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Abstract

The genetic basis of the phenotypic difference between human and chimpanzee is one of the most actively pursued issues in current genomics.
Although the genomic divergence between the two species has been described, the transcriptomic divergence has not been well documented. Thus,
we newly sequenced and analyzed chimpanzee full-length cDNAs (FLcDNAs) representing 87 protein-coding genes. The number of nucleotide
substitutions and sites of insertions/deletions (indels) was counted as a measure of sequence divergence between the chimpanzee FLcDNAs and
the human genome onto which the FLcDNAs were mapped. Difference in transcription start/termination sites (TSSs/TTSs) and alternative splicing
(AS) exons was also counted as a measure of structural divergence between the chimpanzee FLcDNAs and their orthologous human transcripts
(NCBI RefSeq). As a result, we found that transposons (A4/u) and repetitive segments caused large indels, which strikingly increased the average
amount of sequence divergence up to more than 2% in the 3’-UTRs. Moreover, 20 out of the 87 transcripts contained more than 10% structural
divergence in length. In particular, two-thirds of the structural divergence was found in the 3’-UTRs, and variable transcription start sites were
conspicuous in the 5’-UTRs. As both transcriptional and translational efficiency were supposed to be related to 5’- and 3’-UTR sequences, these
results lead to the idea that the difference in gene regulation can be a major cause of the difference in phenotype between human and chimpanzee.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It has been expected that comparative analyses of human and
chimpanzee provide us with new knowledge about various

Abbreviations: CDS, coding sequence; FLcDNA, full-length cDNA; Myr,
million years; SINE, short interspersed element; TSS, transcription start site;
TTS, transcription termination site; UTR, untranslated region.
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biological features unique to human. As chimpanzee is the
closest living relative to human in the phylogenetic lineage, it
has been considered to be the most suitable species for com-
parison. Earlier microscopic analyses of chromosomes revealed
not only the overall resemblance of karyotypes but also the
frequent species-specific rearrangements among anthropoidea
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(Yunis et al., 1980). Currently, the complete sequence of the
human genome (International Human Genome Sequencing
Consortium, 2004) has given us an opportunity to conduct
detailed analyses comparing nucleotide by nucleotide. Also for the
chimpanzee genome, the whole genome draft sequences (Olson
and Varki, 2003; The Chimpanzee Sequencing and Analysis
Consortium, 2005), and more accurate sequences of chromo-
somes 22 (Watanabe et al., 2004) and Y (Kuroki et al., 2006) are
available to date. The previous studies have shown that the amount
of sequence divergence between the human and chimpanzee
genomes is 1.22—1.23% (Chen et al. 2001; Fujiyama et al., 2002).
However, inconsistency between the highly conserved genome
sequences and the distinctive differences in phenotype is still an
issue. In order to address this issue, we considered that detailed
analyses of the transcriptome should be prerequisite.

For examining the transcriptomic differences between
human and chimpanzee in detail, essential information is
mainly available from full-length ¢cDNAs (FLcDNAs).
FLcDNA sequences provide information on where transcription
starts and terminates, where exons and introns exist, and where
5’- and 3’-untranslated regions (UTRs) and coding sequences
(CDSs) are located on the genome. For comparative analyses,
chimpanzee FLcDNAs are still insufficient in the public data-
bases, while large number of sequences of human (Imanishi
et al., 2004) and mouse (Okazaki et al., 2002) transcripts are
available. In our previous study, we constructed chimpanzee
FLcDNA libraries and sequenced the 5’-ends of the chimpanzee
cDNAs representing 226 protein-coding genes (Sakate et al.,
2003). We found that the average nucleotide difference between
human and chimpanzee transcripts was 0.70% and those of 5'-
UTRs and CDSs were 1.21% and 0.58%, respectively. Several
studies have also reported the comparative analyses of human
and chimpanzee transcripts (Chen et al., 2001; Hellmann et al.,
2003). However, these previous studies analyzed mostly partial
sequences such as expressed sequence tags (ESTs) or predicted
transcripts deduced in silico from the genome.

In the present study, we newly sequenced chimpanzee
FLcDNAs and obtained full-length sequences representing 87
protein-coding genes. Using the full-length chimpanzee
sequences containing complete 5’-UTRs, CDSs and 3’-UTRs,
we could conduct whole-transcript sequence comparison
between human and chimpanzee. We analyzed, as “sequence
divergence”, substitutions and insertions and deletions (indels).
We also analyzed, as “structural divergence”, transcription start/
termination sites and exon—intron boundaries. In particular,
structural divergence analysis cannot be conducted without
FLcDNA sequences.

2. Materials and methods
2.1. Sequencing full-length cDNA clones

Full-length enriched ¢cDNA (FLcDNA) libraries were
constructed as described previously (Sakate et al., 2003). Tissue
specimens were collected from adult chimpanzees (Pan
troglodytes verus) kept in the Primate Research Park, Sanwa
Kagaku Kenkyusho Co., Ltd., Kumamoto, Japan. Brain tissue

samples were from cerebellar cortex, cerebral cortex frontal
lobe, and cerebral cortex occipital lobe. They were obtained by
autopsy from an 11-year-old female chimpanzee that died of
septicemia. Skin epidermal tissue samples were collected by
biopsy from a 19-year-old male chimpanzee. An institutional
board approved all the tissue collection procedures. The
FLcDNA libraries were constructed by the oligo-capping
method (Maruyama and Sugano, 1994; Hida et al., 2000).

First, the 5’-end of each cDNA (5'-cDNA) clone was
randomly chosen and sequenced by using ABI 377 and ABI
3100 sequencers. More than 10,000 redundant 5’-cDNA
sequences were compared with NCBI human RefSeq mRNAs
(Release 17, 2006) by using BLASTN 2.2.11 (Altschul et al.,
1990) with the “-¢ 1e-120 -F F” options. 5’-cDNA clones that
had the longest 5'-UTR sequence and the same translation start
site for each gene were selected. Then, full-length sequencing of
the selected clones was conducted by using the primer walking
method. After trimming the vector and truncating poly-A
sequences, the FLcDNA sequences were subjected to BLASTN
search against human RefSeq mRNAs using the “-e 1e-120- F
F” options. A human ortholog candidate for a chimpanzee
sequence was determined by selecting the most similar human
sequence with the highest score from the BLAST result. For
each gene, the chimpanzee FLcDNA and the human RefSeq
mRNA were aligned by using ClustalW (Thompson et al.,
1994). The 5'- and 3’-untranslated regions (UTRs) and coding
sequences (CDSs) of the chimpanzee transcripts were deter-
mined by assigning the RefSeq mRNA annotation.

2.2. Genome mapping and analyses of sequence divergence
and structural divergence

The chimpanzee FLcDNAs and their corresponding human
RefSeq mRNAs were mapped onto the human genome (UCSC
hg16). They were subjected to BLAT (Kent, 2002) search with
default options to determine candidate genomic loci. Suppor-
tively BLASTN was used with the “-F F” option and the £ value
options -e (le-60—1e-10), if the genomic location of 5’- or 3’-
end exons were not found by BLAT. After sequence identity,
coverage and the number of exons were examined in this order,
a gene locus was determined. The exon—intron structure was
determined by using both BLAT and est2genome (Rice et al.,
2000) with the default options. The exon—intron boundaries
were visually inspected. The orthology of each corresponding
pair of human and chimpanzee transcripts was finally
determined if they were mapped onto the same locus on the
human genome.

The amount of sequence divergence between the chimpanzee
transcripts and the human genome was estimated by analyzing
substitutions and indels in the sequence alignments (Fig. 1a).
First, we analyzed substitutions only. The number of substitutions
per site was calculated as “mismatch/(match+mismatch)” in the
nucleotide and amino acid sequence alignments (p-distance). No
correction for multiple substitutions was conducted, because the
number of nucleotide differences between human and chimpan-
zee is small. Next, the amount of sequence divergence was
estimated by adding the length of indels (L) as “(mismatch+L)/
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Fig. 1. Two approaches to sequence comparison. a. Comparison between the chimpanzee transcripts and the human genome at the nucleotide level. Substitutions and
indels were analyzed to estimate the amount of “‘sequence divergence”. b. Comparison between the chimpanzee transcripts and the human transcripts at the exon level.
Exon—intron boundaries including transcription start/termination sites (TSSs/TTSs) were analyzed. Substitutions and indels within exons were not analyzed. The
lengths of shared and unshared regions on the human genome were calculated to estimate the amount of “structural divergence”.

(match+mismatch+L)”. A chimpanzee deletion or human inser-
tion (Pdel/Hins) was not counted as an indel, if it could be a
canonical intron (an intron with GT—AG internal boundaries) of
the chimpanzee transcript. In addition, the numbers of synony-
mous (dS) and non-synonymous (dN) substitutions per site were
estimated by the Nei—Gojobori method (Nei and Gojobori, 1986)
using SNAP (Ota and Nei, 1994). If a large indel was found, the
sequence region was analyzed by using the chimpanzee genome
sequence (UCSC panTrol).

The amount of structural divergence between the chimpan-
zee transcripts and the human transcripts was estimated by
analyzing corresponding exons on the human genome (Fig. 1b).
The exon—intron boundaries on the human genome were
compared between the species. The transcription start site (TSS,
5’-end) and the transcription termination site (TTS, 3’-end) on
the human genome were also compared between the species.
Indels were not counted in the analysis of structural divergence.
The lengths of shared and unshared human genomic regions
were counted. The amount of structural divergence was
calculated as “unshared/(shared +unshared)” (bp).

3. Results
3.1. Chimpanzee FLcDNAs

Chimpanzee transcripts representing 87 protein-coding genes
originated from full-length enriched cDNA (FLcDNA) libraries.
Of'the 87 genes, 49 were from brain tissue samples (clone: PccB,
PfIB and PorA/B) and 38 were from the skin epidermal tissue
samples (PstA) (Supplementary Table 1). The 87 genes were
relatively abundant in number and chosen as representative genes
expressed in each tissue (keratin genes from skin, etc.).
Annotation of the 87 chimpanzee transcripts, assigning gene

names and positions of the coding sequences (CDSs), was
performed by comparing them with their orthologous human
transcripts (RefSeq). The lengths of the 87 chimpanzee transcripts
ranged from 510 bp (PorA0990, NM_000990, RPL27A4) to
3188 bp (PfIB2127, NM_005822, DSCRILI), the average length
being 1860 bp. The average lengths of the 5’-UTRs, CDSs and 3'-
UTRs were 101 bp, 1167 bp and 592 bp, respectively.

The chimpanzee transcripts were mapped onto the human
genome. The 87 genes represented by these transcripts were
distributed widely among all the human chromosomes except
chromosome Y (Supplementary Table 1). Sequence alignments
between the human genome and the chimpanzee transcripts
were examined nucleotide by nucleotide. Consequently, 99.4%
of the nucleotides of the chimpanzee transcripts without poly-A
tails were mapped onto the human genome. The unmapped
nucleotides (0.6%) were considered as deletions in human or
insertions in chimpanzee.

We used the human genome as a reference genome onto
which the chimpanzee transcripts were mapped, because a large
part of the transcripts could not be mapped onto the draft
chimpanzee genome. In other words, the chimpanzee transcripts
provide us with useful information on unsequenced regions of
the chimpanzee genome. For example, PorA0463 (NM_001549,
IFIT3) contained an unsequenced region of the chimpanzee
genome. To the contrary, there was also a case where a transcript
was located in an unsequenced region of the human genome. A
312 bp CDS segment of PstA5459 (NM_001733, CIR) (1096-
1407/2285 bp) was located within an unsequenced region of the
human genome (chr. 12, 7,059,294-7,132,293). This segment
was an exception that was excluded from the analyses.

In the present study, two approaches to sequence comparison
were taken. In the analysis of “sequence divergence”, the
number of substitutions per site and the length of insertions and
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deletions (indels) between the human genome and the chim-
panzee transcripts were estimated (Fig. 1a). In the analysis of
“structural divergence”, transcription start/termination sites
(TSSs/TTSs) and alternative splicing (AS) exons were com-
pared between the chimpanzee transcripts and their orthologous
human transcripts, both of which were mapped onto the human
genome (Fig. 1b).

3.2. Sequence divergence: substitution and indel

3.2.1. Substitution

In order to survey evolutionary constraint, nucleotide
substitution between the human genome and the chimpanzee
transcripts was analyzed. The average number of nucleotide
substitutions per site for the entire set of transcripts with
standard error (+SE) was 0.73+0.04 (Fig. 2). Those of the
5'-UTRs, CDSs, 3’-UTRs and amino acid sequences were
0.87£0.15, 0.59+0.04, 0.93+0.08 and 0.58+0.07, respectively.
Each of the 87 transcripts contained at least one nucleotide
substitution and 65 transcripts (75%) contained at least one amino
acid substitution compared to the human genome. The numbers of
synonymous (dS) and non-synonymous (dN) substitutions per site
were estimated by the Nei—Gojobori method (Nei and Gojobori,
1986). The averages of dS and dN for the entire set of transcripts
were 1.77+0.13 and 0.25+0.03, respectively. As the average
numbers of nucleotide substitutions per site of the 5’-UTRs
and 3’-UTRs (0.87 and 0.93, respectively) were significantly
lower than the average dS (1.77), not only the CDSs but also both
the 5/-UTRs and 3’-UTRs were possibly under strong functional
constraints, at least in terms of substitutions.

3.2.2. Indel

In addition to substitutions, insertions and deletions (indels)
were analyzed. Each gap in a pair-wise sequence alignment
between human and chimpanzee was analyzed. A gap in the

human sequence was considered as an insertion in the chimpanzee
transcript or a deletion in the human genome (Pins/Hdel), and vice
versa for the opposite case (Pdel/Hins). A 5’- or 3’-end unmapped
segment of a chimpanzee transcript was defined as an external
indel (Pins/Hdel). As a result, out of the 87 alignments, 39 (45%)
contained a total of 64 internal indels. There were 17 external
indels found in 16 chimpanzee transcripts. When these external
indels were included, 51 alignments (59%) contained a total of 81
indels (Supplementary Table 2). No indels causing frame-shifts in
the CDS were found.

The difference in distribution of indels among the 5’-UTRs,
CDSs and 3’-UTRs was also analyzed (Fig. 3). More than half
(52, 64%) of all the 81 indels were found in the 3’-UTRs. For
example, PorB0603 (NM_000284, PDHAI) and PstA2462
(NM_001424, EMP?2) contained 4 indels, the largest number of
indel occurrences per transcript, in the 3’-UTR (Supplementary
Table 2). Among both 6 internal and 11 external indels in the 5'-
UTRs, the largest one was a 13 bp external indel (PorB1356,
NM_001493, GDII). Compared with the small indels in the
5’-UTRs, larger indels were found in the CDSs and 3’-UTRs.
Among 12 indels in the CDSs, the largest one was a 126 bp Pins/
Hdel-type indel (PstA5646, NM_001614, ACTG!) (Fig. 5a).
Among both 46 internal and 6 external indels in the 3’-UTRs,
the largest one was a 559 bp external indel (PccB1795,
NM_000016, ACADM) (Fig. 5b). This 559 bp indel was located
at the 3’-end and originated from A4/u insertion (as described in
section 3.4).

As the average lengths of the 5’-UTRs, CDSs and 3’-UTRs
were different from each other as described in section 3.1
(101 bp, 1,167 bp and 592 bp, respectively), the number of
occurrences and the size of indels per 1-kb alignment were
estimated for each region. The number of indel occurrences per
1-kb alignment for the entire set of transcripts was 0.40 (0.50,
if external indels were added), while those of the 5’-UTRs,
CDSs and 3’-UTRs were 0.69 (1.94), 0.12 and 0.90 (1.01),
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Fig. 2. Sequence divergence between the chimpanzee transcripts and the human genome are shown with standard error (SE). The number of substitutions per site and
the length of internal (int.) indels (within alignments), and the length of external (ext.) indels (chimpanzee unmapped segments at 5'- or 3’-end, Pins/Hdel only) were
counted in the 5/-UTRs, CDSs, 3’-UTRs and amino acid sequences. Synonymous (dS) and non-synonymous (dN) substitution rates are shown for comparison
purposes. Indels influenced the amount of sequence divergence most drastically in the 3’-UTRs.
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Fig. 3. Distribution of number and length of indels within the 5’-UTRs, CDSs
and 3’-UTRs. For the 5’- and 3’-UTRs, both internal indels and external indels
were plotted. Out of all the 81 indels, 52 (64%) were found in the 3’-UTRs.
Larger indels (> 100 bp) were found in the CDSs (126 bp, Fig. 5a) and 3’-UTRs
(559 bp, Fig. 5b and 110 bp, Fig. 5c).

respectively. The size of indels per 1-kb alignment for the entire
set of transcripts was 3.2 bp (7.0 bp), while those of the 5’-
UTRs, CDSs and 3’-UTRs were 1.4 bp (4.7 bp), 2.5 bp and
5.0 bp (16.1 bp), respectively. These results show that indels
occurred most frequently in the 3’-UTRs (5’-UTRs, if external
indels were added), and that indels in the 3’-UTRs were
drastically larger than those in the 5’-UTRs and CDSs.

Indel occurrences in the transcribed sequences (transcripts)
and the whole genomic sequence were compared. The average
number of indel occurrence (internal indels) for the transcripts
was calculated to be 0.40/kb as described above. Since the
divergence time between human and chimpanzee has been
estimated to be about 5 Myr (million years), the evolutionary
rate of indels would be 0.04/kb/Myr. The number of indel
occurrences between the two species for the nuclear genome has
been reported to be about 0.2/kb/Myr (Saitou, 1991; Saitou and
Ueda, 1994). Therefore, the frequency of indel occurrence in
transcripts was one-fifth of that in the genomic sequences.

The difference in number and size of indels between human
and chimpanzee was also estimated. As external indels (Pins/
Hdel-type indels) are located outside of alignments, internal
indels were compared. Of all the 64 internal indels, 34 indels
were Pins/Hdel-type and 30 indels were Pdel/Hins-type. The
total length of the 34 Pins/Hdel-type indels was 374 bp, while
the total length of the 30 Pdel/Hins-type indels was 149 bp. The
number of Pins/Hdel-type indels was larger than the number of
Pdel/Hins-type indels by only 13%. However, the Pins/Hdel-
type indels were significantly larger than the Pdel/Hins-type
indels (Fisher’s exact test, P<0.005).

3.2.3. Sequence divergence

Combining the number of nucleotide substitutions and the
length of internal and external indels, the gross amount of se-
quence divergence was estimated. The lengths of internal indels
and external indels were added to the number of nucleotide
substitutions as “substitutions+internal indels” and “substitu-
tion +internal indels +external indels” (Fig. 2). If internal indels
were added, the amount of sequence divergence for the entire
set of transcripts became 1.05+0.14 (%). Those of the 5'-UTRs,
CDSs, 3’-UTRs and amino acid sequences became 0.96+0.15,
0.85+0.15, 1.36+£0.25 and 0.83+0.16, respectively. If both
internal and external indels were added, the amount of sequence
divergence for the entire set of transcripts became 1.36+0.30
(%). Those of the 5’-UTRs and 3’-UTRs became 1.33+0.22
and 2.10+0.68, respectively. Compared with the average
number of substitutions per site, the addition of both internal
and external indels increased the sequence divergence from
0.73% to 1.36% (a factor of 1.9). Indels in the 5'-UTRs, CDSs
and 3’-UTRs increased the sequence divergences from 0.87% to
1.33% (a factor of 1.5), from 0.59% to 0.85% (a factor of 1.4)
and from 0.93% to 2.10% (a factor of 2.3), respectively. Indels
increased the sequence divergence drastically, especially in the
3’-UTRs.

In fact, this large sequence divergence in the 3’-UTRs was
produced by a limited number of large indels. The 3’-UTR
indels included the largest indel, a 559 bp Pins/Hdel-type
external indel. If this exceptionally large indel was excluded
from calculation, then the amount of sequence divergence in
the 3’-UTRs and the total transcripts turned out to be 1.45%
(—0.65%) and 1.08% (—0.28%), respectively. In other words,
large-scale sequence divergence at the nucleotide level exists in
specific genes. And, as the large driving force for the sequence
divergence, indels are particularly prevalent in the 3’-UTRs.

3.3. Structural divergence: TSS/TTS and AS

3.3.1. TSS/TTS and AS

A comparison of the genomic location of exons between the
human and chimpanzee transcripts was conducted (Fig. 1b).
Orthologous RefSeq mRNA sequences were used as the human
transcripts. The chimpanzee unmapped segments (external
indels) were not used in this analysis.

First, the chimpanzee and human transcription start sites
(TSSs, 5’-end) and termination sites (TTSs, 3’-end) on the
human genome were compared (Fig. 4). Among the 87
orthologous transcript pairs, 7 pairs had the same TSS and 32
pairs had the same TTS. The number of pairs that were identical
at both TSS and TTS was only 3. These results imply that the
transcription process for human—chimpanzee orthologous
transcripts tends to start at different sites, and that it tends to
terminate at the same site. The distribution pattern was further
examined statistically. If both ends of the column (<—111 bp
and > 111 bp, largely different pairs) in Fig. 4 were excluded, 77
pairs for TSS and 73 pairs for TTS remained. The degrees of
kurtosis of the remaining distribution (=110 bp—110 bp) for
TSS and TTS were 5.9 and 10.9, respectively, while the degrees
of skewness were 2.2 and 3.3, respectively. The distribution
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5’- and 3’-ends. Within a =100 bp range, TSSs was found to be more diverged than TTSs (contingency table test, P<0.001).

patterns of TSS and TTS were statistically different (P<0.001)
in contingency table test (Sham and Curtis, 1995).

Second, correspondence of each exon pair was examined
between the chimpanzee and human transcripts on the human
genome. As a result, for the 87 transcript pairs, the human
transcripts had 732 exons in total and the chimpanzee
transcripts had 735 exons in total. Of these 732 and
735 exons, 728 belonged to both species. Among the
739 exons that belonged to the human and/or chimpanzee
transcripts, 11 exons were unique to one of the species in 7 out
of the 87 transcript pairs (Table 1). Of these 11 exons, 6 exons
were unique to the chimpanzee transcripts, and 5 exons were
unique to the human transcripts. These were considered as
candidates for species-specific AS exons. Out of these 11 exons,
6 exons were located in the 5'-UTRs, 2 in the CDSs and 3 in the
3’-UTRs. Considering that the average length of the chimpan-
zee 5-UTRs (101 bp) was less than those of the CDSs (1167 bp)
and 3’-UTRs (592 bp), AS events occurred most frequently in
the 5’-UTRs.

3.3.2. Structural divergence

Combining the difference between the human and chimpan-
zee transcripts in TSSs/TTSs and AS exons, the amount of
structural divergence was estimated. The genomic regions
transcribed by both species were regarded as shared regions,
while the regions transcribed by only one species were regarded
as unshared regions (Fig. 1b). The shared and unshared regions
were determined by analyzing the locations of exon—intron
boundaries including TSSs/TTSs (5’-/3’-ends). The total
lengths of the shared and unshared regions on the human
genome were calculated. In this analysis, substitutions and
indels within an exon were not included in the calculation. The
amount of structural divergence was calculated as “unshared/
(shared +unshared)” (bp).

As a result, the amount of structural divergence was
estimated to be more than 10% (11.5%) in total between the
chimpanzee and human transcripts. This consisted of the
differences in TSSs (2.0%), putative species-specific AS
exons (1.7%) and TTSs (7.9%). More than two-thirds of the

Table 1
Comparison of AS exons between the chimpanzee transcripts (FLcDNAs) and their orthologous human transcripts (NCBI RefSeq)
cDNA DDBJ Acc RefSeq Acc Gene symbol AS type Region Species Length
PccB0929 AB222104 NM_001918 DBT Cassette CDS Pins/Hdel 126
PorA0450 AB222122 NM_007177 FAM107A4 Cassette 5'-UTR Pdel/Hins 98
PorA0465 AB222123 NM_012286 MORF4L2 Mutually exclusive 5’-UTR Pins/Hdel 58
Mutually exclusive 5’-UTR Pdel/Hins 38
Cassette 5'-UTR Pdel/Hins 153
PorB0603 AB222138 NM_000284 PDHAI Terminal 3'-UTR Pins/Hdel 97
PstA1671 AB222146 NM_018479 ECHDCI Mutually exclusive 5’-UTR Pdel/Hins 245
Mutually exclusive 5’-UTR Pins/Hdel 52
Cassette CDS Pins/Hdel 53¢
PstA2462 AB222164 NM_001424 EMP2 Terminal ® 3’-UTR Pins/Hdel 1103
PstA2589 AB188282 NM_003016 SFRS2 Retained intron 3’-UTR Pdel/Hins 995

# This “not in-frame” exon produces a different stop codon for NM_018479, which is located upstream from where the stop codon of PstA1671 is located.
°A genomic segment containing A/u was inserted into the 3’-UTR of PstA2462 as a putative intron (non-canonical intron).
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structural divergence was found at the TTSs. Among the 87
chimpanzee transcripts, 20 were found to contain more than
10% structural divergence in length (Supplementary Table 2).
These results show that structural divergence between the
human and chimpanzee transcripts could be significantly larger
than that expected from genomic sequence comparisons
(~1.2%). This implies that large divergence potentially can
be produced even from the same genomic sequence by selecting
different TSSs, TTSs and exons at the transcriptome level.

3.4. Transposon (Alu) and repetitive segment

In the analysis of the 87 chimpanzee transcripts (FLcDNAs),
both the sequence divergence and the structural divergence
were found to be largely influenced by transposons (4/u) and
repetitive segments. They were located even in transcribed

genomic regions, especially in the 3’-UTRs. Although they
were found only in a few transcripts exemplified below, they
could produce large (>100 bp) sequence divergence and
possibly functional differences.

Alu is a primate-specific member of the SINE (short
interspersed element) family of retroposons (Repbase, Jurka,
2000). By sequence homology search, a 559 bp Pins/Hdel-type
external indel in the 3’-UTRs of PccB1795 (NM_000016,
ACADM) was found to contain one member of this family
(Fig. 5b). The transcript segment containing A/u was mapped
onto the chimpanzee genome but not onto the human genome.
This insertion seemed to add at least one more exon of the
chimpanzee transcript at the 3’-end on the chimpanzee genome.

Repetitive segments could be the source of indels by chang-
ing the number of their copy units between the species. In the
present study, two sets of unknown repetitive segments were

Gl D CDs I:I UTR divergent or repetitive segment
a. ACTG1
5 3
NM_001614 —_ D 7/ | } [ -
(human chr 17)
PstA5646 — I:l ’ i
(human chr 17) / _’[ H |—
V7 insertion
PstA5646 )
(chimp chr ?) not available
b. ACADM
5 "
i Tl - -
(human chr 1)
PccB1795 . Ty _
(human chr 1) m 7/ { | =
b——zz7222224 e
PccB1795
(chimp chr 1) - _MD%"
c. PDHA1
5 3
NM_000284 - I:D ’ _
(human chr X) ! l:l:n:l—
PorB0603 — T i
(human chr X) m 7/ 1 | H\ |—D—
deletion 7 insertion
PorB0603
(chimp chr X) - —T——1 E% -

insertion (* 1 bp difference)

Fig. 5. Three examples of large sequence divergence and structural divergence. a. ACTG/ (human NM_001614 and chimpanzee PstAS5646) had the largest indel in the
present study in the CDS. It was a 126-bp Pins/Hdel-type indel. b. ACADM (NM_000016 and PccB1795) had the largest indel in the present study in the 3’-UTR
(external indel). It was a 559-bp Pins/Hdel-type indel containing A/u and it produced an additional exon at 3’-end for the chimpanzee transcript. c. PDHAI
(NM_000284 and PorB0603) had two sets of indels in the 3’-UTR caused by insertion of repetitive segments. In one case, chimpanzee had one 10-bp copy unit while
human had two. In the other case, the chimpanzee transcript had three 55-bp copy units while the human genome had one. One chimpanzee copy unit had 1-bp
difference (substitution) compared to other units. There was also a difference in copy number between the chimpanzee transcript (three copy units) and the chimpanzee
genome (two copy units). This genomic region seemed to be not transcribed in the human transcript.
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found in the 3’-UTR of PorB0603 (NM_000284, PDHAI)
(Fig. 5c). One consisted of a 10-bp copy unit (“TCAAT-
GAAAT") and the other consisted of a 55-bp unit (“ACTC-
TAATTATGAAAAGGAAGAACAATTCCTTG-
TATGCCTGTTTCCCCTGCCCCC®). In the former case, the
number of copy units was different between the human genome
(two) and the chimpanzee transcript/genome (one). This caused
a 10-bp Pdel/Hins-type indel. In the latter case, the indel was
located in the extended chimpanzee 3’-UTR. The 3’-most copy
unit in the chimpanzee transcript was different from the other
two copy units. Its 50th nucleotide was “A” (adenine)-type,
while the others’ nucleotides were “G” (guanine)-type. The
number of copy units was different between the human genome
(one, “G”-type) and the chimpanzee transcript (three, two “G”-
types and one “A”-type in this order). This caused a 110-bp
Pins/Hdel-type indel. This result shows that repetitive segments
can produce large sequence divergence (> 100-bp) especially in
the 3’-UTRs. However, polymorphism was also important
considering repetitive segments. It was observed in the latter
case of the repetitive segments. The numbers of copy units were
also different between the chimpanzee transcript (three) and the
chimpanzee genome (two, one “G”-type and one “A”-type in
this order). Thus, this case involved not only divergence but
also polymorphism.

4. Discussion
4.1. Impact of indel in the 3'-UTRs

We found that indels increased the amount of sequence
divergence from 0.73% to 1.36% on average, and that they
accounted for 30-60% of the sequence divergence among the
5’-UTRs, CDSs and 3’-UTRs (Fig. 2). We found that indels
were found to occur differently among the 5’-UTR, CDS and 3'-
UTRs, and that indels in the 3’-UTRs were prominent both in
number and size (Fig. 3). In the 3’-UTRs, transposable elements
and repetitive segments were found to cause large indels
(>100 bp). These cases also influenced structural divergence by
adding an exon at the TTS (3’-end).

We found a chimpanzee-specific Alu insertion (PccB1795,
NM_000990, ACADM) (Fig. 5b). The frequency of Alu
insertions into the chimpanzee genome has been reported to
be 1.7 times as high as those into the human genome (Hedges
et al., 2004). The ACADM gene might be an example of such a
chimpanzee-specific A/u insertion that has occurred after the
split of the human-chimpanzee lineages. We also found another
example of an Alu insertion (PstA2462, NM_001424, EMP?2).
Although 4/u was inserted into both the human and chimpanzee
genomes, only the human transcript was terminated by the Alu
insertion in the 3’-UTR, while the chimpanzee transcript
seemed to have a longer 3’-UTR with an additional exon
(non-canonical). These results imply that Al/u insertions
(exonization of Alu) had a large influence (>100 bp) on the
transcriptome divergence, especially in the 3’-UTRs.

We also found indels caused by insertion of repetitive
segments in the 3’-UTR of PorB0603 (NM_000284, PDHAT)
(Fig. 5c¢). In this case, the TTSs were different between the two

species. We found that the indels caused by repetitive segments
are related to polymorphisms for the PDHAI gene. The dif-
ference in the copy unit number, copy number variation (CNV),
could be a source of large sequence divergence. However, it is
difficult to distinguish the difference between inter-species and
intra-species types of CNV; further data collection is needed.

As these Alu and repetitive segments added exons at the
3’-ends (Fig. 5b and c), nonsense-mediated decay (NMD)
(Maquat, 2002) possibly plays a role. NMD recognizes a transla-
tion stop codon as a premature stop codon when it is located more
than 50—55 bp upstream of the 3’-most exon—exon junction.
NMD might occur for these transcripts (PccB1795, PorB0603 and
PstA2462), because the relative positions of translation stop sites
were moved upstream for these cases. These could be related to
the difference in post-transcriptional regulation.

4.2. Divergent TSS and AS in the 5'-UTRs

The number of genes that differed in the TSS was
significantly larger than the number of genes that differed in
the TTS (Fig. 4). The transcription process could possibly start
at different sites in human and chimpanzee, while it tends to
stop at the same site in the two species. We also found that AS
exons were observed most frequently in the 5'-UTRs. Both the
different TSSs and the frequent AS occurrence in the 5’-UTRs
might increase the amount of structural divergence in the 5'-
UTRs. This resulted in the divergence in transcription initiation
mechanism such as different transcription factor binding sites.
Thus, they could cause divergence in transcription efficiency
and lead to different gene functions between the species.

There have been reports suggesting a large variety of ASs
and TSSs among the human transcripts. More than half of
human genes undergo alternative splicing (Brett et al., 2002).
On average, 2.7 variants per gene locus occur due to alternative
splicing in human (Imanishi et al., 2004). Also, more than half
of human RefSeq mRNAs have variable transcription start sites,
and there are on average 7.7 different splicing types in the first
exons in human (Kimura et al., 2006).

Although human RefSeq mRNAs are generally the most
authoritative transcript set, there could be the cases where some
transcript variants are not found in RefSeq. Even if human
RefSeq transcripts exist in a gene locus, other human transcripts
of DDBJ/EMBL/GenBank in the same locus could be more
properly assigned as the chimpanzee orthologs. Thus, the
absence of some transcript variants in RefSeq could result in the
overestimation of structural divergence in the present study.

4.3. Different evolutionary constraints on the 5'-UTRs and
3'-UTRs

Using the chimpanzee FLcDNA sequences, we found that
the patterns of divergence were different between the 5’-UTRs
and 3’-UTRs. In terms of sequence divergence, indels were
found most frequently in the 3’-UTRs (Fig. 3), while in terms of
structural divergence, AS exons were found most frequently in
the 5’-UTRs (Table 1) and TSSs (5’-ends) were found to be
more variable than TTSs (3’-ends) between the species (Fig. 4).
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In a comparative study between human and cynomolgus
monkey (macaque), the number of substitutions per site in the
5’-UTRs was smaller than those in the synonymous sites (Osada
et al.,, 2005). In the present study, we also found that the
numbers of substitutions per site in both the 5’- and 3’-UTRs
were smaller than those in the synonymous sites, comparing
human and chimpanzee (Fig. 2). This shows that evolutionary
constraint at the nucleotide level possibly affects both the 5’-
UTRs and 3’-UTRs in the primate lineage.

A previous study has reported that a lack of sequence
conservation in the transcription regulatory regions (upstream
coding sequences and first introns) and an increased rate of gene
expression divergence were found between human and
chimpanzee (Keightley et al., 2005). Moreover, it was also
reported that transcription start sites diverge between mouse
transcripts and their orthologous human transcripts (Frith et al.,
2006). From these studies, the mechanism of using different
transcription start sites to increase diversity was implied in the
mammalian lineage. Considering these divergences at the 5’-
end, the structural divergence in the 5’-UTRs found in the
present study, such as variable TSSs and frequent AS exons,
could be a cause of gene expression divergence. This might be
because different transcription-factor binding sites, which are
located near TSSs, are selected.

The different functions could be derived not only from the
structural divergence in the 5’-UTRs but also from the indels in
the 3’-UTRs. Transposable elements (4/u) and repetitive
segments in the 3’-UTRs were found to be the cause of large
(>100 bp) sequence divergences. Large indels in the 3’-UTRs
might change the translation efficiency of some genes, which is
controlled by binding of miRNAs (Lee et al., 1993; He and
Hannon, 2004). Different mechanisms of regulation might exist
between the 5'-UTRs and 3’-UTRs.

4.4. Large potential divergence of the transcriptome

The amount of sequence divergence between the human and
chimpanzee genomes was previously estimated to be as large as
5% when indels are taken into account (Britten, 2002). A
chimpanzee whole-genome analysis reported that lineage-
specific indels result in about 1.5% difference in the
euchromatic sequences of the genomes of the two species
(The Chimpanzee Sequencing and Analysis Consortium, 2005).
These results show that indels have had a larger impact on the
sequence divergence of the genome than substitutions have.
Also, for the MHC class I regions between human and
chimpanzee, it was reported that sequence divergence increased
from 1.4% to 3.3% when indels were taken into account (Anzai
et al., 2003).

In the present study, as an initial analysis using a set of
chimpanzee FLcDNA sequences, we found that, when indels
were taken into account, the sequence divergence between
chimpanzee transcripts and the human genome was larger
(1.36%) than the number of nucleotide substitutions per site
(0.73%). This 1.36% is even larger than the whole-genome
sequence divergence calculated by substitutions (1.22—1.23%)
(Chen et al., 2001; Fujiyama et al., 2002). This implies that not

only intergenic regions but also genic regions on the genome are
highly influenced by indels.

Consequently, the total amount of structural divergence was
calculated to be >10% (11.6%). As human RefSeq sequences do
not completely cover all human AS variants yet and tend to be
longer transcript variants, this divergence could be an overesti-
mate. However, this could still be a large potential divergence in
terms of which AS variant was preferably selected in human and
chimpanzee, respectively. Also, in what tissue and to what extent
a transcript variant is preferably expressed might be important.
We could provide the chimpanzee transcript variants expressed in
brain or skin tissues. Comparative analysis at the transcript variant
level would be essential for functional annotation. The variety of
structural divergence could add greater flexibility for the
transcriptome, without depending on the genome sequence.

The 87 genes analyzed in the present study were genes
expressed in brain or skin tissues (Supplementary Table 1).
Phenotypic differences of these tissues are supposed to be large
between human and chimpanzee, especially in cognitive or
morphological traits. It was reported that genes involved in the
development of brain are more divergent between human and
macaque than between mouse and rat (Dorus et al., 2004). It
was also reported that, although genes expressed in brain were
highly conserved between human and chimpanzee, more
changes on the human than on the chimpanzee lineage have
accumulated (Khaitovich et al., 2005). Phenotypic difference
might be derived from slight but critical differences appearing
in expression patterns and/or protein structures of specific
genes. The specific genes could also be the genes containing
large sequence/structural divergences in the 5'-UTRs and 3’-
UTRs. Further experimental studies surveying the expressions
and functions of the specific genes are expected to verify the
effects of the large divergences of the transcriptome.
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Appendix A. Public databases used in the present study

NCBI RefSeq http://www.ncbi.nih.gov/RefSeq/

UcCsc http://genome.ucsc.edu/

Repbase Update http://www.girinst.org/Repbase_Update.html
DDBIJ http://www.ddbj.nig.ac.jp/Welcome-e.html



http://www.ncbi.nih.gov/RefSeq/
http://genome.ucsc.edu/
http://www.girinst.org/Repbase_Update.html
http://www.ddbj.nig.ac.jp/Welcome-e.html

10 R. Sakate et al. / Gene 399 (2007) 1-10

Appendix B. Sequence submission

All the 87 chimpanzee FLcDNA sequences were submitted
to DDBJ. Their accession numbers are AB188273—-AB188277,
AB188280-AB188285, AB188287, AB188288 and
AB222102—-AB222175). The detailed information of the 87
FLcDNA is available at our website “PRIGEN” (http://www.

prigen.org/).

Appendix C. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.gene.2007.04.013.
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