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Abstract

The Kazusa cDNA project is unique by its focus on sequencing large human cDNAs (>4 kb). We describe an overview o
the human cDNA sequence data accumulated during the first phase of the project on over 2000 cDNAs and its integra
the genome sequence. In the second phase of the project, which aims at bridging the human genome and proteom
output of the first phase, we are very carefully evaluating our cDNA clones and, when necessary, experimentally revis
To cite this article: T. Nagase et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Le projet ADNc de Kazusa pour l’identification de transcrits humains inconnus.Le projet ADNc de l’Institut Kazusa
de recherche sur l’ADN est unique par sa focalisation sur le séquençage de grands ADNc humains (>4 kb). Nous décrivons
un bilan des données de séquence accumulées pendant la première phase du projet à partir de plus de 2000 ADNc i
leur intégration avec la séquence du génome. Lors de la seconde phase du projet, visant à faire la jonction entre le gé
protéome, nous évaluons très soigneusement nos clones d’ADNc et, lorsque c’est nécessaire, les révisons expérime
Pour citer cet article : T. Nagase et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

We have been accumulating information on
protein-coding sequences of unidentified human tr
scripts for the last nine years [1,2]. Our cDNA analy

* Corresponding author.
E-mail address: ohara@kazusa.or.jp (O. Ohara).
1631-0691/$ – see front matter 2003 Académie des sciences. Publis
doi:10.1016/j.crvi.2003.09.020
is unique in the fact that we have focused our seque
ing efforts on large cDNA clones (>4 kb) encoding
large proteins (>50 kDa). This approach is taken b
cause (a) large cDNAs have not been extensively a
lyzed yet, (b) large proteins are often encoded by la
cDNAs, and (c) large proteins are frequently involv
in various mammalian-specific functions [3]. For th
purpose, we constructed a set of strictly size-sele
hed by Elsevier SAS. All rights reserved.
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cDNA libraries which enabled us to isolate clones
the size of interest on a random sampling basis,
further selected them according to novelties of th
end sequences and their protein-coding potential
before entire sequencing [3]. The cDNA sequenc
was done by a shotgun method with 5- to 10-fold
quence redundancy. The number of cDNA sequen
thus identified, which are mainly derived from hum
brain and designated by a systematic gene code
taining KIAA plus a 4-digit number, has reached 20
to date (the number of cDNA sequences depos
to DDBJ/EMBL/GenBank is 2031 at the end of Ju
2003). The average size of KIAA cDNAs reported
approximately 5 kb and thus the total number of n
cleotide residues sequenced is over 10 Mb. Since
number of genes encoding large proteins (>100 kDa)
is expected to be less than 10% of the total num
of human genes from genome analyses of other
ganisms, the number of KIAA genes must be sign
icant as a set of genes producing large proteins in
brain.

As the human genome sequencing enters the
phase in which the draft sequences are converted t
finished ones, it becomes more evident that cDNA
quence data would serve as a complement to inter
tation of the human genome. Furthermore, the cD
data can offer many lines of information regardi
post-transcriptional events, such as alternative sp
ing and RNA editing, which at present cannot be p
dicted in silico from the genome sequence alone.
the other hand, the genome sequence allows us t
vise some errors in cDNA sequence data, if any, m
of which originate from the fact that cDNAs are arti
cially synthesized molecules from mRNAs. Therefo
integration of our cDNA sequence data with the pu
licly available genomic sequence data would be an
gent and critical task for us, especially for moving b
yond the identification of transcribed sequences.
describe here the current status of the Kazusa cD
project and the results of comparative analyses of
KIAA cDNAs with the corresponding genomic s
quence data. The results indicate that the integra
of cDNA sequence data with the genomic seque
data will greatly help interpretation of cDNA stru
tures, and vice versa.
-

-

2. The current status of Kazusa cDNA project

As described above, a distinct point of the Kazu
cDNA project from others is that our sequencing
forts have been focused on long cDNAs (> 4 kb).
However, we have taken various methods to se
cDNA clones for entire sequencing. First, we used
toplasmic RNA of a cultured myeloid cell line, KG1
as a source of cDNA templates and selected cD
clones taking coincidence of the cDNA insert size a
the corresponding mRNA size as a criterion. This c
terion was expected to prevent us from contamin
ing our sequence data with seriously truncated cDN
However, this preliminary experiment unexpecte
revealed that cDNA clones randomly selected in t
manner did not always contain open reading fram
(ORFs) which could be convincingly considered
encode functional proteins. Since we took this
proach to select cDNA clones coding for unknow
human proteins, the results of the preliminary exp
iment seriously concerned us. To solve this proble
we thus changed the primary clone selection cr
rion from the integrity of cDNAs to their protein cod
ing ability. For this purpose, we took two differe
approaches, one based on experimental evaluatio
cDNA clones in anin vitro transcription–translatio
system [3] while the other relied onin silico analy-
sis of terminal sequences of large cDNA clones [4
After genomic sequence data became publicly av
able, we could select cDNA clonesin silico, which
might have relatively large protein predicted in t
genomic sequences lying between both of the
minal cDNA sequences [6]. As far as we examin
the experimental evaluation of cDNA clones in thein
vitro transcription–translation system is the most
liable method to estimate the size of ORF in cDN
clones before sequencing. On the other hand, thin
silico analysis of terminal sequences of cDNA clon
could sometimes rescue cDNA clones overlooked
the experimental screening and enabled us to se
cDNA clones encoding proteins with a particular d
main [4,5]. The sources and clone selection meth
for the cDNA clones analyzed to date are listed in
ble 1. Besides these clones, we also analyzed app
mately 360 human large cDNAs from spleen as a p
of NEDO cDNA project (http://www.nedo.go.jp/bio/)
[7,8].

http://www.nedo.go.jp/bio/
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NAs
Table 1
Current status of Kazusa cDNA project*

RNA source RNA fraction Clone selection method Number of analyzed cD

Immature myeloid cell line
(KG-1)

cytoplasmic coincidence of cDNA size with the size of the corresponding
mRNA

268

Brain total cellular coincidence of cDNA size with the size of the corresponding
mRNA

25

Brain total cellular in vitro transcription–translation assay 1416
Brain total cellular in silico analysis of terminal cDNA sequences 125
Brain total cellular chromosomal location 96
Brain total cellular prediction of CDS from the genomic sequence lying between

terminal cDNA sequences
95

aortic endothelial cell total cellular prediction of CDS from the genomic sequence lying between
terminal cDNA sequences

6

total 2031

* KIAA cDNA sequences which were deposited to DDBJ/GenBank/EMBL databases by July, 2003.
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Table 2
Statistics of KIAA cDNA sequences1

Average size 5.1 kb
Average ORF size 936
Average size of the genomic region2 83 kb (19 kb)3

Average number of exons2 16.7 (5.4)3

Average size of exons2 383 bp (266 bp)3

1 The total number of KIAA cDNAs analyzed here is 2031.
2 These averages were obtained from 1522 KIAA cDNAs

coding proteins longer than 400 amino acid residues in the cD
which had the corresponding genomic sequence entries in a hu
genome database at National Center for Biotechnology Informa
(http://www.ncbi.nlm.nih.gov/) as of April 14th, 2003.

3 The values in parentheses are those reported for gene
chromosome 22 [9].

3. An overview of the results of the Kazusa cDNA
project

Table 2 shows a summary of cDNA sequence d
accessible in public databases as of April 2003. A c
sequence of clone selection based on the protein
ing capacity of cDNA clones is that the mean size
proteins encoded by KIAA cDNA clones is approx
mately 900 amino acid residues. If we take it into co
sideration that about a half of KIAA cDNA clones a
truncated, the mean size of KIAA gene products co
be considerably larger than 900 amino acid resid
As shown in Table 2, the average number of exon
the KIAA genes is 3 times larger than that of gen
on chromosome 22 while their average exon sizes
similar [9]. The characteristics of the predicted ge
products of KIAA cDNAs have been analyzed, a
the data are accessible through the HUGE data
at our Web site (http://www.kazusa.or.jp/huge) [10].
The statistics of the occurrence rates of various p
tein domains in the KIAA gene products clarified th
the clone selection method we took enabled us to
ficiently collect genes relating to cellular communic
tion and signaling, or nucleic acid management, or
structure and motility. The detailed analysis data
the protein domain issue will be reported elsewher

As described below in detail, the comparison
KIAA cDNA sequences with the corresponding g
nomic sequences offers us a wealth of informat
in various aspects of transcript structures. In Tabl
the mean size of the genomic regions covered
KIAA cDNAs and the mean number of their exons a
shown. According to Table 2, the average size ratio
the genomic region over the KIAA cDNA is 16.2.
this average value is valid for all the KIAA cDNAs w
analyzed, 10 Mb of KIAA cDNA sequence data cov
more than 160 Mb of transcribed regions on the hum
genome.

Since cDNA is nothing but an artificial copy o
mRNA, it cannot always be free from artificial e
rors. In addition, because our cDNAs were synt
sized from total cellular RNA as a template, som
cDNAs were generated not from mature transcripts
from immature ones. In conventional cDNA clonin
these problems are circumvented by analyzing mu
ple clones for a single gene. However, we analy
KIAA cDNAs on a single-clone-for-single-gene bas
as in the case of conventional comprehensive cD
analysis, mainly due to the limitation of sequenc

http://www.ncbi.nlm.nih.gov/
http://www.kazusa.or.jp/huge
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capacity and cost. It should be kept in mind that a
cDNA cloning method currently available has a ri
of introduction of artifacts in cDNA sequences. In p
ticular, if these artifacts cause nonsense mutation
frame-shift mutations, they seriously ruin the pred
tion of gene products from cDNA sequences. To so
this problem, we have developed an alert system
spurious interruption of protein coding regions (CD
in cDNA [11]. When a cDNA sequence triggers th
alert, a region suspected of causing CDS interrup
was amplified by the polymerase chain reaction c
pled with reverse transcription (RT-PCR), and direc
sequenced. The direct sequencing result of the
pected region was used for revising the cloned
quence because it is expected to represent the
predominant sequence of the region in a tissue of
terest. Among 2031 KIAA cDNAs shown in Table
179 KIAA cDNA sequences were revised in this wa
Through our cDNA project, we have learned that t
evaluation step of cDNA sequences is highly criti
for obtaining biologically significant data in compr
hensive cDNA analysis. Moreover, based on the e
uation results of the integrity of CDSs in KIAA cD
NAs, we are making efforts to tailor the cloned c
NAs to be full-length, to have longer CDSs, and/or
remove spurious CDS interruption by combination
currently available methods [12].

4. Comparison of the KIAA cDNA sequences with
the corresponding genomic sequences

As described above, how to check the integrity a
authenticity of cDNA sequences is a serious and g
eral concern in a comprehensive cDNA project. In t
respect, another promising solution arises from
of the human genome sequence data; the compa
of cDNA sequences with the predicted transcript
quences from the genome allows us to evaluate th
tegrity and authenticity of the cDNAs. Because a hu
amount of the human genome sequence data is
licly available, this becomes practicable now. For t
comparison, we used only the finished data of the
man genome because the draft sequences contai
significant amount of ambiguity in sequence.

The integrity of 3′-end sequences of the KIAA
cDNAs was first examined as described by Beaudo
et al. [13]. As shown in Fig. 1, 20.7% of KIAA cDNA
t

-

a

Fig. 1. Comparison of the KIAA cDNA sequences with the cor
sponding genomic sequences. KIAA cDNA sequences were c
pared with their corresponding genomic sequences. In this fig
only single nucleotide differences between them are accoun
Types of nucleotide differences are shown along the horizo
line as (the residue in the genomic entry)→ (the residue in the
KIAA cDNA sequence). The nucleotide differences that occur
in CDS (assigned by GeneMark program [11]) and untranslated
gion (UTR) are displayed as open and filled bars.

were found to miss 3′-end sequences. The comparis
of the cDNA sequences with their correspond
genomic sequences showed that these cDNAs w
synthesized with the oligo-dT primer annealing to
internal A-stretch, frequently in a repetitive sequen
like Alu sequence. Coincidentally, these cDNAs we
devoid of polyadenylatoin signal sequence at their′-
ends as already described by Beaudoing et al. [13

By carefully comparing KIAA cDNA sequence
with the genome sequence data, we found a cons
able number of discrepancies between their nucleo
sequences. Fig. 2 shows the statistics of the nucleo
changes between KIAA cDNA sequences and the
responding genomic ones. The observed nucleo
differences between the cDNA and genome occu
a rate of one every 1.4 kb, and are expected to be
plained by one of the following causes: reverse tr
scription error, genomic polymorphism, RNA editin
and sequencing error. As far as we examined raw
quence data, no sequencing error was detected in
nucleotide positions. On the other hand, accordin
previous studies, the error rate of reverse transc
tase (MMLV reverse transcriptase) is approximat
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Fig. 2. Integrity of the 3′-end of the KIAA cDNAs. The in-
tegrity of the 3′-end of each of the KIAA cDNAs, which hav
the corresponding genomic sequence entries in a human ge
database of the National Center for Biotechnology Informat
(http://www.ncbi.nlm.nih.gov/), was assessed according to the p
vious report [13]. In brief, the KIAA cDNA sequences were e
amined in terms of canonical polyadenylation signals (AATAA
ATTAAA, and other single-base variants of AATAAA) usually ob
served within 30-nucleotides upstream of the 3′-end of the complete
cDNA. In addition, the appearance of a poly(A) stretch within 10
cleotides just downstream of the 3′-end of the cDNA on the genom
was also checked to ascertain whether the cDNAs synthesize
internal priming were primed from an internal poly(A) stretch
actual poly(A) tail. Some cDNAs without any polyadenylation s
nal sequence have a Not I site at the 3′-end. These 3′-end Not I sites
most likely originate from internal Not I site of cDNAs. The numb
of these clones is indicated as ‘Not I site’ in this figure.

one every 40 kb [14]. Thus, these two causes are
likely to account for most of the observed nucleot
differences. Because the occurrence rate of single
cleotide polymorphism (SNP) is known to be appro
imately one every 1 kb [15], SNP is the most like
cause of the observed sequence differences. In a
tion, the predominance of transitions over transv
sions is well explained by assuming that these
cleotide differences resulted from SNP. However,
predominance of A-to-G changes (from genome
cDNA) is difficult to explain by SNP (Fig. 2). In thi
respect, this reminded us that brain, from which m
of KIAA cDNAs were derived, was reported to be ric
in adenosine deaminase activity specific to doub
stranded RNA (ADAR) [16]. ADAR is known to con
vert adenosine to inosine if adenosine is presen
double-stranded RNA and the resultant inosine res
is reverse-transcribed to G in cDNA [17]. Thus, t
action of ADAR could be a plausible explanation
the predominance of A-to-G changes in KIAA cD
NAs. When we closely examined the observed A-
G changes, it was noticed that the A-to-G chan
were frequently clustered in a relatively short reg
in particular KIAA cDNAs (Table 3). If the A-to-G
changes listed in Table 3 are excluded from cou
ing the nucleotide differences, the occurrence rat
the remaining A-to-G changes becomes very clos
those of other transitional changes observed. Inte
ingly, most of the regions listed in Table 3 cons
of Alu elements. In particular, two regions includin
many A-to-G changes in single KIAA cDNAs liste
interestingly correspond to two Alu elements invers
oriented. Such a structure is most likely to induce a
ble double-stranded form of mRNA in vivo and th
explained why these regions were heavily modified
ADAR. It is well known that RNA editing has signifi
cant biological consequences in some cases, in w
it results in critical changes of CDS. As all the o
served A-to-G changes shown in Table 3 were fou
in untranslated regions in cDNA, the biological imp
cation of the RNA editing in Alu elements has yet
be determined. Interestingly, an independent stud
the identification of inosine-containing mRNA in h
man also reveals that most A-to-I modifications in h
man mRNA occur in untranslated regions [18]. Co
prehensive cDNA analysis might help in uncover
the general biological meaning of RNA editing in t
future.

Besides these interesting observations descr
above, integration of the cDNA and genomic seque
data allows us to evaluate the integrity of the 5′-end of
KIAA cDNAs on a basis of predicted gene structu
by a computer program. When the computer prog
predicts the presence of a further upstream regio
the cDNA, we have tried to check it experimentally
far as possible. Moreover, the size of CDS in a cDN
can be assessed on the basis of the results ofin silico
gene prediction before sequencing of entire cD
inserts, only if only terminal sequences of cDNAs c
be mapped on the genome. This enables us to s
cDNA clones having a long ORFin silico prior to
sequencing of their entire region [6].

http://www.ncbi.nlm.nih.gov/
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Table 3
KIAA cDNAs containing multiple A-to-G changes in a short regio

KIAA Region Number of A-to-G Region
No. (nucleotide residues) changes size (

0090 5264–5464 6 201
0134 4181–4380 5 200
0345* 5152–5463 9 312
0345* 6137–6468 14 332
0359 4475–4774 12 300
0412 3498–3781 6 284
0435 687–1014 14 328
0446 1275–1498 5 224
0485 3839–4186 11 348
0502 5254–5632 12 379
0503 2263–2593 19 331
0504 6232–6436 8 205
0621* 5066–5367 11 302
0621* 6119–6416 10 298
0628 5236–5514 14 279
0706 4596–4798 6 203
0739 3965–4164 5 200
0752 3110–3309 5 200
0754 4325–4721 13 397
0818 4172–4371 5 200
0825 5480–5900 26 421
0831* 2820–3144 13 325
0831* 3605–4008 16 404
0837 4612–4817 7 206
0884 3584–3783 5 200
0889* 1689–1995 9 307
0889* 2495–2730 6 236
0983* 3067–3272 6 206
0983* 3438–3679 7 242
0983* 3895–4246 13 352
0983* 4467–4733 10 267
1001 4050–4372 8 323
1048 3236–3753 17 518
1142* 3419–3744 13 326
1142* 4017–4302 7 286
1143 3615–3985 12 371
1262 5433–5729 16 297
1271* 2939–3269 8 331
1271* 3925–4256 19 332
1314* 27–325 8 299
1314* 865–1190 14 326
1314* 1428–1663 7 236
1324* 2404–2702 6 299
1324* 2772–3081 10 310
1324* 4944–5143 5 200
1353 382–736 10 355
1398 1580–1892 6 313
1497 22–493 16 472
1559 3768–4020 7 253
1615 2097–2296 5 200
1647 472–671 5 200
Table 3 (continued)

KIAA Region Number of A-to-G Region
No. (nucleotide residues) changes size (

1649 3964–4163 5 200
1658 4324–4630 9 307
1659* 3649–3897 6 249
1659* 4022–4221 5 200
1661 5647–5986 11 340
1672 4816–5221 12 406
1791 292–554 9 263
1792 594–927 9 334
1829* 3110–3475 12 366
1829* 4210–4527 17 318
1868 3480–3704 5 225
1881 2442–2642 5 201
1919* 3326–3594 8 269
1919* 4499–4698 5 200
1948 32–234 6 203
1955 3075–3339 7 265
2003* 3128–3343 7 216
2003* 3722–4027 8 306
2016 3577–3923 12 347

* These KIAA cDNAs contained multiple regions rich in A-to-
changes.

5. Concluding remarks

Our ultimate goal is to bridge between the h
man genome and the proteome through transcripto
analysis. Because the complete human genome
quence will become available in the very near futu
we consider it time to move beyond the identificati
of transcribed sequences in human. The Kazusa cD
project aims to provide research communities in
fields of medical science, pharmaceutics, and basi
ology with important resources of human long tra
scripts. The resources include not only the seque
information but also plasmid cDNAs as indispensa
reagents for functional genomics. Furthermore, we
planning to prepare a set of antibodies raised aga
KIAA gene products. Because other cDNA analy
groups are also planning to offer similar resources
rived mainly from relatively small cDNAs to the sc
entific community worldwide, the integration of o
cDNA collection with theirs would greatly contribut
to progress in comprehensive understanding of hu
transcriptome and eventually of human proteome.
ward this end, however, there still remain many te
nical problems in cDNA analysis. For example, w
do not have any method to enable us always to



T. Nagase et al. / C. R. Biologies 326 (2003) 959–966 965

inc-
n-

es.
olve
sat-
in-
sis
ot
uc-
the
ru-
are-

s-
of

ave
this
ca-

a,
wa,
nti-
enes
ly
ell

ing
lete
rge

ra,
of
A
97)

o-
by

ies

ki,
ns
e-

ra,
hro-
es. 8

a,
an

se,
es
f 81

,
h,
w,
e-
er,
y,
y,
i,

n,
r,

s,
o,
ley,
,

i,
c-
tt,
ps,
ss,
ith,
on,
-

,
i-

oh,
a,
Do,
e-
h,
ay,
ng,
,
n,
ne,
ns,
y,
nn,
,
ra-
n,

u,
ssi,
A

999)

ase
nc-
late perfect copies of transcripts in terms of 5′-end,
3′-end, and their internal sequence, and any conv
ing way to systematically discriminate copies of no
functional transcripts from those of functional on
Although various methods have been reported to s
these problems, none of them has turned out to be
isfactory in a practical sense. However, when we
tend to use these cDNA clones for functional analy
of genes, it is highly critical to establish whether or n
the produced proteins have authentic primary str
tures. If they do not have their authentic structures,
obtained data in functional experiments would be
ined and become less useful. Therefore, we are c
fully evaluating the integrity and authenticity of KIAA
cDNAs, verifying them experimentally, and, if nece
sary, revising them [12]. As we enter the end game
discovery of unknown human genes, more efforts h
been made in this process than before. We believe
is a very basic process to move beyond the identifi
tion of human long cDNAs.
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