pipet tip to mix well. Gentle pipetting is allowable,
provided that air bubbles are not introduced.
10. Spin the tube quickly (for 3-5 s), if desired, to ensure that all contents are at
the bottom of the tube.
11. Repeat steps 7-10 with any additional samples.

b



Preparing Lambda Libraries 281

12. Incubate the tube at room temperature (22°C) for 2 h. Do not exceed 2 h (see
Note 10).

13. Add 500 pL of SM buffer and 20 uL of chloroform. Vortex and spin the tube
briefly.

14. Remove the supernatant containing phage particles and transfer to a fresh tube.

15. Add 20 pL of chloroform and vortex.

16. The supernatant containing the phage is ready for titering. Store the supernatant
at 4°C. The phage titer will decrease upon storage, therefore, amplification of the
primary library within a few days is highly recommended.

3.2.5. Determining Library Quality

The quality of a cDNA library is typically expressed as the number of clones
in the primary library and the percentage of vector with insert. The number of
clones in the primary library can easily be determined by titering the packaged
phage. The percentage of vector with insert can be determined by several
methods, including o-complementation (1,3) polymerase chain reaction (PCR)
analysis of individual plaques or colonies using vector-specific primers, and
restriction digestion or nucleotide sequencing of miniprep DNA isolated from
excised clones.

1. Prepare the XL1-Blue MRF’ strain as outlined in steps 1-5 of Subheading 3.2.4.

2. Prepare a 1:10 dilution of the primary library in SM buffer.

3. Add 1 pL of the primary library to 200 pL of host cells in a Falcon 2054 tube.
Add 1 pL of the 1:10 dilution of the primary library to a separate aliquot of
200 pL of host cells. Incubate at 37°C for 15 min.

4. Add 15 pL of 0.5 M IPTG (in water) and 50 pL of 250 mg/mL X-gal (in dimethyl
formamide [DMF]) to 2-3 mL of NZY top agar, melted and cooled to approx
48°C (see Note 11).

5. Add top agar mixture to phage and cells. Mix well by inversion. Pour immediately
on NZY agar plates and allow plates to set for 10 min or until top agar is
solidified.

6. Invert plates and incubate plates at 37°C. Plaques are visible after incubation for 6-8
h, although color detection may require overnight incubation. Background plaques
(vector without cDNA insert) are blue and should be <1 x 10° pfu/ug of lambda
vector, whereas recombinant plaques (vector with cDNA insert) will be white or
clear and should be 10- to 100-fold above the background (see Note 12).

7. Package remaining ligated cDNA as described in Subheading 3.2.4.

3.2.6. Ampilification of Primary Library

It is usually desirable to amplify libraries prepared in lambda vectors to
make a large, stable quantity of a high-titer stock of the library. More than one
round of amplification is not recommended, because slower growing clones
may be significantly underrepresented.
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1. Prepare the XL1-Blue MRF’ strain as outlined in steps 1-5 of Subheading 3.2.4.

2. Combine aliquots of the packaged mixture containing approx 5 x 10* pfu of
bacteriophage with 600 UL of host cells at an ODgg, of 0.5 in Falcon 2059
polypropylene tubes. To amplify 1 x 10° plaques, use a total of 20 aliquots (each
aliquot contains 5 x 10* plaques/150-mm plate). Do not add more than 300 pL
of phage/600 pL of cells. Incubate for 15 min at 37°C.

3. Mix 6.5 mL of NZY top agar, melted and cooled to approx 48°C, with each
aliquot of infected bacteria and pour evenly onto a freshly poured 150-mm
NZY agar plate.

4. After the NZY top agar solidifies, invert and incubate the plates at 37°C for
6-8 h. Do not allow the plaques to grow larger than 1-2 mm. On completion,
the plaques should be touching.

5. Overlay the plates with approx 8—10 mL SM buffer. Store the plates at 4°C
overnight (with gentle rocking, if possible).

6. Recover the bacteriophage suspension from each plate by tilting the plates
and removing the bacteriophage suspension with a 10-mL pipet. Pool the
bacteriophage suspensions into a sterile polypropylene container. Rinse the plates
with an additional 2 mL. SM buffer and pool. Add chloroform to a 5% (v/v) final
concentration. Vortex and incubate for 15 min at room temperature.

7. Remove the cell debris by centrifugation for 10 min at 500g.

8. Transfer the supernatant to a sterile polypropylene container. If the supernatant
appears cloudy or has a high amount of cell debris, repeat the chloroform
extraction. If the supernatant is clear, add chloroform to a 0.3% (v/v) final
concentration and store at 4°C. Preparing and storing aliquots of the amplified
library in 7% (v/v) dimethyl sulfoxide (DMSO) at —80°C as soon as possible
is highly recommended.

3.2.7. Titering the Amplified Library
Assume the amplified library is approx 10°-10!! pfu/mL.

1. Prepare the XL1-Blue MRF’ strain as outlined in steps 1-5 of Subheading 3.2.4.

2. Prepare the following dilutions of the amplified phage stock in SM buffer:
1:10,000, 1:100,000, 1:1,000,000.

3. Add 1 pL of the diluted phage stock to 200 puL of diluted host cells in a Falcon
2054 tube. Incubate at 37°C for 15 min.

4. Continue as outlined in steps 4—-6 of Subheading 3.2.5.

5. Store aliquots of the amplified library in 7% (v/v) DMSO at —-80°C. When
needed, remove an aliquot from —80°C and store unused portion at 4°C. Avoid
freeze thawing of aliquots.

3.3. Identifying Desired cDNA Inserts in Lambda Library

The lambda library can be screened to identify clones containing any desired
cDNA insert using standard methods (3). The most commonly used method
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is to hybridize labeled oligonucleotide or double-stranded probes having
homology to the desired cDNA insert to lambda DNA bound to membranes.
Alternatively, in an immunoscreening assay, proteins expressed by the cDNA
clones are bound to membranes and immunoreacted with an antibody that
specifically binds to the desired protein. Following identification of the desired
clone, perform in vivo excision to convert the lambda vector to a phagemid
vector for further analysis.

3.3.1. In Vivo Excision

In vivo excision rapidly and easily converts a lambda clone to a phagemid
clone (1,9). Clones can be excised individually or in a mass excision.

3.3.1.1. SINGLE-CLONE EXcisiON

1. Core the plaque from the agar plate and transfer to a sterile microcentrifuge tube
containing 500 uL. SM buffer and 20 pL chloroform. Vortex and incubate for
1-2 h at room temperature or overnight at 4°C. (This phage stock is stable for up
to 6 mo at 4°C.)

2. Grow separate overnight cultures of XL1-Blue MRF’ cells, supplemented
with 0.2% (w/v) maltose and 10 mM MgSO,, and XLOLR cells in NZY broth
at 30°C.

3. Gently spin down the XL1-Blue MRF" and XLOLR cells (1000g). Resuspend
the XL1-Blue MRF” and XLOLR cells at an ODgy, of 1.0 in 10 mM MgSO,
(8 x 108 cells/mL).

4. Combine 200 puL XL1-Blue MRF’ cells at an ODgy, of 1.0, 250 uL of phage
stock (containing >1 x 10° phage particles) and 1 uL of the ExAssist helper
phage (>1 x 10° pfu/uL) in a Falcon 2059 polypropylene tube. Incubate at 37°C
for 15 min.

5. Add 3 mL of NZY broth and incubate for 2.5-3 h or overnight at 37°C with
shaking.

6. Heat at 65-70°C for 20 min and spin the tube at 1000g for 15 min.

7. Decant the supernatant into a sterile Falcon 2059 polypropylene tube. This stock
contains the excised phagemid vector packaged as filamentous phage particles.
(This stock may be stored at 4°C for 1-2 mo.)

8. To plate the excised phagemids, add 200 puL of freshly grown XLOLR cells from
step 3 (ODg = 1.0) to two Falcon 2059 polypropylene tubes. Add 100 UL of the
phage supernatant to one tube and 10 puL of the phage supernatant to the other
tube. Incubate at 37°C for 15 min.

9. Add 300 pL of NZY broth and incubate at 37°C for 45 min.

10. Plate 200 pL of each sample on LB-ampicillin agar plates (50 pg/mL) (pBlue-
script SK- clones) or LB-kanamycin agar plates (50 pg/mL) (pCMV-Script
clones) and incubate overnight at 37°C. If isolated single colonies are not present,
replate a higher dilution of the cell mixture.
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3.3.1.2. Mass ExcisioN

1. Prepare host cells as outlined in steps 2 and 3 of Subheading 3.3.1.1.

2. Ina50-mL conical tube, combine a portion of the amplified lambda bacteriophage

library with XL1-Blue MRF’ cells at a multiplicity of infection (MOI) of 1:10

lambda phage-to-cell ratio. Excise 10- to 100-fold more lambda phage than the

size of the primary library to ensure statistical representation of the excised clones.

Add ExAssist helper phage at a 10:1 helper phage-to-cells ratio to ensure that

every cell is coinfected with lambda phage and helper phage. For example, for

a library having 10° primary clones, combine 107 pfu of the lambda phage (i.e.,

10-fold above the primary library size), 108 XL1-Blue MRF’ cells (1:10 lambda

phage-to-cell ratio, noting that an ODg of 0.3 corresponds to 2.5 x 108 cells/mL)
and 10° pfu of ExAssist helper phage (10: 1 helper phage-to-cells ratio).

Incubate at 37°C for 15 min.

4. Add 20 mL of LB broth and incubate for 2.5-3 h at 37°C, with shaking. Incubat-

ing longer than 3 h may alter the clonal representation. The turbidity of the media

is not indicative of the success of the excision.

Incubate at 65-70°C for 20 min.

6. Spin down the debris at 1000g for 10 min and decant the supernatant into a
sterile conical tube.

7. To titer the excised phagemids, combine 1 UL of this supernatant with 200 uLL
XLOLR cells from step 1 in a 1.5-mL microcentrifuge tube. Incubate at 37°C
for 15 min.

8. Plate 100 uL of the cell mixture onto LB-ampicillin agar plates (50 pg/mL)
(pBluescript SK- clones) or LB-kanamycin agar plates (50 pg/mL) (pCMV-
Express clones) and incubate overnight at 37°C. If isolated single colonies are
not present, replate a higher dilution of the cell mixture.

W

b

At this stage, individual colonies may be selected for plasmid preps, or the
cell mixture may be plated directly onto filters for colony screening.

3.3.2. Functional Screening of pCMV-Express Libraries in Eukaryotic Cells

Screening libraries in eukaryotic cells is an effective way of identifying
clones otherwise nonidentifiable in prokaryotic screening systems. The screen-
ing technique used will depend on the clone of interest and on the type of assay
available. An appropriate cell line for screening must be obtained, and an assay
or reagent capable of identifying the cell or cells expressing the desired target
protein must be developed. Panning assays and functional analysis of clone
pools are two potential screening techniques.

3.3.2.1. PanNING Assay

Clone identification by “panning” requires the transfection of a library into
a cell line deficient in the desired surface protein. When the clone of interest
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is translated and expressed on the surface of eukaryotic cells, the translated
protein product is made accessible to an antibody, ligand, or receptor coupled
either directly or indirectly to a solid-phase matrix. Cells expressing the
appropriate insert are selected by binding to an affinity matrix. Either transient
or stable transfection protocols can be used.

3.3.2.2. FuncTIONAL AssAY

Functional assay screening can also be performed on either transiently or
stably transfected cells. Transient expression will likely require subdividing
the amplified library into smaller pools of clones to prevent the dilution of a
positive cell signal with an excess of negative cell signals. Each clone pool is
amplified separately and transfected into the eukaryotic cells. The transfected
cells are then tested for the expression of the desired clone. Once a pool is
identified as containing the clone of interest, it is subdivided into smaller pools
for a second round of prokaryotic amplification, eukaryotic transfection, and
screening. After several rounds of enriching for the desired clone, a single
clone can be isolated. The initial pool size is determined according to the
sensitivity of the available assay so that a single clone within the pool is still
theoretically detectable in the transfected cells. For example, if a positive assay
signal is 1000-fold above background, pools containing 500—-1000 members
should still give a signal above background. The sensitivity of the assay dictates
the initial size of the pools, as well as the number of pools required to screen.
If stable transformants are created using G418 selection, pools of stable clones
can be assayed. This simplifies the identification of isolated positive eukaryotic
clones, because the eukaryotic colonies can be picked or diluted in microtiter
tissue culture plates.

3.3.3. Recovery of Clone from Eukaryotic Cells

After a clone has been identified within the eukaryotic cells, the clone can be
retrieved from the transfected cells by several methods. Plasmid DNA within
the tissue culture cells can be collected using the Hirt, Birnboim, and Doly
procedures (10,11) and then transferred into E. coli cells for amplification
and plasmid DNA preparations. Screening libraries in COS cells (12) where
the presence of the SV40 T-antigen increases the copy number of phagemids
containing the SV40 origin of replication is also recommended. This results
in a higher episomal copy number, which may help in the retrieval of the
plasmids. Inserts can also be isolated by PCR amplification of the tissue culture
cells using T3/T7 primer sets. The resulting PCR fragment can be digested
using restriction sites flanking the insert and then recloned into pCMV-Script
EX phagemid DNA for further analysis.
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4. Notes

1. The quality and quantity of the mRNA used is critical to the construction of
a large, representative cDNA library. Stratagene’s RNA Isolation Kit uses the
guanidine isothiocyanate (GITC)-phenol-chloroform extraction method, which
quickly produces large amounts of undegraded RNA. It is imperative to protect
the RNA from any contaminating RNases until the first-strand cDNA synthesis
is complete. Wear fresh gloves, use newly autoclaved pipet tips, and avoid
using pipet tips or microcentrifuge tubes that have been handled without gloves.
Ribonuclease A cannot be destroyed by normal autoclaving alone. Baking or
DEPC treatment is recommended.

2. Calculate the amount of DEPC-treated water to add to the reaction so the total

volume of DEPC-treated water and 5 ug poly(A) mRNA is 37.5 puL. For the

control reaction, 5 pg of test RNA will be combined with 12.5 pL. of DEPC-
treated water.

All reagents must be <16°C when the DNA polymerase I is added.

4. The easiest method of preparing an alkaline agarose gel is to position a minigel
comb over a 5 X 7.5-cm glass slide with high-tension clips and add 10 mL of
molten alkaline agarose near the upper center of the slide. The surface tension
of the solution will prevent overflow and produce a small, thin gel that can be
exposed without further drying. Do not allow the teeth of the comb to overlap the
edge of the plate or the surface tension may be broken. To improve the resolu-
tion, pat the gel dry with several changes of Whatman 3MM paper following
electrophoresis and before exposure.

5. If buffer is added before the correct temperature is reached, the agarose may
not solidify.

6. A detailed protocol on the preparation and collection of fractions from a size-
fractionation column is beyond the scope of this chapter but can be found in the
manual for the cDNA Synthesis Kit at www.stratagene.com.

7. Suitable columns include the Spin Column-200 (Sigma, St. Louis, MO).

8. Optimal packaging efficiencies are obtained with lambda DNAs that are con-
catameric, of high concentration, and free of contaminants. Ligations should be
carried out at DNA concentrations of 0.2 pg/UL or greater to favor concatamers.
DNA to be packaged should be relatively free from contaminants. DNA may
be used directly from ligation reactions in most cases; however, polyethylene
glycol (PEG), which is contained in some ligase buffers, has been shown to
inhibit packaging. Use the ligase buffer provided in the ZAP-cDNA Synthesis
Kit, which does not contain PEG. The volume of DNA added to each extract
should be <5 pL.

9. The lower temperature keeps the bacteria from overgrowing, which reduces
the number of nonviable cells. Phage can adhere to nonviable cells, resulting
in a decreased titer.

10. The highest packaging efficiency occurs between 90 min and 2 h. Efficiency may

drop dramatically during extended packaging times.

b
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11. The high concentrations of IPTG and X-gal may result in the formation of

a precipitate, which disappears after incubation. Add the IPTG and X-gal
separately, with mixing in between additions, to the NZY top agar to minimize
the formation of precipitate.

12. If the blue color is difficult to see, incubate the plates at 4°C overnight.
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Peptide Library Construction
from RNA-PCR-Derived RNAs

Shi-Lung Lin

1. Introduction

The generation of peptide from messenger RNA (mRNA) provides a
convenient source for current proteomic analysis. Intron-free mRNA possessing
adenine-uracil-guanine (AUG) start codons can be translated into labeled or
unlabeled peptides under a predetermined reticulocyte lysate condition. In
conjunction with RNA-polymerase cycling reaction (see Fig. 1; RNA-PCR),
full-length gene transcripts can be unlimitedly amplified for protein/peptide
synthesis in vitro (1). Many commercialized in vitro translation systems provide
a cap nucleotide, which can be added to the 5" end of the amplified poly(A™)
RNAs during the transcription step of RNA-PCR. Totally resembling mRNAs,
the capped poly(A*) RNAs can be used to synthesize proteins/peptides with
labeling and may help the functional analysis of protein activity if they fold
correctly.

We has successfully tested the RNAPCR-derived protein analysis in a
prostatic cancer cell line, LNCaP, of which the protein data matched previous
findings using mRNA. The antiapoptotic gene family of bcl-2 has been well
known for their ability to increase cancer resistance to multiple anticancer
drugs. Previous data has predicted that a mutated form of bc/-2 may be elevated
in the drug-resistant LNCaP cells after androgen retrieval treatment (2).
Using Northern and Western blots, we confirmed that a truncated form of the
bcl-2 member can be clearly detected in both the mRNA and protein levels,
indicating a consistent result between these two methods. Because the folding
of synthesized proteins may be different from that of the original one, the
detection of such mutated changes will depend on the antibody used. For the

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ

289



290 Lin
messengeriNAS A Prevention of Degradation
e==———=o0AAAA

poly(dT) primer B  First Reverse Transcription
dGTP C Terminal Transferase Tailing
poly(dG)-tailed cDNAs e s

Ee=————=AAAA 1
GGG w—— T |
cCee-17 :
D benaturation and |
Double-Stranded ¢cDNA Synthesis |
double-stranded ¢cDNAs . |
I p_— Thermocycling |
e Amplification
Cap-Nucleotide TT7 RNA polymerase :
' E Transcription |
|
Peptide Synthesis == —— amplificd mRNAs e —————— !

(CapC( === AAAA)
ICap(C( 20008 F Reverse Transcription

Fig. 1. An illustration of using RNA-PCR procedure for peptide library generation.
The mRNA generated in step d can be capped by a methylated nucleotide such
as P1-5’-(7-methyl)-guanosine-P3-5"-adenosine/guanosine-triphosphate for in vitro
translation.

utilization of RNA-PCR-derived proteins in immunohistological analysis, a
monoclonal antibody that recognizes denatured peptides is preferable. The
same principle may be applied to the design of protein chip analysis.

2. Materials

2.1.
1.

1Y)

W

Generation of Capped mRNA Construct by RNA-PCR

Diethyl pyrocarbonate (DEPC) H,O: Stir double distilled water (ddH,O) with
0.1% DEPC for more than 12 h and then autoclave at 120°C under about
1.2 kgf/cm? for 20 min, twice.

. 10X In vitro transcription (IVT) buffer: 400 mM Tris-HCI1 (pH 8.0) at 25°C,

100 mM MgCl,, 50 mM dithiothreitol (DTT), and 5 mg/mL nuclease-free bovine
serum albumin (BSA).

. T7 RNA polymerase (80 U/uL).
. IVT reaction mixture: 4 uL. DEPC-treated ddH,O, 4 uL of 10X IVT buffer, 4 uL

of 10 mM dNTP mix (10 mM each of rATP, rCTP, and rUTP), 1 uL of 10 mM
rGTP, 3 uL of 10 mM P'-5’~(7-methyl)-guanosine-P3-5’-adenosine-triphosphate,
2 uL RNasin (25 U/uL), and 2 uLL T7 RNA polymerase; prepare just before use.

. Incubation mixer: 37°C, 100g vortex for 30 s between every 30-min interval.
. Purification spin column: 100 bp cutoff filter, such as a Microcon-50 centrifugal

filter (Amicon, Beverly, MA).
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2.2. In Vitro Translation of Capped mRNA to Peptide

1. Reticulocyte lysate (such as Translation kit, type 2, Roche, Indianapolis, IN).

2. Incubation mixer: 30°C, 100g vortex for 30 s between every 10-min interval.

3. Purification spin column: <30 bp cutoff filter, such as a Microcon-30 centrifugal
filter (Amicon, Beverly, MA).

3. Methods
3.1. Generation of Capped mRNA Construct by RNA-PCR

The RNA-PCR-derived cDNA contains a RNA promoter in its 5’-end,
which can serve as a recognition site for RNA polymerase during an in vitro
transcription reaction. The in vitro transcription provides linear amplification
up to 2000-fold the amount of starting materials (1,2). The proofreading
capability of the RNA polymerase ensures the fidelity of the resulting nucleic
acid products. Because the promoter is incorporated in the same orientation
of mRNA, the resulting product is sense RNA (mRNA) rather than antisense
RNA. A cap structure therefore can be added to the sense RNA for further
peptide synthesis (3).

1. In-vitro transcription reaction: Add 2 pmol (in 10 uL. DEPC-treated ddH,0) of
RNA-PCR-derived double-stranded cDNA to 20 puL of IVT reaction mixture
and mix well. Incubate the reaction at 37°C for 2-3 h and occasionally mix the
reaction every 30 min for better RNA elongation (see Note 1).

2. Buffer exchange and sample concentration: Load the reaction into a purification
spin column, spin 10 min at 14,000g, and discard the flowthrough (see Note 2).
Add 200 uL of DEPC-treated ddH,O into the spin column to wash the poly(A*)
RNA, spin 10 min at 14,000g, and discard the flowthrough. Add 20 puL of DEPC-
treated ddH,O into the spin column to dissolve the poly(A*) RNA, place the spin
column upside down in a new collecting microtube, and spin 3 min at 3000g.
Store the 20 pL of the purified capped mRNA (about 40 pug) in a —80°C freezer
or perform the next step immediately.

3.2. In Vitro Translation of Capped mRNA to Peptide

In this method, which is currently unpublished by Lin and Ying et al.,
the m’G(5")ppp(5”)A/G-capped poly(A*) RNA is efficiently translated into
polypeptide in a reticulocyte extract system (4) (see Fig. 2). Specific peptides,
homologs, and their truncated products can be detected by Western blots (5,6).
The utilization of the RNA-PCR-derived peptide library in proteomic analysis
is expected to be useful.

1. In vitro translation reaction: Add 2 UL of the purified capped mRNA to 30 uL
reticulocyte lysate and mix well. Incubate the reaction at 30°C for 30 min and
occasionally mix the reaction every 10 min for better elongation.
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Fig. 2. RNA-PCR-amplified m’G(5")ppp(5")A/G-capped poly(A*) RNAs (10 uL)
were added into an in vitro translation reaction (rabbit cell lysate extractions with
RNase inhibitors) and incubated at 30°C for 30 min for peptide synthesis. The
resulting bcl-2 RNA and its peptide products were detected only in the LNCaP cells
after androgen retrieval on 6% polyacrylamide gel by Northern and Western blots,
respectively, showing the immortal and tumorigenic properties of these metastatic
prostate cancer cells. It is noted that a truncated form of the mutated bcl-2 was
consistently found using both RNA-PCR-derived mRNAs and peptides.

2. Buffer removal and sample concentration: Load the reaction into a purification
spin column, spin 10 min at 14,000g, and discard the flowthrough. Add 200 uL
of DEPC-treated ddH,O into the spin column to wash the poly(A*) RNA, spin
10 min at 14,000g, and discard the flowthrough. Add 20 puL of DEPC-treated
ddH,O0 into the spin column to dissolve the poly(A*) RNA, place the spin column
upside down in a new collecting microtube, and spin 3 min at 3000g. Store the
20 pL of the purified peptides in a —80°C freezer.

4. Notes

1. The most stable and efficient IVT reaction occurs during first 2 h of incubation
at 37°C. The rate of RNA synthesis decreases considerably (40-50%) after 3 h of
incubation or below 37°C incubation. A longer reaction may increase yield, but
the possibility of degradation by RNase increases. Occasionally, gentle mixing
can prevent the stall of crowded RNA polymerases on a template and enhance
full-length synthesis. The overall rate of RNA polymerization is maximal between
pH 7.7 and 8.3, but it remains about 70% of maximum at pH 7.0 or 9.0. High
concentrations of NaCl, KCl, or NH,CI above 75 mM will inhibit the reaction.

2. Relative Centrifugal Force (RCF) (g) = (1.12 x 107)  (rpm)? * r, where r is the
radius in centimeters measured from the center of the rotor to the middle of the
spin column and rpm is the speed of the rotor in revolutions per minute.
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Identifying Interacting Proteins
in an Escherichia coli-Based Two-Hybrid System

Bonnie Wu, Rebecca L. Mullinax, and Joseph A. Sorge

1. Introduction

The BacterioMatch™ two-hybrid system provides a fast, simple, and efficient
method for in vivo detection of protein—protein interactions in Escherichia
coli (1,2). This system is based on transcriptional activation of a reporter
gene. In this system, a protein of interest (the bait) is fused to the full-length
bacteriophage A repressor protein (Acl), which consists of an amino-terminal
DNA-binding domain and a carboxyl-terminal dimerization domain. Target
proteins are fused to the N-terminal domain of the o-subunit of RNA poly-
merase (RNAP-a). When expressed in the bacterial reporter strain, the bait is
tethered to the A operator sequence upstream of the reporter promoter through
the DNA-binding domain of Acl. When the bait and target proteins interact,
they recruit and stabilize the binding of RNA polymerase at the promoter and
activate transcription of the B-lactamase (Amp®) and [B-galactosidase (lacZ)
reporter genes (see Fig. 1). Expression from the reporter promoter is correlated
with the interaction affinity of the bait and target. A stronger interaction
between bait and target proteins results in higher levels of gene expression of
the reporter genes, as indicated by higher levels of carbenicillin-resistance (3)
and [-galactosidase activity in the reporter strain. The BacterioMatch system
detects an interaction between proteins with an equilibrium dissociation
constant in the high nanomolar range.

The BacterioMatch two-hybrid system has many significant advantages
over yeast two-hybrid systems. These advantages include the ability to screen
larger libraries and the relative ease and quickness when using an E. coli-based
rather than a yeast-based system. Furthermore, using E. coli for two-hybrid
screening reduces the chance that the host expresses a eukaryotic homolog
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Fig. 1. Interaction of the bait and target proteins activates transcription of the Amp"
and lacZ reporter genes.

of one of the interacting proteins. For example, some eukaryotic regulatory
proteins, such as cell cycle checkpoint proteins and signal transduction pathway
proteins, may be toxic in yeast because they interfere with the function of yeast
homologues. For the same reason, use of a bacterial system could also result
in fewer false positives observed. However, the disadvantages over using a
yeast-based system are that some heterologous proteins could be toxic to an
E. coli host and bacteria may lack the ability to perform posttranslational
modifications. Because of the tendency of both the A repressor protein and
the N-terminal domain of the o-subunit of RNA polymerase to dimerize, the
system might not be optimal for the analysis of proteins that self-associate
unless their interaction with other proteins depends on the oligomerization.
Following the identification of target proteins that interact with a bait
protein, the system is useful in identifying protein domains or amino acids
that are critical for the interaction. For example, specific mutations, insertions,
or deletions that affect the encoded amino acids can be introduced into DNA
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encoding the target protein, and the mutant target proteins can be assayed for
the interaction with the bait protein.

2. Materials

1.

b

10.

11.

12.

13.

14.

15.

16.

4 M NH,OAc: (per 100 mL) 30.83 g NH,OAc and deionized water up to 100 mL.
Sterile filter.

70% (v/v) Ethanol: (per 100 mL) Combine 70 mL molecular-biology-grade
ethanol and 30 mL deionized water.

TE: 10 mM Tris-HCI (pH 7.5) and 1 mM EDTA. Autoclave.

80% (v/v) Glycerol: (per 100 mL) Combine 80 mL molecular-biology-grade
glycerol and 20 mL deionized water. Autoclave.

. BacterioMatch™ Two-Hybrid System cDNA Library Construction Kit (Strata-

gene, La Jolla, CA).

. BacterioMatch two-hybrid system reporter strain competent cells including

B-ME (Stratagene, La Jolla, CA).

XL1-Blue MRF’ competent cells including B-ME (Stratagene, La Jolla, CA).
XL1-Blue MRF’ Kan Library Pack Competent Cells including Library Pack
B-ME (Stratagene, La Jolla, CA).

NZY broth: (per liter) 5 g NaCl, 2 g MgSO, * 7TH,0, 5 g of yeast extract, 10 g
of NZ amine (casein hydrolysate), and deionized H,O to a final volume of 1 L.
Adjust the pH to 7.5 with NaOH. Autoclave.

1 M glucose: (per 100 mL) Dissolve 18 g glucose in 100 mL deionized dH,O.
Sterile filter.

SOC medium: (per liter) 20.0 g tryptone, 5.0 g yeast extract, 0.5 g NaCl, and
deionized H,O to a final volume of 1 L. Adjust pH to 7.0 using 5 N NaOH.
Autoclave. Add 10 mL 1 M MgCl, and 10 mL of 1 M MgSO,. Immediately
before use, add 2 mL of 1 M glucose per 100 mL medium. Sterile filter.
LB-agar: (per liter) 10 g NaCl, 10 g tryptone, 5 g yeast extract, 20 g agar, and
deionized H,O to a final volume of 1 L. Adjust pH to 7.0 with 5 N NaOH.
Autoclave. Cool to 45°C and pour into Petri dishes.

LB-Chloramphenicol agar plates (per liter): Prepare 1 L of LB-agar and autoclave.
Cool to 45°C. Add 3.4 mL of 10-mg/mL chloramphenicol (prepared in 100%
EtOH). Pour into Petri dishes.

LB-Tetracycline agar plates: (per liter) Prepare 1 L of LB-agar and autoclave.
Cool to 45°C. Add 1.5 mL of 10-mg/mL tetracycline (prepared in 50% EtOH).
Pour into Petri dishes.

LB-CTCK agar plates: (per liter) Prepare 1 L of LB-agar, autoclave and cool to
45°C. Add 25 mL of 10 mg/mL filter-sterilized carbenicillin, 1.5 mL of 10 mg/mL
tetracycline (prepared in 50% EtOH), 3.4 mL of 10 mg/mL chloramphenicol
(prepared in 100% EtOH), and 5.0 mL of 10 mg/mL filter-sterilized kanamycin.
Store plates in a dark, cool place or cover plates with foil.

LB-TCK agar plates: (per liter) Prepare 1 L of LB-agar, autoclave and cool
to 45°C. Add 1.5 mL of 10-mg/mL tetracycline (prepared in 50% EtOH),
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3.4 mL of 10-mg/mL chloramphenicol (prepared in 100% EtOH), and 5.0 mL
of 10-mg/mL filter-sterilized kanamycin. Store plates in a dark, cool place or
cover plates with foil.

17. X-gal indicator plates: (1 L) Prepare 1 L of LB-agar, autoclave, and cool to
45°C. Add 1.5 mL of 10 mg/mL tetracycline (prepared in 50% EtOH), 3.4 mL of
10 mg/mL chloramphenicol (prepared in 100% EtOH), 5.0 mL of 10 mg/mL
filter-sterilized kanamycin, 1 mL of an 80-mg/mL stock solution of X-gal
(prepared in dimethyl formamide), and 1 mL of a 200-mM stock solution of
B-galactosidase inhibitor (phenylethyl B-p-thio galactoside, prepared in dimethyl
formamide). Pour into Petri dishes.

18. Falcon® 2059 polypropylene tubes.

3. Methods

The following includes methods for (1) preparing the bait plasmid, (2)
preparing a library of target plasmids, (3) screening the library to identify target
proteins that interact with the bait protein, and (4) validating the interaction.
Additional information regarding these techniques that is beyond the scope of
this chapter can be found in ref. 4.

3.1. Plasmids

To detect protein—protein interactions in E. coli, the bait plasmid expressing
a protein of interest (bait) fused to Acl and target plasmids expressing a library
of proteins (targets) fused to RNAP-q. are prepared.

3.1.1. Target and Bait Plasmid Descriptions

The 3.2-kb pBT bait plasmid (see Fig. 2) carries a p15A replication origin
(p15A ori) and confers chloramphenicol resistance. The plasmid encodes the
full-length bacterial phage Acl protein (lambda-C1) under the control of
the lacUV5 promoter (P lac-UVS5). The multiple cloning site (MCS) contains
several restriction sites to facilitate insertion of DNA encoding the bait protein
in the same reading frame as lambda-C1.

The 4.4-kb target plasmid, pTRG (see Fig. 3), carries a ColE1 replication
origin (ColE1 ori) and confers tetracycline resistance (see Note 1). The plasmid
encodes the amino-terminal domain of RNA polymerase a-subunit (RNAP-o)
under the control of the tandem promoter Ipp/lacUV5 (P lpp/lac-UVS5). The
arrangement of EcoRI and Xhol restriction sites in the MCS is designed
to express cDNA inserts generated with Stratagene’s cDNA Synthesis Kit
(described in detail in Chapter 24).

3.1.2. Control Plasmids

The BacterioMatch two-hybrid system includes the pTRG-Gall11? and the
pBT-LGF2 positive control plasmids (see Fig. 4). pBT-LGF2 expresses the
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chloramphenical resistance ORF 2770-219
p15A origin of replication 581-1493
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AC1 ORF 1631-2341
pBT forward primer [5' TCCGTTGTGGGGAAAGTTATC 3 2291-2311
multiple cloning site 2342-2394
pBT reverse primer [5' GGGTAGCCAGCAGCATCC 3] 2419-2436

Fig. 2. The pBT bait plasmid.

dimerization domain (40 amino acids) of the Gal4 transcriptional activator
protein. pTRG-Gall 1P expresses a domain (90 amino acids) of the mutant form
of the Gal 11 protein (Gall1?). Gal 4 and Gall1? have been shown to interact
in E. coli cells (2). Cotransformation of the BacterioMatch two-hybrid system
reporter strain competent cells with these plasmids results in the expression
and interaction of these proteins. This interaction is detected by growth of
the colonies on LB-agar plates supplemented with 250 pg/mL carbenicillin,
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iP lpp/lac-UV5

/RNAP-alpha

MCS
pTRG T
4.4 kb

tetracycline

LColET ori

pTRG Multiple Cloning Site Region
(sequence shown 978-1065)

end of RNAP« l|30mH I rldor | ElcoR |
1
5" AAA CCA GAG GCG GCC GGA TCC GCG GCC GCA AGA ATT CAG TCT GAG CTG GCG...

?'l(ho | Spe |
...CTC GAG TAA TTA ATT AAT TAA TGA ACT AGT GAG ATC C 3~
stop lWI IWI sTOP  STOP STOP TGP
Feature Position
lpp promater 47-76
lac-UV5 promater 119-148
RNAPo ORF 243-992
pTRG forward primer [5' CAGCCTGAAGTGAAAGAA 3 957-974
multiple cloning site 993-1058
pTRG reverse primer [5' ATTCGTCGCCCGCCATAA 3 1102-1119
ColE1 origin of replication 1243-2475
tetracycline resistance ORF 3120-4310

Fig. 3. The pTRG target plasmid.

15 pg/mL tetracycline, 34 pug/mL chloramphenicol, and 50 pg/mL kanamycin
(LB-CTCK agar plates).

3.2. Reporter Gene Cassette and Reporter Strain

The reporter gene cassette contains the ampicillin (Amp") and the
B-galactosidase (lacZ) genes on the F” episome in the BacterioMatch reporter
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chloramphenicol P lop/lac-UV5
\ tetracycline | 7RNAP-alpha
BT-LGF2 ;Gall1P
P PTRG-GAL11P
LGF2’ ' 4.6 kb
1 pl5A ori
lombda-C1/ .
P loc-LVS -ColE1 ori

Fig. 4. Circular maps of the control plasmids.

strain (see Fig. 1). The activatable promoter in the reporter gene cassette is
a modified lac promoter that contains a single A operator (Og2) centered at
position —62 in place of the original cAMP receptor protein (CRP)-binding
site. This modified lac promoter is not induced by isopropyl-1-thio-f3-p-
galactopyranoside (IPTG). To enhance reporter gene expression, the Shine—
Dalgarno translational signal is also included upstream of the reporter genes.

The BacterioMatch two-hybrid system reporter strain was derived from
Stratagene’s XL1-Blue MR, resulting in high transformation efficiency in a
restriction minus host. The reporter strain has lacId on the F” episome to repress
expression of the bait and target proteins. Expression of bait and target is
enhanced during screening by the addition of IPTG (5-10 uM). In addition,
a basal level of expression of the reporter genes occurs in the reporter strain,
resulting in a background level of ampicillin resistance. This background
growth of the reporter strain is reduced when carbenicillin and not ampicillin
is used in the LB-CTCK plates.

3.3. Bait Plasmid Construction
3.3.1. Preparing Insert DNA Encoding Bait Protein

DNA encoding the bait protein is prepared either by restriction digestion or
polymerase chain reaction (PCR) amplification. DNA encoding the bait protein
must be inserted so that the bait protein is expressed in the same reading frame
as the Acl protein. It is advisable that DNA encoding a flexible linker, such
as (Gly,Ser); be incorporated between DNA encoding the A repressor protein
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and the bait protein. The Notl, EcoR1, Smal, BamHI, Xhol, and Bgl/II sites are
unique in the pBT plasmid (see Fig. 2).

3.3.2. Ligating Insert into the pBT Plasmid

1. Digest 2 pug of the pBT plasmid.

2. Extract with an equal volume of phenol-chloroform until a clear interface is
obtained.

3. Repeat the extraction with an equal volume of chloroform.

4. Add an equal volume of 4 M NH,OAc to the aqueous phase of the tube and
2 volumes of 100% (v/v) ethanol at room temperature. Spin in a microcentrifuge
at room temperature.

5. Wash the pellet twice with 70% (v/v) ethanol.

6. Resuspend the pellet in a volume of TE buffer to a DNA concentration of
approx 0.1 pg/uL.

7. Verify that the plasmid has been digested completely by agarose gel electro-
phoresis.

8. Calculate the amount of insert required for a molar ratio of insert-to-vector DNA
of2:1to3:1 (see Notes 2 and 3). Combine 1 puL. 10X ligase buffer, 1 uL of 10 mM
rATP (pH 7.0), 1 uL digested pBT plasmid DNA (approx 0.1 pug/uL), X uL
digested insert DNA, and double-distilled water up to a volume of 9.5 uL. Add
0.5 puL of 4 U/uL. T4 DNA ligase. Incubate overnight at 12°C.

9. Transform XL1-Blue MRF’ with the ligation reactions following the manufac-
turer’s protocol.

10. Plate on LB-chloramphenicol agar plates and incubate overnight at 30°C to
minimize potential bait protein toxicity.

11. Identify recombinants by PCR analysis using vector-specific (Fig. 2) or insert-
specific primers or restriction analysis of miniprep DNA (see Note 4). Determin-
ing the nucleotide sequence of the insert and the junctions between the vector
and insert is highly recommended.

3.3.3. Testing Bait Plasmid for Expression of Reporter Genes
in the Absence of an Interacting Target Protein

The ability of the bait to induce expression of the reporter genes in the
absense of target must be determined prior to using the bait to detect protein—
protein interactions in the BacterioMatch two-hybrid system. This is easily
determined by cotransforming the BacterioMatch two-hybrid system reporter
strain with the recombinant pBT (bait plasmid expressing the bait protein)
and the nonrecombinant pTRG plasmid (not expressing a target protein). No
carbenicillin-resistant colonies should grow on LB-CTCK plates. If growth
is observed, the recombinant pBT plasmid is not suitable for use in the
BacterioMatch two-hybrid system. It may be possible to selectively alter
specific amino acid residues or protein regions of the bait to eliminate this
undesireable expression.
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1.

10.

11.

3.4.

Thaw the BacterioMatch two-hybrid system reporter strain competent cells on
ice. Gently mix cells by tapping.

. Aliquot 100 UL of the cells into prechilled Falcon 2059 polypropylene tubes.
. Add 1.7 uL B-ME to each of the aliquots of cells and swirl the contents of the

tube gently. Incubate on ice for 10 min.

. Add 10 ng of the recombinant pBT plasmid and 10 ng of the nonrecombinant

pTRG plasmid into the reporter strain competent cells.

. Swirl the contents of the tubes gently and incubate on ice for 30 min.
. Heat pulse in a 42°C water bath for 45 s. The duration and temperature of

the heat pulse is critical for obtaining the highest efficiencies. Do not exceed
42°Cor 45 s.

. Incubate the tubes on ice for 2 min.
. Add 0.9 mL of NZY broth (prewarmed to 30°C) to each tube and incubate at

30°C for 1.5 h, with shaking.

. Plate 1 uL and 10 pL of each transformation onto 100 mm LB-CTCK agar plates.

To plate the samples, pipet 100 UL of NZY broth onto the plate, pipet the aliquot
of transformed cells into the pool of broth, and spread evenly.

Incubate the plates at 30°C for 17-24 h. To reduce the appearance of satellite
colonies and/or false positives, do not incubate longer than 24 h.

Examine the test plates after incubation. Cotransformants of various sizes
may be present. Growth of more than 20 colonies on the plates containing the
recombinant pBT cotransformation indicates transcription of the Amp" reporter
gene in the absence of interacting proteins and that the recombinant pBT plasmid
is not suitable for use in this system. If fewer than 20 colonies is observed, the
recombinant pBT plasmid can be used in protein—protein interaction studies.

Construction of Target Library in the pTRG Plasmid

3.4.1. Preparing a cDNA Library in the pTRG Plasmid

Details on the preparation of the cDNA inserts encoding target proteins
using the reagents in the BacterioMatch Two-Hybrid System cDNA Library
Construction Kit can be found in Chapter 24. The cDNA is inserted into
the pTRG XR plasmid in a sense orientation (EcoRI-Xhol) with respect to the
PcaL1» Which controls expression of the target proteins.

3.4.1.1. TesT LicaTioN oF THE TARGET cDNA INTO THE PTRG PLAsSMID

1.

To prepare the sample ligation, add the following components to an RNase/
DNase-free microcentrifuge tube: X UL of resuspended cDNA (use 3:1 molar
ratio of insert to vector [approx 25-35 ng]), 0.6 UL of 10X ligase buffer,
0.6 uL of 10 mM rATP (pH 7.5), 30 ng pTRG XR plasmid (0.1 pg/uL),
X uL distilled water for a final volume of 5.4 uL, and 0.6 uL of T4 DNA ligase
(4 U/uL) (see Note 5).

. Flick the tube gently to mix and then spin down briefly. Incubate the reaction

tubes overnight at 12°C.
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3. Thaw the 500-pL aliquot of XL.1-Blue MRF’ Kan Library Pack Competent Cells

on ice. Gently mix the cells by flicking the tube.

4. Aliquot 100 UL of the cells into prechilled 15-mL Falcon 2059 polypropylene

tubes.

5. Add 2 pL of the Library Pack B-ME provided with the kit to each 100-puL aliquot

of cells. Swirl the contents of the tube gently.

6. Incubate the cells on ice for 10 min, swirling gently every 2 min. Do not exceed

10 min.

7. Add 1.6 pL of each ligation reaction to separate aliquots of the cells and swirl

gently. Performing duplicate transformations of the test ligation is recommended.

Incubate on ice for 30 min.

9. Heat pulse in a 42°C water bath for 33 s. The duration and temperature of
the heat pulse is critical for obtaining the highest efficiencies. Do not exceed
42°C or 33 s.

10. Incubate on ice for 2 min.

11. Add 0.9 mL of SOC medium (prewarmed to 30°C) to each tube.

12. Incubate at 30°C for 1.5 h, with shaking.

13. Place 100-uL pools of SOC medium on four separate 100-mm LB-tetracycline
agar plates.

14. Pipet 2 uL and 5 UL of the cell culture from the each transformation tube into
two different pools of SOC medium on the agar plates. Spread the mixture
evenly on the plates.

15. Incubate at 30°C for 17-30 h. Incubation at 30°C is necessary to minimize
potential toxic effects of the target proteins on the E. coli host, thereby ensuring
good library representation.

16. Count the number of tetracycline-resistant colonies and calculate total colony-
forming units (cfu) for the transformation using the formula

*®

(No. of colonies) (Total volume of transformation [UL])
= Total cfu

Volume of transformation plated (UL)

17. The percentage of vectors with cDNA insert and the average insert size can be
determined by either PCR directly from individual colonies with pTRG-specific
primers (see Fig. 3) or by restriction analysis of plasmid DNA isolated from
individual colonies.

3.4.1.2. ScaLING UP THE LIGATIONS AND TRANSFORMATIONS
For PTRG cDNA LIBRARIES

Perform individual ligations to reach the target primary library size desired.
The number of ligations necessary may vary with each insert and should be
based on efficiencies of the test ligation.

1. Combine X UL of cDNA (use 3:1 molar ratio of insert to vector [approx
145-155 ng]), 3.0 uL of 10X ligase buffer, 3.0 uL. of 10 mM rATP (pH 7.5), 150
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11.

ng of pTRG XR plasmid (0.1 pg/uL), X uL of distilled water (to a final volume
of 30 uL), and 3.0 uL of T4 DNA ligase (4 U/uL).

Flick the tube gently to mix and then spin down briefly. Incubate the reaction
tubes overnight at 12°C.

. Thaw the 500-uL aliquot of XL1-Blue MRF" Kan Library Pack Competent

Cells on ice.

Immediately after thawing, gently mix the cells by flicking the tube. Transfer all
of the cells into a prechilled 15-mL Falcon 2059 polypropylene tube.

Add 10 pL of the Library Pack B-ME provided with the kit to the 500 puL of
bacteria. Swirl the contents of the tube gently.

. Incubate the cells on ice for 10 min, swirling gently every 2 min. Do not exceed

10 min.

Add 8 uL of the ligation reaction to the cells and swirl gently. Incubate on
ice for 30 min.

Heat pulse the tubes in a 42°C water bath for 50 s. The duration and temperature
of the heat pulse is critical for obtaining the highest efficiencies. Do not exceed
42°C or 50 s.

Incubate the tubes on ice for 2 min.

. Add 4.5 mL of SOC medium (preheated to 30°C) and transfer all of the liquid

to a sterile 50-mL conical tube. Incubate at 30°C for 1.5 h, with shaking. This
is the primary library. Store the primary library at 4°C and use to generate an
amplified library within 1-2 d.

Plate 2 pL. and 5 UL of the primary library onto 100-mm LB-tetracycline plates
to determine the total number of clones in the primary library as described in
steps 13-16 in Subheading 3.4.1.1.

3.4.1.3. AMPLIFICATION OF THE PRIMARY LIBRARY

1.

Plate the remaining primary library on 150-mm LB-tetracycline plates. Plate
approximately 250 UL of culture on each plate and spread the liquid evenly over
the surface of the agar. This plating volume ensures that the colonies are not
overly populated on the plate. If using 25 cm X 25-cm plates, 1 mL of culture
per plate can be plated.

Incubate at 30°C for 17-30 h.

Using a wide, sterile scraper (e.g., cell scraper, cell lifter, or rubber policeman),
gently scrape all of the bacteria to one edge of the first 150-mm plate. Lift
or scrape the dense paste from the edge into a 50-mL sterile container on ice
(see Note 6).

. Repeat step 3 for all additional plates and pool the bacteria from all of the plates

into the same sterile container.

Add enough SOC medium to the collected bacterial paste to allow pipetting, but
keep the volume of added medium as small as possible.

Resuspend the harvested bacteria by pipeting repeatedly but gently until the
cells are completely resuspended. Calculate the volume of resuspended cells.
This is the amplified library.
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7. Plate 2 uL and 5 pL of the resuspended amplified library onto LB-tetracycline
plates to determine the number of colony-forming units per milliliter (cfu/mL) of
the amplified library, as described in steps 14—16 of Subheading 3.4.1.1.

8. Isolate plasmid DNA from one-half of the pooled amplified library using a
commercially available maxiprep DNA column or alkaline lysis/CsCl gradient
purification method (see Note 7).

9. Add 0.2 volumes of 80% (v/v) glycerol to the remaining bacterial resuspension
and mix thoroughly by pipetting gently or inverting the container.

10. Dispense 1-mL aliquots into sterile 1.5-mL microcentrifuge tubes and store
at —80°C.

3.5. Screening Library for Target Proteins That Interact
with Bait Protein

3.5.1. Screening for Interacting Proteins

Cotransform 10 ng of the pTRG target cDNA library and 10 ng of the
pBT bait plasmid into the BacterioMatch two-hybrid system reporter strain
competent cells (see Subheading 3.3.1.1.) and plate on LB-CTCK agar plates
to determine the number of colonies that will be obtained per transformation.

To screen for interacting proteins, repeat the transformation using the
required number of cells and plasmid DNA to obtain (1-2) X 10° colonies.
Do not plate more than 5 x 103 cotransformants per 150-mm LB-CTCK
agar plate (see Note 8). This will require a minimum of 20 plates. Include
separate cotransformations of 10 ng of each plasmid as follows: (1) pBG-LGF2
and pTRG-Gall1P and (2) pTRG and pBT-LGF2. The interaction between
expressed Gall1? and LGF2 proteins in cotransformation 1 should result in
growth on LB-CTCK agar plates. The lack of interaction between proteins in
cotransformation 2 should result in insignificant growth [< 1% when compared
to cotransformation (1)]. If interacting bait and target proteins are present in the
sample cotransformation, colonies should grow on the LB-CTCK agar plates.
Patch putative positive colonies onto LB-TCK agar plates without carbenicillin.
These patched plates serve as the primary source of target plasmid DNA for
validation analyses. If no colonies are present, no interactions can be detected
at the carbenicillin concentration of 250 pg/mL in the LB-CTCK agar plates.
Reducing the carbenicillin concentration may enable detection of lower-affinity
interactions.

3.5.2. Adjusting Carbenicillin Concentration in LB-CTCK Agar Plates

Expression from the promoter of the reporter cassette is proportional to the
strength of the protein—protein interaction between bait and target proteins.
Significant growth on 250 pg/mL carbenicillin indicates an interaction that has
a K; < 1077 M. Interactions with higher K, values (weaker interactions) may
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be detected by decreasing the concentration of carbenicillin in the LB-CTCK
agar plates. For example, analyze growth on plates containing 200 pg/mL and
150 pg/mL. Carbenicillin concentrations below 150 pg/mL are not recom-
mended, as this can lead to undesired background growth. If the detection of
stronger interactions is desired, growth can be analyzed on LB-CTCK plates
containing up to 500 pg/mL carbenicillin.

3.6. Validation of Putative Protein—Protein Interactions

The interaction between the bait and target proteins can be verified by the
following two methods. Which method is performed and in what order is
determined by the researcher according to his or her individual priority and
requirements.

3.6.1. Interaction Validation Using B-Lactamase (Amp') Reporter Gene

First, isolate the target and bait plasmids from the reporter strain using
protocols that have been modified for isolation of low copy number plasmids.
Second, transform XL1-Blue MRF’ Kan with the isolated plasmids and select
for cells that have been transformed with the target plasmid by plating on
LB-tetracycline agar plates. Identify colonies that have been transformed with
only the target plasmid by patching the transformants onto LB-chloramphenicol
and LB-tetracycline agar plates. Transformants that are tet” and camS contain
only the target plasmid DNA. Third, isolate target plasmid DNA. Fourth,
cotransform the reporter strain using the target plasmid and the following: (1)
recombinant pBT plasmid, (2) pBT plasmid without insert, and (3) recombinant
pBT plasmid expressing any protein that does not interact with the target
protein. In addition, transform the reporter strain with only the target plasmid.

Select target plasmids for further analysis that induce the growth of colonies
on LB-CTCK agar plates in the presence of the recombinant pBT plasmid. Do
not select target plasmids that induce the growth of colonies on LB-CTCK agar
plates in the absence of the bait protein.

3.6.2. Interaction Validation Using B-Galactosidase (lacZ) Reporter Gene

A second reporter gene, 3-galactosidase, is expressed from the same reporter
promoter as the Amp" gene and provides an additional means of validating the
bait and target interaction. To verify interacting target and bait proteins, streak
colonies cotransformed with the bait and target plasmids directly onto X-gal
indicator plates. As a positive control, streak a colony containing the control
plasmids pTRG-Gall1? and pBT-LGF2, and as a negative control, streak
a colony containing the pTRG and pBT-LGF2 plasmids. Incubate at 30°C
overnight and examine colonies for the presence of a blue color. It generally
takes longer than 17 h for the blue color to develop. However, avoid very
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long incubations as this can lead to increased background color development.
Compare the test colonies to the control colonies to correctly interpret the
results.

3.6.3. Further Analysis of Verified Positives

To identify the protein encoded by the target DNA, determine the nucleo-
tide sequence of the target DNA and compare it to nucleotide and protein
sequence databases. In addition, the target DNA can be used as a hybridization
probe to screen libraries for full-length target DNA clones and for clones with
high homology to the target DNA.

4. Notes

1. The pTRG plasmid can be toxic to some cells; therefore, all forms of pTRG (with
or without insert present) should be grown at 30°C in a host strain containing
the lacl¥ gene. This will minimize the overall toxicity of the plasmid and will
minimize the selection for less toxic pTRG mutants and/or less toxic pTRG
recombinants.

2. For ligation, the ideal ratio of insert to vector DNA is variable; however, 2:1 or
3:1 ratios are recommended (insert-to-vector molar ratio). The amount of insert
DNA required for a 1:1 ratio is calculated as follows:

(No. of base pairs of insert) (100 ng of vector)
3210 bp (pBT plasmid)

X ng of insert =

3. The preparation of addtional control ligations with vector only and insert only
to determine the number of background colonies resulting from each component
is highly recommended.

4. The pBT plasmid is present at about 10 copies per cell. When preparing plasmid
DNA from host cells harboring this plasmid, use suggested protocol modifications
developed for low-copy-number plasmids.

5. A separate positive control ligation using 1.5 pL of XR Amp test insert (15 ng)
is also highly recommended.

6. Some researchers prefer to add liquid medium (e.g., SOC medium) to the plate
before scraping or prefer to “wash” the plate with liquid medium after scraping.
If this is desired, keep the volume of liquid medium added to a minimum, just
enough to allow pipetting during the resuspension step.

7. The pTRG plasmid is present at about 20-30 copies per cell. When preparing
plasmid DNA from host cells harboring this plasmid, use suggested protocol
modifications developed for low-copy-number plasmids.

8. Avoid excessive surface moisture on the LB-CTCK agar plates, which can lead
to an increase in the appearance of false positives. However, if the plates are too
dry, the growth of colonies will be inhibited.
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Future Perspectives

Shao-Yao Ying

We have made tremendous strides in our understanding and utilization of the
new methodologies in molecular biology over the past 50 yr. With our recent
access to complete genome sequences, the function of different transcripts
and proteins, the gene products, will soon be determined and, consequently,
their functions in cells, tissues, and organisms will be defined. Therefore,
gene expression analysis not only provides an important functional genomics
technology but also will lead to future research opportunities, diagnostic
utilization, targeted drug development, and clinical therapeutic applications.
With more defined methodologies, more specific questions in molecular biol-
ogy can be answered. The study of molecular biology has certainly entered a
phase of exponential growth and productivity. In this chapter, general principles
will be proposed, and examples will be provided for exploring the future
perspectives of the biomedical field, using some novel technologies described
in this book.

1. Research Opportunity

The newly developed technologies described in this book are most suitable
for defining functional genomics by global approaches. For instance, replica-
tion and amplification of mRNA in microdissected single cells facilitates the
exploration of structural genomics in homogenous starting materials. This
approach circumvents most problems encountered in tissues with multiple
heterogeneous loci. Coupling this approach to a RNA microarray technology,
large-scale elucidation of functional genomics can be achieved (1). This com-
bination provides the fundamental basis for drug discovery (2). Furthermore,
alterations of genes so identified can be employed in knockout studies to
ascertain gene function (3). With the environment as a potential factor largely

From: Methods in Molecular Biology, vol. 221: Generation of cDNA Libraries: Methods and Protocols
Edited by: S.-Y.Ying © Humana Press Inc., Totowa, NJ

311



312 Ying

accounting for susceptibility to disease, drug efficacy, and drug side effects, it
is pertinent to examine genetic variation as a risk factor. By the same token,
studies of dietary components traditionally observed to have beneficial effects
in certain diseases may lead to the identification of preventive or protective
genes against the disease. However, first and foremost, the generation of full-
length mRNA/cDNA libraries is still the major determining step for the study
of systematic genomics, transcriptomics, and proteomics.

1.1. Principles

The following systemic approach can be applied to a disease, a condition,
a system, or functional variation to better understand the underlying
mechanism(s). First, the integration of mRNAs in cells is preserved by fixation,
homogeneous single cells are obtained by microdissection, replication and/or
amplification of mRNA in cells is performed, the genetic etiology or pathway
is determined by microarray or subtractive hybridization analysis, differentially
expressed genes so identified are assessed by Northern blot analysis, immuno-
cytochemistry, in situ hybridization, reverse transcription—polymerase chain
reaction (RT-PCR), and Western blot analysis. Thus, a genomic understanding
of pathogenesis, mechanism, pathway, or regulation is achieved. For diseases,
the information acquired will pave the way for improvement in preventive
strategies, diagnosis, and therapeutic treatment.

Basically, specific full-length mRNA libraries from as few as 20 single
microdissected cells from biopsied sections, cytology specimens with known
pathological changes can be generated by the RNA-PCR method. Next, the
quality of the mRNA libraries so generated can be assessed. Subsequently,
global multisite gene expression (disease/condition-specific biomarkers) can be
identified in different disease/condition-specific mRNA libraries by microarray
analysis. The identified differentially expressed genes can be confirmed and
correlated with clinical/experimental conditions. At that stage, functional
significance of the identified genes can be determined.

1.2. Prostate Cancer as an Example

A novel approach to generating mRNA libraries from single cells obtained
from prostate cancer histological slides from different cancer stages has been
reported (4). Several potential applications of this method exist in studies of
the conversion of neoplasia to carcinoma. One of the approaches is to couple
the RNA-PCR-derived poly(A*) RNA libraries with microarray technologies
to identify specific differentially expressed genes from prostate cancer cells
at various stages in the conversion from neoplasia to carcinoma. The results
should permit the development of a useful diagnostic tool for early detection
of genetic alterations associated with the conversion of neoplasia to carcinoma.
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For the differentially expressed genes identified by RNA-PCR and microarray
technologies, Northern and Western blot analyses, in situ hybridization, and
immunocytochemical techniques are used to correlate the identified differentially
expressed genes and their proteins with the specific pathological conditions.
Subsequently, a functional significance study of the identified genes is performed
to ascertain the clinical implication. Finally, the gene and its protein are
examined to pave the way for potential gene therapy studies in the future.

1.2.1. Laser Capture Microdissection

Obtaining homogeneous single cells as the starting material for generating
mRNA/cDNA libraries and subsequent molecular analyses has been a difficult
challenge for many years. Laser capture microdissection has filled the gap by
providing a rapid, efficient, and precise method for obtaining homogeneous
single cells from complex tissue for molecular and cellular studies. Single
cells of a tissue specimen can be obtained from histological tissue sections
that are routinely formalin-fixed and paraffin-embedded (5) and this approach
has been recently reviewed (6).

There is still no effective cure for advanced prostate cancer. To understand
the initiation and progression of the disease at the molecular level in single
cells, laser capture microdissection (LCM) is a useful tool. To elucidate the
etiologies of prostate cancer at the molecular level, pathological samples of
benign, low-grade prostatic intraepithelial neoplasia (LGPIN), high-grade
intraepithelial neoplasia (HGPIN), carcinoma, and metastasis can be obtained
by laser-assisted preparation (4). These samples may be used for generating
full-length poly(A*)RNA libraries by the RNA-PCR method.

Briefly, the prepared tissue is shielded with a transparent film, and stained
cells are identified and microdissected with a laser microbeam. In this way, a
clear-cut gap is formed around the selected area. Because the dissected cells are
adhesive to the film; the specimen may be directly delivered to a microfuge tube
containing the extraction buffer. Recently, new laser microdissection systems
have been developed to avoid heat generated by mechanical contact.

1.2.2. mRNA Ampilification

This approach has been described in Chapter 12 in detail. During the first
reverse transcription of intracellular mRNA, an oligo-(dT)-promoter primer is
introduced as a recognition site for subsequent transcription of newly reverse-
transcribed complementary DNAs (cDNAs). These cDNAs are further tailed
with polynucleotide; the polynucleotide and the promoter primer of these
cDNA s form binding templates for specific PCR amplification. After one round
of reverse transcription, transcription, and PCR, a single copy of mRNA can
be multiplied 2 x 10°-fold. Coupling this method with a cell fixation and
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permeabilization step, the complete full-length cDNA library can be directly
generated from a few single cells, avoiding mRNA degradation. Thus, cell-
specific full-length cDNA libraries are prepared.

1.2.3. Identification of Differentially Expressed Genes by Microarray

Most current microarray techniques in prostate cancer research are capable
of generating large gene expression datasets with the potential to provide
novel insights into fundamental prostate cancer biology at the molecular level.
However, there are limitations in currently available methods. For example,
there are concerns that messenger RNA (mRNA) integrity may be damaged by
fixatives, the large number of cells required to prepare cDNA/mRNA libraries
may not be genetically homogeneous, what candidate genes should be probed
for different stages of progression of the disease, how to determine the genes
or pathways that mediate the formation or progression of prostate tumors,
and whether unknown transcript bias is introduced. The RNA-PCR method
coupled with microarray techniques partially solve these problems. We have
demonstrated that full-length cDNA/mRNA libraries can be generated from
less than 20 cells from a human prostate cancer histological slide, indicating
that, with appropriate precautions and the high resolution of amplification, it
is feasible to use routinely fixed tissue slides as the starting material. In this
way, mRNA libraries could be built based on homogenous cell populations.
Furthermore, with the control of cell type and stages of the progression
of prostate cancer, bias introduced by unknown transcripts is eliminated.
Moreover, with microarray analysis between two different stages in the same
cell type, differentially expressed genes can be identified. This provides a
tool for the study of the genes or pathways that lead to the conversion from
neoplasia to invasive carcinoma.

1.2.4. Identification of Differentially Expressed Genes
by Subtractive Hybridization

Several improved subtractive hybridization methods have been reported
to provide a fast, simple, and reliable isolation of sequences not common to
two compared DNA libraries (7), particularly novel genes. Coupled with the
RNA-PCR method, subtractive hybridization methods will identify and isolate
known and novel differentially expressed genes in cell-specific stage-specific
full-length cDNA libraries from single cells isolated from human prostate
cancer specimens (8).

1.2.5. Confirmation of the Identified Genes by Various Methods

To ascertain that the identified differentially expressed genes are associated
with various stages of prostate cancer, Northern and Western blot analyses, in situ



Future Perspectives 315

hybridization, and immunocytochemistry can be used to confirm the microarray
data and the subtractive hybridization results. Consequently, identified genes
and their proteins are shown to be correlated with the pathological conditions
as well as localized in the the same types of cell microdissected as the starting
materials. Because the in situ hybridization technique potentially localizes
the gene expression qualitatively and quantatively in a pathological section, a
quantitative confirmation of the identified genes can be conducted concurrently.

1.2.6. Examination of the Functional Significance of the Identified Genes

To complete the cycle of investigation, the identified genes are tested in
vitro and in vivo for their functional significance. Numerous overexpression
and gene knockout methods are available for the examination of functional
significance of the identified genes. Any commercially available overexpressed
system with the regulator of functions can be used to examine the effects of
overexpression of a gene on cancer cell growth in vitro and in vivo. For genes
identified as overexpressed, the elimination of the function of the gene can
be accomplished by gene knockout, ribozyme, antisense, or RNA-mediated
interference technologies (RNAi). Recently, an improved method has been
developed to eliminate the function of a specific gene, termed mRNA—-cDNA
interference (D-RNAi) (9). We were able to silence gene expression by a
relatively long-term interference with specific gene expression by introducing
a mRNA-cDNA hybrid into human prostate cancer cells. To the best of our
knowledge, D-RNAI is the first instance of a long-term, sequence-specific
cosuppression of homologous transcripts in human cells, using a hybrid of
about 500 bp, with the RNA interference lasting for a longer time at much
lower doses than those of RNAI. Incidentally, duplexes of 21-nucleotide RNAs
produced RNA intereference in cultured mammalian cells, but nucleotides over
30 bp induced nonspecific RNA degradation (10).

1.2.7. Specific Targeted Studies

The above-listed approaches can also be used for specific targeted studies.
Several factors such as transforming growth fctor (TGF)-f, activin, tumor
necrosis factor (TNF)-o., Fas, and radiation trigger apoptotic processes by
initiating distinct and specific signal transduction in prostate cancer cells.
Subsequently, cytoplasmic degradation that is associated with intracellular
receptors such as Siva-like molecules takes place (11-13). Consequently, death
signals are initiated, resulting in increased levels of nucleases that lead to
genomic DNA fragmentation. Several molecules, including protein kinase C
(PKC) (14), bcl-2, p53, bax, caspases, Ki-57 (15-18), cyclooxygenase-2
(COX-2) (19), and sulfated glycoprotein-2 (SPG-2) (20) may be associated
with this postulated pathway. Any one of these genes can be used for specific
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targeted studies by either overexpression or knocking out the specific gene.
Subsequently, mRNA/cDNAs are prepared that are analyzed by microarray
technologies or subtractive hybridization. The resulting differentially expressed
genes are the specific targeted genes for study.

1.2.8. Gene-Environmental Interaction

For complex diseases such as prostate cancer that are associated with
heterogeneous loci and multiple factors and that are under a substantial
degree of genetic control, the gene-envirnoment interaction or the genetic
epidemiological etiology can be better studied with a global genomic approach,
as outlined earlier. For example, consumption of soy-based food is about 50
times greater in Asian men than Caucasian men (21); thus, it is pertinent to
monitor the protective or preventive genes mediated by chronic exposure to
soy-bean components.

For the following reasons, prostate cancer is used to illustrate this approach.
First, the incidence rates and deaths from prostate cancer in Asian men are lower
than in American men; therefore, the high consumption of soy-based foods
in Asian men is thought to have chemoprotective or chemopreventive effects.
Second, genistein, one of the components of soy, has been found to play a
role in prostate cancer cell growth as a result of altering gene expression via
inhibitions of tyrosine kinases. The role of these genes remains to be completely
elucidated. Third, the advent of microarray technologies can allow monitoring
of alteration of all genomic genes in prostate cancer cells concurrently. Finally,
because frequently there are heterogenous loci in prostate cancer, it is desirable
to make mRINA libraries from homogeneous single cells.

The possible goals of genetic epidemiological etiology are to use RNA-
PCR-generated poly(A*) RNA libraries and RNA microarray technologies to
conduct a systematic characterization of gene expression in prostate cancer
cells exposed to potential therapeutic agents such as genistein or to compare
prostate cancer cells obtained from pathological slides of American and Asian
men. mRNA libraries from these cells are prepared and hybridized with
RNA microarrays. The changes in gene expression between high-soy-intake
Asian men versus low-soy-intake American men can be analyzed as described
earlier. By the same token, subtractive hybridization can also be used. Similar
gene—environment interactions can be examined using the same approaches.

1.3. Research in Various Fields
1.3.1. Breast Cancer

The methodologies described can be adapted for breast cancer research. The
pathogenesis of breast cancer involves ductal hyperproliferation, progression
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in situ, and invasion of carcinomal cells. Studies to elucidate differentially
expressed genes among various stages (normal, DCIS [ductal carcinoma in situ],
IDC [intraductal carcinoma], and metastatic carcinoma) of breast cancer
could result in global targeted genes potentially useful for early detection and
prevention strategies. Similarly, the differentially expressed genes between
the ductal epitheial cells and their adjacent stromal cells of any specific stage
could shed light on the epithelial-stromal interaction during the progression
of breast cancer.

Another area of interest is angiogenesis in breast tumor, because the degree
of vascularity is associated with prognosis of the patients exhibiting early-stage
invasive breast cancer (22). Indeed, there is a linear relationship between the
probability of metastasis and the degree of vascularization of the primary breast
tumor. Tumor growth and metastasis are inhibited by neutralizing angiogenic
factors or by systemic therapy with endogenous antiangiogenic factors or
agents. A number of growth factors and cytokines are involved in angiogen-
esis, including VEGF (vascular endothelial growth factor) (23), PD-ECGF
(platelet-derived endothelial cell growth factor, also known as TP [thymidine
phosphorylase]) (24), FGFs (fibroblast growth factors) (25), interleukin-12
(26), and seven thrombospondins (27). Generally, these factors are capable of
stimulating tumor growth by paracrine mechanisms, resulting in the formation
of new blood vessels from the pre-existing vascular network of the tissue.
With the above-described methodologies, endothelial cells collected at the site
of initiation of new blood vessels, the formation of basement membrane, the
extracellular matrix degradation of basement membrane, and the formation
of the vascular lumen can be investigated for identification of differentially
expressed genes as angiogenic biomarkers during the process of angiogenesis.

1.3.2. Neuronal and Glial Cell Studies

Our understanding of the structure and function of neuronal and glial cells
has grown rapidly and new discoveries have been reported frequently during
the past decade. To illustrate the research opportunities in this area using
the methodologies described earlier, two potential approaches are described
briefly.

One is the identification of genes that are dynamically regulated during
neural differentiation as well as neural activity with the above-described
methodologies. Genes involved in various stages of neural differentiation can
be identified to shed light on the functional evolution of specific neurons.
In addition, various populations of neurons that respond exclusively to one
environmental factor vs neurons that responded to two or more environmental
factors can be examined and the environment-specific genes can be identified.
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Another potential area is to determine the molecular basis for the mecha-
nisms underlying neurodegenration, including Alzheimer’s disease. There has
been dramatic progress in this area recently and several Alzheimer’s disease-
related genes have been identified. However, the above-described methodolo-
gies can provide the identification of global genes that are differentially
expressed in normal cells versus diseased cells.

2. Diagnostic Utilization

Although the pathologic stage is currently the main prognostic indicator for
patients with many diseases including cancer, increasing evidence suggests
that, in its current form, this stage is insufficient to predict clinical outcome.
Studies of the genetic etiology of diseases, particularly chronic and complex
ones, offer a way of improving our understanding of pathogenesis, subsequently
improving preventive strategies, diagnostic tools, and therapies. Considerable
effort and expense have been expended in attempts to detect specific alteration
of genes contributing to disease susceptibility. Up until now, mutation loci
and genetic polymorphisms have been widely used for direct detection of the
disease and its relation to disease phenotype. With the advent of the microarray
era, innovative diagnosis of a particular disease and consequent risk profiling
will facilitate early detection of the disease.

Numerous diseases have been routinely monitored to determine the appropri-
ate time for initiation of treatment and prevention of disease sequelae. For
example, through DNA analysis, mutations of genes for an enzyme that are
responsible for inherited disorders such as congenital adrenal hyperplasia
resulting in genital abnormalities can be diagnosed prenatally (28). This type
of prenatal diagnosis for a disease can be accomplished via DNA analysis;
subsequently, the gene defects can be prevented or treated. Early detection
of retinoblastoma mutations allow laser removal of eye tumors within the first
few weeks of birth, substantially increasing the chances of saving an affected
child’s eyes (29). The use of polymorphisms derived directly from DNA
sequences is frequent, reflecting a high number of DNA sequence variants
across the human genome. Indeed, molecular genetic testing is currently
available for diseases such as cystic fibrosis (30), sickle cell anemia (31), and
Tay—Sachs disease (32), but the initial diagnosis of these disorders usually is
established by other pathological methods.

In some cases, the low incidence of mutation requires techniques of high
sensitivity; other cases may be associated with numerous potential obstacles
to analysis of mutations. For example, K-ras mutation is an early event in the
development of certain types of cancer and can be considered a biomarker in
early detection (diagnosis) and in susceptibility assessment (33). This may be
more complicated than a single gene mutation because the mutant forms of ras
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family genes frequently result in constitutive activation of signaling cascades,
including PI3k (phosphatidylinositol-3’-kinase), PKB/Akt (protein kinase-B
[also known as Akt]), mitogen-activated protein kinase (MAPK), and stress
kinases. Furthermore, the ratio of neoplastic or proneoplastic to normal cells
may be extremely low and may vary in different target organs as well as in
individuals, making it extremely difficult to pinpoint the so-called “hot spots”
by the PCR technique in a histopathological examination. Although highly
sensitive analyses of body fluids for the presence of mutant ras alleles have
been developed, positive mutant ras alleles have been identified in heavy smok-
ers at stages at which no pathological evidence for lung tumors can be detected.
Another way to improve a diagnostic method is to enrich molecularly the target
cells from crude clinical samples by microdissection and immunobinding
sorting so that homogeneous cells can be used. Even with the optimization of
a diagnostic method, it has been recognized that the presence of mutant ras
alleles does not always correlate with the extent of tumor progression.

On the other hand, particular genes used as biomarkers for tumor detection
have been found in patients who carry them in their non-neoplastic samples.
Sometimes, levels of these genes in non-neoplastic cells could be higher than
those in tumors. Given the biological importance and value of gene detection,
there are still the issues of the gene per se vs the cooperation of the gene with
other oncogenes and tumor suppressor genes to consider. Thus, it is equally
important to analyze the targeted genes in isolation and in combination with
other biomarkers known to be associated with the development of the tumor.

2.1. Prostate Cancer as an Example
2.1.1. Novel Approaches

The generation of cDNA/mRNA libraries from selected homogeneous cells
by the RNA-PCR method and the RNA microarray allows gene expression
measurements of thousands of genes in parallel, providing a powerful tool
for pathologists seeking new genetic biomarkers for diagnosis. As a result,
novel diagnostic approaches based on specific gene alterations are likely. This
approach not only can provide biomarkers for known categories of neoplasia but
will also lead to recognition of new diagnostic categories. However, the huge
volumes of data so generated require thoughtful interpretation to produce infor-
mation beneficial to patients. This section briefly outlines potential future con-
tributions of a hypothetical DNA sequence variant or differential gene expression
to disease diagnosis. To guide prospective users through the myriad decisions
that must be made in the design and execution of a successful diagnosis, prostate
cancer is given as an example. Similar approaches to identify cell- and stage-
specific differentially expressed genes will undoubtedly be developed.
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The functional significance of a specific gene is reflected by its protein
gene product. For example, prostate-specific antigen has been successfully
used as one of the diagnostics for the detection of prostate cancer. Given that
understanding of the basis of a complex disease is different because of multiple
genetic alterations, defined specific genetic changes are required to detect the
progression of the disease. The elucidation of global gene expression would
maximize the chances of finding data patterns indicative of the etiology of
such a complex disease.

On the other hand, identification of differentially expressed genes at critical
times, including initiation, development, and progression of a disease, would
provide the means for deciphering the molecular etiology and, consequently,
contribute to the goals of cancer detection and prevention. After the identifica-
tion of a differentially expressed gene that is closely associated with a particular
stage of prostate cancer, it might be possible to use this information to develop
diagnostic tests.

2.1.2. Early Detections

The ability to determine the risk of prostate cancer before the onset of
symptoms (i.e., neoplasia) would be potentially of great benefit in the preven-
tion of this disease. The successful use of such diagnostic testing will depend
on the nature and extent of the heterogeneity of the disease, the frequency of
the differentially expressed genes at a particular stage that is closely associated
with the progression of the disease, the functional significance of the identified
genes in terms of disease progression, and its blockade of disease development
after overexpression or knockout of the gene, as well as the interactions
between the identified genes and factors such as age and gender. Further, there
are operational problems such as false-negative responses and ethical and
psychosocial concerns that must be taken into consideration. Nevertheless,
using information obtained from the generation of cDNA libraries to develop
an easy, rapid, and consistent diagnostic tool for early disease detection is
the current trend. In this way, a gene diagnostic testing may be developed
in the future.

To develop a promising new strategy for ultrafast, reliable, and low-cost
detection of gene expression associated with the early stages of prostate cancer,
a system involving laser capture microdissection, amplification of mRNA
in situ by the RNA-PCR method, identification of differentially expressed
genes by microarray technologies, confirmation of the correlation between
clinical progression of the disease and expression of the identified gene and
its proteins, and determination of the functional significance of the gene are
all essential. To facilitate this procedure, homogeneous prostatic epithelial
cells can be collected as the starting material, guaranteeing that the genes be
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identified will be pertinent. The most promising starting material for the gene
diagnostic test is paraffin-embedded pathological tissue. We have demonstrated
that the paraffin-embedded pathological section is suitable for LCM and mRNA
amplification by the RNA-PCR method. With the microarray technique and
D-RNAi method, the overexpressed genes identified from any particular stage
of a disease can be ascertained as potential genes for early detection of the
disease in a diagnostic test. Cell- and/or stage-specific differentially expressed
genes in as many specimens as possible are required to assure that population-
based screening will detect the earliest stages of prostate cancer.

Once a cluster of early-stage disease-specific genes is identified, a group
of “housekeeping genes” will be used for the assessment of the quality of the
mRNA prepared; this is called an internal control, which assures that these genes
are consistently expressed in various stages of the disease, whereas the iden-
tified cluster of genes is only specifically expressed in an early stages, but not
in the later stages of the disease. Then, the issue of false-negative readings will
be explored. This is important because a negative test result may not determine
conclusively that the patient is unaffected. After the establishment of different
clusters of cell- and/or stage specific genes in a disease, a representative
microarray plate can be designed to specifically identify these various clusters
of genes as well as the cluster of genes associated with cell proliferation,
apoptosis, adhesive proteins, signal transduction, and oncogene/suppressor
gene-associated genes. With the same method described earlier (LCM and the
RNA-PCR method), a small quantity of sample obtained from a patient can be
used to generate a complete mRNA library. Subsequently, the patient’s mRNA
can be hybridized with the disease-specific microarray plate to detect the gene
of interest for early detection of the disease. To validate this new strategy, this
approach should be compared with currently commercially available methods
using the same prostate cancer specimen.

3. Drug Development

Generation of cDNA is only the first step in achieving an understanding
of normal and pathological states. However, the information so gathered in
terms of mutations or differentially expressed genes can be used to provide a
sufficient rationale for drug development and clinical application, resulting in
an effective intervention in patients (34).

Recent cDNA generation methodologies provide a cellular, biochemical,
and molecular basis for drug development on the basis of interference with
the cell cycle and the induction of apoptosis as a result of interaction with
functional gene activities. Knowledge of the cell cycle phase specificity of a
particular stage of a disease such as prostate cancer can be used to develop
anti-prostate-cancer drugs that target specific genes. Similarly, apoptosis plays
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a critical role in the development and regulation of cell homeostasis and in
the elimination of abnormal cells. Excessive or insufficient programmed cell
death contributes to human disease, including neurodegenerative disorders
and autoimmune and neoplastic diseases. Moreover, several anticancer drugs
induce apoptosis of cancer cells, and apoptosis frequently correlates with
cytotoxicity. Targeted gene manipulation during apoptosis can evolve into
specific blocking agents for specific cancers at specific stages on the basis
of the global differential gene expression. The biochemical and molecular
approaches to develop targeted-gene-derived drugs is wide open. Already,
several oncogenes, suppressor genes, and numerous growth factors appears
to be excellent targets. Likewise, our understanding of numerous effective
chemotherapeutic drugs can be further improved by a knowledge of the
underlying molecular mechanism of action (35).

To this end, knowledge in the following areas will help realize our vision
of drug development: molecular biology, including transcription factors,
antisense, protein, and cDNA characterizations, cell cycle and cell signaling
networks, molecular-structure-based search and rational design, as well
as chemical and biological combinatorial libraries. Thus, it becomes more
important to search and validate target genes that control specific diseases. To
achieve this goal, it is often critical to obtain a homogeneous sample or isolate
individual cells. In addition, the integration of mRNA amplified is essential.
The RNA-PCR method described earlier fulfills these requirements by LCM,
and preservation of mRNA that is subsequently amplified. In this way, a rapid,
high-standard, simple manipulation can be developed in conjunction with
further miniaturization and automation for target identification, and target
validation leading to better models for human disease.

The trial-and-error days of drug development have given place to an era in
which researchers attempt to do drug design logically, based on the underlying
biology. This includes transcription factors, antisense, protein, and cDNA
characterizations, cell cycle and cell signaling networks, and so forth. In
addition, molecular-structure-based search, design, and combinatorial libraries
will facilitate synthesis of novel drugs for specific diseases. This approach
aids researchers in developing a full understanding of the complex biological
mechanisms that are the molecular causes for natural and disease states,
enabling them to select the most effective drugs that work most specifically
with the fewest side effects.

In an attempt to discover new drug targets for cancer, we have used a
combination of methods, including identification of genetic biomarkers as dif-
ferentially expressed genes by the RNA-PCR method, subtractive hybridization,
microarray, and functional significance assay technologies such as D-RNAIi
(36). D-RNAI is a novel posttranscriptional procedure for silencing gene
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expression by transfection of mRNA—-aDNA (antisense DNA) hybrids. This
phenomenon has been observed in the effects of bcl-2 on phorbol ester-induced
apoptosis in human prostate cancer LNCaP cells, in chicken embryos, and
in the human CD4" cell line H9. In the former, the in vivo transduction of
B-catenin D-RNAi was shown to knock out more than 99% of endogenous
B-catenin gene expression. In the latter, a human immunodeficiency virus
(HIV)-1 D-RNAi homolog suppressed viral gene replication completely.
This approach provides long-term gene knockout effects that may lead to
the selection of differentially expressed genes as potential targets in drug
development.

4. Clinical Therapy

The methods of generation of cDNA libraries and other techniques described
in this volume will also provide crucial information for developing future
causal therapeutic intervention as a strategic program designed to investigate
gene function at the molecular, cellular, and organism levels. In this way,
methods used to decipher the function of single genes can be applied to entire
genomes. Thus, understanding gene function provides insight into disease
pathogenesis. This information can be linked to understanding the function
of human genes by exploiting the respective features of model systems.
Frequently, the gene alterations identified in the tumor cell at specific sites, at
specific stages, and in terms of specific gene perturbation is most effective.

Exploring gene functions and/or gene alterations for the development of
causal therapies (i.e., gene therapies) is not new. The global approach of gather-
ing information on targeted genes in various stages of a disease certainly is
novel and will pave the way for more therapeutic applications. The ideal original
gene therapy is a therapeutic intervention introducing a gene (transgene) that
is efficiently delivered, durably transferred, and stably expressed to correct
a defect underlying an inherited disease. For example, cystic fibrosis is the
result of a genetic defect in the cystic fibrosis transmembrane conductance
regulator (CFTR). The protein of this gene is a chloride transporter, regulating
transmembrane voltage, notably in the airway epithelium. Subsequent to
adenovirus-mediated gene therapy for this disorder, adenoviral transfection
can be assessed by quantitation of Ad-CFTR vector plaque-forming units. No
adverse effects resulting from the adenovirus were observed, CFTR RNA was
expressed in vivo, and transepithelial voltage normalization was also noted
(37). However, the present technology does not permit sustained expression of
the CFTR gene for the long-term treatment of cystic fibrosis.

A second example is the introduction of VEGF121 cDNA to individuals
with clinically significant severe coronary artery disease by direct myocardial
injection into the area of reversible ischemia for the treatment of vascular
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insufficiency (38). Other areas of gene therapy are neurological diseases
associated with motoneuron cell death (39), autoimmune disorders such as
rheumatoid arthritis (40), and severe combined immune deficiency (SCID)
(41). However, the chief challenge facing clinical gene therapy strategies is the
lack of efficient gene delivery systems.

In another approach, known as ex vivo gene therapy, cells, including
peripheral blood lymphocytes (42), skin fibroblasts (43), and stem cells (42),
collected and genetically modified ex vivo, are used. Using these approaches,
genes capable of controlling cell proliferation, the pathway for transmission
of positive and negative signals from cell surface to nucleus, angiogenesis,
apoptosis, DNA repair, mutation, and differential expression, certainly offer
potential targets. In addition to delivering “corrective” nucleic acid sequences
into the target cells to compensate for the hereditary defect in a specific gene,
the generation of cDNA libraries and other methods described in this volume
may provide insight into disease pathogenesis in terms of functional genomics.
In this way, better understanding of disease mechanisms at the molecular
level may lead to potential targets that might indicate novel entry points for
pharmaceuticals and consequent clinical application. One such approach is
gene-driven knockout, which generally requires prior knowledge of genomic
information such as overexpressed genes. To test the novel predicted overex-
pressed genes by gene knockout, an RNA-mediated interference (RNA1)
technology has been recently reported.

RNA-mediated interference results in silencing of specific gene expression
in the presence of double-stranded RNA (dsRNA) homologous to the silenced
gene (44). The dsRNAs are thought to be associated with an RNA endonuclease
and produce RNA fragments of 21-23 nucleotides. Once recognized, the
mRNAs are cleaved at sites 21-23 nucleotides apart (45), therefore silencing
the gene activity. This is known as posttranscriptional gene silencing (PTGS).
The introduction of a transgene or dsRNA probably evokes an intracellular
sequence-specific RNA degradation that affects all highly homologous tran-
scripts. This method has practical implications for functional genomics and
provides a rapid method to test the function of genes (46).

Recently, an improved RNAi phenomenon known as D-RNAi was developed
in human prostate cancer cells. This method silences gene expression via
relatively long-term interference with specific gene expression (36). This
method introduces an mRNA—-cDNA hybrid into human cells. To the best of
our knowledge, D-RNAI is a long-term, sequence-specific cosuppression of
homologous transcripts in human cells. Although this type of gene therapy has
been explored previously, the idea of using D-RNAI for several upregulated
genes associated with apoptosis in human prostate cancer cells is a new one.
Incidentally, duplexes of 21-nucleotide RNAs produce RNA intereference in
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cultured mammalian cells, but nucleotides over 30 bp induce nonspecific RNA
degradation (10). However, the D-RNAi method uses a hybrid of about 500 bp,
with the RNA interference lasting for a longer time.

The propects of gene therapies have increased tremendously as a result of
recent advances in our understanding of gene alteration at molecular, cellular,
and organism levels. However, outstanding issues remain to be addressed before
an effective, durable, and stable delivery system is possible. In vivo cellular and
body responses to the treatment can reduce the therapeutic benefits, resulting in
variance in the pharmacological actions among various patients. It is hoped that
a simple, effective method of introducing genes for expression or overexpres-
sion to compensate for the activity of the defective endogenous genes will be
developed. Although much work needs to be done to assess the safety, risks,
and efficiency of RNAi and/or D-RNAI as well as alternative approaches, the
excitement and prospects for a better gene therapy based on novel understanding
of differentially expressed genes have grown substantially and will be increased
exponentially among scientists and clinicians in the future. Eventually, the
promise of better treatments of various disease by gene manipulation is realisti-
cally within reach, as we enter the era of gene medicine.

5. Future Challenge

The generation of cDNA/mRNA and high-throughput technologies has
revolutionized expression of genes that may be a seminal development for
simulating and predicting biomarkers for diagnostic utilization, drug develop-
ment, and clinical therapy. However, current limitations include the following
difficulties.

First, there is the issue of standardizing procedures to provide reliable and
reproducible results and to assure that comparable data are generated from dif-
ferent laboratories. Another hurdle is the lack of a validated, robust, automatic
preparation of single cells and the generation of full-length mRNA/cDNAs
libraries containing both rare and abundant genes. Using incomplete libraries
as the starting material results in incomplete gene analysis. Third, improved
software is needed for data analysis to allow a healthy assimilation and
interpretation of information flowing from various high-throughput programs.
Fourth, for the differentially expressed genes, there is a risk that transcription
levels of the identified genes do not necessarily correlate with those of proteins,
particularly for rarely expressed genes. Thus, studies of peptide libraries,
gene—protein interactions, and protein—protein interactions are urgently needed.
Some problems in the original model of gene therapy are stilled unsolved,
including efficient delivery, durable transfer, and stable expression of transgenes
to correct a gene defect underlying an inherited disease. Fifth, the novel gene
knockout methods for functional significance studies such as D-RNAI raises
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our hopes for adopting personalized drug development; however, there is a
void of technology for efficient gene overexpression to allow the functional
significance of identified genes to be determined. Finally, there is a need in
gene therapy for an efficient delivery system, particularly in vivo, to generate
a durable, stable expression or knockout to correct the differentially expressed
genes underlying an inherited disease. Therefore, the progress of gene medicine
from laboratory results to diagnosis, drug development, and clinical therapy
will depend on how effectively we can provide the answers to these questions.

In sum, limited effectiveness, insufficient gene transduction, nonviral
gene transfer, nuclear import, DNA condensing agents, other vaccines, and
antiangiogenesis will be future challenges for clinical gene therapy. In addition,
resistance of living cells to invasion by foreign materials and interference with
cellular function need special attention. Novel approaches for delivery systems
including D-RNAI, synthetic peptide-containing nuclear localization signals
bound to DNA (47), and inhibitors of telomerase (48) will provide the future
perspectives in gene therapy.
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