half of the AS isoforms predicted by another group (Lander
et al. 2001). Our result highlights the degree to which full-
length sequencing of redundant clones is necessary when
characterizing the complete human transcriptome. The
relative positions of AS exons on the loci varied: 4,383
isoforms comprising 1,538 loci were 5’ terminal AS variants;
5,678 isoforms comprising 1,979 loci were internal AS
variants; and 2,524 isoforms comprising 921 loci were 3’
terminal AS variants.

The AS isoforms found in the H-Inv AS dataset have
strikingly diverse functions. Motifs are found over a wide
range of protein sequences. For certain types of subcellular
targeting signals, such as signal peptides, position within the
entire protein sequence appears crucial. A total of 3,020 (35
%) AS isoforms contained AS exons that overtapped protein-
coding sequences. 1,660 out of 3,020 AS isoforms (55%)
harbored AS exons that encoded functional motifs. Addi-
tionally, 1,475 loci encoded AS isoforms that had different
subcellular localization signals, and 680 loci had AS isoforms
that had different transmembrane domains. These results
suggest marked functional differentiation between the vary-
ing isoforms. If this is the case, it would appear that AS
contributes significantly to the functional diversity of the
human proteome.

As the coverage of the human transcriptome by H-Inv
¢DNAs is incomplete, it would be misleading to conjecture
that our dataset comprehensively includes all AS transcripts
from every human gene, However, the current collection is a
robust characterization of the existing functional diversity of
the human proteome, and it represents a valuable resource of
full-length clones for the characterization of experimentally
determined AS isoforms.

In the cases where three-dimensional (3D) structures could
be assigned to H-Inv ¢DNA protein products, we have
examined the possible impact of AS rearrangements on the
3D structure. Our analysis was performed using the Genomes
TO Protein structures and functions database (GTOP)
(Kawabata et al, 2002). We found that some of the sequence
regions in which internal exons vary between different
isoforms contained regions encoding SCOP domains (Lo
Conte et al. 2000). This discovery allowed us to perform a
simple analysis of the structural effects of AS. Our analysis of
the SCOP domain assignments revealed that the loci
displaying AS are much more likely to contain class ¢ (f-a-
B units, a/f) SCOP domains than class d (segregated o and §
regions, &+f) or class g (small) domains. -

An example of exon differences between AS isoforms is
presented in Figure 3. The structures shown are those of
proteins in the Brookhaven Protein Data Bank (PDB) (Ber-
man et al. 2000) to which the amino acid sequences of the
corresponding AS isoforms are aligned. Segments of the AS
isoform sequences that are not aligned with the correspond-
ing 3D structure are shown in purple. Figure 3 demonstrates
that exon differences resulting from AS sometimes give rise
to significant alternations in 3D structure.

Functional Annotation

We predicted the ORFs of 41,118 H-Inv cDNA sequences
using a computational approach (see Figure 51), of which
39,091 (95.1%) were protein coding and the remaining 2,027
(4.9%) were non-protein-coding, Since the structures and
functions of protein products from AS isoforms are expected
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Figure 3. An Example of Different Structures Encoded by AS Variants

Exons are presented from the 5” end, with those shared by AS variants
aligned vertically, The AS variants, with accession numbers AK095301
and BCO07828, are aligned to the SCOP domain d.136.1.1 and
corresponding PDB structure 1byr. Helices and beta sheets are red
and yellow, respectively. Green bars indicate regions aligned to the
PDB structure, while open rectangles represent gaps in the align-
ments. AK095301 is aligned to the entire PDB structure shown, while
BCO007828 is lacking the alignment to the purple segment of the
structure,

DOI: 10.1371fjournal pbio.0020162.5003

to be basically similar, we selected a “representative tran-
script” from each of the loci (see Figure S2). Then we
identified 19,660 protein-coding and 1,377 non-protein-
coding loci (Table 3). Human curation suggested that a total
of 86 protein-coding transcripts should be deemed ques-
tionable transcripts. Once identified as dubious these
sequences were excluded from further analysis. The remain-
ing representatives from the 19,574 protein-coding loci were
used to define a set of human proteins (H-Inv proteins). The
tentative functions of the H-Inv proteins were predicted by
computational methods. Following computational predic-
tions was human curation.

After determination of the H-Inv proteins, we performed a
standardized functional annotation as illustrated in Figure 4,
during which we assigned the most suitable data source ID to
each H-Inv protein based on the results of similarity search
and InterProScan. We classified the 19,574 H-Inv proteins
according to the levels of the sequence similarity. Using a
system developed for the human ¢DNA annotation (see
Figure $2), we classified the H-Inv proteins into five
categories (Table 3). Three categories contain translated
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Table 3. Statistics Obtained from the Functional Annotation Results

Category Number of Loci
H-Inv proteins . Identical to a known human protein 5074
Il. Similar to a known protein 4,104
lll. InterPro domain containing protein 2,531
IV. Conserved hypothetical protein 1,706
V. Hypothetical protein 6,159
Total number of H-Inv proteins 19,574
Non-protein-coding transcripts Putative ncRNA 296
Uncharacterized transcript 675
Unclassifiable 329
Hold 77
Total number of non-protein-coding transcripts 1,377
Questionable transcripts 86
Total number of H-Inv loci 21,037

DOI: 10.1371/journal pbio.0020162.t003

gene products that are related to known proteins: 5,074
(25.9%) were defined as identical to a known human protein
(Category I proteins); 4,104 (21.0%) were defined as similar to
a known protein (Category II proteins); and 2,531 (12.9%) as
domain-containing proteins (Category HI proteins). In total,
we were able to assign biological function 10 59.9% of H-Inv
proteins by similarity or motif searches. The remaining
proteins, for which no biological functional was inferred,
were annotated as conserved hypothetical proteins (Category
IV proteins; 1,706, 8.7%) if they had a high level of similarity
to other hypothetical proteins in other species, or as
hypothetical proteins (Category V proteins; 6,159, 31.5%) if
they did not.

To predict the functions of hypothetical proteins (Category
IV and V proteins), we used 196 sequence patterns of
functional importance derived from tertiary structures of
protein modules, termed 3D keynotes (Go 1983; Noguti et al.
1993). Application of the 3D keynotes to the H-Inv proteins
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Figure 4. Schematic Diagram of Human Curation for H-Inv Proteins
The diagram illustrates the human curation pipeline to classify H-Inv
proteins into five similarity categories; Category I, IL, I, IV, and V
proteins.

DOL 10.1871journal.pbie.0020162.g004

PLoS Biology | http/biology.plosjournals.org

resulted in the prediction of functions in 350 hypothetical
proteins (see Protocol 51).

Features of ORFs deduced from human FLcDNAs, The
mean and median lengths of predicted ORFs were calculated
for the 19,574 H-Inv proteins. These were 1,095 bp and 806
bp, respectively (Table 4). The values ohtained were smaller
than those from other eukaryotes, and are inconsistent with
estimates reported previously (Shoemaker et al. 2001).
However, as has been seen in the earlier annotation of the
fission yeast genome (Das et al. 1997), our dataset might
contain stretches which mimic short ORFs. This would lead to
a bias in our ORF prediction and result in an erroneous
estimate of the average ORF length. We examined the size
distributions of ORFs from the five categories, and found that
the distribution pattern was quite similar across categories.
The exception was Category V, in which short ORFs were
unusually abundant (Figure $3). Judging from the length
distribution of QRFs in the five categories of H-Inv proteins,
the majority of ORFs shorter than 600 bps in Category V
seemed questionable. In order to have a protein dataset that
contains as many sequences to be further analyzed as
possible, we have taken the longest ORFs over 80 amino
acids if no significant candidates were detected by the
sequence similarity and gene prediction {see Figure 1), The
consequence of this is that Category V appears to contain
short questionable ORFs, a certain fraction of which may be
prediction errors. Nevertheless, these ORFs could be true. It
is also possible that those ORFs were in fact translated in vivo
when we curated the cDNAs manually. The existence of many
functional short proteins in the human proteome is already
confirmed, and there are 199 known human proteins that are
80 amino acids or shorter in the current Swiss-Prot database,
We think that the H-Inv hypothetical proteins require
experimentally verification in the future. Excluding the
hypothetical proteins from the analysis, we abtained mean
and median lengths for the ORFs of 1,368 bp and 1,130 bp,
respectively, which are reasonably close to those for other
eukaryotes (Table 4).

Of the 4,104 Category II proteins, 3,948 proteins (96.2%)
were similar to the functionally identified proteins of
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Table 4. The Features of Predicted ORFs

Number of ORFs Mean (bp) Median (bp) Percent GC of
Third Codon Position
Human---H-Inv datasets (categories (-IV) 13,415 1,368 1,130 523
Human—all of the H-Inv datasets 19,574 1,095 806 524
Fly 17,878 1,580 1.212 539
Worm 21,118 1,327 1,038 429
Budding yeast 6,408 1,403 1,128 40.3
Fission yeast 4,968 1426 1,161 397
Plant 27,228 1,269 1,074 442
Bacteria 4,289 951 834 519

Nonredundant proteome datasets of nonhuman species were obtained from the following URLs: fly (Drosophila melanogaster; hitp://flybase.bic.indiana.edu/), worm
{Caenorhabditis elegans; hutp:/fwww.wormbase.org/), budding yeast {Saccharomyces cerevisiae; http://www.pasteur.frfextems), fission yeast (Schizosaccharomyces pombe;
http/fwww.sanger.acuk), plant (Arebidopsis thafiana; http<//mips.gsf.de/proj/thalindex.html), and bacteria (Escherichia cofi K12; http/fwww.ncbinim.nih.gov/),

DO 10.1371/journal.pbio.0020162.1004

mammals (Figure S4). This implies that the predicted
functions in this study were based on the comparative study
with closely related species, so that the functional assignment
retains a high level of accuracy if we suppose that protein
function is more highly conserved in more closely related
species. Moreover, the patterns of codon usage and the codon
adaptation index (CAL hitp:/ibiobase.dk/embossdocsicai.html)
of H-Inv proteins were investigated (Table 52). The results
indicated that the ORF prediction scheme worked equally
well in the five similarity categories of H-Inv proteins,

Each H-Inv protein in the five categories was investigated
in relation to the tissue library of origin (Table $3), We found
that at least 30% of the clones mainly isolated from dermal
connective, muscle, heart, lung, kidney, or bladder tissues
could be classified as Category I proteins. Hypothetical
proteins (Category V), on the other hand, were abundant in
both endocrine and exccrine tissues. This bias may indicate
that expression in some tissues may not have been studied in
enough detzil If this is the case, then there is likely a
significant gap between our current knowledge of the human
proteome and its true dimensions.

Non-protein-coding genes. Over recent years, ncRNAs have
been found to play key roles in a variety of biological
processes in addition to their well-known function in protein
synthesis (Moore and Steitz 2002; Storz 2002). Analysis of the
H-Inv cDNA dataset revealed that 6.5% of the transcripts are
possibly non-protein-coding, although the number is much
smaller than that estimated in mice (Okazaki et al. 2002). We
believe that this difference between the two species is mainly
due to the larger number of mouse libraries that were used
and to a rare-transcript enrichment step that was applied to
these collections.

To idemtify ncRNAs, we manually annotated 1,377 repre-
sentative non-protein-coding transcripts, which were classi-
fied into four categories (see Table 3; Figure 5): putative
ncRNAs, uncharacterized transcripts (possible 3' UTR frag-
ments supported by ESTs), unclassifiable transcripts {possible
genomic fragments), and hold transcripts (not stringendy
mapped onto the human genome)}. Of these, 296 (15.5%) were
putative ncRNAs with no neighboring transcripts in the close
vicinity (> 5 kb) and supported by ESTs with a poly-A signal
or a poly-A tail, indicating that these may represent genuine

PLoS Biclogy | httpu//biology.plosjournals.org

ncRNA genes. On the other hand, a large fraction of the non-
protein-coding transcripts (675; 445%) were classified as
possible 3" UTRs of genes that were mapped less than 5 kb
upstream. The 5-kb range is an arbitrary distance that we
defined as one of our selection criteria for identifying
ncRNAs. However, authentic non-protein-coding genes
might be located adjacent to other protein-coding genes (as
described earlier). Thus, some of the transcripts initially
annotated as uncharacterized ESTs may correspond to
ncRNAs when these sequences satisfy the other selection
criteria.

We defined a manual annotation strategy (Figure 5) that
allowed us to select convincing putative ncRNAs with various
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Figure 5. The Manual Annotation Flow Chart of ncRNAs

Candidate non-protein-coding genes were compared with the human
genome, ESTs, ¢cDNA 3'-end features and the locus genomic
environment. The candidates were then classified into four catego-
ries; hold (cDNAs improperly mapped onto the human genome);
uncharacterized transcripts (transcripts overlapping a sense gene or
located within 5 kb of a neighboring gene with EST support); putative
ncRNAs (multiexon or single exon transcripts supported by ESTs or
3'-enq features); and unclassifiable (possible genomic fragments).
DOI: 10.1371journal pbio.0020162.£005

June 2004 | Volume 2 | Issue & | Page 0864

=121 -



lines of supporting evidence, These are the following: absence
of a neighboring gene in the close vicinity, overlap with
human or mouse ESTs, occurrence in the 3’ end of cDNA
sequences, as well as overlap with mouse ¢DNAs, Out of 296
annotated putative ncRNAs, we identified 47 ncRNAs with
conserved RNA secondary structure motifs (Rivas and Eddy
2001), and nearly 60% of these were found expressed in up to
eight human tissues (data not shown), indicating that the
manual curation strategy employed in this study may
facilitate the identification of novel non-protein-coding
genes in other species.

The functions of human proteins identified through an
analysis of domains. Proteins in many cases are composed of
distinct domains each of which corresponds to a specific
function, The identification and classification of functional
domains are necessary to obtain an everview of the whole
human proteome. In particular, the analysis of functional
domains allows us to elucidate the evolution of the novel
domain architectures of genes that life forms have acquired
in conjunction with environmental changes. The human
proteome deduced from the H-Inv cDNAs was subjected to
InterProScan, which assigned functional motifs from the
PROSITE, PRINTS, SMART, Pfam, and ProDom databases
(Mulder et al. 2003). A total of 19,574 H-Inv proteins were
examined, and 9,802 of them (50.1%) were assigned at least
one InterPro code that was classified into either repeats (a
region that is not expected to fold into a globular domain on
its own), domains (an independent structural unit that can be
found alone or in conjunction with other domains or
repeats), and/or families (a group of evolutionarily related
proteins that share one or more domainsirepeats in common})
when compared with those of fly, worm, budding and fission
yeasts, Arabidopsis thaliana, and FEscherichia coli (Table $4),
Moreover, the proteins were classified according to the Gene
Ontology (GO) codes that were assigned to InterPro entries
(Table S5).

Identification of human enzymes and metabolic pathways.
One of the most important goals of the functional annotation
of human cDNAs is to predict and discover new, previously
uncharacterized enzymes. In addition, revealing their posi-
tions in the metabolic pathways helps us understand the
underlying biockemical and physiological roles of these
enzymes in the cells. We thus searched for potential enzymes
among the H-Inv proteins, and mapped them to a database of
known metabolic pathways.

We could assign 656 kinds of potential Enzyme Commis-
sion (EC) numbers to 1,892 of the 19,574 H-Inv proteins based
on matches to the InterPro entries and GO assignments and
on the similarity to well-characterized Swiss-Prot proteins
(see Dataset 52). The number of characterized human
enzymes significantly increased through this analysis. The
most abundant enzymes in the H-Inv proteins were protein-
tyrosine kinases (EC 2.7.1.112), which is consistent with the
large number of kinases found in the InterPro assignments,
The other major enzymes were small monomeric GTPase (EC
3.6.1.47), adenosinetriphosphatase (EC 3.6.1.3), phosphopro-
tein phosphatase (EC 8,1.3.16), ubiquitin thiolesterase (EC
3.1.2.15), and ubiquitin-protein ligase (EC 6.3.2.19). These
enzymes are members of large multigene families that are
important for the functions of higher organisms. Further-
more, we could assign 726 EC numbers 1o mouse representa-
tive transeripts and proteins (Okazaki et al. 2002), and most of
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them appeared to be shared between human and mouse (data
not shown). The high similarity of the enzyme repertoire
between these two species is not surprising if we consider the
close evolutionary relatedness between them. It does, how-
ever, indicate the usefulness of the mouse as a model
organism for studies concerning metabolism.

We then mapped all H-Inv proteins on the metabolic
pathways of the KEGG database, a large collection of
information on enzyme reactions (Kanehisa et al. 2002). In
toral, we mapped 963 H-Inv proteins on a total of 1,613
KEGG pathways, of which 641 were based on their EC
number assignments (Figure $5). Those based on EC number
assignments do not necessarily function as they are assigned
because they have yet to be verified experimentally. However,
if all other enzymes along the same pathway exist in humans,
the functional assignment has a high probability of being
correct. Using this method, we discovered a total of 32 newly
assigned human enzymes from the H-Inv proteins with the
support of KEGG pathways (Table 56). For example, we
identified (1) pyridoxamine-phosphate oxidase (EC 1.4.3.5;
AK001397), an enzyme in the “salvage pathway,” the function
of which is the reutilization of the coenzyme pyridoxal-5'-
phosphate (its role in epileptogenesis was recently reported
(Bahn et al. 2002]), (2) ATP-hydrolysing 5-oxoprolinase (EC
3.5.2.9; ALO96750) that cleaves 5-oxo-L-proline to form L-
glutamate (whose deficiency is described in the Online
Mendelian Inheritance in Man [OMIM] database
{ID =260005]), and (3) N-acetylglucosamine-6-phosphate de-
acetylase (EC 3.5.1.25; BC018734), which catalyzes N-acetyl-
glucosamine at the second step of its catabolism, the activity
of which in human erythrocytes was detected by a biochem-
ical study (Weidanz et al. 1996). Many of the newly identified
enzymes were supporied by currently available experimental
and genomic data. An example is a putative urocanase (EC
4.2.1.49; AK055862) that mapped onto the “histidine metab-
olism” that urocanic acid catabolises. A *C Histidine tracer
study unexpectedly revealed that NEUT2 mice deficient in
10-formyltetrahydrofolate dehydrogenase (FTHFD) excrete
urocanic acid in the urine and lack urocanase activity in their
hepatic cytosol (Cook 2001). We then found that both the
FTHFD and AK055862 genes were located within the same
NCBI human contig (NT005588) on Chromosome 3. More-
over, the distance between the two genes was consistent with
the genetic deletion of NEUT2 (> 30 kb). We thus assumed
that FTHFD and urocanase might be coincidentally defective
in mice. This analysis could confirm that the AK055862
protein is a true urocanase. This example demonstrates that
this kind of in silica analysis is a powerful method in defining
the functions of proteins.

Polymorphism in the Transcriptome

Sites of potential polymorphism in c¢cDNAs. Due to the
rapidly increasing accumulation of genetic polymorphism
data, it is necessary to classify the polymorphism data with
respect to gene structure in order to elucidate potential
biological effects (Gaudieri et al. 2000; Sachidanandam et al.
2001; Akey et al. 2002; Bamshad and Wooding 2003). For this
purpose, we examined the relationship between publicly
available polymorphism data and the structure of our H-Inv
¢DNA sequences. A total of 4 million single nucleotide
polymorphisms (SNPs) and insertion/deletion length varia-
tions (indels) with mapping information from the Single
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Table 5. The Numbers of SNPs and indels Occurring in the Representative ¢DNAs

5 UTR Coding Region 5 UTR

SNPs® Synonymous 11,014{1/325 bp}

Nonsynonymous 13,215(1/1,206 bp}

Truncation® 315

Extension® 43

Synonymous SNP at stop codon 28

Total 10,715(1/569 bp} 24,679°(1/833 bp) 31,852(1/536 bp)
Indels 381{1/15,999 bp) 452(1/45,490 bp) 1,364(1/12,553 bp}

*The numbers of SNPs and indels are summarized for representative cDNA sequences which were mapped on the genome. The numbers in parentheses represent the

densities of SNPs and indels.

BSNPs that cause nonsense mutation or extension of polypeptides were classified assuming that the cDNAs represent original alleles,

“This figure Includes 64 unclassifiable SNPs.
DOt 10.1371Journal pbio.0020162.1005

Nucleotide Polymorphism Database (dbSNP; http://
www.ncbi.nlm.nih.goviSNP/, build 117) (Sherry et al. 1999)
were used for the search. We could identify 72,027 uniquely
mapped SNPs and indels in the representative H-Inv cDNAs
and observed an average SNP density of 1/689 bp. To classify
SNPs and indels with respect to gene structure, the genomic
coordinates of SNPs were converted into the corresponding
nucleotide positions within the mapped ¢cDNAs. The SNPs
and indels were classified into three categories according to
their positions: 5 UTR, ORF, and 3' UTR (Table 5), The
density of indels was higher in 5’ UTRs (1/15,999 bp) and 3'
UTRs (1/12,553 bp) than in ORFs (1/45490 bp). This is
possibly due to different levels of functional constraints. We
also examined the length of indels and found a higher
frequency of indels in those ORFs that had a length divisible
by three and that did not change their reading frames. We
observed that the density of SNPs was higher in both the 5
and 3’ UTRs (1/569 bp and 1/536 bp, respectively} than in
ORFs (1/833 bp).

SNPs located in ORFs were classified as either synonymous,
nonsynonymous, or nonsense substitutions (Table 5). We
identified 13,215 nonsynonymous SNPs that affect the amino
acid sequence of a gene product At least 4,998 of these
nonsynonymous SNPs are “validated” SNPs (as defined by
dbSNP). This data can be used to predict SNPs that affect
gene function. SNPs that create stop codons can cause
polymorphisms that may critically alter gene function. We

identified 358 SNPs that caused either a nonsense mutation
or an extension of the polypeptide. We classified these 358
SNPs into these two types based on the alleles of the ¢cDNA.
Most of these SNPs (315/358) were predicted to cause
truncation of the gene products and produce a shorter
polypeptide compared with the alleles of H-Inv cDNAs. For
example, Reissner’s fiber glycoprotein I (AK093431) contains
a nonsense SNP that results in the loss of the last 277 amino
acids of the protein, and consequently the loss of a
thrombospondin type I domain located in its C-terminal
end. This SNP is highly polymorphic in the Japanese
population, the frequencies of G (normal) and T (termina-
tion) being 0.43 and 0.57, respectively. As seen in this
example, the identification of SNPs within ¢cDNAs provides
important insights into the potential diversity of the human
transcriptome. Thus, polymorphism data crossreferenced to a
comprehensively annotated human transcriptome might
prove to be a valuable tool in the hands of researchers
investigating genetic diseases.

Sites of microsatellite repeats. Among the 19,442 repre-
sentative protein-coding cDNAs, we identified a total of 2,934
di-, tri-, tetra-, and penta-nucleotide microsatellite repeat
motifs (Table 6). Interestingly, 1,090 (37.2%) of these were
found in coding regions, the majority of which (86.9%) were
tri-nucleotide repeats. Di-, tetra-, and penta-nucleotide
repeats made up the greatest proportion of repeats in 5’
UTRs and 3’ UTRs. Coding regions contained mostly tri-

Table 6. The Numbers of Microsatellite Repeat Motifs That Occurred in the Representative ¢cDNAs

Microsatellite Repeats

Di- Tri- Tetra- Penta- Total
5’ UTR 162 (50) 394 (3) 117 (4) 21(1) 694 (58)
Coding region 70 (13) 947 (10) 63 (2) 10 (0} 1,050 (25)
3’ UTR 482 (121) 340 (3) 281 (8) 47 (N 1,150 (133)
Total 714 {184) 1,681 (16) 461 (14) 78 (2) 2,934 (216)

Microsateliites were defined as those sequences having at least ten repeats for di-nucleotide repeats and at least five repeats for tri-, tetra-, and penta-nudeotide repeats.
Numbers of polymorphic microsatellites infemed by comparisens of cDNA and genomic sequences are shown in parenthesis, See Table 52 for a list of accession numbers for

these cONAs.
DOE 10.1371/journal.pbio.0020162.04006
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nucleotide repeats. This result is consistent with the idea that
microsatellites are prone to mutations that cause changes in
numbers of repeats. Only tri-nucleotide repeats can conserve
original reading frames when extended or shortened by
mutations. A previous study showed that many of the
microsatellite motifs identified in human genomic sequences,
including those in coding regions, are highly polymorphic in
human populations (Matsuzaka et al. 2001). We found this to
be the case in our study: 36 of the microsatellite repeats we
detected were found to be polymorphic in human popula-
tions according to dbSNP records (data not shown). We
identified 216 microsatellite repeats in 213 genes that showed
contradictory numbers of repeats between cDNA and
genome sequences (see Dataset $3). This figure includes 25
microsatellites in ORFs that have the potential to alter the
protein sequences. Individual cases need to be verified by
further experimental studies, but many of these micro-
sateilites may really be polymorphic in human populations
and have marked phenotypic effects.

There were 382 cDNAs that possessed two or more
microsatellites in their nucleotide sequences. This is illus-
trated in RBMS1 (BC(}18951), a cDNA which encodes an RNA-
binding motif. This ¢DNA has four microsatellites, (GGA),
(GAG)s, (GAG)g, and (GCC)g, in its 5° UTR. These micro-
satellites are all located at least 98 bp upstream of the start
codon, but they could still have pronounced regulatory
effects on gene expression. Another example is the ¢cDNA
that encodes CAGH3 (AB058719). This ¢DNA has four
microsatellites, (CAG)y, (CAG)s, (CAG)y, and (CAG)y, all of
which are located within the ORF. These microsatellites all
encode stretches of poly-glutamine, which are known to have
transcription factor activity (Gerber et al. 1994) and often
cause neurodegenerative diseases when the number of
repeats exceeds a certain limit. A typical example of a
disorder caused by these repeats is Huntington’s disease
(Andrew et al. 1993; Duyao et al. 1993; Snell et al. 1993).

We also searched for repeat motifs containing the same
amino acid residue in the encoded protein sequences. We
located a total of 3,869 separate positions where the same
amino acid was repeated at least five times. The most
frequent repetitive amino acids are ghitamic acid, proline,

serine, alanine, leucine, and glycine. The glutamine repeats of

this nature were found in 160 different locations.

Evolution of the Human Transcriptome

Beyond the study of individual genes, the comparison of
numerous complete genome sequences facilitates the eluci-
dation of evolutionary processes of whole gene sets. More-
over, the FLcDNA datasets of humans and mice give us an
opportunity to investigate the genome-wide evolution of
these two mammals by using the sequences supported by
physical clones. Here we compared our human c¢DNA
sequences with all proteins available in the public databases.
Focusing on our results, we discuss when and how the human
proteome may have been established during evolution.
Furthermore, the evolution of UTRs is examined through
comparisons with ¢cDNAs from both primates and rodents.

Conserved and derived protein-coding genes in bumans.
An advantage of large-scale ¢DNA sequencing is that it can
generate a nearly complete gene set with good evidence for
transcription. The human proteome deduced from the
FLcDNA sequences gives us an opportunity to decipher the
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Figure 6. The Functional Classification of H-inv Proteins That Are
Homologous to Proteins in Each Taxonomic Group

The numbers of representative H-Inv cDNAs with sequence
homology to other species’ proteins (£ < 107% were calculated. The
cDNAs for which we could not assign any functions were discarded.
Mammalian species were excluded from the “animal” group.
“Eukaryote” represents eukaryotic species other than those included
in the mammal, animal, fungi, and plant groups. See also Table S7.
DOIL: 10.1371fjournal pbio.0020162.2006

evolution of the entire proteome. Here we compare the
representative H-Inv cDNAs with the Swiss-Prot and TrEMBL
protein databases using FASTY (Pearson 2000), and we
describe the distributions of the homologs among taxonomic
groups at two different similarity levels. The number of
representative H-Inv cDNAs that have homolog(s) in a given
taxon was counted (Figure 56), and the cDNAs were classified
into functional categories (Figure 6). These results indicated
that homologs of the human proteins were probably
conserved much more in the animal kingdom than in the
others at both moderate (E <107'% and weak (£ < 1075
similarity levels (see Figure $6). Moreover, human sequences
had as many nonmammalian animal homologs as mammalian
homologs, with seemingly little bias to any one function (see
Figure 6). This suggests that the genetic background of
humans may have already been established in an early stage of
animal evelution and that many parts of the whole genetic
system have probably been stable throughout animal evolu-
tion despite the seemingly drastic morphological differences
between various animal species. This result is consistent with
our previous observation that the distribution of the func-
tional domains is highly conserved among animal species (see
Table 84). The number of homologs may have been inflated
by recent gene duplication events within the human lineage.
Hence we counted the number of paralog clusters instead of
¢DNAs that had homologs in the databases, and obtained
essentially the same results (Figure §7).

This analysis also revealed a number of potential human-
specific proteins, which did not have any homologs in the
current sequence databases. In this case the creation of
lineage-specific genes through speciation is not completely
excluded. However, most ORFs with no similarity to known
proteins would not be genuine for the reasons discussed
above. Therefore, the number of “true” human-specific
proteins is expected to be relatively small.

We conducted further BLASTP searches matching entries
from the Swiss-Prot database against the H-Inv dataset itself.
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As a result, 12,813 (45.3%) of 28,263 vertebrate proteins had
homologs in nonvertebrates at E < 107", Taking into account
that the dataset is relatively small (approximately 12,000
sequences) and as a result may be biased, animal species may
conceivably share a similar protein-coding gene set.

Ohno (1996) proposed that the emergence of a large
number of animal phyla in a short period of time would
endow them with almost identical genomes. These were
collectively referred to as the pananimalia genome. Qur data
support Ohno's hypothesis from the perspective that the
basic gene repertoires of animals are essentially highly similar
among diverse species that have evolved separately since the
Cambrian explosion. Subsequently, morphological evolution
seems to have been brought about mainly by changes in gene
regulation. The number of transcription regulator homologs
is different between animals and other phyla (Table 57). In

this analysis it was not possible 10 examine the genes recently.

deleted from the human lineage. However, the similarity of
the proteome sets between distantly related mammals such as
human and mouse (Waterston et al. 2002) suggests that not
many genes have been deleted specifically from humans since
humans and mice diverged.

A unique feature of the Animalia proteome is, for example,
the presence of apoptosis regulator homologs, which are
found widely in the animal kingdom, whilst they are rare in
the other phyla (Table $7). Since apoptosis plays an
important role during the development of multicellular
animals, this observation indicates that apoptosis was
established independently of both plants and fungi during
the early evolution of multicellularization in the kingdom
Animalia. Likewise, signal transducers and cell-adhesion
proteins are distinctive, In contrast, enzymes, translation
regulators, molecular chaperones, etc. were highly conserved
ameng all taxonomic groups. These proteins may have played
such essential roles that any alterations were eliminated by
strong purifying selection. It is assumed some functions were
presumably derived from ancient endocellular symbionts
(mitochondria and chloroplasts) (Martin 2002).

Evolution of untranslated regions. The UTRs of mRINA are
known to be involved in the regulation of gene expression at
the posttranscriptional level through control of translation
efficiency (Kozak 1989; Geballe and Morris 1994; Sonenberg
1994), mRNA stability (Zaidi and Malter 1994; McCarthy and
Kollmus 1995), and mRNA localization (Curtis et al. 1995;
Lithgow et al. 1997), Only a few studies on very limited
datasets have been carried out so far to describe quantita-
tively either the evolutionary dynamics of mRNA UTRs
(Larizza et al. 2002), or their general structural and composi-
tional features (Pesole et al. 1997). The human transcriptome
presented here along with the murid data obtained mainly
from the FANTOM2 project enables us to stabilize a
mammalian genome perspective on the subject (Table $8).
A sliding window analysis of UTR sequence identities
between humans and mice revealed a positive correlation
between the number of indels in an untranslated region and
the distance from the coding sequence (Figure 7). Unlike
indels, mismatches are distributed equally along whole
untranslated regions. In other words, indels seemn to be less
tolerated in close proximity to a coding sequence, while
substitutions are evenly distributed along the untranslated
regions of the mRNAs, This seems to be a general pattern
observed similarly in other species (data not shown), Indels in
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Figure 7. Window Analysis of Similarity between Human and Mouse
UTRs

Results for 5 UTRs presented above and for 3’ UTRs below. The
whole mRNA sequences were aligned using a semiglobal algorithm as
implemented in the map program (Huang 1994) with the following
parameters: match 10, mismatch -3, gap opening penalty -50, gap
extension penalty -5, and longest penalized gap 10; the terminal gaps
are not penalized at all. A window size of 20 bp was used with a step of
10 bp. The analysis window was moved upstream and downstream of
start and stop codons, respectively. The normalized score for a given
window is calculated as a fraction of an average score for all UTRs in
a given window over the maximum score observed in all 5° or 8’
UTRs, respectively.

DOL: 10.1371journal.pbio.0020162.g007

UTRs may have been avoided so that the distance between the
coding region and a signal sequence for regulation in the
UTR could be conserved throughout evelution, while purify-
ing selection against substitutions appeared to be relatively
weak,

Untranslated region replacement. A replacement of the
entire UTR may lead to drastic changes in gene expression,
especially if a UTR having a posttranscriptional signal is
replaced by another. We compared the evolutionary distances
of UTRs between primate and rodent orthologous sequences.
We based our analysis on the UTR sequence distances that
contradicted the expected phylogenetic tree of relatedness.
We could detect 149 UTR replacements distributed among
different species. Some of the observed replacements may
result from selection of different AS isoforms of a single locus
in different species. This is particularly likely if an AS event
involves an alternative first or last exon. It seems that UTR
replacements are more frequent in rodents than in primates,
but the difference is not statistically significant at the 5%
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significance level (Table §9). We detected a UTR replacement
in less than 2% of the analyzed sequences. The evolutionary
consequences could be significant because the UTR replace-
ment might result in changes in expression level or the loss of
an mRNA localization signal.

The H-Invitational Database

All the results of the mapping of the FLcDNA sequences
onto the human genome, the clustering of FLcDNA sequen-
ces, sequence alignments, detection of AS transcripts,
sequence similarity searches, functional annotation, protein
structure prediction, subcellular localization prediction, SNP
mapping, and evolutionary analysis, as well as the basic
features of FLcDNA sequences, are stored in the H-InvDB
(Figure 58). The H-InvDB is a unique database that integrates
annotation of sequences, structure, function, expression, and
diversity of human genes into a single entity. It is useful as a
platform for conducting in silico data mining. The database
has functions such as a keyword search, a sequence similarity
search, a cDNA search, and a searchable genome browser. It is
hoped that the H-InvDB will become a vital resource in the
support of both basic and applied studies in the fields of
biology and medicine.

We constructed two kinds of specialized subdatabases
within the H-InvDB. The first is the Human Anatomic Gene
Expression Library (H-Angel), a database of expression
patterns that we constructed to obtain a broad outline of
the expression patterns of human genes. We collected gene
expression data from normal and diseased adult human
tissues. The results were generated using three methods on
seven different platforms. These included iAFLP (Kawamoto
et al. 1999; Sese et al. 2001), DNA arrays (ong oligomers, short
oligomers [Haverty et al. 2002], ¢<DNA nylon microarrays
[Pietu et al. 1999], and cDNA glass slide microarrays [Arrays/
IMAGE-Genexpress]), and ¢cDNA sequence tags (SAGE [Vel-
culescu et al. 1995; Boon et al. 2002], EST data [Boguski et al,
1993; Kawamoto et al. 2000], and MPSS [Brenner et al. 2000]).
By normalizing levels of gene expression in experiments
conducted with different methods, we determined the gene
expression patterns of 19,276 H-Inv loci in ten major
categories of tissues. This analysis allowed us to clearly
distinguish broadly and evenly expressed housekeeping genes
from those expressed in a more restricted set of tissues
{details will be published elsewhere). The H-Angel database
comprises the largest and most comprehensive collection of
gene expression patterns curtently available. Also provided is
a classification of human genes by expression pattern.

The second subdatabase of the H-InvDB is Diseaselnfo
Viewer. This is a database of known and orphan genetic
diseases. We tried to relate H-Inv loci with disease informa-
tion in two ways. Firstly, 613 H-Inv loci that correspond with
known, characterized disease-related genes were identified by
creating links to entries in both LocusLink (hutp:/f
www.ncbi.nlm.nih.gov/LocusLink/) and OMIM (Hamosh et al.
2002). To explore the possibility that ¢cDNAs encoding
unknown proteins may be related to “orphan pathologies™
{diseases that have been mapped to chromosomal regions, but
for which associated genes have not yet been described), we
generated a list of H-Inv loci that co-localized with these
cytogenetic regions. The nonredundant orphan disease data-
set we created consists of 586 diseases identified through
OMIM (http:;www.ncbi.nlm.nih.gov/Omim/, ver. Jan. 2003),
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with an additional 108 identified from GenAtlas (http://
www.dsi.univ-paris5.frigenatlas/, ver. Jan. 2003). Using the
OMIM and GenAtlas databases in conjunction with the
annotation results from the H-InvDB may accelerate the
process of identifying candidate genes for human genetic
diseases.

Concluding Remarks

There are a number of established collections of nonhu-
man ¢cDNAs, such as those of Drosophila melanogaster (Stapleton
et al. 2002), Danio rerio (Clark et al. 2001), Arabidopsis thaliana
(Seki et al. 2002), Plasmodium falciparum (Watanabe et al, 2002),
and Trypansoma cruzi (Urmenyi et al. 1999). The most extensive
collection of mammalian ¢DNAs so far has been that of the
RIKEN/FANTOM mouse ¢cDNA project (Kawai et al. 2001;
Okazaki et al. 2002). This wealth of information has spurred a
wide variety of research in the areas of both gene expression
profiling (Miki et al. 2001) and protein-protein interactions
(Suzuki et al. 2001). The H-InvDB provides an integrative
means of performing many more such analyses based on
human ¢DNAs.

The most important findings that have resulted from the
¢DNA annotation are summarized here.

(1) The 41,118 H-Inv ¢DNAs were found to cluster into
21,037 human gene candidates. Comparison with known and
previously predicted human gene sets revealed that these
21,037 hypothesized gene clusters contain 5,155 new gene
candidates. '
- (2) The primary structure of 21,037 human gene candidates
was precisely described. For the majority of them we observed
that both first introns and last exons tended to be longer than
the other introns and exons, respectively, implying the
possible existence of intriguing mechanisms of transcrip-
tional contrel in first introns.

(8) We discovered the existence of 847 human gene
candidates that could not be convincingly mapped to the
human genome. This result suggested that up to 3.7%-4.0%
of the human genome sequences (NCBI build 34 assembly)
may be incomplete, containing either unsequenced regions
or regions where sequence assembly has been performed in
€IToT.

(4) Based on H-Inv c¢cDNAs, we were able to define an
experimentally validated AS dataset. The dataset was com-
posed of 3,181 loci that encoded a total of 8,553 AS isoforms.
In the 55% of ORFs containing AS isoforms, the pattern of
alternative exon usage was found to encode different func-
tional domains at the same loci.

(5) A standardized method of human curation for the H-Inv
c¢DNAs was created under the tacit consensus of international
collaborations. Using this method, we classified 19,574 H-Inv
proteins into five categories based on sequence similarity and
structural information. We were able to assign functional
definitions to 9,139 proteins, to locate function- or family-
defining InterPro domains in 2,503 further proteins, and to
identify 7,800 transcripts as good candidates for hypothetical
proteins.

(6) A total of 1,892 H-Inv proteins were assigned identities
as one of 656 different EC-numbered enzymes. This enzyme
library includes 32 newly identified human enzymes on
known metabolic pathway maps and comprises the largest
collection of computationally validated human enzymes,

(7) Based on a variety of supporting evidence, 6.5% of H-
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Inv loci (1,377 loci) do not have a good protein-coding ORF,
of which 296 loci are strong candidates for ncRNA genes.

(8) We identified and mapped 72,027 SNPs and indels to
unique positions on 16,861 loci. Of these, 13,215 non-
synonymous SNPs, 358 nonsense SNPs, and 452 indels were
found in coding regions and may alter protein sequences,
cause phenotypic effects, or be associated with disease. In
addition, we identified 216 polymorphic microsatellite
repeats on 213 loci, 25 of which were located in coding
regions.

{9) During human proteome analysis, it was suggested that
the basic gene set of humans might have been established in
the early stage of animal evolution. Qur analysis of UTRs
revealed that insertions or deletions near coding regions were
rare when compared with substitutions, though in some cases
drastic changes such as UTR replacements occurred.

(10) A consequence of the annotation process and our
related research was the development of the H-InvDB to
contain our annotation work. H-InvDB is a comprehensive
database of human FLcDNA annotations that stores all
information produced in this project. As a subdivision of
H-InvDB, we developed two other specialized subdatabases:
H-Angel and Diseaselnfo Viewer., H-Angel is a database of
gene expression patterns for 19,276 loci. Diseaselnfo Viewer
is a database of known disease-related genes and loci co-
localized with 694 orphan pathologies. These pathologies
were mapped onto the genome but were not identified
experimentally.

In the H-Inv project, we collected as many FLcDNAs as
possible and conducted extensive analyses concerning the
quality of cDNAs, such as detection of frameshift errors,
retained introns, and internal poly-A priming, under a
unified criterion. Although these analyses are still in an
elementary state, we store these results in H-InvDB to share
this information with the biolegical community. We believe
that this is an important contribution of our project, because
it will provide a reliable way to control the quality of the
¢DNA clones. In the future, this information will be useful for
improving the methods of clone library construction.

It has been suggested that the human genome encodes
50,000 to 40,000 genes. In this study we comprehensively
evaluated more than 21,000 human gene candidates (up to
70% of the total). Thus, efforts should be continued by the H-
Inv consortium and others to “fully” characterize the human
transcriptome. For this purpose new technologies should be
implemented that are more sensitive in detecting rarely
expressed genes and AS transcripts. Nevertheless, there are
unavoidable limitations for human cDNA collections, such
the identification of embryo-specific genes, for which other
approaches should be employed. One alternative is the use of
ab initio predictions from genomic sequences, in conjunction
with expression profiling studies, to identify rarely expressed
genes that share structural similarity to known genes. Addi-
tionally, a better characterization of cis-regulatory element
units may help to define the boundary of other genes that are
undetected by current gene prediction programs. Another
area that remains to be explored is the identification of
potential hidden RNA gene families that may play vital roles,
such as the recently uncovered family of microRNA genes,
which is involved in the regulation of expression of other
genes (for review see Ambros 2001; Moss 2002).

The proteome determination aspects of this project,
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including the identification of new enzymes and hypothetical
proteins, should stimulate more focused biochemical studies.
The functional classifications may allow definition of sub-
proteomes that are related to different physiological pro-
cesses, The H-Inv transcriptome based on the definition of a
consensus proteome (the H-Inv proteins) links both the
analysis of genomic DNA and direct protecme analysis with
the study of expressed mRNA analysis from different tissues,
cells, and disease states. It creates a standard for the
comparison of disease-related alterations of the human
proteome. Moreover, comparison with pathogen proteomes
may yield many possible drug target proteins. Also, the
annotation of ncRNAs raises the possibility of novel “smart™
therapeutics that could either inhibit or mimic the mecha-
nisms of these RNAs.

The H-Inv project is the first ever comprehensive compi-
lation of curated and annotated human FL¢DNAs. The
project may lead to a more complete understanding of the
human transcriptome and, as a result, of the human
proteome. The preceding examples of the importance of
the H-Inv data in understanding human physiology and
evolution represent just a small fraction of the research
potential of the H-InvDB.

In conclusion, the H-InvDB platform constructed to hold
the results of the comprehensive annotations performed by
our international team of collaborators represents a sub-
stantial contribution to resources that are needed for further
exploration of both human biology and pathology.

Materials and Methods

cDNA resources. 41,118 H-Inv ¢<DNAs were sequenced by the
Human Full-Length ¢DNA Sequencing Project (Ota et al. 1997;
Yudate et al. 2001; Ota et al. 2004) at the Helix Research Institute, the
Institute of Medical Science at the University of Tokyo, and the
Kaznsa DNA Research Institute (20,999 sequences in total); the
Kazusa ¢DNA Sequencing Project (Kikuno et al. 2002) at the Kazusa
DNA Research Institute (2,000 sequences); the Mammalian Gene
Collection (Strausberg et al, 1999) at the National Institutes of Health
in the United States (11,806 sequences); the German Human ¢cDNA
Project (Wiemann et al. 2001) coordinated by the Deutsches
Krebsforschungszentrum in Heidelberg (5,555 sequences); and the
Chinese National Human Genome Center at Shanghai (Hu et al.
2000) (758 sequences).

Mapping human cDNAs to the human genome and the comparison
of the mapped H-Inv ¢DNAs with other annotated datasets. We have
mapped human ¢DNA sequences to the human genome sequence
corresponding to the NCBI build 34 assembly. The datasets we used
were a set of 41,118 H-Inv ¢DNAs and a set of 37,488 human RefSeq
sequences available on 15 July 2002 and on the 1 September 2003,
respectively. All the revisions for H-Inv cDNA sequences until August
2003 were applied in the datasets, Before performing the mapping
procedure, zll the repetitive and Jow-complexity sequences in all the
c¢DNA sequences were masked using RepeatMasker (htep:ifip.
genome.washington.edu/RM/RepeatMasker.html) and Repbase 7.5.
Then we used the cross_match program to mask the remaining
vector sequences in each cDNA sequence, Any poly-A tails were also
masked by using a custom-made Perl script. In the first step of the
mapping procedure, we conducted BLASTN (ver.2.2.6) searches of all
the sequences against the human genome sequence and extracted the
corresponding genomic regions for each query sequence. Then we
used est2genome (EMBOSS package ver.2.7.1) to align each sequence
to the genomic region with a threshold of 95% identity and 90%
coverage. Coverage of each ¢cDNA sequence was calculated excluding
those from the vector and poly-A tails that were masked in the
previous step. If the sequences were mapped to multiple positions on
the human genome, then we selected their best locus based on the
identity, length coverage, and number of exons of those sequences. As
a result, 77,315 sequences (including 40,140 ¢DNAs from the H-Inv
project) were successfully mapped onto the human genome and were
cluszered into 38,587 clusters based on sharing at least 1 bp of an
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exon on the same chromosome strand. We used all the mapped
sequences, including human RefSeq sequences, to compare the
clusters that included H-Inv cDNAs with those that consisted of only
human RefSeq sequences. 20,190 clusters out of 38,587 consisted of
only H-Inv cDNAs or both H-Inv ¢cDNAs and human RefSeq
sequences. The rest of the clusters consisted of RefSeq sequences
only. All of the mapped cDNAs and the overlap with the RefSeq
sequences can be viewed using G-integra in the H-InvDB (hup:l
www.jbirc.aist.go jpfhinvig-integrattml)). The mapping procedure for
all the unmapped cDNAs against the mouse genome was also
performed, using a threshold of 60% identity and 90% coverage.

Clustering of unmapped sequences. The sequences that were not
mapped onto the human genome were clustered by a single linkage
clustering method. The similarity search was performed among all
the unmapped sequences. The program used was MegaBLAST
version 2.2.6 (Zhang et al. 2000}, As with to the mapping strategy,
some distinctive sequences (repetitive regions, contaminations from
cloning vectors and poly-A tails} were excluded from the queries of
the similarity search, The similarity was evaluated using the expected
value (E-valuc) between two sequences. Only when the E-value of the
two sequences was calculated to be 0, did we assume that a significant
level of similarity was detected between the two sequences.

Identification of gene structure. In order to identify gene structure,
we used only the representative H-Inv c¢DNAs. When detecting
repetitive elements in ¢DNAs, RepeatMasker was conducted in a
similar manner to the previous phase, We used curated ¢cDNAs in
which frameshift errors and remaining introns were removed.

Prediction of ORFs. We predicted ORFs in all 41,118 H-Inv ¢DNAs,
as illustrated in Figure 1, based on the alignment of similarity
searches by FASTY (Pearson 2000; Mackey et al. 2002) (ver. 3.4t11)
and BLASTX (Altschul et al. 1990) (ver. 2.0.11), and gene prediction
by GeneMark (McIninch et al. 1996) (hup:ffopal.biclogy.gatech.edul
GeneMark/) (Table §10). Prior to the prediction of ORFs, we judged if
the sequence had any frameshift errors or remaining introns (see
Figure $1). During ORF prediction, we corrected the aforementioned
sequence irregularities computationally.

Procedure of computational and human annotation, Prior to the
human curation, we performed two computational automated
annotation processes to select the representative clone for each
locus and 10 predict function of H-Inv proteins (see Figure 52). We
then assigned the most snitable data source ID to each H-Inv protein
following a scheme illustrated in Figure $2 and referring to the
information using newly developed annotation viewers, named SOUP
location viewer, SOUP annotation viewer, and Similarity Motif ORF
(SMO) Viewer (Figure 59). Questionable transcripts were determined
by human curation based upon evidence such as the following:
sequences with no similarity 10 a2 known protein or domain,
sequences with a very short ORF, ¢DNAs with only a single exon,
and sequences with no EST support. Only 950 (4.9%) of the
computationally selected 19,574 representative H-Inv proteins had
to be manually corrected. Another 3,142 (16.1%) of the H-Inv
proteins had their functional assignment altered by manual curation.

Assignment of functional motifs. Nonredundant proteome data-
sets were obtained for fly (httpdfflybase.bio.indiana.eduf), worm
(htep:fiwww.wormbase.orgl), budding yeast (hutp:dfwww.pasteur.frf
externe), fission yeast (huip:fwww.sangerac.ukl), plant (htip:ff
mips.gsf.de/projithalfindex.html), and a bacteria (fip:fiftp.ncbinih.
govigenbankigenomes/Bacteria/Escherichia_coli_K12). The H-Inv
proteins and other nonredundant proteome datasets were assigned
InzerPro codes by InterProScan ver. 3,1 (Mulder et al. 2003). The
codes corresponded to families, domains, and repeats. GO terms were
also assigned (see Table S5).

Evclutionary relationship of proteomes. The top 40 InterPro
entries for the human proteome were compared with their
equivalents from the fly, worm, yeasts, plant, and bacteria proteomes
{see Table 54).

Protein domains and low-complexity inserted sequences. Folds
were assigned by reverse PSI-BLAST (Alischul et al. 1997) searches of
the amino acid sequences derived from the H-Inv cDNA against the
SCOP database (Lo Conte et al. 2000}, Information on protein and
gene structures, with the exception of mouse and puffer fish, was
obtained from the individual genome projects (Blattner et al. 1997;
Kunst et al. 1997; CESC 1998; Adams et al. 2000; AGI 2000; Wood et
al. 2002). The data for mouse and puffer fish were obtained from the
Ensembl database (Hubbard et al. 2002).

Subcellular Jocalization. Subcellular localization targeting signals
and transmembrane helices of 40,352 H-Inv proteins were predicted
using the PSORT II (Nakai and Horton 1999), TargetP (Emanuelsson
et al. 2000), TMHMM, and SOSUI (Hirokawa et al. 1998) computer

programs.
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UTR sequences. We obtained the UTR sequences from three
primates (Pan troglodytes, chimpanzee; Macaca fascicularis, crab-eating
macaque; and Macaca mulatta, rhesus monkey) and two rodents (Mus
musculus, house mouse; and Rattus norvegicus, Norwegian rat) that
corresponded to UTRs from Homo sapiens. In order to do this, we
mapped the ¢DNAs to the human or mouse genome, The
corresponding rodent ¢cDNAs were determined by using 2 human-
mouse genome alignment provided by Ensembl. ¢cDNAs of the
primates and rodents were retrieved from the DDBJ/EMBL/GenBank
databases using the cut off date of 15 July 2002. Additionally, we used
the FANTOMZ2 mouse sequences released on 5 December 2002, and
4,063 5" ESTs of chimpanzees (Sakate et al, 2003). Corresponding
UTRs between human and other species were identified by aligning 5
and 3’ ends of the human ORFs. To compare evolutionary distances,
we analyzed 3,061 and 5,277 orthologous groups that consisted of at
least three species’ information for the 5 and 8' UTR sequences,
respectively.

Supporting Information

Dataset S1. List of Library Origins of H-Inv cDNAs (182 Libraries)

The dataset consists of 41,118 H-Inv ¢cDNAs that were cloned from
¢DNA libraries derived from 182 varieties of cell and tissue.

Found at DOL: 10.1371fjournal.pbio.0020162.5d001 (33 KB XLS).

Dataset 52. List of H-Inv Proteins with Potential EC Numbers (1,892
H-Inv Proteins)

The aliotted EC numbers are based on the corresponding DNA
databank records, UniProt/Swiss-Prot and TrEMBL records that show
sequence similarity to the proteins, and InterPro records that the
proteins hit,

Found at DOI: 10.1371ournal pbio.0020162.5d002 (247 KB XLS).

Dataset 83. List of Polymorphic Microsatellites Inferred by Compar-
isons between the H-Inv ¢DNAs and Genomic Sequences

Found at DOIL: 10.1371/journal.pbio.0020162.5d003 (56 KB XLS).

Figure S1. Prediction of ORFs

(A) Schematic diagram for the prediction of ORFs. This diagram
illustrates the ORF prediction method used on all H-Inv ¢cDNAs, The
method was based upon the alignment of similarity searches using
FASTY and BLASTX. Gene prediction was carried out using
GeneMark. Prior to the prediction of ORFs, we judged if a sequence
had any frameshift errors or remaining introns. During ORF
prediction, we corrected those sequence irregularities computation-
ally, Details of how sequence irregularities were predicted are
described in (B) and (C).

{B) Schematic diagram for prediction of unspliced introns. This
schematic diagram illustrates the prediction method used for
unspliced introns.

(C) Schematic diagram for prediction of frameshift errors. Frameshift
errors were inferred from cDNA-genome pairwise alignment gaps
due to insertion or deletion, exception of multiple of 3 bp, or over 10
bp in either the query ¢DNA or genome.

(1) The statistics for the predicted frameshifts and unspliced introns.

Found at DOL: 10.1371/journal.pbio.0020162.55001 (45 KB PDF).

Figure §2. Scheme of Prediction for Functional Annotation

(A) Schematic diagram for determining a representative transcript
for each locus, The procedure of computational autoannotation is
illustrated. Prior to the human curation of the representative
transcript of each H-Inv cluster, we performed computational
auntoannotation.

(B) Schematic diagram for functional prediction of H-Inv proteins.
This schematic diagram illustrates the H-Inv antofunctional annota-
tion pipeline that can determine the most appropriate data source
ID, avoiding the following keywords that suggest proteins without
experimental verification in the description; (1) hypothetical, (2)
similar to, (3} names of cDNA clones (Rik, KIAA, FL], DKFZ, HSPC,
MGC, CHGC, and IMAGE) and (4) names of InterPro domain
frequent hitters.

Found at DOI: 10.1871fjournal. pbi.0020162.5g002 (34 KB FDF).

Figure §3. Size Distribution of Predicted ORFs

The size distribution of all H-Inv proteins among the five similarity
categories.

Found at DOI: 10.1371/fjournal.pbio.0020162.55003 (24 KB PDF).
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Figure $4. Features of Category Il Proteins

A toral of 4,104 H-Inv proteins were classified as Category Il based on
sequence similarity to functionally validated proteins. The table and
figure show source species of proteins in public databases to which
the Category II proteins were similar.

Found at DOI: 10.1371fjournal.pbic.0020162.5g004 (9 KB PDF).

Figure §5. H-Inv KEGG Analysis Results (Images of KEGG Pathways)

The images illustrate the metabolic pathways of KEGG database
based on the EC number assignments to H-Inv proteins.

Found at DOI: 10.1371/jonrnal pbio.0020162.5g005 (47 KB PDF).

Figure 85. Numbers of Representative H-Inv ¢cDNAs That Are
Homologous to Proteins in Each Taxonomic Group

Two thresholds (E < 107, white bars, and E < 107'°, black bars) were
employed. The “animal” group does not include mammalian species.
The “eukarycte” group represents eukaryotic species other than
animals, fungi, and plants.

Found at DOk 10.1371fjournal pbio.0020162.5g006 (8 XB PDF),

Figure $7, A Functional Classification of H-Inv Protein Families That
Have Homologs in Each Taxonomic Group

H-Inv protein families were identified by clustering H-Inv proteins
using the single-linkage clustering method. Then, the number of
homologs for each H-Inv protein family was calculated. Mammalian
species are excluded from the “animal” group. “eukaryote™ repre-
sents eukaryotic species other than animals, fungi, and plants.

Single-linkage clustering. All of the H-Inv proteins were compared
with themselves by BLASTP and clustered with the thresholds of E-
values of 107 and 107, The numbers of singleron families detected
were 11,890 and 13,938 at the E-value of 10~ and 107%, respectively.

Found at DOIL 10.1371/journal.pbio. 0020162 sg007 (49 KB PDF).

Figure 88. A Sample View of the H-Invitational Database (H-InvDB;
httpiifwww.h-invitational,jp/}

A FLeDNA (BC003551) is shown with its detailed annotations, eg.,
gene structure, functional annotation, ORF predictions, protein
structare prediction by GTOP, etc. The H-InvDB has links to other
internal databases (red boxes) such as a genome map viewer (G-
integra) angd gene expression library (H-Angel). Green boxes show
internal viewers for the results of clustering (Clustering Viewer
showing results by H-Inv, STACK, TIGR, UniGene, etc.), the
prediction of subcellular localization (TOPOViewer showing results
of TMHMM, SOSUI, TargetP, and Psortll), and the disease-related
information (Diseaselnfo Viewer linking to OMIM and GenAdas),
The H-InvDB also has links to many external public databases (black
boxes), including DDB[/JEMBLIGenBank, RefSeq, UniProt/Swiss-Prot
and TrEMBL, Genew, InterPro, 3D Keynote, Ensembl, GeneLynx,
LocusLink, PubMed, LIFEdb, dbSNP, GO, and GTOP, and to
homepages by original data producers of FLcDNA clones and
sequences (blue boxes), including the Chinese National Human
Genome Center (CHGC), the Deutsches Krebsforschungszentrum
(DKFZMIPS), Helix Research Institute (HRI), the Institute of Medical
Science at the University of Tokyo (IMSUT), the Kazusa DNA
Research Institute (KDRI), the Mammalian Gene Collection (MGC/
NIH), and the FL] project.

Found at DOI: 10.1371/journal.pbio.0020162.sg008 (2,650 KB PDF).

Figure 9. H-Inv Annotation Viewers

(A) G-integra: A genome mapping viewer.

(B} SOUP Locus annotation viewer.

(C) SOUP cDNA annotation viewer.

(D} SMO Viewer: The similarity, motif, and ORF information viewer.

Found at DOI: 10.1371/journal.pbio.0020162.5g009 (2,022 KB PDF).

Table 51. Gene Structure

{A)} Gene structure of the cDNAs.

{B) The frequencies and varieties of repetitive sequences found in the
c¢DNAs. A list of the 20,899 loci representing ¢cDNAs that Repeat-
Masker showed contained repetitive elements.

(C) The positions {5’ UTR, ORF, and 3" UTR) of repetitive sequences
in the protein-coding ¢DNAs, A total of 1,863 ¢cDNAs contained
repetitive sequences in their ORF, of which 549 had repetitive
sequences within their most probable ORF. Repetitive sequences
appeared in 2,240 and 5,401 ¢cDNAs in their 5" UTRs and 3" UTRs,
respectively.
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Found at DO!: 10,1371/journal pbio.0020162.5t001 (20 KB PDF).

Table §2. CAI and Codon Usage

(A) CAI was measured for all H-Inv proteins. CAl is a measure of
biased patterns for synonymous codon usage (hitp:/ibiobase.dk/
embossdocs/caihtml).

(B} Codon wsage in predicted ORFs of H-Inv proteins. Total tri-
nucleotide frequencies (forward strand) for the sequences of each
species are shown. Nonredundant proteome datasets for nonhuman
species were obtained from the following sites: fly (Drosophila
melanogaster; http:fflybase.bio.indiana.edw), worrmn (Caenorhabditis ele-
gans; hitp:ihwww.wormbase.org/), budding yeast {Saccharomyces cerevisiar;
http:ihwww.pasteur.friexterne), fission yeast (Schizosaccharomyces pombe,
http:ihwww sanger.ac.ukf), plant (Arabidopsis thaliana; hitpslimips.gsf.del
projithalfindex.html), and bacteria (Escherichia coli K12; fip:iftp.ncbi.
nih.govigenbankigenomes/Bacteria/Escherichia_. coli_K12/).

Found at DOY: 10,1371 fjournal. pbic.0020162.5t002 (20 KB PDF),

Table 83. Tissue Library Origins of H-Inv Proteins

The results of classification into five similarity categories for each of
ten tissue classes.

(A) Numbers of H-Inv proteins.

(B} Histogram.

Found at DOI: 10.1371{journal. pbio.0020162.st003 (10 KB PDF).

Table 54. The InterPro IDs Identified in H-Inv Proteins

The top 40 InterPro IDs identified in H-Inv proteins and proteins
from other species are listed for all types (A) and for each type of
family, domain, and repeat (B-D). Analyses were conducted by
InterPro ver. 3.1. Nonredundant proteome datasets of other species
were obtained from the following sites: fly (Drosophila melenogaster;
http:/iflybase.bio.indiana.edw), worm (Coenorhabditis elegans; huep:f
www.wormbase.orgl), budding yeast (Saccharomyces cerevisiae, hup:l
www_pasteur.friexterne), fission yeast (Schizosaccharomyces pombe; hitpl!
www.sanger.ac.ukf), plant (Arabidopsis thaliana; httpi/imips.gsf.del/proj/
thalfindex.html), and bacteria (Escherichia coli K12; frp:/iftp.ncbinih.
govigenbankigenomes/BacterialEscherichia__coli_K12/.

Found at DOIL: 10.1371fjournal.pbio.0020162.st004 (36 KB PDF).

Table 5§5. GO Term Assignment to H-Inv Proteins

(A) Molecular function.
(B) Cellular component.
(C) Biological process,

Found at DOI: 10.1371fjournal.pbio.0020162.51005 (74 KB PDF).

Table 86. List of Newly Assigned Human Enzymes (32 H-Inv Proteins)

All these 32 H-Inv proteins were newly assigned enzyme numbers
with the support of the KEGG pathway. These enzyme assignments
were previously unrepresented in Homo sapiens.

Found at DOI: 10.1371journal. pbio.0020162.5t006 (33 KB PDF).
Table $7. A Functional Classification of Representative H-Inv cDNAs
That Have Homologs in Other Species

(See also Figure 6.)

Found at DOL: 10.1371fournal pbio.0020162.5t007 (9 KB PDF).

Table S8. Basic Statistics for UTR Sequences Analyzed
Found at DOI: 10.1371fournal.pbio.0020162.51008 (8 KB PDF).

Table $9. UTR Replacements in Primates and Rodents

One¢ hundred and forty-seven UTR replacements distributed among
different species were detected.

Found at DOI: 10.1871/journal.pbio.0020162.5t009 (9 KB PDF).

Table 810. List of the Databases and Software UJsed in the H-Inv
Praject

Found at DOL: 10.1371journal pbio.0020162.5t010 (31 KB PDF).

Protocol S$1. A Detziled Functional Annotation Based on Protein
Modules

Found at DOL: 10.1371/journal. pbio.0020162.sd004 (25 KB PDF).

Acknowledgments

This paper is dedicated to the late Dr. Yoshimasa Kyogoku, the
Director of the Biological Information Research Center, National

June 2004 | Volume 2 | Issue 6 | Page 0872

-129-



Institute of Advanced Industrial Science and Technology, who passed
away on February 27, 2003,

The authors express their most sincere gratitude to Drs, David
Lipman, Graham Cameron, Joakim Lundeberg, and Francis Collins
for their support, the Research Association for Biotechnology of
Japan, the International Human Genome Sequencing Consortium,
and the Chromosome 22 Group at the Sanger Institute for providing
sequence and annotation data. We are grateful to T. Hasui, T.
Habara, K. Yamaguchi, H. Kawashima, F. Todokoro, N. Yamamoto, Y.
Makita, R. Aono, Y. Tanada, H. Kubooka, H. Maekawa, Y. Sasayama, T.
Yamamoto, §. Okiyama, K. Nakarmura, A. Matsuya, Y. Mimiura, R.
Matsumoto, K. Takabayashi, Y. Hayakawa, H. Zhang, §. Nurimoto, T.
Sugisaki, T. Kawamura, O. Nakano, 5. Hosoda, N. Yoshimura, and T.
Endo for their technical support. This research is financially
supported by the Ministry of Economy, Trade, and Industry of Japan
(METI), the Ministry of Education, Culture, Sports, Science, and
Technology of Japan (MEXT), the Japan Biclogical Informatics
Consortium (JBIC), the New Energy and Industrial Technology
Development Organization (NEDO), the United States Department
of Energy, the National Institutes of Health of the United States, the
Bundesministerium fiir Bildung und Forschung (BMBF) of Germany,
the European Union through the EURQ-IMAGE Consortium (grant
BMH4-CT57-2284 coordinated by Charles Auffray), the 863 and 973
Program of the Ministry of Science and Technology of China, and
CNRS of France. The work on Module 3D-keynote is supported by
Grants-in-Aid for Secientific Research on Priority Areas (C) “Genome
Information Science™ to Mitiko Go and Kei Yura, and for Scientific
Research (B) to MG, from MEXT. KY is also supported by a Grant-in-
Alid for Encouragement of Young Scientists from MEXT. The work on
subcellular localization is supported by a Grant-in-Aid for Scientific
Research on Priority Areas {C) “*Genorme Information Science” from
MEXT and the National Project on Protein Structural and Functional
Analyses from the same Ministry.

Conflicts of interest. The authors have declared that no conflicts of
interest exist.

Author contributions. The project was conceived and designed by
T. Imanishi, T. Itch, Y. Suzuki, C. O'Donovan, S. Fukuchi, Y.
Yamaguchi-Kabata, . Miyazaki, K. Ikeo, A. Kasprzyk, T. Nishikawa,
M. Stodolsky, W, Makalowski, M. Go, K. Nakai, T, Takagi, M. Kanehisa,
Y. Sakaki, |. Quackenbush, Y. Okazaki, Y. Hayashizaki, W. Hide, R.

References

Adams MD, Kelley M, Gocayne ]D, Dubnick M, Polymeropoulos MH, et al.
(1991) Complementary DNA sequencing: Expressed sequence tags and
human genome project. Science 252: 1651-1656.

Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, et al, (2000} The
genome sequence of Drosephila melanogaster. Science 287; 2185-2195.

[AGI] Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of
the flowering plant Arabidopsis thaliana. Nature 408: 796~815,

Akey JM, Zhang G, Zhang K, Jin L, Shriver MD (2002) Interrogating a high-
density SNP map for signatures of natural selection. Genome Res 12: 1805—
1814,

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool, ] Mol Biol 215: 405-410.

Alschul SF, Madden TL, Schaffer AA, Zhang ], Zhang Z, et al. (1997} Gapped
BLAST and PSI-BLAST: A new generation of protein database search
programs. Nucleic Acids Res 30; 3385-3402.

Ambros V (2001) microRNAs: Tiny regulators with great potential. Cell 107:
823-826.

Andrew S, Goldberg ¥, Kremer B, Telenius H, Theilmann J, et al. (1993) The
relationship between trinucleotide (CAG) repeat length and clinical features
of Huntington's disease. Nat Genet 4: 898-403,

Ashburner M (2000) A biologist's view of the Drosophila genome annotation.
Genome Res 10: 391-593.

Auffray C, Behar G, Bois F, Bouchier C, DaSilva C, et al, (1995) IMAGE:
Integrated molecular analysis of the human genome and its expression. C R
Acad Sci 11, Sci Vie 518: 265272,

Bahn JH, Kwon O3, Joo HM, Ho Jang 5, Park ], et al. (2002) Immunohis-
tochemical studies of brain pyridoxine-5'-phosphate oxidase. Brain Res 925
159-168.

Bamshad M, Wooding $§ (2003) Signatures of natural selection in the human
genome. Nat Rev Genet 4: §9-111.

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, et al. (2000) The
protein data bank. Nucleic Acids Res 28: 235-242.

Blattner FR, Plunkett Gr, Bloch CA, Perna NT, Burland V, et al. {1897) The
complete genome sequence of Escherichia coli K-12, Science 277: 1453-1474.

Boguski MS, Lowe TM], Tolstoshev CM (1998) dbEST: Database for expressed
sequence tags. Nat Genet 4: 332-333, .

Bono H, Kasukawa T, Furuno M, Hayashizaki ¥, Okazaki Y (2002) FANTOM
DB: Database of functional annotation of RIKEN mouse cDNA clones.
Nucleic Acids Res 80: 116-118.

Integrative Annotation of Human Genes

Chakraborty, K. Nishikawa, H. Sugawara, Y. Tateno, Z. Chen, M.
Oishi, P. Tonellato, R. Apweiler, K. Ckubo, L. Wagner, 5. Wiemann, R.
L. Strausberg, T. Isogai, C. Auffray, N. Nomura, T. Gojoberi, and S.
Sugano.

The data were analyzed by T. Imanishi, T. Itoh, Y, Suzuki, C.
O'Donovan, $. Fukuchi, K. O. Koyanagi, R. A, Barrero, T. Tamura, Y.
Yamaguchi-Kabata, M. Tanino, K. Yura, S. Miyazaki, K. Ikeo, K.
Homma, A. Kasprzyk, T. Nishikawa, M. Hirakawa, J. Thierry-Mieg, D.
Thierry-Mieg, ]. Ashurst, L. Jia, M. Nakao, M. A. Thomas, N. Mulder, Y.
Karavidopoulou, L. Jin, 8. Kim, T. Yasuda, B. Lenhard, E. Eveno, Y.
Suzuki, C. Yamasaki, J.-1. Takeda, C. Gough, P. Hilton, Y. Fujii, H.
Sakai, S. Tanaka, C. Amid, M. Bellgard, M. de Fatima Bonaldo, H.
Bono, 8. K. Bromberg, A. Brookes, E Bruford, P. Carninci, C. Chelala,
C. Couillault, 8. ]. De Souza, M.-A. Debily, M.-D. Devignes, L. Dubchak,
T. Endo, A. Estreicher, E. Eyras, K. Fukami-Kobayashi, G. Gopina-
thrao, E. Graudens, Y. Hahn, M. Han, Z-G. Han, K. Hanada, H.
Hanaoka, E. Harada, K. Hashimoto, U, Hinz, M. Hirai, T. Hishiki, I
Hopkinson, S. Imbeaud, H. Incko, A. Kanapin, Y. Kaneko, T.
Kasukawa, ]. F. Kelso, P. Kersey, R. Kikuno, K. Kimura, B. Korn, V.,
Kuryshev, 1. Makalowska, T. Makino, S. Mano, R. Mariage-3amson, J.
Mashima, H. Matsuda, H.-W, Mewes, S. Minoshima, K. Nagai, H.
Nagasaki, N. Nagata, R. Nigam, O. Ogasawara, O, Ohara, M. Ohtsubo,
N. Okada, T. Okido, S. Qota, M. Ota, T. Ota, T. Otsuki, D. Piatier-
Tonneau, A. Poustka, §5.-X. Ren, N. Saitou, K. Sakai, S. Sakamoto, R.
Sakate, L Schupp, F. Setvant, S. Sherry, R. Shiba, N. Shimizu, M.
Shimoyama, A, J. Simpson, B. Soares, C. Steward, M. Suwa, M. Suzuki,
A. Takahashi, G. Tamiya, H. Tanaka, T. Taylor, ]. D. Terwilliger, P.
Unneberg, V. Veeramachanen, S. Watanabe, L. Wilming, N. Yasuda,
H.-5. Yoo, W. Makalowski, M. Go, K. Nakai, ¥, Okazaki, W. Hide, R.
Chakraborty, Z. Chen, P. Tonellato, K. Okubo, L. Wagner, 8.
Wiemann, T. Isogai, C. Auffray, N. Nomura, T. Gojobori, and S.
Sugano,

The paper was written by T. Imanishi, T. Itoh, Y. Suzuki, S.
Fukuchi, K. O. Koyanagi, R. A. Barrero, T. Tamura, Y. Yamaguchi-
Kabata, M. Taninoe, K. Yura, K. Homma, M. Hirakawa, L. Jia, M.
Nakao, B. Lenhard, C. Yamasaki, C. Gough, P. Hilton, Y. Fujii, S.
Tanaka, C. Chelala, M.-D. Devignes, T. Hishiki, L Hopkinson, W,
Makalowski, K. Nakai, W, Hide, P. Tonellate, C. Auffray, N. Nomura,
T. Gojobori, and 8. Sugano. n

Boon K, Osorio EC, Greenhut SF, Schacfer CF, Shoemaker J, et al. (2002) An
anatomy of normal and malignant gene expression. Proc Natl Acad Sci U §
A 99:11287-11292.

Brenner 8§, Johnson M, Bridgham J, Golda G, Lloyd D, et al. (2000) Gene
expression analysis by massively parallel signature sequencing (MPSS) on
microbead arrays. Nat Biotechnol 18: 630-634.

Camargo A, Samaia H, Dias-Neto E, Simao D, Migotto I, et al. (2001) The
contribution of 700,000 ORF sequence tags to the definition of the human
transcriptome. Proc Natl Acad Sci U S A 98: 12103-12108,

[CESC] C. degans Sequenting Consortium (1998) Genome sequence of the
nematode C elegans: A platform for investigation biology. Science 282: 2012-
2018.

Clark M, Hennig S, Herwig R, Clifton S, Marra M, et al. (2001} An
oligonucleotide fingerprint normalized and expressed sequence tag char-
acterized zebrafish cDNA library. Genome Res 11: 1594-16062.

Cook RJ (2001) Disruption of histidine catabolism in NEUT2 mice. Arch
Biochem Biophys 392: 226-232,

Curtis D, Lehmann R, Zamore PD (1995) Translational regulation in develop-
ment. Cell 81: 171-178.

Cyranoski D (2002) Geneticists lay foundations for human transcriptome
database, Nawre 41%: 3-4.

Das 8, Yu L, Gaitatzes C, Rogers R, Freeman ], et al. {1997) Biology's new Rosetta
Stone. Nature 385: 29-30,

Deininger PL, Batzer MA (2002) Mammalian retroelements. Genome Res 12:
1455-1465.

Duyao M, Ambrose C, Myers R, Novelletto A, Persichetti F, et al (1993)
Trinucleotide repeat length instability and age of onset in Huntington's
disease. Nat Gener 4 387-592.

Emanuelsson O, Nielsen H, Brunak S, von Heijne G (2000) Predicting
subcellular localization of proteins based on their N-terminal amino acid
sequence. ] Mol Biol 300: 1005-1016.

Gaudieri §, Dawkins RL, Habara K, Kulski JK, Gojobori T (2000) SNP profile
within the human major histocompatibility complex reveals an extreme and
interrupted level of nucleotide diversity. Genome Res 10: 1579-1586,

Geballe AP, Morris DR (1994) Initiation codons within 5'-leaders of mRNAs as
regulators of translation. Trends Biochem Sei 19: 159-164.

Gerber H, Seipel K, Georgiev O, Hofferer M, Hug M, et al. (1994) Transcrip-
tional activation modulated by homopolymeric glutamine and proline
stretches. Science 263; 808-811.

PLoS Biology | http://biology.plosiournals.org .

June 2004 | Volume 2 | Issue 6 ] Page 0873

~130-



Gieser L, Swaroop A (1992) Expressed sequence tags and chromosomal
localization of cDNA clones from a submracted retinal pigment epithelizm
library. Genomics 13: 873-876.

Go M (19838) Modular siructural units, exons, and function in chicken lysozyme.
Proc Natl Acad Sci U § A 80; 1964-1968.

{GOC] Gene Onrology Consortium {2001) Creating the gene ontology resource:
Design and implementation. Genome Res 11: 1425-1433,

Hamosh A, Scott A, Amberger ], Bocchini C, Valle I, et al. {2002) Online
Mendelian inheritance in man (OMIM): A knowledgebase of human genes
and genetic disorders. Nucleic Acids Res 30: 52-55.

Haverty PM, Weng Z, Best NL, Auerbach KR, Hsato LL, et al. (2002) Hugelndex:
A database with visualization tools for high-density oligonucleotide array
data from normal human tissues. Nucleic Acids Res 30: 214-217.

Hawkins JD (1988) A survey on intron and exon lengths. Nucleic Acids Res 16:
9393-9908.

Hirokawa T, Boon-Chieng S, Mitaku § (1998) SOSUL Classification and
secondary structure prediction system for membrane proteins. Bioinfor-
matics 14: 378-379,

Hirosawa M, Nagase T, Ishikawa K, Kikuno R, Nomura N, et al. {1999)
Characterization of ¢cDNA clones selected by the GeneMark analysis from
size-fractionated ¢cDNA libraries from human brain. DNA Res 6: 329-386.

Houlgatte R, Mariage-Samson R, Duprat §, Tessier E, Bentolila 5, et al. (1995)
The genexpress index: A resource for gene discovery and the genic map of
the human genome, Genome Res 5; 272-304,

Hu RM, Han ZG, Song HD, Peng YD, Huang QH, et al (2000) Gene expression
profiling in the human hypothalamus-pituitary-adrenal axis and full-length
cDNA cloning. Proc Nad Acad Sci U S A 97: 9543-0548.

Hubbard T, Barker D, Birney E, Cameron G, Chen Y, et al. (2002) The Ensembl
genome database project. Nucleic Acids Res 30: 38—41.

Kanchisa M, Goto 5, Kawashima 5, Nakaya A (2002) The KEGG databases at
GenomeNet Nucleic Acids Res 30: 42-46.

Kawabata T, Fukuchi §, Homma K, Ota M, Araki J, et al. (2002) GTOP: A
database of protein structures predicted from genome sequences. Nucleic
Acids Res 30: 294-298,

Kawai ], Shinagawa A, Shibata K, Yoshino M, Itoh M, et al. (2001) Functional
annotation of a full-length mouse ¢cDNA collection. Nature 409: 685-690.

Kawamoto S, Ohnishi T, Kita H, Chisaka O, Okubo K (1999) Expression
profiling by iAFLP: A PCR-based method for genome-wide gene expression
profiling. Genome Res 9: 1305-1312.

Kawamoto §, Yoshii ], Mizuno K, Ito K, Miyamoto Y, et al. (2000) BodyMap: A
collection of 3" ESTs for analysis of human gene expression information.
Genome Res 10: 1817-1827.

Kent W], Haussler D (2001) Assembly of the working draft of the human
genome with GigAssembler. Genome Res 11: 1541-1548.

Khan AS, Wilcox AS, Polymeropoulos MH, Hopkins JA, Stevens T], et al. (2992)
Single pass sequencing and physical and genetic mapping of buman brain
cDNAs. Nat Genet 2: 180-185,

Kikuno R, Nagase T, Waki M, Ohara O (2002) HUGE: A database for human
large proteins identified in the Kazusa cDNA sequencing project. Nucleic
Acids Res 30: 166-168.

Kozzk M (1989) The scanning model for translation: An update, J Cell Biol 108:
229-241.

Krivemseva EV, Gelfand MS (1999) Stadistical analysis of the exon-intron
structure of higher and lower eukaryote genes. ] Biomol Struct Dyn 17: 281-
288,

Kunst F, Ogasawara N, Moszer I, Albertini AM, Alloni G, et al (1997) The
complete genome sequence of the gram-positive bacterium Bacillus subrilis.
Nature 390: 249-256,

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, et al. (2001) Initial
sequencing and analysis of the human genome. Nature 409: 860-921.

Larizza A, Makalowski W, Pesole G (2002) Structural and evolutionary analysis
of eukaryotic mRNA untranslated regions. Comput Chem 26: 479-450.

Lithgow T, Cuezva JM, Silver PA (1997) Highways for protein delivery to the
mitochondria. Trends Biochem Sei 22: 110-113.

Lo Conte L, Ailey B, Hubbard T], Brenner SE, Murzin AG, et al, (2000) SCOP: A
structural classification of proteins database. Nucleic Acids Res 28: 257-259.

Lorenc A, Makalowski W (2003) Transposable elements and vertebrate protein
diversity. Generica In press

Mackey AJ, Haystead TA, Pearson WR (2002) Getting more from less:
Algorithms for rapid protein identification with multiple short peptide
sequences. Mol Cell Proteomics 1: 139-147,

Makalowski W (2000) Genomic scrap yard: How genomes utilize all that junk.
Gene 259: 61-67.

Maroni G (1996) The organization of eukaryotic genes. Evol Biol 29: 1~19.

Marshall E (2001) Rat genome sputs an unusual partnership. Science 291: 1872,

Martin W (2002) Evolutionary analysis of Arabidopsis, cyanobacterial, and
chloroplast genomes reveals plastid phylogeny and thousands of cyanobac-
terial genes in the nucleus. Proc Natl Acad Sci U § A 99: 12246-12251.

Matsuzaka ¥ MS, Makino 5, Nakajima K, Tomizawa M, Oka A, et al. (2001) New
polymorphic microsatellite markers in the human MHC class [I1 region.
Tissue Antigens 57: 397404

McCarthy JEG, Kollmus H (1935) Cytoplasmic mRNA-protein interaction gene
expression. Treads Biochem Sci 20: 191-197.

MclIninch JD, Hayes WS, Borodovsky M (1996) Applications of GeneMark in
multispecies environments. Proc Int Conf Intell Syst Mol Biol 4: 165-175.

Integrative Annotation of Human Genes

Miki R, Kadowa K, Bono H, Miruno Y, Tomam Y, et al. (2001) Delineating
developmental and metabolic pathways in vivo by expression profiling using
the RIKEN set of 18,816 full-length enriched mouse cDNA arrays. Proc Natl
Acad Sci U S A 98: 2199-2204,

Moonen HJ, Briede J], van Maanen JM, Kleinjans JC, de Kok TM (2002)
Generation of free radicals and induction of DNA adducts by activation of
heterocyclic aromatic amines via different metabolic pathways in vitro. Mol
Carcinogen 35: 196-203,

Moore PB, Steitz TA (2002) The involvement of RNA in ribosome function.
Nature 418: 229-285,

Moss EG (2002) MicroRNAs: Hidden in the genome, Curr Biol 12: R138-R140.

Mulder NJ, Apweiler R, Attwood TK, Bairoch A, Barrell D, et al. {2003) The
InterPro Database, 2003 brings increased coverage and new features.
Nucleic Acids Res 31: 315-318

Nagase T, Ishikawa K, Kikuno R, Hirosawa M, Nomura N, et al. (1999)
Prediction of the coding sequences of unidentified human genes. XV. The
complete sequences of 100 new cDNA clones from brain which code for
large proteins in vitro. DNA Res 6: B37-345,

Nagase T, Kikuno R, Ohara O (2001) Prediction of the coding sequences of
unidentified human genes, XXi. The complete sequences of 60 new cDNA
clones from brain which code for large proteins. DNA Res 8: 179-187.

Nakai K, Horton P (1999) PSORT: A program for detecting sorting signals in
proteins and predicing their subcellular lecalization. Trends Biochem Sci
24: 34-35.

Noguti T, Sakakibara H, Go M (1993) Localization of hydrogen bonds within
modules in barnase, Proteins 16: 357-363,

Nomura N, Miyajima N, Sazuka T, Tanaka A, Kawarabayasi Y, et al. (1994)
Prediction of the coding sequences of unidentified human genes. L The
coding sequences of 40 new genes (KIAAO0D1-KIAAGO40) deduced by
analysis of randomly sampled ¢cDNA clones from human immature myeloid
cell line KG-1. DNA Res 1: 27-35.

Ohno § (1996) The notion of the Cambrian pananimalia genome. Proc Natl
Acad Sci U S A 93: 8475-8478,

Okazaki Y, Furuno M, Kasukawa T, Adachi ], Bono H, et al. (2002) Analysis of
the mouse transcriptome based on functional annotation of 60,770 full-
length cDNAs. Nature 420: 563-573.

Okubo K, Hori N, Matcba R, Niiyama T, Fukushima A, ex al. {1992) Large scale
c¢DNA sequencing for analysis of quantitative and qualitative aspects of gene
expression. Nat Genet 2: 173-179.

Ota T, Nishikawa T, Suzuki Y, Maruyama K, Sugano S, et al. {1997) Full-length
cDNA project toward a high throughput functional analysis. Microb Comp
Genomics 2: 204-205,

Ota T, Suzuki Y, Nishikawa T, Otsuki T, Sugiyama T, et al. (2004) Complete
sequencing and characterization of 21,243 full-length human ¢DNAs. Nat
Genet 36: 40-45,

Pearson WR (2000) Flexible sequence similarity searching with the FASTAS
program package. Methods Mol Biol 182: 185-219,

Pesole G, Liuni §, Grillo G, Saccone C (1997) Structural and compositional
features of untranslated regions of eukaryotic mRNAs. Gene 205: 95-102.

Pietu G, Mariage-Samon R, Fayein NA, Matingou C, Eveno E, et al. (1999) The
Genexpress IMAGE knowledge base of the human brain transcriptome: A
prototype integrated resource for functional and computational genomics.
Genome Res 9: 195-209.

Pruitt KD, Maglott DR (2001) RefSeq and LocusLink: NCBI gene-centered
resources. Nucleic Acids Res 25: 187-140,

Reese M, Harizell G, Harris N, Obler U, Abril J, et al. {2000) Genome
annotation assessment in Drosophila melanogaster. Genome Res 10: 483-501.

Rivas E, Eddy SR (2001) Noncoding RNA gene derection using comparative
sequence analysis. BMC Biginformartics 2: 8-27.

Sachidanandam R, Weissman D, Schmidt $C, Kakol JM, Stein LD, et al. (2001) A
map of human genome sequence variation containing 1.42 million single
nucleotide polymorphisms. Nature 409: 928-933.

Saha 5, Spark A, Rage C, Akmaev V, Wang G, <t al (2002) Using the
transcriptome to annotate the genome. Nat Biotechnol 20: 508-512.

Sakate R, Osadz N, Hida M, Sugano §, Hayasaka I, ex al. (2008) Analysis of 5'-
end sequences of chimpanzee ¢DNAs. Genome Res 13: 1022-1026.

Seki M, Narusaka M, Kamiya A, Ishida ], Satou M, et al (2002) Functional
annotation of a full-length Arabidopsis cDNA collection. Science 296: 141~
145.

Sese ], Nikaidou H, Kawamoto S, Minesaki Y, Morishita §, et al. (2001) BodyMap
incorporated PCR-based expression profiling data and a gene ranking
system. Nucleic Acids Res 29: 156-158.

Sherry ST, Ward M, Sirotkin K (1999) dbSNP-darabase for single nuclectide
polymorphisms and other classes of minor genetic variation. Genome Res 9:
677-679.

Shoemaker DD, Schadt EE, Armour CD, He YD, Garrett-Engele P, et al. (2001)
Experimental annotation of the human genome using microarray technol-
ogy. Nature 409: 922-927,

Snell R, MacMillan ], Cheadle J, Fenton I, Lazarou L, et al. (1993) Relatonship
between trinucleotide repeat expansion and phenotypic variation in
Huntington's disease. Nat Genert 4: 593-367.

Sonenberg N (1994) mRNA translation: Influence of the 5' and 3° untranslated
regions. Curr Opin Genet Dev 4: 310-315.

Sorek R, Ast G, Graur D (2002) Alu-containing exons are alternatively spliced.
Genome Res 12: 1060-1067.

PLoS Biology | http:/biology.plosjournals.org S

June 2004 | Volume 2 | Issue 6 | Page 0874

-131-



Stapleton M, Liao G, Brokstein P, Hong L, Camninci P, et al. (2002) The
Drosophila gene collection: Identification of putative full-length cDNAs for
70% of D. melanogaster genes. Genome Res 12: 1254-1800,

Storz G (2002) An expanding universe of noncoding RNAs. Science 296: 1250~
1263,

Strausberg RL, Feingold EA, Klausner RD, Collins F§ (1999) The mammalian
gene collection. Science 286: 455-457.

Strausberg RI, Feingold E, Grouse L, Derge J, Klausner R, et al. (2002)
Generation and initial analysis of more than 15,000 full-length human and
mouse cDNA sequences. Proc Natl Acad Sci U § A 99: 16899-15903.

Suyama M, Nagase T, Ohara O (1999) HUGE: A database for human large
proteins identified by Kazusa ¢DNA sequencing project. Nucleic Acids Res
27: 338-339,

Suzuki H, Fukunishi Y, Kagawa L, Saito R, Oda H, et al (2001) Protein-protein
interaction panel using mouse full-length cDNAs. Genome Res 11: 1758-1765.

Suzuki Y, Yoshitomo-Nakagawa K, Maruyama K, Suyama A, Sugano S (1997
Construction and characterization of a full length-enriched and a §'-end-
enriched cDNA library. Gene 200; 149-156.

Urmenyi T, Bonalde M, Soares M, Rondinelli F (1999) Construction of a
normalized ¢DNA library for the Trypanosoms cruzi genome project |
Eukaryot Microbiol 46: 542-544.

Velculescu VE, Zhang L, Vogelstein B, Kinzler KW (1995) Serial analysis of gene
expression, Science 270: 484-487,

Veater JC, Adams MD, Myers EW, Li PW, Mural RJ, et al, (2001) The sequence
of the human genome, Science 201: 1304-1351,

Watanabe J, Sasaki M, Suzuki ], Sugano S (2002) Analysis of transcriptomes of

PLoS Biology | httpu//biology.plosjournals.org

Integrative Annotation of Human Genes

human malaria parasite Plasmodium falciperum using full-length enriched
library: identification of novel genes and diverse transcription start sites of
messenger RNAs. Gene 291: 105-113,

Waterston R, Lindblad-Toh K, Biney E, Rogers ], Abril ], et al. (2002) Initial
sequencing and comparative analysis of the mouse genome. Nature 420:
520-562.

Weidanz JA, Campbell P, Moore D, DeLucas L], Roden L, et al. {1996) N-
acetylglucosamine kinase and N-acetylglucosamine B-phosphate deacetylase
in normal human erythrocytes and Plasmodium falciparum, Br ] Haematol 95;
645-653.

Wiemann §, Weil B, Wellenreuther R, Gassenhuber J Glassl 8, et al {2001)
Toward a catalog of human genes and proteins: Sequencing and analysis of
500 novel complete protein coding human cDNAs. Genome Res 11: 422-435,

Wood V, Gwilliam R, Rajandream MA, Lyne M, Lyne R, et al. (2002) The
genome sequence of Schizasagcharomyees pombe. Nature 415: 871-880,

Yudate HT, Suwa M, Irie R, Matsui H, Nishikawa T, et al. (2001) HUNT: Launch
of 2 full-length ¢DNA database from the Helix Research Institute. Nucleic
Acids Res 29: 185-188.

Yulug IG, Yulug A, Fisher EM (1995) The frequency and position of Alu repeats
in cDNAs, as determined by database searching. Genomics 27: 544-548,
Zaidi SHE, Malter J5 (1994) Amyloid precursor protein mRNA stability is
controlied by a 29-base clement in the 8’-untranslated region. J Bio! Chem

269: 24007-24013,

Zhang Z, Schwartz S, Wagner L, Miller W (2000) A greedy algorithm for aligning

DNA sequences. ] Comput Biel 7: 205-214,

June 2004 | Volume 2 | Issue 6 | Page 0875

-132-



Pathogenicity of autoantibodies reactive with the
endogenous retroviral envelope glycoprotein gp70

M. Miyazawa', E. Kajiwara', N. Tabata'? T. Ogawa'?, T. Yuasa',
H. Matsumura’

Departments of Immunology, ®pediatrics, and *Cardiovascular Surgery,
Kinki University Schoot of Medicine, Osaka-Sayama, Osaka, Japan

masaaki@med.kindai.ac.jp

Abstract

MRL/MpJ-lpr/ipr (MRL/pr) mice spontaneously develop immune complex-
mediated glomerulonephritis, granulomatous arteritis, chronic destructive
arthritis, and thrombocytopenia. Recent genetic analyses in a variety of lupus-
prone strains of mice have pointed out a close correlation between
autoantibodies reactive with the endogenous refroviral env gene product,
gp70, and the development and severity of glomerulonephritis. However, the
suggested pathogenicity of anti-gp70 autoantibodies had not been directly
demonstrated. To examine if anti-retroviral gp70 autoantibodies induce
glomerular and vascular pathology, we established from unmanipulated
MRL/Ipr mice hybridoma clones that secrete monoclonal antibodies reactive
with the endogenous xenotropic viral env gene product. This gp70 is known {o
be expressed in the liver and secreted as a normal constituent of mouse
serum. A high proportion of these anti-gp70 antibody-producing hybridoma
clones induced proliferative or wire loop-like glomerular lesions with massive
depositions of gp70, 1gG, and C3 in affected glomeruli when transplanted into
syngeneic non-autoimmune or severe combined immunodeficiency mice.
Furthermore, we have successfully demonstrated that repeated intravenous
injections of purified monoclonal anti-gp70 autoantibodies induce glomerular
pathology associated with gp70 deposition. The development of the
glomerular pathology after injection of purified anti-gp70 autoantibodies was
dependent on the amounts of serum gp70 expressed in the injected mice, and
the development of granulomatous arteritis was also observed after repeated
injections of one of the pathogenic clones of anti-gp70 autoantibodies. These
results directly prove the long-debated pathogenicity of anti-retroviral
autoantibodies in the mouse lupus models.
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By the late 1970s a mistaken consensus emerged that viruses did not cause
human cancer and that human retroviruses did not exist.
Robert C. Gallo [1]

Introduction

Nearly half century has passed since the first description of DNA-binding
antibodies in the sera of patients with systemic lupus erythematosus (SLE),
yet correlation between levels of anti-DNA autoantibodies and disease activity
in SLE still remains controversial [2,3]. In recent cross-sectional studies, a
correlation between the presence of histologically proven lupus nephritis and
levels of autoantibodies reactive to double-stranded (ds) DNA has been
observed [2,4].  However, most anti-DNA antibodies are actually anti-
nucleosome antibodies, binding to DNA only if it is complexed to nucleocsomes
[3,9]. The observed nephritogenicity of experimentally established and
patient-derived anti-dsDNA antibodies seems fo depend on the binding of
nucleosomes to the major component of glomerular basement membrane,
heparan sulfate.

Pathogenicity of anti-DNA autoantibodies has been experimentally
analyzed in details by using monoclonal antibodies established from mouse
strains that spontaneously develop an SLE-like syndrome. These include New
Zealand, MRL, and BXSB strains and their crosses, and they have provided
useful tools for the immunologic and genetic dissection of pathogenetic and
predisposing factors that contribute to the development of lupus-like lesions.
In particular, the immunologic factors that have long been associated with the
development of fatal glomerulonephritis in the above lupus-prone mice are
immune complexes, anti-DNA antibodies, and antibodies reactive with the env
gene product of an endogenous retrovirus, gp70 [6,7].

It has long been postulated that endogenous retroviruses might be
involved in the development of human autoimmune diseases [8-10]. They
may encode a part of target molecules bound by autoantibodies, or may
derange and modulate immune responses through the production of
superantigens, modification of cytokine gene expression, and stimulation of
anti-idiotypic antibody responses. infections with exogenous human
retroviruses, HTLV-| and HIV-1, as well as exogenous retroviruses of some
other species, have been- associated with the development of chronic
inflammatory diseases involving the central nervous system, joints, lungs,
salivary glands, and blood vessels (reviewed in [9]). However, the possible
involvement of endogenous retroviruses in the development of human
autoimmune diseases is still controversial and largely unproven [11,12]. In
contrast, there is compelling evidence indicating the involvement of
endogenous retroviruses in the development of glomerulonephritis and
chronic vasculitis in mouse models of systemic autoimmune diseases
[8,9,13,14]. The involvement of the envelope glycoprotein gp70 of an
endogenous retrovirus in the formation of circulating immune complexes, and
their deposition in the glomerular and vascular lesions have been
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demonstrated [7,8,13,14]. Importantly, recent genetic linkage analyses have
demonstrated the strongest association of serum levels of gp70-anti-gp70
immune complexes, rather than the levels of anti-dsDNA autoantibodies, with
the development and severity of glomerulonephritis [15-18], suggesting a
major pathogenic role of anti-gp70 autoantibodies in the lupus-prone mice.
However, suggested pathogenicity of anti-gp70 autoantibodies had not been
directly tested until recently. To examine if anti-gp70 autoantibodies induce
glomerular and vascular pathology, we have established from unmanipulated
MRL/Ipr mice hybridoma clones that secrete monoclonal antibodies reactive
with endogenous xenotropic viral env gene products [19,20]. A high proportion
of these monoclonal anti-gp70 autoantibodies induced in syngeneic non-
autocimmune (BALB/c x MRUMp-+/+)F1 and severe combined
immunodeficiency (SCID) mice proliferative or wire loop-like glomerular
lesions associated with massive gp70 deposition [20]. Furthermore, we found
an lgG2a-producing anti-gp70 hybridoma clone that induced acute
hemorrhagic death upon fransplantation into syngeneic non-autoimmune
mice. Subsequent analyses have demonstrated the binding of the anti-gp70
autoantibody onto mouse platelets, and induction of diffuse intraluminal
platelet aggregation in mice transferred with this autoantibody [19].

In the present paper, we summarize our observations on the
pathogenicity and molecular characteristics of the anti-gp70 autoantibodies,
and report the development of vascular lesions in non-autoimmune m:ce by
intravenous injection of a purified anti-gp70 autoantibody.

Materials and methods

Mice

Breeding pairs of MRL/MpJ-+/+ (MRL}, MRL/lpr, and BALB/cCrSlc mice were
purchased from Japan SLC, Inc., Hamamatsu, Japan, and (BALB/c x MRL)F,
hybrid mice were bred in our animal facilities. NZW/NSlc and C57BL/6CrSlc
(B6) mice were also purchased from Japan SLC, Inc. All the animal
experiments described in this report were approved by and performed under
the relevant guidelines of Kinki University.

Production and screening of hybridoma cells

For the screening of anti-gp70 autoantibodies, endogenous retroviral env
genes and their chimeras were expressed by using recombinant vaccinia
viruses as described [20]. A recombinant vaccinia virus expressing the
influenza virus hemagglutinin (HA) gene [21] was used as a negative control
throughout the experiment. Spleen and lymph node cells were prepared from
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unmanipulated MRL/Ipr mice and P3/NSI/1-Ag4-1 myeloma cells were used
as fusion partner cells. Hybridoma cell fusion, hypoxanthine-aminopterin-
thymidine selection, and cloning by colony formation in fibrin gels were
performed as described previously [22,23]. For immunofluorescence detection
of the reactivities of hybridoma-derived antibodies to expressed env gene
products, monkey CV-1 cells were grown in wells of 96-well tissue culture
plates, infected with a recombinant vaccinia virus at 100-200 plaque-forming
units per well for 20-36 hours, and incubated at 4 °C, overnight with a
hybridoma culture supernatant. After incubation, the cells in each well were
washed with phosphate-buffered balanced salt solution {(PBBS), fixed with
methanol, blocked with 10 % skim milk, and were stained with a fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse Ig antibody. Control
hybridoma cell lines, N-S.7 producing anti-sheep red blood cell (SRBC) IgG3
and 2B12-2 producing anti-TNP IgM antibodies were used as negative
controls.

Transfer of hybridoma cells or purified antibodies into non-autoimmune
mice and pathological analyses in the recipients

(BALB/c x MRL)F1 and SCID mice were transplanted intraperitoneally (i. p.)
with 1-2 x 107 hybridoma cells after a pretreatment with a 0.5 m¥/mouse i. p.
dose of 2, 6, 10, 14-tetramethylpentadecane (pristane) given 1-3 weeks prior
to hybridoma transplantation. For purification of a clonal anti-gp70 IgG,
hybridoma cells were grown in a serum-free medium (Hybridoma SFM; Gibco
BRL, Rockville, Maryland, U.S.A.) using 20-i spinner flasks, and culture
supernates were concentrated by using a tangential flow ultrafiltration system.
IgG was purified by Protein A-Sepharose affinity chromatography. Special
attention was paid to perform the purification aseptically at room temperature,
and to elute each antibody from the affinity column at pH = 4.4. Purified
antibodies dissolved in PBBS at 0.5-1.0 mg/ml were injected into the tail vein
after removing possibly contaminating Ig aggregates by centrifugation at
10,000 x g for 15 min. The methods for preparation and staining of formalin-
fixed, paraffin-embedded tissue sections, preparation of specimens for
electron microscopy, and immunohistochemical staining of frozen sections
have been described [13,19,20,22,23].

Cloning and sequencing of Ig heavy and light chain cDNA

Total RNA was prepared from each clone of the hybridoma cells using the
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, California, U.S.A.)
and mRNA was purified by using the poly(A)+ isolation kit (Nippon Gene,
Tokyo, Japan). 5 RACE reaction was performed by using the SMART RACE
cDNA Amplification kit (Clontech, Palo Alto, California, U.S.A)) with the
following primers:
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5-GGGGAGGGCACTGACCACCCGGAGA-3' for Cy2a,
5-TTGGGGGGAAGATGAAGACGGATGG-3' for Cy3, and
5-TTGGTCAACGTGAGGGTGCTGCTCATGC-3' for Ck.

The amplified full-length cDNA was purified by cutting the band out from
agarose gel, and cloned into pGEM-T Easy vector (Promega Corporation,
Madison, Wisconsin, U.S.A)), and resuitant clones were subjected to DNA
sequencing of each insert by using BigDye terminator v3.1 cycle sequencing
kit (Applied Biosystems, Foster City, California, U.S.A.). Sequencing data
were considered valid when > 8 independent plasmid clones with an identical
sequence were observed.

Detection of serum gp70

For the detection of serum gp70, sera from NZW, (BALB/c x MRL)F1 and B6
mice were mixed at 1:20 with the SDS sample buffer containing no reducing
agent, and serum proteins were separated through 7.5 % polyacrylamide gel
and blotted onto polyvinylidenedifluoride membrane. After being blocked with
10 % skim milk, serum gp70 molecules were detected with a biotin-conjugate
of anti-gp70 mAb 24-6 [24] by chemiluminescence reaction using horse radish
peroxidase-conjugated streptavidin and ECL+ reagent (Amershan Pharmacia
Biotech, Uppsala, Sweden) according to the manufacturers’ instructions.

Results

Developement of glomerulonephritis in non-autoimmune mice transferred with
monoclonal anti-gp70 autoantibodies. Sixteen independent hybridoma clones
that produce antibodies reactive with the endogenous xenotropic viral gp70
were established by the fusion of B cells from unmanipulated MRL/lpr mice
with the myeloma cells. These antibodies reacted with the cells infected with
the recombinant vaccinia virus that expressed the endogenous retroviral env
gene, but not with the cells infected with the vaccinia virus-influenza virus HA
recombinant. Further analyses performed by using recombinant vaccinia
viruses expressing reciprocal chimeras between the NZB xenotropic viral and
polytropic Friend spleen focus-forming viral (SFFV) env genes indicated that 8
of these hybridoma antibodies are reactive with an epitope localized within the
N-terminal one third of the xenotropic viral gp70, while two others require the
presence of the C-terminal 2/3 of the xenotropic viral gp70 for their binding to
the expressed antigens. Six other clones were cross-reactive to both the
xenotropic viral and polytropic SFFV env gene products.

All these hybridoma clones were fransplanted into syngenic, non-
autoimmune (BALB/c x MRL)F1 mice, and 10 of them induced glomerular
pathology of varying severity and morphology. Among them, two
representative 1gG3-producing clones, 12H5.1 and 37C4.1, induced the most
severe glomerular pathology with the highest frequency but with distinct
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morphological features. The lesions induced by the transplantation of clone
12H5.1 were characterized by the accumulation of inflammatory cells within
the capillary iumina with numerous droplet-like granules within the cytoplasm
of the infiltrated cells (Fig. 1). Deposits of an electron-dense material between
the basement membrane and endothelial cells were aiso observed.
Immunohistochemical analyses showed granular depositions of IgG, C3, and-
gp70, indicating the above glomerular deposits to be gp70-anti-gp70 immune
complexes. On the other hand, the lesions induced by the transplantation of
clone 37C4.1 were characterized by the massive and homogeneous
subendothelial deposition of an electron-dense material, which resembled
wire-loop lesions under light microscopy. The depositions of IgG, C3, fibrin,
and gp70 were also observed. Four other clones, 37C6.1 (IgG2a), 51D1.1
(I9G3), 58C5.1 (IgM), and 60A5.1 (IgG3) also induced glomerular pathology
with proliferative and/or sclerosing changes when fransplanted into the
syngeneic non-autoimmune mice with lower frequencies. Interestingly, clone
36D1.1, which did not induce glomerular pathology, instead induced
hemorrhagic thrombocytopenia morphologically resembling the microvascular
changes of human immune thrombocytopenic purpura. This antibody has
been shown to react with a gp70-related membrane protein expressed on the
- surface of mouse platelets.

To exclude the possibility that hybridoma-derived cytokines and other
cellular products were involved in the formation of glomerular pathology in the
above transplanted animals, we next purified IgG from the cultures of
representative anti-gp70 antibody-producing cells, and injected purified
antibodies into non-autoimmune mice. Purified anti-gp70 IgG3 12H5.1,
37C4.1, and 51D1.1 induced glomerular pathology associated with thickening
of capillary walls and increased cellularity. Depositions of gp70 were also
demonstrated by immunohistochemistry in glomeruli of the mice injected with
the purified anti-gp70 1gG. Severer glomerular pathology was induced when
two anti-gp70 antibodies of separate epitope specificities, 12H5.1 and 51D1.1
were mixed and injected together.

Since mouse IgG3 lack allotypes, we next injected purified anti-gp70 1gG3
into three different strains of mice that differ in their amounts of constitutively
expressed serum gp70. The same amount (3-4 mg/mouse) of purified anti-
gp70 antibody 12H5.1 was injected into NZW, (BALB/c x MRL)F1, and B6
strains of mice, which express high, medium, and very low amounts of serum
gp70, respectively. Glomerular pathologies with gp70 depositions were
observed in antibody-injected NZW and the F1 mice, while no significant
pathology was induced in the injected B6 mice (Fig. 1). These data indicated
that the formation of gp70 immune complexes was involved in the
development of glomerular pathology in anti-gp70 antibody-injected mice. By
absorbing plasma immune complexes to Protein A-Sepharose and performing
Western blot analyses of the Protein A-bound materials with labeled anti-gp70
monoclonal antibody, we actually detected the presence of gp70-containing
immune complexes in mice injected with the purified anti-gp70 autoantibody
(data not shown).
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