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The normalization and subtraction of highly expressed cDNAs from relatively large tissues
before cloning dramatically enhanced the gene discovery by sequencing for the mouse full-
length cDNA encyclopedia, but these methods have not been suitable for limited RNA materi-
als. To normalize and subtract full-length cDNA libraries derived from limited quantities of
total RNA, here we report a method to subtract plasmid libraries excised from size-unbiased
amplified A phage cDNA libraries that avoids heavily biasing steps such as PCR and plasmid
library amplification. The proportion of full-length cDNAs and the gene discovery rate are
high, and library diversity can be validated by in silico randomization.

INTRODUCTION

We have been preparing the mouse
full-length ¢cDNA encyclopedia (1,2)
by selecting new cDNA clones by one-
pass sequencing of full-length enriched
cDNA libraries prepared with the cap-
trapper strategy (3,4). To increase gene
discovery, we have normalized and
subtracted cDNAs before cloning by
hybridizing biotinylated RNA/mRNAs
to single-stranded cap-selected cDNAs
(4). This method allowed for the re-
moval of highly expressed mRNAs and
cDNAs deriving from genes that had al-
ready been found. However, this meth-
od can only be used for relatively large
tissues because it requires a relatively
high quantity of mRNA (1). There are
no methods to normalize and subtract
full-length ¢cDNAs deriving from tis-
sues that are difficult to collect, such
as preimplantation embryos, stem cells,
or microdissected tissues, from which
only a reduced quantity of RNA can
be extracted. The methods developed
by Bonaldo et al. (5) require plasmid
libraries amplification, by which short
inserts are preferentially amplified and
therefore unsuitable for long-insert full-
length cDNA libraries. To overcome
such problems, we used the properties
of our A FLC vector family (6), which
allows for unbiased amplification and
excision into plasmid cDNA librar-
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ies that retain the original mRNA size
(2.5-3.0 kb). We have previously dem-
onstrated that after solid-phase phage
library amplification, the discovery of
rare or new genes and library diversity
improved (6). After unbiased bulk exci-
sion, plasmid libraries are used to pro-
duce single-stranded DNA (ssDNA),
which is subjected to subtraction, fol-
lowed by second-strand synthesis and
electroporation into bacterial cells. This
novel strategy allowed us to prepare,
for the first time, full-length, large
subtracted cDNA libraries from small
microdissected tissues that were used
for the mouse cDNA encyclopedia.

MATERIALS AND METHODS

Construction of the Primary cDNA
Library

RNA was extracted from microdis-
sected neocortex in 18-, 24-, 28-, and
50-day mice, respectively, and four
kinds of cDNA libraries (P18, P24,
P28, and P50) were constructed as pre-
viously described (3,4,6) from 50 ug
each total RNA. Cap-trapper-selected,
full-length first-strand cDNA was pre-
pared with 1st BG primer (3,4) and
ligated to a second linker by the single-
strand linker ligation method (7). Sec-
ond-strand cDNA was then synthesized

and digested with BamHI/Xhol, and
cDNA was ligated to the A FLC-I vec-
tor (6). After packaging (MaxPlax™;
EPICENTRE, Madison, WI, USA),
cDNA libraries were amplified as
previously described (8) in C600 cells
on a semisolid phase (LB-agar plates
supplemented with 10 Mm MgSO,)
at 50,000 plaques per 13-cm diameter
dish. These controlled amplification
conditions avoid competition among
phage particles and reduce bias (6).

Tester Preparation

Phage particles (from 5.0 to 6.7
x 1019 from P18, P24, P28, and
P50 libraries were infected in 10 mL
BNN132 grown overnight (Agy, = 0.5)
in 20 mM MgSO, and then cultured
in LB medium at 30°C for 1 h. The
plasmids were extracted with a Wiz-
ard® Plus Midipreps DNA Purifica-
tion System (Promega, Madison, WI,
USA). To remove Escherichia coli ge-
nome contamination, the plasmid was
treated with 3 U Plasmid-Safe™ ATP-
Dependent DNase (EPICENTRE) per
microgram of DNA at 37°C for 1 h in
the presence of 1 mM ATP. The sample
was purified with 20 ug proteinase K in
100 pL reaction mixture that contained
0.2% sodium dodecyl sulfate (SDS)
and 10 mM EDTA at 45°C for 15 min,
extracted using phenol/chloroform and
chloroform, and precipitated with iso-
propanol. The double-stranded plasmid
DNA was converted to a single-strand-
ed plasmid by the combined action of
the Genell-Exolll enzymes from the
GeneTrapper® cDNA Positive Selec-
tion System (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s
instructions (Figure 1). A site-specific
endonuclease, Genell binds to the f1
origin in phagemid vectors and nicks
specifically one of the strands of the
supercoiled DNA. The nicked strand
is then digested with Exolll to gener-
ate single-stranded circles. Five mi-
crograms of double-stranded plasmid
DNA were nicked with 1 pL. Genell at
30°C for 1 hin 20 L. 1x Genell buffer.
After the heat-inactivation of Genell at
65°C for 5 min, 1 puL reaction mixture
was transferred for the agarose gel
analysis. The remainder was chilled
on ice, and after the addition of 2 pL.
Exolll, incubated at 37°C for 1 h. After
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digestion with Genell or Genell-Exo-
III, undigested double-stranded plas-
mid DNA was electrophoresed with 1
UL each of the digested samples in a
0.8% agarose gel to confirm that the
double-stranded DNA (dsDNA) was
converted to ssDNA. After digestion
with 20 pg proteinase K in 100 pL
reaction mixture and extraction with
phenol/chloroform then chloroform as
described earlier, single-stranded plas-
mid was ethanol-precipitated and used
as the tester.

Driver Preparation

The driver DNA was generated by
PCR with the A DNA from the library
(Figure 1). The A DNA was extracted
as previously described (9). PCR
amplification was performed with 25
ng A DNA as template and 2.5 pmol
each primer. The primers used for PCR
were 1stBG-T3 (5-CTCTCTCAAT-
TAACCCTCACTAAAGGGAGA-
CCTTCTGGAGAGT 4-3") and 19
linker-T7 (5’-TTTTTTTTAATACG-
ACTCACTATAGGGAGAAGGT-
GACACTATAGAACCA-3’). PCR
was carried out using 2.5 U LA Tag™
polymerase (Takara, Tokyo, Japan) in
1x GC Buffer I (Takara) and 0.4 mM
dNTPs in a volume of 100 uL. The
cycling conditions were 94°C for 3
min, 70°C for 5 min (addition of hot
start polymerase), 94°C for 45 s, 55°C
for 1 min, and 25 cycles of 68°C for 5
min and 65°C for 2 min. PCR-ampli-
fied fragments were verified by agarose
gel electrophoresis. PCR products were
then purified by proteinase K treatment
and extracted with phenol/chloroform
and chloroform, and the primers were
removed with the diatomaceous earth
DNA extraction of dsDNA (10). To
prepare an antisense single-stranded
driver, linear amplification was per-
formed with 2.5 pmol 1stBG-T3 prim-
ers and up to 1.5 ug amplified products
as a template. PCR was carried out us-
ing 2.5 U LA Taq polymerase in 1x GC
Buffer I and 0.4 mM dNTPs. The cy-
cling conditions were 94°C for 3 min,
70°C for 5 min (addition of hot start
polymerase), 94°C for 45 s, 55°C for 1
min, and 5 cycles of 68°C for 5 min and
65°C for 2 min. After purification with
proteinase K and phenol/chloroform
extraction, the PCR products were
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Figure 2. Validation of subtraction efficiency. (A) Ratio of K2, K3+K4, and K5 library-specific clus-
ters plus singletons. (B) Ratio of K2, K3+K4, and K5 library-specific clusters (without singletons). (C)
Ratio of computer-randomized K2’, K3’+K4’, and K5’ library-specific clusters (without singletons).
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ethanol-precipitated with 1/4 volume
of 10 M ammonium acetate, dissolved
in water, and used as a driver.

Hybridization

A total amount of 10 (20-fold ex-
cess: low ratio) or 50 ug (100-fold
excess: high ratio) of linear amplifica-
tion products (driver) from each library
(Table 1) were mixed with 1.5 of 5
blocking oligonucleotide 19linker-T7
(5"-TTTTTTTTAATACGACTCAC-
TATAGGGAGAAGGTGACAC-
TATAGAACCA-3) and 1.5 ug of 3’
blocking oligonucleotide BlockBGT3GA
(5-AAAAAAAAAAAAAAAACTCTC-
CAGAAGGTCTCCCTTTAGT-
GAGGGTTAATTGAGAGAG-3").
These oligonucleotides were used to
block the portion of 5" and 3" PCR primer
used for the driver preparation. The mix-
ture was ethanol-precipitated, dissolved
in 4.5 pL hybridization buffer (50%
deionized formamide, 25 mM HEPES,
pH 7.5, 5 mM EDTA), and heated at
80°C for 3 min. Single-stranded plasmid
(tester; 0.5 pg) was dissolved with 4.5 uL.
heat-denatured driver mixture. An aliquot
(045 pL) was transferred to another
tube, kept in a freezer at -20°C during
hybridization, and used as a control. One
microliter of 5 M NaCl was then added to
the driver/tester mixture, and the hybrid-
ization was performed at 4°C for 8 h (Cot
75, low ratio; Cot 200, high ratio). The
Cot value was calculated as described by
Anderson et al. (11).

Capture of Single-Stranded DNA by
Hydroxyapatite Treatment

Calibrated batches of Hydroxy-
apatite DNA Grade Bio-Gel® HTP Gel
(HAP; Bio-Rad Laboratories, Hercules,
CA, USA) were kept rigorously desic-
cated in a dry space, hydrated just be-
fore use with 0.12 M NaPi buffer (0.12
M sodium phosphate buffer, pH 6.8, 1
mM EDTA, 1% SDS), and boiled for
30 min. One milliliter of hydrated HAP
(500 pL bed vol; 0.2 g HAP) was trans-
ferred to a 2-mL tube and centrifuged
for 10 s at 15,000x g, followed by the
removal of the supernatant. The hybrid-
ized sample library was diluted with
500 uL HAP buffer, incubated at 65°C,
and added to the HAP, mixed vigorous-
ly, and rotated at 60°C for 30 min. After
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centrifugation for 10 s at 15,000x g,
the supernatant containing ssDNA was
recovered in a new tube. The HAP was
washed twice with 500 uL. HAP buffer,
rotating at 60°C for 30 min, and the su-
pernatants were mixed with the recov-
ered single-stranded samples. In recent
experiments, we performed two rounds
of HAP treatment, and dsDNA hybrids
were completely subtracted. The HAP-
treated sample was extracted with
phenol/chloroform and then chloroform
and purified by cetyltrimethylammo-
nium bromide (CTAB) precipitation.
A final 0.1% concentration of CTAB
was added to the sample. After 1 h of
incubation at room temperature, the
sample was centrifuged at 15,000x g
for 15 min, and the supernatant was
removed and washed with 0.1% CTAB.
The pellet was resuspended in 150 pL.
7 M GuHCI, and 375 pL ethanol were
then added and precipitated. To remove
any possible contaminating double-
stranded plasmid DNA, the recovered
sample was digested with 15 U Pvull
in 100 uL 1x M Buffer (Nippon Gene,
Tokyo, Japan), pH 7.5, for 2 h at 37°C
and treated with 65 U Exolll for 30
min at 37°C. The subtracted sample
was treated with 1 pL 20 mg/mL pro-
teinase K in the presence of 0.2% SDS
and 10 mM EDTA at 45°C for 15 min,
extracted with phenol/chloroform and
then chloroform, and ethanol-precipi-
tated. The pellet was dissolved in 15.75
UL water.

Second-Strand Synthesis

To prepare the second-strand reac-
tion, we mixed the subtracted single-
stranded plasmid with 6 uL. 100 ng/uL.
reverse primer (5’-TAACAATTTCA-
CACAGGAAACA-3"), 30 uL Master-
Amp™ Extra-Long PCR 2x PreMix
2 (EPICENTRE), and 6 uL. 5 mM
[nicotinamide-adenine  dinucleotide
(NAD™); Sigma, St. Louis, MO, USA].
The reaction mixture was incubated at
50°C for 5 min and supplemented with
1.25 U FailSafe™ PCR Enzyme Mix
(EPICENTRE), 1.25 U ELONGASE®
Enzyme Mix (Invitrogen), and 2.5 U
Ampligase® DNA Ligase (EPICEN-
TRE). The second-strand synthesis
was performed as the following an-
nealing-extension program: 50°C for
1 min, 68°C for 5 min, and 3 cycles
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No. EST and No. NT: number and percentage of sequences without relevant similarity to expressed sequence tag (EST) or GenBank nucleotides (nonredundant GenBank,

EMBL, DNA Data Bank of Japan, or Protein Data Bank sequences), respectively.

Unique indicates the number and percentage of clusters plus singletons that do not have relevant homology with RIKEN clones.

Full-coding rate denotes the percentage of clones that by alignment to mouse complete mMRNA showed the presence of the starting ATG.
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of 72°C for 1 min, 80°C for
1 min, and 65°C for 10 s.
Double-stranded  plasmid
DNA was treated with 20
lg proteinase K in the pres-
ence of 0.2 % SDS and 10
mM EDTA, extracted with
phenol/chloroform and then
chloroform, and ethanol-pre-
cipitated. The plasmids were
dissolved in 3 pL water and
electroporated into Electro-
MAX DH10B™ cells (Invi-
trogen) at 2.5 KV/cm.

Sequence Analysis

About 20,000 clones from
each subtracted library (K2,
K3, K4, and K5) were se-
quenced. The cDNA sequenc-
ing, sequence analysis, and
clustering were performed
as  previously  described
(1,12,13). The novelty rate
was calculated by comparing
our sequences to the nonre-
dundant nucleotide sequences
[except for expressed se-
quence tags (ESTs)] that were
updated on Jan. 14, 2003. The
full-length rate was calculated
as previously described (14),
which essentially consists of
aligning the ESTs produced
from K2-KS5 libraries to
known mRNA from public
databases that are annotated
as mouse and complete cod-
ing sequences. To confirm
the subtraction efficiency,
we randomized in silico the
library of origin of sequence
data (15) and compared it
with the experimental data. If
the libraries are the same, then
the number of library-specific
clusters will be similar to the
random assignment made by
the computer. We assigned
an uniform random number P
(0.0 < P < 1.0) to all sequenc-
es from K2-KS5 libraries and
assigned each sequence to
a randomized library as fol-
lows: rangel = n of sequences
of K2/n of all sequences and
range2 = n of sequences of
K2, K3, and K4/n of all se-

quences. If (0.0 < P < rangel), then the
sequence falls in the randomized library
K?2’; if (rangel < P < range2), then the
sequence falls in the randomized library
K3’+K4’; and if (range2 < P < 1.0), then
the sequence falls in the randomized li-
brary K5’ (Table 2).

All sequences in libraries K2-K5
that passed quality-control tests were
submitted to the DNA Data Bank of
Japan and therefore propagated to other
public databases (GenBank® acces-
sion nos. BY237236-BY298532 and
BY599747-BY660055).

RESULTS AND DISCUSSION

Analysis of the Subtracted Libraries

We performed library subtraction,
starting from four primary libraries
prepared from developing mouse brain
neocortex (postnatal 18-, 24-, 28-, and
50-day stages) and assessed them by
determining the titer, average size of
the inserts, rate of full-length cDNA,
redundancy (by sequencing the 5" end
of the inserts), and isolation of new
genes from ESTs, GenBank nucleo-
tides, or RIKEN clones (Table 1). The
titer of the subtracted libraries was one
order lower than that of control non-
subtracted libraries (data not shown),
suggesting that the subtractions ef-
ficiently removed approximately 90%
of the tester. The 5" end sequence
redundancy of the subtracted libraries
was 1.71-1.78 (Table 1). Furthermore,
these subtracted libraries revealed the
effective identification of unknown
genes (28.7%—-33.8%) compared to the
RIKEN sequences (Table 1).

We further resequenced 3’ ends
from these libraries, which showed a
redundancy of 1.995 after sequencing
an average 9297 clones and a novelty
rate of 20.3% per cluster (10.2% novel
sequences/reaction). This was compa-
red to the most similar normalized/
subtracted cDNA library prepared with
a proven method (4), the RIKEN library
A8-300 (cortex, 10-day neonate mice),
which showed slightly higher redun-
dancy (2.14) but only after sequencing
more clones (15,147). However, the
A8-300 library showed lower novelty
rate, 15.5% per cluster (approximately
7.23% novel sequences/reaction). Al-
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though it is impractical to compare the
novelty rate of cDNA libraries that are
sequenced at different depths, our data
suggest that the new methodology is at
least comparable to the proven one (4)
for gene discovery.

Library manipulations, such as am-
plification, conversion to single strand,
hybridization, HAP chromatography,
reconstitution of the double strand,
and reinsertion into bacteria, have been
invariantly associated with a dramatic
decrease in the size of cDNA inserts
and representation bias. Previously
described normalized and subtracted
libraries have relatively short inserts
and a low rate of full-length cDNA
(5,16). In this report, we have identified
the experimental conditions by which
large, full-length cDNA subtracted
libraries can be obtained. Through
rigorous testing (data not shown), our
protocol has been shown to optimize
the following: (i) the large size of bulk
plasmid excision; (ii) optimal conver-
sion to single-stranded plasmid library;
(iii) full-length driver preparation; (iv)
hybridization conditions and reagent
treatments that do not degrade long full-
length single-stranded plasmid DNA;
(v) avoidance of the binding of long
single-stranded plasmid DNA to HAP;
(vi) novel purification from phosphate
buffer; and (vii) efficient reconstitution
of second strand, which is particularly
difficult for long ssDNA. The average
insert size of the K2-KS5 subtracted
libraries was 2.7, 2.6, 2.9, and 2.5 kb,
which was indistinguishable from the
original primary libraries, P18, P24,
P28, and P50 (2.7, 2.5, 2.6, and 2.5
kb, respectively) (Table 1). Therefore,
relevant size by library subtraction bias
can be ruled out. Large size was shown
to promote gene discovery when using
full-length cDNA libraries (6). More-
over, we confirmed the full-coding rate
by alignment with GenBank’s mouse
complete mRNA sequences (14). The
full-coding rate of the K2-KS5 sub-
tracted libraries was 90.63%, 90.56%,
90.73%, and 89.64%, respectively (Ta-
ble 1), which suggests that the clones
of the subtracted libraries retain reason-
ably high full-length rate, which clearly
differs from notably lower full-length
rate values (20%—30%) previously ob-
tained with other normalized and sub-
tracted cDNA libraries (16).

Vol. 35, No. 3 (2003)

Subtraction Efficiency and
Specificity

Clustering analysis of approximate-
ly 80,000 sequences from subtracted
libraries showed that the number of
clusters was low compared to single-
tons (clusters of clones that appeared
only once), indicating the diversity of
the subtracted libraries (Table 2). To
confirm the subtraction efficiency, we
first compared experimental data with
computer-randomized data (Table 2).
K3 and K4 subtracted libraries were
integrated because these libraries were
prepared using the same libraries (P18
and P50) as a driver (Table 1). The ratio
of K2, K3+K4, and K5 library-specific
clusters plus singletons was 55.4%,
66.3%, and 59.1%, respectively. In con-
trast, the ratio of computer-randomized
K2’, K3’+K4’, and K5’ library-specific
clusters plus singletons was 46.3%,
58.3%, and 47.5%, respectively.

Since the subtracted libraries
contained many singletons, we then
compared the subtraction efficiency
without calculating the singletons. The
ratio of library-specific clusters (with-
out singletons) was 13.8%, 25.7% and
14.2%, respectively. In contrast, the
ratio of each randomized library-spe-
cific cluster (without singletons) was
4.3%, 11.6%, and 4.4%, respectively,
which represents the distribution that
we would have obtained if the libraries
had the same complexity but no differ-
ence (Figure 2).

The library specificity of the clusters
was significantly higher (up to 3.2-
fold) in the subtracted libraries, even
for such similar tissues, compared to
computer-randomized data. This sug-
gests that among them, 9.5% to 14.1%
of the clusters are likely to represent
developmental stage-specific clusters,
apart from the singletons that appeared
in only one condition that accounted
for 55% to 66% of the groups. Further
analysis is in progress to verify the dis-
tribution differences among clusters that
appear in more than one library and then
to verify the expression sequence vari-
ability among clusters of such cDNAs
on microarrays. As an alternative to
deep sequencing and statistical analysis,
one could identify control genes that are
known to be overexpressed or underex-
pressed in the analyzed tissues and per-
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Table 2. Subtraction Efficiency

Library- Library- Total Clusters Library-Specific Clusters
Total Total Clusters Specific  Specific Clusters without without Singletons
Library ID Sequence  (Singletons) Sequences (%) Singletons (%)
K2 21,670 9681(4668) 6675 5360 (55.4) 5013 692 (13.8)
K3+K4 39,485 15,256 (8351) 13,065 10,124 (66.3) 6905 1773 (25.7)
K5 23,504 11,041(5777) 7538 6523 (59.1) 5264 746 (14.2)
K2 21,665 10,912 (4787) 5354 5050 (46.3) 6125 263 (4.3)
K3'+K4’ 39,498 16,473 (8696) 10,791 9601 (58.3) 7777 905 (11.6)
K5’ 23,496 11,401(5136) 5721 5412 (47.5) 6265 276 (4.4)
K2, K3+K4, and K5 indicate the experimental data. K2’, K3’+K4’, and K5’ indicate the computer-randomized data.

form semiquantitative RT-PCR on the
libraries to verify subtraction. However,
this method requires prior knowledge
of gene expression and may not be
straightforward in genome centers.

A major concern in cDNA library

subtraction is the nonspecific re-
moval-related sequences. Although the
specificity of HAP at 60°C to retain
only specifically hybridized cDNAs
has already been demonstrated (5), we
have tested whether members of gene

families are spared by nonspecific hy-
bridization. Among the 4690 clusters
and 2076 singletons for which the 5" end
sequence allowed for the annotation of a
protein name, we checked the frequency
of gene family members. For instance,
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there were 115 different clusters plus 77
different singletons that were annotated
as “kinases” (0.28% of the annotated
clusters plus singletons). Clusters an-
notated as receptors, including known
markers, appeared 68 times among clus-
ters and 81 among singletons (0.21%).
There were 32 zinc finger clusters and
19 singletons. Some zinc fingers ap-
peared specifically in some libraries,
while others did not. A cluster similar
to zinc finger 35 appeared only in the
K2 library (8 times), the zinc finger pro-
teins 346 appeared only in K2 (5 times)
and K5 (twice), while other zinc finger
proteins appeared quite more randomly
distributed, such as the most represented
(zinc finger protein 9), which appeared
8, 6, 10, and 5 times, respectively, in
K2-KS5 libraries. Although these librar-
ies were not prepared to calculate the
absolute gene expression but the differ-
ential gene expression, and expression
will be further validated by microarrays,
this analysis suggests that cDNA family
members are not dramatically (if at all)
affected by subtraction and are present
in our libraries.

Library subtraction is a very prom-
ising technology because it can be used
with small samples for which a satis-
factory quantity of mRNA is unavail-
able for subtraction before cloning.
This technology is being used to further
collect the remaining very rare full-
length cDNAs derived from 246 cDNA
libraries that we prepared previously
using nonredundant rearrayed driv-
ers (1). These libraries include many
microdissected libraries such as pre-
implantation embryos (1); for instance,
see our UniGene Library 5391 (http:
//www.ncbi.nlm.nih.gov/UniGene/
Ibrowse.cgi?ORG=Mm), a two-cell
stage library, library 12245, a blasto-
cyst library, or other microdissected
libraries available on the same page.
This technique is also being adapted to
normalize small-scale cDNA libraries
by self-hybridizing a cDNA library at
a 1:1 ratio and can be used in any other
project to discover rarely expressed
genes from amplified libraries.
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