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We report the construction of the mouse full-length cDNA encyclopedia, the most extensive view of a complex
transcriptome, on the basis of preparing and sequencing 246 libraries. Before cloning, cDNAs were enriched in
full-length by Cap-Trapper, and in most cases, aggressively subtracted/normalized. We have produced 1,442,236
successful 3�-end sequences clustered into 171,144 groups, from which 60,770 clones were fully sequenced cDNAs
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annotated in the FANTOM-2 annotation. We have also produced 547,149 5� end reads, which clustered into
124,258 groups. Altogether, these cDNAs were further grouped in 70,000 transcriptional units (TU), which
represent the best coverage of a transcriptome so far. By monitoring the extent of normalization/subtraction,
we define the tentative equivalent coverage (TEC), which was estimated to be equivalent to >12,000,000 ESTs
derived from standard libraries. High coverage explains discrepancies between the very large numbers of clusters
(and TUs) of this project, which also include non-protein-coding RNAs, and the lower gene number estimation
of genome annotations. Altogether, 5�-end clusters identify regions that are potential promoters for 8637
known genes and 5�-end clusters suggest the presence of almost 63,000 transcriptional starting points. An
estimate of the frequency of polyadenylation signals suggests that at least half of the singletons in the EST set
represent real mRNAs. Clones accounting for about half of the predicted TUs await further sequencing. The
continued high-discovery rate suggests that the task of transcriptome discovery is not yet complete.

[Supplemental material available online at www.genome.org.]

One of the primary goals of genome sequencing projects is to
identify the genome sequences that are transcribed into func-
tional mRNAs, so that full-length cDNAs can be isolated to
allow further downstream biology, and functional and struc-
tural genomics. The limitations of a priori genome annotation
dictate that the transcriptome needs to be identified experi-
mentally via cDNA cloning and sequencing. Although ex-
pressed sequence tags (ESTs) (Adams et al. 1991, 1995; Hillier
et al. 1996; Marra et al. 1999; Kargul et al. 2001) and ORESTES
(Camargo et al. 2001) have been extremely valuable for new
gene discovery, these approaches have not allowed high-
throughput recovering of full-length cDNA clones nor defini-
tion of protein sequence derived from actual cDNA clones. To
overcome such problems, we undertook from the year 1995, a
strategic project aimed at the comprehensive collection of at
least one full-length cDNA derived from each mouse gene, a
strategy that is recently becoming useful in similar projects to
collect full-length gene collections (Stapleton et al. 2002;
Strausberg et al. 2002).

Because of the limited processivity of reverse transcrip-
tase and other limitations, standard cDNA libraries generally
contain a majority of truncated transcripts. The introduction
of full-length cDNA libraries by Cap-Trapper or other tech-
nologies that take advantage of the peculiarity of the cap-
structure, (Carninci et al. 1996, 1997, 1998; Suzuki et al. 1997;
Carninci and Hayashizaki 1999; Mizuno et al. 1999) did not
solve this problem completely.

To enable more effective cloning of longer transcripts
and representative sampling of the full spectrum of mRNA
lengths, we first developed methods on the basis of thermo-
activation of the reverse transcriptase (Carninci et al. 1998,
2002b) to enable synthesis of long first-strand cDNAs exceed-
ing 23 Kb. We have also shown that our cloning vectors,
�-FLC-I, �-FLC-II, and �-FLC-III (Carninci et al. 2001), which
allow routine bulk excision of cloned cDNA into plasmids for
sequencing, also permit improved cDNA library diversity.
This is due to the peculiar preferential cloning of a larger
insert size (2.5∼3.0 Kb), which is markedly larger than cDNA
libraries prepared with other available vectors and resembles
the size of starting mRNA. We have shown that the gene
discovery of libraries prepared with �-FLC vectors was im-
proved by >60% compared with conventional vectors and
that, before the mouse draft genome sequence was available,
the rate of 5� sequence novelty was about 3.5-fold improved
(Carninci et al. 2001).

To maximize the gene discovery, we have also developed
methods for normalization and subtraction of full-length
cDNAs (Carninci et al. 2000), and in this work, we have fully

extended the capability of normalization/subtraction to the
highest extent of coverage rate of any transcriptome described
so far, supported by an extensive tissue sampling.

We have also prepared this project by developing a se-
quencing line (RISA sequencing analyzer system), which is ad
hoc designed for the routing, quality control, and large-scale
sequencing of full-length cDNA clones (Shibata et al. 2000).
Complementary technologies included modifications of
cDNA library preparation to facilitate sequencing, such as the
removal of the original G/C stretches used to clone the 5� ends
(Shibata et al. 2001a) and the removal of poly(A) stretches
(Shibata et al. 2001b). In later stages, we have improved the
quality of the starting substrate, by developing a method for
the extraction of cytoplasmic RNA from fresh and frozen tis-
sues (Carninci et al. 2002a), so that the starting material for
library construction is essentially devoid of unspliced introns.

To enable rapid prioritization for full-length sequencing
(Osato et al. 2002), we developed a strategy to promptly clus-
ter sequences from newly sequenced cDNAs into preclustered
groups (Konno et al. 2001), which are the backbone of our
database and allow prompt evaluation of newly constructed
cDNA libraries necessary for monitoring the library quality
and gene discovery rate.

In this work, we summarize the gene discovery process
(Phase I) on the basis of sequencing and characterization of
cDNA clones derived from 246 cDNA libraries, including 380
sublibraries. We analyze the factors that are necessary to tar-
get a complex transcriptome and evaluate the current tran-
scriptome coverage. We used the concept of clusters to iden-
tify provisional transcriptional units (TU). A TU is computa-
tionally defined to be a group of transcripts that contain a
common core of genetic information having the same orien-
tation, which does not necessarily correspond to protein-
coding regions (Okazaki et al. 2002). From this collection,
60,770 fully sequenced cDNA clones have been function an-
notated (Kawai et al. 2001; Okazaki et al. 2002) and used for
genetics studies, expression profiling (Miki et al. 2001), pro-
tein–protein interaction studies (Suzuki et al. 2003), and al-
ternative splicing (Kochiwa et al. 2002). The analysis of poly-
adenylation signals also suggests that a majority of the 3� ends
are likely to be true ends. The 5� and 3� ESTs, together with the
fully sequenced cDNA (Okazaki et al. 2002), constitute the most
comprehensive description of any transcriptome, allowing us to
identify the borders of the transcribed regions, and are, there-
fore, essential to describe the transcriptional units and transcrip-
tional starting points and promoters. The majority of the librar-
ies were derived from the strain C57Bl6/J, whose genome se-
quence has just became available (Waterston et al. 2002).
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RESULTS

Gene Discovery by Sequencing
We based the gene discovery on large-scale sequencing of li-
braries enriched for full-length subtracted/normalized cDNA.
We clustered cDNA sequences from 3�-end reads (Konno et al.
2001), because 3� cDNA priming is relatively reliable due to
reduced internal priming of cDNA (Mizuno et al. 1999) with
the trehalose thermoactivated reverse transcriptase (Carninci
et al. 1998). At the outset of this project, there was neither
genome sequence draft nor extensive information on full-
length cDNA, so cDNA grouping-based 5�-end clustering was
not undertaken, because we anticipated that, beside alterna-
tive promoters and multiple transcriptional starts, non-full-
length clone from low-quality libraries would artificially in-
crease the apparent number of clusters leading to redundant
full-length sequencing. It became evident from the first round
of annotation of full length sequences (Kawai et al. 2001) that
3�-end clustering of deeply sequenced libraries still overesti-
mates the number of Tus, due to the high frequency of alter-
native polyadenylation and accumulation of internal prim-
ing. In later stages of this project, we sequenced the 5� ends of
representative clones of 3�-end clusters before full-insert se-
quencing (Okazaki et al, 2002). Subsequently, 5� sequencing
was carried out routinely, because of greater frequency of
known full-insert cDNA sequences and the mouse genome
sequence.

The quality of each library was first evaluated by se-
quencing both ends of 2∼10 of 384-well plates for CDS integ-
rity, novelty (appearance of new clusters), and problems
(Table 1, complete table at www.genome.org). Thereafter,
massive 3�-end sequencing of satisfactory libraries was con-
tinued, and the output was evaluated continuously until the
internal redundancy was 2 (i.e., on average each sequence was
represented twice) or until <10% of the new sequences pro-
duced new clusters/singletons. CDS integrity was scored by
aligning 5� ESTs to mouse known sequences annotated as
mRNA and complete CDS, assuming that the average quality
of the other cDNA was the same (Sugahara et al. 2001). The
CDS score (Table 1, complete table at www.genome.org) is
then important for choosing clones for full-insert sequencing.
To statistically support the full-length rate evaluation of
strongly subtracted libraries, we have also been using the EST
score, obtained by aligning the RIKEN libraries sequences to
clusters of 5� ESTs (Sugahara et al. 2001). Although this cor-
related well with the CDS score, the EST score became unnec-
essary at a later stage, when a large quantity of complete
mRNA sequences became available. Similarly, the 3� CDS
score considered positive the cDNA clones that showed align-
ment extending downstream to the annotated stop codon.
The final analysis (Table 2) of 5� and 3� ends against a larger
data set versus complete mouse CDS suggests that 89.1% and
96.5% of the protein-coding cDNAs are, respectfully, 5� and 3�

intact in relationship to CDS, suggesting that ∼85.7 % of
clones have both ends complete.

For quality control, we did not consider the complete-
ness of the UTR regions, because variability of the starting site
(Suzuki et al. 2001a,b), 5∼50 bp trimming of 5� ends in the
reference cDNA clones generated by conventional methods
(Gubler and Hoffman 1983) and variation of polyadenylation
sites (Beaudoing et al. 2000; Iseli et al. 2002), which also sug-
gest that public databases probably do not contain all of the
existing full-length UTR variations.

Multiple Strategies Are Necessary
for Gene Discovery
Gene discovery was monitored by 3�-end clustering (Konno et
al. 2001). Except for the library 01 (Sasaki et al. 1998; Table 1,
complete table at www.genome.org), the remaining 245 li-
braries were enriched for full-length cDNAs by Cap-Trapper
(Carninci et al. 1996, 1997; Carninci and Hayashizaki 1999;
Tables 1 and 3). Such libraries, represented in chronological
order (Table 1, complete table at www.genome.org), include
390 sublibraries that represent different cDNA cloning events
from the same starting mRNA and usually differ for cDNA
preparation protocols, such as normalization, subtraction,
cloning vector, or size selection. Mixed libraries were prepared
by mixing first-strand cDNAs carrying 6-base sequence tags
between the oligo-dT primer and the cloning site, and were
not counted as separated sublibraries. A general schema of the
library preparation and sequencing pipeline is shown in Fig-
ure 1. Monitoring the overall gene discovery efficiency be-
tween sublibraries has been instrumental in improving the
strategy throughout the project. Figure 2 shows the result of
monitoring the gene discovery throughout the project. An
expanded analysis displaying gene discovery for each library
(Fig. 2) was used to monitor and manage the gene discovery,
which relied on frequent update of clustering.

Sources of mRNA
We assumed that discrete mRNA expression of specific genes
is often restricted to particular tissues or developmental stage,
or to a subset of cells within a large tissue. Therefore, we
collected mRNA frommouse samples from a very wide variety
of tissue and developmental stages, sacrificing more than
35,000 mice (embryos and adults).

In the absence of a suitable cytoplasmic mRNA extrac-
tion protocol at the beginning of the project, we used whole
RNA or mRNA derived from whole RNA (including nuclear
RNA). An analysis of fully sequenced cDNA clones (Okazaki et
al 2002) of known protein-coding genes suggested that
7.3∼9.7% of the cDNAs retain unspliced introns when, respec-
tively, they are manually curated or computationally ana-
lyzed. To overcome this problem, in a later stage we used
cytoplasmic RNA, which is devoid of nuclear RNA and con-
taminating of incompletely spliced mRNA, when cytoplasmic
RNA from a large variety of tissues became available (Carninci
et al. 2002b). From cytoplasmic RNA, we have sequenced
96,967 5� ends and 144,752 3� ends, producing 21,348 3�-end
clusters and 10,675 3�-end singletons.

Microdissection
We prepared full-length libraries from small tissues, including
71 microdissected tissues (Tables 1 and 3). To this end, we
modified the Cap-Trapper for small quantities of total RNA,
without PCR, which might skew representation, especially at
expanses of long cDNAs and would affect comprehensiveness
of gene discovery. In fact, library 01 (Blastocyst) (Sasaki et al.
1998; Table 1, complete table at www.genome.org), con-
structed with a PCR-based cap-switch kit, produced only 924
clusters after 3187 sequencing passes (redundancy 3.45). In
contrast, cap-trapped cDNA libraries produced from embryo
mRNA without PCR amplification allowed much better gene
discovery, for example, library I1 (blastocyst) with 4513 clus-
ters after 8128 sequencing passes (redundancy 1.8), library 74
(fertilized egg) with 3285 clusters/7602 passes (redundancy
2.31), and library B0 (embryo, 2 cell stage) with 5810 clusters/
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16,483 passes (redundancy 2.84). These cap-
trapped libraries showed even lower redun-
dancy after sequencing ∼3000 clones, high-
lighting the advantages of not using PCR.
Globally, small-scale libraries allowed the iso-
lation of >39,000 of the 3�-end singletons
(Table 3).

Vectors
Introduction of the �-FLC vectors (Carninci et
al. 2001) resulted in improved gene discovery
(Fig. 2), due to the larger average cloning size
(2.5–3Kb) if compared with conventional vec-
tors (�-Zap or plasmid), which resulted in aver-
age insert size of 1.0∼1.5 Kb (Table 1, complete
table at www.genome.org). Table 3 shows that
the majority of the clusters plus singletons of
the cDNA could be cloned in one of the three
�-FLC vectors, except for 6458 3� singleton and
2328 3� clusters (total, 4.7% of the total groups)
that seem to be represented only in the �-Zap
vector. Uniqueness rate of clusters plus single-
tons has been considerably higher for the
�-FLC libraries (11%) compared with �-Zap li-
braries (4.6%), both because of strong subtrac-
tion and larger insert cloning. Clones in �-FLC-
II and �-FLC-III, which can be excised into
functional vectors without insert cleavage
(Carninci et al. 2001), constitute, respectively,
15,712 and 8,549 groups, and are promptly
amenable for transferring in expression vec-
tors.

Normalization and Subtraction
To further select by sequencing rarely ex-
pressed mRNAs, we normalized/subtracted the
cDNAs before cloning, after developing a
method that does not cause cDNA degradation
during these procedures (Carninci et al. 2000).
Generally, normalization was used when the
quantity of starting mRNA (>5 µg) was suffi-
cient to spare an aliquot for the preparation of
a normalizing driver (Carninci et al. 2000),
and, therefore, was not possible for small tis-
sues. Subtraction was used either alone or in
combination (single step) with normalization
(Carninci et al. 2000) whenever we had more
than 200–300 ng of cap-trapped cDNA. Sub-
traction was omitted when preparing normal-
ized cDNA libraries from cytoplasmic mRNA,
introduced late in the project, to prepare a set
of cDNA clones that have low probability of
retained unspliced introns, which were then
prioritized for full-length insert sequencing.
Late in the project, a subtraction method based
on amplified libraries became available (T. Hi-
rozane-Kishikawa and P. Carninci, unpubl.),
which is essentially adapted from another tech-
nology (Bonaldo et al. 1996), but using as start-
ing substrate, plasmid extracted from amplified
� libraries rather than plasmid-amplified librar-
ies to minimize size bias (Fig. 1).

Subtraction drivers were routinely pre-
pared by promptly rearraying representative
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clones of all new clusters (Fig. 1) used
to prepare RNA run-off drivers by
bulk in vitro transcription. We also
used nine minilibraries (see Methods)
that were prepared by cloning the
abundant fraction of cDNA, which is
the side product of a normalization
procedure (Carninci et al. 2000) of
early normalized libraries, followed
by amplification of 1000–2000
clones to eliminate rarely expressed
genes incidentally present in the
mini-library. Therefore, mini-library
clones consist mainly of highly ex-
pressed mRNAs.

Normalization almost doubled
the gene discovery compared with
non-normalized cDNA libraries
(Carninci et al. 2000), and this is
further improved for normalized/
subtracted libraries (e.g., compare
standard versus normalized/subtracted
sublibraries from libraries 24, 30,
and 31; Table 1, complete table at
www.genome.org). Furthermore, the
reiterative, combined subtraction/
normalization strategy supported by
prompt rearray of clones allowed
preparation of libraries by which the
gene discovery rate has been consis-
tently high (Fig. 2). Satisfactory li-
braries showed redundancy �2 after
sequencing 15,000–20,000 cDNA
clones.

The specificity of the normaliza-
tion/subtraction was proven by
showing that the frequency of B1 and
B2 repeats in 3� ends does not change
with subtraction, ruling out nonspe-
cific removal of related but different
sequences (Carninci et al. 2000). In a
further analysis, among 208,668 se-
quences (June 2000) from normal-
ized/subtracted libraries, 982 se-
quences (0.41%) corresponded to 26
actin family members. Of these, 117
sequences only (11.9%) had a corre-
spondent in the subtracting driver,
whereas the majority were derived
from the genes absent in the driver.
In comparison, of 39,971 sequences
sampled from standard cDNA librar-
ies, 204 clones (0.51%) represented
actin family members, of which half
(102) had a correspondent in the
driver used at that time, suggesting
that subtraction caused at least a 4.2-
fold enrichment of sequences absent
in the driver. Failure to subtract the
remainder may be due to incomplete
hybridization or removal of the hy-
brid, exceptional over-representation
of the tester, and failure to replicate
or efficiently transcribe RNA drivers
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for certain clones. This analysis also ensures that different
members of gene families were spared from nonspecific hy-
bridization.

Generally, these data also demonstrate that the normal-
ization/subtraction procedures are relatively free of flaws,
which have been supposed to impair gene discovery (Wang et
al. 2000), probably because the poly(A) tail of cap-trapped
libraries have controlled length, and, therefore, cDNAs are
not removed nonspecifically by 3�-end interactions.

Clusters Distribution
Monitoring the appearance of new singletons and clusters
shows a clear trend (Fig. 3). Highly expressed mRNAs ap-
peared early in the project and from multiple libraries and
reached a plateau of about 20,000 clusters with more than 10
sequences, of which 14,316 appeared in at least 10 different
libraries. Similarly, the intermediately expressed clusters were
found early, although this group is less represented than the
highly expressed ones. These classes did not further increase,
even following deep sequencing of later libraries. Instead, the
class of intermediate rare clusters, with 2–5 appearances in the
whole project and from 2 to 5 libraries, has been steadily
growing. Altogether, there are more than 58,000 clusters that
appeared from different libraries, which can be considered
bona fide 3� ends with high confidence. However, 3� ends are
not limited to this group because of tissue restriction of gene
expression. Finally, a large quantity of singletons or clusters
derived exclusively from a single library appeared concomi-
tantly to strong subtraction, special tissue sampling, and
choice (Fig. 3). Alternatively, as there were few switches be-
tween these classes of expression, even when nonsubtracted
libraries (small-scale and cytoplasmic mRNA libraries) were
used, we can conclude that a consistent portion of mRNA
expression is restricted to specific tissue or development
stages.

Coverage
Altogether, we have successfully sequenced 1,989,385 ESTs
(5� + 3�) (Tables 1 and 2), and have produced 720,959,679 bp
of ESTs + finished full-length cDNA sequence data. As sug-
gested in Table 3, a transcriptome should be addressed by
multiple approaches, including normalization, subtraction,
and aggressive sampling of microdissected tissues. For in-
stance, >400,000 3�-end ESTs were produced from small-scale
libraries (including 71 microdissected plus small-scale cDNA
libraries), which resulted in isolation of >29,300 3� singletons
(Table 3), as well as 29,332 3�-end singletons and 8,238 clus-
ters that appeared only in small-scale libraries. This comple-
mented the data obtained by sequencing 772,209 3� ends

from strongly subtracted/normalized standard-scale cDNA li-
braries, which allowed isolation of almost 22,000 specific 3�-
end clusters and ∼47,500 3� singletons.

Throughout the project, we have tracked the extent of
hybridization for most of the cDNA libraries by checking the
CPM (counts per minute) of radiolabeled cDNA before and
after the normalization/subtraction. For instance, in library
B2-300 (corpora quadrigemina), up to 95% of the mass of
cDNA has been subtracted and the remaining 5% of cDNA
was cloned and sequenced. For this library, we sequenced
4609 3� ends, identifying 428 unique clusters, which would be
obtained by roughly sequencing >92,000 clones of a non-
normalized/subtracted library, allowing a much deeper collec-
tion of rare transcripts than would be allowed by a standard
library. Similar calculation for all of the normalized/
subtracted libraries prompted us to define the tentative
equivalent coverage (TEC), which was obtained by dividing
the number of clones sequenced from each library by the
fraction of cDNA that escaped removal by subtraction/
normalization. By keeping unchanged the sequences of the
remaining nonsubtracted libraries, the total TEC exceeds
12,000,000 3� sequences. Such estimations are supported by
improved gene discovery. For instance, the standard cerebel-
lum library 15 shows ∼2.5% of unique clusters versus ∼10% of
the subtracted library A7 (Table 1, complete table at www.
genome.org). See Table 1, complete table at www.genome.org,
to compare the low rate of unique clusters in early nonsub-
tracted libraries versus the 10-fold or better rate of uniqueness
of recent strongly subtracted libraries.

Although such estimations should be verified experi-
mentally, this approach seems to provide a coverage that is
not inferior to SAGE, for which there are currently more than
6,000,000 tags in current databases (Boon et al. 2002).

Our sequences cluster with >79% of the embryo-specific
cDNA clone set from NIA (Kargul et al. 2001). We have not
investigated further whether the nonoverlapping representa-
tive clones of the NIA represent alternative isoforms of our
cDNA clones or are obtained because of deeper sequencing of
preimplantation embryo libraries.

The use of fully sequenced FANTOM clones, on the basis
of this collection, sequence of clones for which we had pairs
of reads from 5� and 3� ends together with sequences in public
databases, allowed us to define a set of more than 37,000 TU
that mapped to the genome (Okazaki et al. 2002). If we in-
clude singletons, the number of candidates to be independent
TU increased to ∼70,000, which certainly represent the most
extensive coverage of a mammalian transcriptome so far.
However, we have not attempted to reconvert the current
clusters number to TU. We are confident that the number of
TU will increase further, but this will require experimental
validation on the basis of continued full-length cDNA se-
quencing.

Transcriptional Starting Site
and Promoter Identification
We have shown previously that Cap-Trapper is at least as
valuable as the Capfinder/Smart (Sasaki et al. 1998) and the
Oligo-Capping technique (Maruyama and Sugano 1994; Su-
zuki et al. 1997) in identifying transcriptional starting points
(TSP) (Sugahara et al. 2001), which are very valuable for iden-
tifying promoter regions (Suzuki et al. 2001a,b). Validation of
the Cap-Trapper was performed with clusters derived from the
same gene across several libraries, which also confirmed that

Table 2. Summary of Sequencing and Full-Length Rate

Successful sequences 1,989,385
Transcriptional Units 70,214
3� end sequences 1,442,236
3� end clusters + singletons 171,144
5� end sequences 547,149
5� end clusters + singletons 164,915

Full length rate at 5� ends
(clones analyzed) 89.15% (247,085/277,131)

Full length rate at 3� ends
(clones analyzed) 96.52% (591,174/612,464)
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certain genes have fixed TSP, whereas others have multiple
TSP. For instance, cyclophilin (gi50620; clustered with the
RIKEN 0610007C08) appeared to have a 44-nucleotide
5�UTR short isoform that is Blastocyst specific (20 of 96
clones), 41 blastocyst clones were within +6 nucleotides,
compared with the sequence of clone 0610007C08, and six
were up to 29 nucleotides longer. Longer and shorter vari-
ants were never observed in 29 clones from 16 different
tissues (data not shown). Also, 19 of the clones that appear
from normal tissue showed a splicing variant from nucleo-
tides 122–179 that never appeared in blastocyst (data not
shown). Other genes showed a much more conserved TSP
across libraries, such as the heat-shock protein 70 mRNA,
which has essentially the same 5� end (longer than U27129,
respectively, 45∼52 nucleotides for 19 clones, 33 and 32
nucleotides for 2 more clones) including clones from the
blastocyst (library 01).

About 88.8% 5� ends matching known genes are
longer than the CDS, allowing the identification of new
upstream TSP (Okazaki et al. 2002). Here, we mapped the
potential TSP of 8637 known genes (Table 4), including
tissue-specific ones. As 92.7% of clusters of more than two
sequences extend the CDS, we can conclude that the ma-
jority of the remaining 67,186 of 5� end clusters (excluding
singletons) also represent TSPs, In about 18% of cases, a new
TSP was found to be >100 nucleotides upstream on the ge-
nome. A total of 609 clusters (7.2%) appeared only in one
tissue type (as in Table 6, below) and 1781 (21%) in a single
developmental stage. The value of this resource was illus-
trated in our recent experimental validation of the tran-
scription start sites of the tartrate-resistant acid phospha-
tase locus, in which we identified four separate transcrip-
tion start sites used in different tissues (Walsh et al. 2003).

Cap-Selection Does Not Enrich for 3�
Truncated Clones
Because 3� truncation of cap-selected libraries and oligo-dT
primed libraries has been a major concern (Bashiardes and
Lovett 2001; Nam et al. 2002), we evaluated the extent of
this problem in our set by aligning 3� ends with the mouse
RefSeq data set with annotated polyadenylation (685 se-
quences taken in September 2000). There were 44,614
RIKEN sequences that aligned to the RefSeq data set, be-
longing to 1160 clusters. Of them, 995 sequences (2.2%)
and 103 clusters (8.8 %) started inside the annotated CDS
(3� truncated); 12.7% of the clones and 46% of the clusters
started more than 50 nucleotides internally from the anno-
tated polyadenylation site and were potential 3� UTR
primed (PUP). These transcripts represent either alternative
polyadenylation or 3� UTR nonspecific priming due to the
relatively high A/T content (∼40%). To the same RefSeq data
set we compared unclustered publicly available sequences
derived from cDNA libraries that were not cap selected
(Soares libraries, indicated as Unigene libraries Mm 30, 66,
70, 72, 86, and 90). These were no better than cap-trapped
libraries, showing 3.4% 3� truncation rate and 18.4% of
PUP. Similarly, Oligo-Capped libraries (Mm 132, 135, and
135), showed 6.1% and 29.8% of 3� truncation and PUP and
NCI-CGAP libraries (Mm 332, 333, 337, 340, and 341),
showed 4.2% and 23.5% of 3� truncation and PUP. Beside
providing reassurance that Cap-Trapper does not enrich for
3� truncation, these data show the limitations of clustering
only on the basis of one-end sequencing.
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Classes of Polyadenylation Sites
The 3� ends of full-length cDNAs are also essential to permit
annotation of functional signals within the 3�UTRs, which
contribute to stability regulation, polyadenylation, and local-
ization within the cell and translation efficiency. This project
identified >171,000 3� ends, of which 75,056 were clusters of
two or more elements. In a preliminary analysis, we visually
inspected 120 randomly selected 3�-end clusters correspond-
ing to known mouse genes with an annotated poly(A) site.
Among these, 99 clusters (82.5%) contained polyadenylation
signals, of which 89 clusters (74.2%) corresponded to the se-
quence annotated previously and 17 (14.1%) represented al-
ternative polyadenylation signals. Internal priming in A-rich
regions accounted for eight clusters (6.7%), and six clusters
(5%) were either internally primed on non-A-rich sequences
or represented new unconventional polyadenylation sites.
Among the 120 clusters, 70.74% also showed canonical poly-
adenylation sequences (AAUAAA and AUUAAA). This propor-
tion is identical to the observed frequency in human anno-
tated mRNAs (Gautheret et al. 1998). By EST analysis, alter-
native polyadenylation seems to occur in at least 29%–40% of
genes (Gautheret et al. 1998; Beaudoing et al. 2000), and
many more such variable polyadenylation events probably
escape the analysis, due to long-range heterogeneity of the 3�

ends (Iseli et al. 2002).
We can classify 3� ends on the basis of polyadenylation

signals. A total of 78.3% of the clones carried a signal, and in
76.3% of the cases, the signal was among the nine most rep-
resented (Konno et al. 2001). We further classify the appear-
ance of poly(A) signals on the basis of the expression level by

tracking the subtraction data.
cDNA clones from libraries that
were intermediately and strongly
subtracted (200>RoT>50 and
RoT�200) showed a significant de-
crease of the frequency of the
strong polyadenylation sites
(AAUAAA), but a slight increase of
the weakest AUUAAA signal, as well
some of the other weaker polyade-
nylation signals (Table 5). Single-
tons, which represent generally rare
mRNAs that appeared only once in
the course of the project, confirmed
this trend, showing the presence of
recognizable polyadenylation sig-
nals in only ∼49% of cases. Interest-
ingly, the ratio of the strongest
AAUAAA signal versus rarer, weaker
s ignals was notably altered.
AAUAAA represents only 56% of
the signals, with a concomitant
slight increase of the AUUAAA,
whereas the remaining weaker
polyadenylation signals showed
two- to more than fourfold in-
creased frequency compared with
clones in multiple clusters (Table
5). The strength of the polyadenyla-
tion signal is correlated to the elon-
gation of the poly(A) tail, which in
turn is correlated to translation ef-
ficiency (Wahle 1995) One might
assume that strong polyadenyla-

tion/translation is not required for rarely expressed mRNAs,
many of which appear to be noncoding RNAs (Okazaki et al.
2002). At least half of the singletons showed an unequivocal
polyadenylation signal (Table 5), thus suggesting that at least
48,000 of the cDNAs in this class are genuine processed
mRNAs.

Tissue cDNA Encyclopedia
Subtraction, and to a lesser extent, normalization strategies
detract from the usefulness of library of origin information as
a source of insight into tissue-specific expression of particular
transcripts. Nevertheless, there is still invaluable information
to be obtained by tracking such information. To this end, we
kept track of the original tissues even in mixed cDNA libraries,
by using tagging cDNAs even in mixed libraries. Several li-
braries included in the main groups of tissue (Table 6) were
prepared before a large number of clones were rearrayed for
subtraction (Table 1, complete table at www.genome.org).
Therefore, grouping libraries from tissues of similar origin
may provide a de facto gene-expression profile.

Embryonic tissues produced fewer clusters than adult
ones, perhaps because adult clusters allowed sampling by mi-
crodissection of very specialized tissues (such as inner ear),
whereas in embryo, many whole tissues were used. The ner-
vous tissue highlights the importance of microdissecting
within a large tissue. In fact, 38,794 3�-end clusters (of which
7906 were unique to the central nervous tissue) and 21,290
3�-end singletons were produced from nervous tissue. Sam-
pling of the peripheral nervous system (such as retina, inner
ear, sympathetic ganglion), further produced 2180 3�-end

Figure 1 Overall strategy for preparation of cDNA libraries and routing of rearrayed clones to prepare
drivers for subtracting new cDNA libraries. From small samples of tissue (i.e., <15 µg of total RNA as
template), the resulting cDNA could neither be normalized nor subtracted. When at least 15 µg of
starting total RNA was available, cDNA was subtracted with a driver derived from a minilibrary set and
nonredundant rearrayed library. For larger tissues, cDNA was prepared from mRNA. In this case, cDNA
was also normalized by using an aliquot of the starting mRNA together with the subtraction step. Any
newly prepared libraries went through this routine, making libraries prepared at a later time more
strongly subtracted than those prepared earlier.

Carninci et al.

1280 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on September 30, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


unique clusters and 5407 3�-end singletons. The cDNA ob-
tained by preimplantation and early postimplantation from
fertilized egg to 4.5 dpc, including 4999 3�-end singletons and
1515 specific 3�-end clusters required the largest effort in
terms of sampling, and yet deserve more future attention. The
reproduction represents a heterogeneous category of libraries
from tissues such as ovary and testis at various stages of de-
velopment and contains genes involved in germ-cell mainte-
nance, but a very large complexity is produced by testis. Dur-
ing spermatogenesis, the methylation status is rearranged,
and we could eliminate the possibility that such variability is
caused by deregulated transcription, although in the annota-
tion we did not observe particular over-representation of non-
coding RNA specifically derived from testis libraries. It is also
evident from Table 6 that there is room for gene discovery in
certain tissues and categories, such as cancer.

Further work lies ahead to verify the global expression of
such mRNAs, similar to what has been done for an initial set,
the RIKEN 19K, analyzed for their expression in 50 tissues,
expanded recently to a 60K set for 21 tissues, which gave
additional clues to gene function (http://genome.gsc.riken.
go.jp/READ/) (Miki et al. 2001; Bono et al. 2003). Correlating
expression analysis by sequencing subtracted libraries, micro-
array, and other methods such as SAGE will present further
computational challenges. To this end, we have started group-
ing the tissues by adapting the nomenclature and tissue clas-
sification of The Mouse Anatomical Dictionary (http://
www.informatics.jax.org/menus/expression_menu.shtml)
(Ringwald et al. 2001; Table 7, complete table at www.
genome.org), and have further correlated the microarray
signals to EST counts in gene discovery (http://genome.
gsc.riken.go.jp/matrics/ef/fantom2/READ/). Expression by
EST counting aims complement-expression analysis by micro-

array; absence from libraries cannot discern lack of expression
from subtraction, but ESTs are valuable for identifying rare
mRNAs expression. Finally, a tissue and developmental stage-
based grouping better displays tissues that should be the tar-
get of remaining gene discovery (Table 7, complete table at
www.genome.org).

Nonredundant Set of cDNAs
for Full-Length Sequencing
Clusters identify candidates for full-length cDNA sequencing
(Phase II), which are generally selected from best scoring and
cytoplasmic RNA libraries. Library 74-204 (fertilized egg) is an
exception and was sequenced even though only a suboptimal
fraction of cDNAs (52.9%) were predicted to be full length,
because it was not feasible to recollect 5000 embryos (Table 1,
complete table at www.genome.org). Selection of clones for
full-insert sequencing took place in real time and from librar-
ies that showed best full-length score. About 67% of the
60,770 resequenced clones appeared to be full length, and the
discrepancy with Table 2 can be attributed to better sequenc-
ing and finishing success rate for short cDNA clones and fail-
ures of recognizing clusters of truncated clones as such. In
fact, due to clustering limitations previous to genome se-
quence availability, truncated cDNAs often became candi-
dates for full-insert sequencing. Additionally, full-length se-
quencing operations show higher sequencing and finishing
success rates for short cDNA clones.

Function Assignment
The contribution of these sequences to known protein sets is
described elsewhere, as well as the completely curated assign-
ment of cDNA function at the FANTOM1 and FANTOM2 an-

Figure 2 Overall sequencing growth during the course of the project: x axis shows the number of sequences and y the number of 3� clusters.
Vertical lines indicate switches between sequenced libraries. Strong subtraction is intended with RoT larger than 2000 and up to 500. Library
number is displayed only when space allows. We highlighted the most productive factors that influenced gene discovery. (Top, left, inset) The
internal redundancy of one library and (bottom, left, inset) the number of library specific clusters plus singletons (the gene discovery rate per library).
The overall curve is derived by summing many curves as in B. (A, B) The B0 library, 2-cell stage.
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notations (Kawai et al. 2001; Okazaki et al. 2002) and accom-
panying studies, and is therefore beyond the scope of this
work. Before curated annotation, all ESTs are preliminarily
analyzed by BLAST to assign temporary function when hitting
a known gene, which currently happens for 65.5% of 5� and
54.7% of 3� EST clusters. In subtracted libraries, on average,
65% of the 5� end reads do also hit protein databases at
E = 10�19, allowing additional temporary functional assign-
ment for clones that are otherwise not curated. Relatively
higher efficiency of 5�-end annotation may be due to trun-
cated clones matching CDS regions, short 5� UTRs that do not
prevent identification of CDS regions, and different coverage

of the 5� and 3� data sets. Many of the
clusters that are not annotated may sim-
ply be noncoding RNAs. Similarity search-
based functional information is available
by searching our Web site (http://
genome.gsc.riken.go.jp/) for homology
information. Retrieved sequences are dis-
played, together with features such as rel-
evant homology to public databases and
multiple alignments, with other clones in
the mouse full-length cDNA encyclope-
dia. All of the sequences have been depos-
ited with DDBJ, and are from there propa-
gated to other databases, and then incor-
porated into the Unigene and various
genome browsers.

DISCUSSION
Obtaining a complete view of a transcrip-
tome is arguably more complex than se-
quencing a genome because of the huge
dynamic range of mRNA expression,
which requires tailored cDNA library con-
struction and the nature of the mRNA it-
self, including alternative transcript, pro-
moter, termination sites, and the presence
of noncoding RNAs. Furthermore, clone
identification, quality control, tracking,
storage, and prioritization cannot be auto-
mated in the same way as shotgun se-
quencing of a genome. Full-length se-
quencing of individual cDNAs is also
more painstaking than shotgun sequenc-
ing of genomic BACS. To gain complete
representation of a transcriptome, one
needs to sample the full diversity of tissues
and the full diversity of inducible states.
The extent to which this task is still ongo-
ing is reflected in the high frequency of
new transcripts identified when we re-
cently sampled cells of the innate im-
mune system responding to microbial
stimulus (Wells et al. 2003; see Tables
1 and 7, complete tables at www.
genome.org). The rewards of transcrip-
tome sequencing are proportionally great,
as the full-length cDNA sequence gives an
experimental validation of predictions
that can only be made in silico from ge-
nome annotation or EST assembly. In this
project, we have provided the model that
can be applied to humans and to other

mammals, and as other mammalian transcriptomes are com-
pleted, we will gain proportionally great insight into mam-
malian functional genomics.

One issue that occupies the minds of scientists and non-
scientists alike is the number of genes (Ewing and Green 2000;
Hogenesch et al. 2002; Crollius et al. 2000). Because clustering
tends to overpredict the number of mRNAs, we had combined
initial clustering with genome-draft mapping and reintro-
duced the concept of TU (Okazaki et al. 2002). We estimated
that there are ∼70,000 of them in the current data set. The TU
counting simply differs with previous conservative gene
counting, which focuses on protein-coding genes (Dunham et

Figure 3 In the course of the gene discovery project (top), we monitored the appearance of
singletons vs. clusters of various classes of size (middle) and number of libraries in which they
appeared (bottom). Arrows 1, 2, and 3 show the date when increasingly larger subtracting
drivers, respectively, consisted of 13,500, 37,500, and 126,000 rearrayed clusters, and were
introduced for cDNA library subtraction.
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al. 1999; Hattori et al. 2000), The set of fully sequenced cDNAs
annotated in FANTOM2 was clustered into ∼37,000 TU along
with sequences from the public domain. Of these, ∼18,000
encoded proteins, which is significantly less than the 30,000
estimated, were based upon mouse (and human) genome an-
notation. This assessment supports the view that there are
many additional and genuine TU still to be fully sequenced in
the RIKEN cDNA set. In the most recent libraries, the rate of
discovery of new singletons is still close to the linearity, sug-
gesting that despite the depth of sampling, even this tran-
scriptome cannot be considered finished, and other tissues/
differentiation states remain to be explored. This conclusion
is also in keeping with recent direct analysis suggesting that
the transcriptional output of the genome in humans greatly
exceeds gene predictions (Kapranov et al. 2002). Representa-
tion of a comprehensive collection of ESTs (Fig. 3) resemble
an in silico representation of classical studies on the nature
and complexity of the transcriptome by cDNA/RNA reasso-
ciation experiments (Galau et al. 1977). Although our figure
does not discern the most abundant mRNAs, the distribution
of gene discovery resembles the renaturation profile and de-
rived distribution of highly expressed mRNAs, intermediately
expressed and rarely expressed (singletons), applied on the
whole organism. Beside differences such as the subtraction,
this analysis vindicates in silico pioneering observations on
the basis of reassociation technologies of the existence of such
expression classes.

The appearance of a large scale of clusters only in small-
scale, microdissected libraries suggests that along with the
universally expressed mRNAs, there is a considerable set of
genes for which expression seems to be restricted to a subset
of cells. We sampled many tissues extensively to obtain the
largest variety of mRNAs and categorize genes involved in
various biological phenomena. Further, the mouse afforded
the great opportunity of sampling any developmental stage
and preparing high-quality RNA from freshly dissected tis-
sues. Beside libraries for all relevant adult tissues and biologi-
cal phenomena such as proliferation, apoptosis, cell–cell com-
munication, and lineage differentiation, pre-implantation
and post-implantation embryonic development is covered ex-
tensively with 81 libraries that provide full-length cDNA
clones and information for almost 80% of the clones of an

existing set or embryonic libraries (Kargul et al. 2001). Clearly,
for these tissues, mouse full-length cDNAs will be essential to
identify equivalent human mRNAs that are not readily acces-
sible in human, especially for early post-implantation speci-
mens.

Brain has been hypothesized to express at least half of
the genes and, therefore, we sampled 52 neuronal tissues.
Some peripheral nervous tissues or sensory system libraries,
such as the sympathetic ganglion, retina, and inner ear
showed surprising diversity from the central nervous system.
We also characterized a relatively simple type of neural tissue,
the cerebellum, and its development from birth to neonatal
stage to define the variability of mRNA expression in a sim-
plified neuronal tissue. Therefore, we prepared and sequenced
seven libraries from neonate (P0 to 1 month), stages, when
production of new cell types and extensive apoptosis occur,
plus one adult library. A characterization of the cerebellar
development was done previously (Diaz et al. 2002). Accord-
ing to what has been described in this analysis, we have found
genes that appear to be expressed differently. For instance, the
Cam kinase II �, which was reported to increase during de-
velopment of the cerebellum, appeared only once in adult
cerebellum and peaks at postnatal day 10 with seven se-
quences. Math-1, reported to be expressed after birth and to
decrease after 1 wk. Accordingly, two Math-1 cDNA clones
were sampled only from the postnatal 0 day libraries. Simi-
larly, most of the other genes reported to have specific expres-
sion patterns (Diaz et al. 2002) appeared in cerebellum librar-
ies but, due to normalization/subtraction, their count was not
sufficient for statistical analysis. On the contrary, normaliza-
tion/subtraction strategies have produced ∼5700 clusters that
are unique to various stages of cerebellum development and
await further characterization. It is very likely that other tis-
sues, if deeply sampled similarly, could show such complex-
ity.

Among other phenomena, we monitored five cDNA li-
braries covering the development and regression of the mam-
mary gland, because the gland development resembles breast
cancer tissue for the ability of a mass of proliferating cell to
invade a stromal tissue, protecting it from premature apopto-
sis and final apoptotic regression (Wiseman and Werb 2002).
We also investigated the development of the reproductive sys-

Table 4. Estimation of Transcriptional Starting Points Identified by 5� EST Mapping

5� ESTs extending
the CDSs

Clusters matching
same genes

Singletons that
extend CDSs

TSP <100 nt longer on genome 17,073 2350 42
New TSP >100 bp longer on genome 1669 516 29
Single tissue type (1) 4488 609 1269
Multiple tissue type (1) 224,934 7902 n.a.
Single developmental stage (1) (2) 16,418 1781 1269
Multiple developmental stage (1) (2) 213,509 6747 n.a.
Single library ID 2,078 269 1269
Multiple Library ID 227,849 8259 n.a.
Total, >10 bp (longer) 121,444 4934/8637 635
Total, �10 bp 66,192 5115/8637 224
Total, <10 bp (shorter) 59,449 7030/8637 367

Only matches that extend existing CDS were considered.
Reference mRNAs with complete CDS without hit are not shown.
Clusters were prepared without using genome alignment and later aligned to the genome sequence.
(1) Without taking into account library IDs 21, 23 and unrecognized mixed libraries.
(2) Divided as preimplantation embryo, embryo after day 6, and adult.
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tem with 10 libraries, whose source tissues include regions of
primordial germ cells and those of later development. Other
biological cycles include nine thymus libraries, representing
developmental stages from E14 through the P3 neonatal
stage, when clonal deletion of self-reacting lymphocytes is
highest, to adult and the associated regression of thymic tis-
sues. In the continuation of our work, methods to resubtract
amplified cDNA libraries prepared by normalizing and sub-
tracting cDNA before cloning will be a complementary strat-
egy to select for very rarely expressed mRNAs in order to se-
quence as close as possible to saturation (T. Hirozane-
Kishikawa and P. Carninci, in prep.). Such technologies, based
on amplified � cDNA library subtraction, should allow target-
ing a class of transcripts that all together represent 7 < 1% of
the mass of mRNA in a tissue. Considering different strains
may also play a role, for instance, C57Bl6/J has a mutated
CDK-3 (Ye et al. 2001), which may affect downstream path-
ways. Further we are selecting new, rare/very long cDNAs by
size selection (>6.5 Kb), stabilization of long cDNAs and im-
proved sequencing operation for long cDNAs. To produce
functional proteins and simplify annotation, we are using, as
much as possible, cytoplasmic RNA devoid of unspliced in-
trons, polysomal, and membrane-bound polysomal RNA; this
latter effort will facilitate identifying secreted and membrane
proteins. In the generation of new full-length libraries, we are
also looking at vectors that allow prompt transfer of clones
into expression vectors (Carninci et al. 2001).

Despite prioritization of sequencing on the basis of clus-
tering, the FANTOM2 full-length sequence set contained nu-
merous clusters and redundancy, which was used to enable a
comprehensive analysis of the frequency of alternative splic-
ing (Zavolan et al. 2003). A real insight into the function of
the transcriptome will not be complete until alternative splice
forms are identified comprehensively. The frequency of func-
tional alternative splicing is so high, that additional sequenc-
ing of even one additional member of each multimember
cluster is likely to generate many additional variant full-
length sequences. We are developing strategies to identify TU
clusters in which such variation is more prevalent on the basis
of EST and genomic information to prioritize additional se-
quencing.

Our approach can be readily applied to organisms other
than mouse, including numerous model organisms, animals
of alimentary interest, and plants, and to some extent, to
clone the missing human full-length cDNAs. However, we
anticipate that getting a complete set of human full-length
cDNAs will be very challenging, due to the difficulty of sam-
pling and restricted availability of high-quality samples. Per-
haps nonhuman primates may provide mRNA for similar ap-
proaches or, alternatively, remaining human cDNAs could be
collected with RT–PCR on the basis of the presence of mouse
homolog mRNA sequences.

The mouse sequence information we have generated
is freely available at http://genome.gsc.riken.go.jp/. These
data are updated periodically, and the sequences are depos-
ited in public databases through the DNA Database of Japan
(DDBJ). Representative clones are, at the moment, available,
but the complete cDNA collection (∼2 million clones) does
not allow prompt distribution, although mechanisms are be-
ing considered to make it happen. Request for clones should
be sent to http://genome.gsc.riken.go.jp and the e-mail ad-
dress therein specified. At the moment, the first set of repre-
sentative 60,770 clones fully sequenced (the FANTOM 2 set) is
available.

T
ab
le
5
.

U
se

of
Po

ly
ad

en
yl
at

io
n

Si
g
n
al
s
V
ar

ie
s
D
ep

en
d
in

g
on

th
e

C
la
ss

of
Ex

p
re

ss
io

n

Po
ly
ad

en
yl
at

io
n

si
g
n
al
s

A
A
TA

A
A

%
A
TT

A
A
A

%
A
A
TT

A
A

%
A
A
A
TA

A
%

A
G
TA

A
A

%
A
A
TA

TA
%

C
A
TA

A
A

%
TA

A
TA

A
%

A
A
TA

A
T

%
O
th

er
s

%
To

ta
lw

it
h

si
g
n
al
s

N
o

si
g
n
al
s

To
ta

l
se

q
ue

n
ce

s

To
ta
l3

�
Es
t
co
lle
ct
io
n

71
.3
77

16
.8
72

0.
94
8

0.
99
7

2.
83
0

2.
07
6

1.
81
8

0.
41
9

0.
19
1

2.
47
3

1,
12
8,
93
0

31
3,
30
6

1,
44
2,
23
6

3�
cl
us
te
rs
of
2
or
m
or
e

72
.0
00

16
.8
01

0.
89
1

0.
91
2

2.
76
3

1.
97
7

1.
73
1

0.
38
0

0.
17
0

2.
37
7

1,
08
3,
95
5

26
1,
84
3

1,
34
5,
79
8

3�
si
ng
le
to
ns

56
.3
71

18
.6
04

2.
32
4

3.
04
6

4.
45
1

4.
46
5

3.
92
0

1.
33
9

0.
69
1

4.
78
9

44
,9
75

51
,4
63

96
,4
38

St
an
da
rd
lib
ra
rie
s

74
.7
49

15
.1
30

0.
64
2

0.
78
5

2.
76
3

1.
75
4

1.
58
7

0.
37
6

0.
16
5

2.
05
1

20
7,
62
6

55
,4
42

26
3,
06
8

M
ild
su
bt
r/
no
rm

(5
�
Ro
T

�
50
)

73
.8
30

15
.7
18

0.
46
2

0.
77
9

3.
02
1

1.
70
0

1.
86
6

0.
37
0

0.
16
5

2.
08
9

16
7,
66
4

36
,2
94

20
3,
95
8

St
ro
ng

su
bt
/n
or
m
(2
00

>
Ro
T
>
50
)

69
.6
13

18
.0
03

1.
00
0

0.
99
5

2.
69
7

2.
21
8

1.
72
1

0.
40
7

0.
19
9

3.
14
8

20
2,
83
5

41
,6
92

24
4,
52
7

Ve
ry
st
ro
ng

su
bt
/n
or
m
(R
oT

�
20
0)

68
.9
60

17
.8
90

1.
37
0

1.
25
0

2.
75
8

2.
42
2

2.
07
1

0.
45
6

0.
22
1

2.
59
9

44
6,
66
2

15
8,
71
5

60
5,
37
7

O
th
er
pr
ot
oc
ol
s

74
.4
66

15
.8
09

0.
39
1

0.
68
1

3.
38
1

1.
51
2

1.
56
8

0.
52
0

0.
12
0

1.
55
2

54
,7
78

12
,5
27

67
,3
05

Li
br
ar
y
co
nd
iti
on
s
un
av
ai
la
bl
e

74
.5
51

15
.4
46

0.
46
4

0.
68
9

3.
06
1

1.
61
2

1.
01
9

0.
35
7

0.
15
2

2.
65
0

49
,3
65

86
36

58
,0
01

Carninci et al.

1284 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on September 30, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


METHODS

Preparation of cDNA Libraries
Mice (mostly C57Bl6/J) were sacrificed according to institu-
tional guidelines. We used Cap-Trapper technology (Carninci
et al. 1996, 1997; Carninci and Hayashizaki 1999) and treha-
lose-thermoactivated reverse transcriptase (Carninci et al.
1998; Carninci and Hayashizaki 1999) to prepare libraries en-
riched for full-length inserts (full-length libraries). Published
protocols were adapted so that we could prepare cDNA librar-
ies from small samples (1.5–50 µg of RNA) from microdis-
sected tissues. Most cDNA populations were normalized
(Carninci et al. 2000). Abundant cDNAs were also subtracted
by using biotinylated mRNA or in vitro-transcribed RNA
driver prepared from linearized plasmid vectors as a driver
with XhoI, SstI, or BamHI, depending on the cloning orienta-
tion and vector usage (Carninci et al. 2000), or by PCR from
rearrayed clone sets using primer adapters on the vector car-
rying T7 and T3 RNA polymerase promoters. Single-strand
cDNA, full-length cDNA was normalized and subtracted by
hybridization with biotinylated aliquots of mRNA. Hybrid-
ized, abundant cDNA were removed by using streptavidin-
coated magnetic beads and, after synthesis of the second-
strand cDNA and restriction digestion, cDNA inserts were
cloned as described (Carninci and Hayashizaki 1999). We pre-
pared nine minilibraries to use as sources of subtraction driv-
ers. The highly expressed cDNAs were stripped from beads
and cloned in parallel to normalized libraries. Approximately
1000 clones (2000 clones for brain) were amplified on SOB-
ampicillin plates; plasmids from these clones were used to
prepare RNA drivers. In addition, nonredundant or low-
redundancy drivers were prepared from rearrayed bacteria as
described. RNA was biotinylated by use of the Mirus kit (Pan-
vera).

Subtraction Drivers
Other than what was published (Carninci et al. 2000), the
driver used to prepare strongly subtracted libraries was not
constituted by run-off transcripts from rearrayed clones lin-
earized by using the BamHI site that is the 3�-end cloning site.
Instead, we used PCR to rearray pooled clones with primers
containing T7 RNA polymerase promoters, and then synthe-

sized run-off transcripts from PCR products. This was done to
overcome potential problems due to the presence of BamHI in
the inserts, which would cause the drivers to be limited to the
5� ends of clones, and, therefore, the enrichment for trun-
cated cDNAs corresponded to the collected genes. The sub-
traction drivers, as shown in Table 1, complete table at www.
genome.org, are as follows: mini set0: liver, lung, and brain
minilibraries; mini set1: liver, lung, brain, and placenta
minilibraries; or mini set2: liver, lung, brain, placenta, testis,
pancreas, small intestine, stomach, and tongue minilibraries.
Rearrayed clones were Nm1, 4000 clones; Nm2, 1600 clones;
Nm3, 13,440 clones (rearrayed plates 2XB00001–2XB00035);
Lm1, 8832 clones (low-redundancy rearray); Nm4, or 1920
clones (rearrayed plates PXB00002–PXB00006). Mixed cDNA
libraries were prepared in the majority of cases by using first-
strand primers that carried as a tag an arbitrary sequence of 6
bp, which differs at least two nucleotides from all of the other
tags. This was recognized during the vector-masking proce-
dures and, therefore, tissue (mRNA sample) origin of the
cDNA was possible. Mixed cDNA are advantageous for stron-
ger subtraction and tracking. Cloning vectors (�FL-C-1, �FL-
C-II, and �FL-C-III), whose cloning capacity exceeds 15 Kb,
have been described (Carninci et al. 2001). Phage libraries
underwent bulk excision to yield plasmid libraries. Libraries
were mainly electroporated into DH10b or DH5�. Early librar-
ies (Table 1, complete table at www.genome.org) were cloned
in pBluescript (Stratagene), either after bulk excision from a �
vector (Short et al. 1988) or by direct cloning. Library 01 was
prepared by using the Capfinder kit (Clontech) and cloned in
Lambda Triplex (Sasaki et al. 1998). A complete updated set of
protocols is described in Bowtell and Sambrook (2002) and in
the book Web site.

Sequencing Reagents and Procedures
Bacteria were picked by using Q-bot and Q-pix (Genetics) and
transferred to 384-microwell plates. The bacteria were grown
either at 30°C or 37°C; growth at 30°C increased the stability
of clones with long inserts. Replicates of the primary plates
were sent to the plasmid extraction team. The clones from
each 384-well plate were grown in four 96-well plates with
deep wells. After overnight incubation, plasmids were ex-
tracted with a filter-based plasmid preparation system, either
manually (Itoh et al. 1997) or automatically (Itoh et al. 1999).

Table 6. Expression in Various Types of Tissues (Non-mutually Exclusive)

Tissue type
3�

singletons
3�

clusters
3� specific
clusters

5�
singletons

5�
clusters

5� specific
clusters

Adult 60,161 66,212 26,829 77,873 44,393 20,834
Embryo, 6 days or later 23,478 41,915 5106 25,949 23,012 2922
Embryo, before 6 days 4999 11,431 1516 3015 3524 332
Cell lines 5523 16,045 569 4777 12,787 929
Nervous tissues 21,290 38,794 7906 28,157 21,706 5847
Peripheral nervous tissues 5407 20,836 2180 5510 7186 1009
Immune tissues 16,144 27,257 2257 16,631 22,624 1284
Stimulated/induced 11,203 17,184 187 9761 17,737 42
Reproduction 8278 23,068 3444 9335 6754 1338
Respiratory 5038 19,768 1125 7728 10,524 1223
Digestive organs 2692 13,779 1054 3595 6376 755
Circulation 2561 13,188 739 3221 4674 458
Secretory organs 1740 9599 617 2412 6300 715
Renal, urinary 1616 9438 339 1999 4873 390
Epithelial tissue 1027 9162 287 1531 1643 170
Cancer 1016 7943 248 1918 4869 340
Endocrine 765 6262 116 1202 1180 79
Renal, urinary (II) 75 1347 38 182 944 68
Other 5148 21,864 1455 7041 5960 796
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To minimize the ID errors of early studies based on slab-gel,
we used the RISA 384 capillary sequencer (Shibata et al. 2000).
Additionally, we added known samples at fixed positions in
the 384-well plates. When the control samples were not rec-
ognized, which indicates potential ID errors, we did not in-
clude the clones in the collection. A detailed list of other
artifacts and quality control is available in Supplementary
Table 1). Resequencing of random clones from the
FANTOM-1 (Kawai et al. 2001) showed that the ID error was
<3% (data not shown). The RISA sequencer used an ad hoc
basecaller. For each peak, the basecaller calculates and assigns
a value (0–10) to the ratio between the amplitudes of the
primary (signal) and secondary (noise) peaks; in addition, the
basecaller assigns a value (0–4) to the amplitude of the peak.
The sum of these two values (0–14) represents the confidence
value of each peak. With regard to evaluating the entire se-
quence of a sample, the sum 0–7 corresponds to score 0 (un-
reliable) and 8–14 to 1.

Sequence Analysis
If not otherwise described, the clustering was made following
Konno et al. (2001), and other computer analysis, if not oth-
erwise specified, following Okazaki et al. (2002), and refer-
ences therein. For clustering, the linkers and vector sequences
were removed from sequences, then the first 200-bp regions
were selected and used as TAG sequences. Different fromwhat
was published (Konno et al. 2001), we updated the system
using BLAST 2.2.2 or later versions to create the groups (clus-
ters + singletons) to make the nonredundant TAG library.
BLAST values 1e�20 or lower, with options (-F F S- 1) values
were preclustered together. Next, the BLAST-aligned se-
quences were checked for identity >90%, overlap >160
nucleotides, and overhang <10 nucleotides. To the nonredun-
dant representative member of a cluster, new members were
routinely (usually weekly) added, and sequences that did not
follow such conditions became new groups.

To evaluate normalization/subtraction, actin clones that
appeared in the Unigene database on April 25, 2000 were
selected and compared with BLAST with 1e20 or lower value
versus the standard cDNA libraries 66–204, 67–204, 68–204,
74–204, 74–207, B0–200, C8–200, and C9–200 (29,685 se-
quences) and the recent satisfactory normalized-subtracted li-
braries A0–A9, B0–B9, and E0–E6 (237,099 sequences). For
mapping our clusters on the 292 genomic sequences, we used
BLAST values lower than 1e�55. Transcriptional starting point
analysis was done by using EST clusters subsequently aligned
onto the genome.
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