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Comparative transcriptomics studies in hominoids are difficult because of lack of EST information in the great apes.
Nevertheless, processed pseudogenes (PPGs), which are reverse-transcribed ancient transcripts present in the current
genome, can be regarded as a virtual transcript resource that may compensate for the paucity of ESTs in non-human
hominoids. Here we show that chimpanzee PPGs can be applied to identification of novel human exons/alternatively
spliced variants (ASVs) and inference of the ancestral hominoid transcriptome and chimpanzee exon loss events. We
develop a method for comparatively extracting novel transcripts from PPGs (designated “CENTP”) and identify 643
novel human exons/ ASVs. RT-PCR-sequencing experiments confirmed >50% of the tested exons/ ASVs, supporting
the effectiveness of the CENTP pipeline. With reference to the ancestral transcriptome inferred by CENTP, 47
chimpanzee exon loss events are identified. Furthermore, by combining out-group and PPG information, we identify
20 chimpanzee-specific exon loss and 10 human-specific exon gain events. We also demonstrate that the ancestral
transcriptome and exon loss/gain events inferred based on comparisons of current transcripts may be incomplete (or
occasionally inappropriate) because ancestral transcripts may not be represented in the ESTs of existing species.
Finally, functional analysis reveals that the novel exons identified based on chimpanzee transcripts are significantly
enriched in genes related to translation regulatory activity and viral life cycle, suggesting different expression levels
of the associated transcripts, and thus divergent splicing isoform composition between human and chimpanzee in

these functional categories.

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

The complexity of a transcriptome is directly related to the pro-
teome size and functional versatility of organisms (Graveley
2001; Maniatis and Tasic 2002; Black and Grabowski 2003;
Bracco and Kearsey 2003). In humans, 40%-70% of genes have
more than one transcript (Brett et al. 2000; Kan et al. 2001;
Modrek et al. 2001; Johnson et al. 2003), and different transcript
isoforms of the same genes can serve very different or even op-
posite functions (Bracco and Kearsey 2003; Akey et al. 2004; Li
and Manley 2006; Scotlandi et al. 2007). A considerable number
of disease-state-specific transcripts have also been identified
(Cooper and Mattox 1997; Caceres and Kornblihtt 2002; Faus-
tino and Cooper 2003; Musunuru 2003; Garcia-Blanco et al.
2004; Buratti et al. 2006). The correlation between transcript vari-
ants and cancers particularly comes into widespread notice (Ve-
nables 2004). Transcript isoforms (and the resulting protein iso-
forms) may differ in functional domains (Goodman et al. 2003),
post-translational modifications (Duma et al. 2006; Lim and Cao
2006), and protein—protein interactions (Lee et al. 2007), which,
in turn, affect a wide range of biological functions. Considering
the functional importance of transcriptome diversity, it is of
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great interest to investigate transcriptome evolution (Boue et al.
2003).

For genetically close but phenotypically divergent species,
such as human and the common chimpanzee (Pan troglodytes),
transcriptome evolution is considered relevant to interspecies
functional divergence. However, comparative studies of tran-
scriptomes in hominoids have been hampered by the paucity of
expressed sequence tag (EST) information and experimentally
validated transcripts in the great apes. Recently, Shemesh et al.
(2006) have suggested that processed pseudogenes (PPGs) can be
regarded as a “virtual cDNA library” when ESTs are unavailable.
PPGs are intronless “dead-on-arrival” genes that derive from re-
verse transcription and subsequent re-insertion and pseudo-
genization of spliced mRNA transcripts (Vanin 1985; Carlton et
al. 1995; Esnault et al. 2000; Goncalves et al. 2000; Graur and Li
2000; Mighell et al. 2000). They represent the mature forms of
transcripts that were present in the ancestors of currently living
organisms. In other words, PPGs are “genomic fossils” that may
record the expressions of ancestral genes (Shemesh et al. 2006).
Therefore, PPGs are a good alternative resource in identifying
new exons and studying hominoid transcriptome evolution.

Meanwhile, it has been demonstrated that cross-species EST-
to-genome comparisons are suitable for identification of unchar-
acterized exons/alternatively spliced variants (ASVs) (Chuang et
al. 2004; Kan et al. 2004; Chen and Chuang 2005; Chen et al.
2006, 2007d) and exploration of transcriptome evolution (Chen
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et al. 2006, 2007d). The power of novel exon/ASV detection of
this comparative approach is negatively related to the genetic
distances between the compared species (Chen et al. 2006). Since
the chimpanzee is human'’s closest relative in nature, chimpan-
zee ESTs are very suitable for detecting novel human exons or
ASVs, and vice versa. However, considering the limited availabil-
ity of chimpanzee ESTs, we propose that chimpanzee PPGs can
serve as a surrogate of full-length transcripts in this regard.
Chimpanzee PPGs have another advantage in human-
chimpanzee comparative studies. Since the alignable sequences
between the human and chimpanzee genomes are almost 99%
identical (Chimpanzee Sequencing and Analysis Consortium
2005), genomic sequence conservation is ubiquitous, and very
little information is provided for distinguishing coding regions
from non-coding regions (Nekrutenko et al. 2002). Comparative
analyses between chimpanzee PPGs and the human genome
can surmount this obstacle and enable us to extract functional
features from the conserved information between these two
genomes.

In this study, we develop a method for comparatively ex-
tracting novel transcripts from PPGs (designated “CENTP”). By
cross-species PPG-to-genome mapping, we cannot only detect
unannotated human exons/ASVs, but also infer the transcrip-
tome in the Homo-Pan common ancestor. With reference to the
ancestral transcriptome, we can identify chimpanzee exon loss
events without having to reference out-group information. In
addition, we demonstrate that inference of exon loss events
based on comparisons with out-group sequences may be inap-
propriate if PPGs are not considered. Finally, we functionally
analyze the ASVs that are lost in chimpanzee, and briefly discuss
the possible impacts of these events in Homo-Pan functional di-
vergence.

Results and Discussion

More than 600 novel human exons/ ASVs are identified
by CENTP

Table 1 lists the 643 CENTP-identified novel human exons
(named “CENTP exons”) that are absent in current annotation
databases or EST libraries (see Fig. 1 and Methods). These novel
exons also represent novel human ASVs because no transcripts
that include the CENTP exons have been characterized. For sim-
plicity, we term CENTP exons identified based on human PPGs,
chimpanzee PPGs, and chimpanzee transcripts (collectively
called “CENTP cDNAs”) as CENTPy ppg, CENTP¢ ppg, and
CENTP( g €xons, respectively. As expected, the number of
CENTPy ppg exons (121) is much larger than that of CENTP ppg
exons (29). This is understandable because the number of the
extracted human PPGs is larger than that of chimpanzee PPGs,
and human PPGs may have preserved more human expression

Table 1.

Human PPGs
(Yale & Ensembl)

Chimpanzee PPGs
(Yale & Ensembl)

Chimpanzee genes
(Ensembl)

Yy
(.

Human genes

(UCSC, NCBI &
BLASTn & SIM4 alignments: Ensembl)
1. human genes vs. chimpanzee PPGs ——

2. human genes vs. human PPGs
3. human genes vs. chimpanzee genes e
N

The human

Meta-CENTP exons/ASVs (including

cassette-on exons and retained introns)

Exon authenticity examination:

Rule 1: Flanking-exon overlapping

Rule 2: Legal splicing sites

Rule 3: Reading frame & premature stop codon
Rule 4: Human EST overlapping

Human GeneBank
ESTs

CENTP-identified

cassette-on exons
and retained introns

RT-PCR-sequencing
experimental validation

Figure 1. Flowchart of the CENTP pipeline.

information. As well, CENTP identifies a much larger number of
human PPG-based novel exons as compared with a recent study
that applied human PPGs to ASV detection (Shemesh et al. 2006)
(see Supplemental material for details).

Notably, a large number of potentially novel human exons
(469) are inferred from chimpanzee transcripts, lending solid
support for the power of novel exon/ASV detection based on
cross-species EST-to-genome comparisons. Previously, we have
demonstrated that the power of such a comparative approach is
negatively related to the interspecies divergence level (Chen et al.
2006). Considering the small genetic distance between human
and chimpanzee, the number of CENTP-identified novel human
exons can grow rapidly with the increase of available EST data
from chimpanzee and other primate species.

In terms of ASV types, CENTP totally identifies 434 cassette-
on exons (Fig. 2A) and 209 retained introns (Fig. 2B). Note that
two types of cassette-on exons are identified here: simple and

Novel cassette-on exons and retained introns identified by CENTP

Genomic regions

CENTP_ ppc CENTP ppe CENTP( gene CDS UTR

Cassette-on
Simple exon 13 70 252 232 103
Complex exon 8 19 72 99 —
Subtotal 21 89 324 331 103
Retained intron 8 32 169 56 153
Total 29 121 493 387 256
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Figure 2. Examples of simple and complex cassette-on exons (A) and
retained introns (B). Simple cassette-on exons (Case 1) do not alter the
boundaries of their flanking exons when they are included in transcripts,
while complex ones (Case 2) do.

complex (see Fig. 2A and Methods). Of these exons, 387 are lo-
cated in coding sequences (CDSs). The remaining 256 are located
in untranslated regions (UTRs). It is worth noting that the ma-
jority of CENTP cassette-on exons are located in CDSs rather than
in UTRs. This is because UTRs in most cases are the initial/
terminal exons in the transcripts in which they reside, and such
exons cannot pass the CENTP filters (for accuracy, CENTP only
identifies novel exons located between two well-known exons;
see Methods). On the other hand, more CENTP retained introns
are located in UTRs than in CDSs, which is consistent with Gal-
ante et al.’s report (Galante et al. 2004). This bias may be due to
nonsense-mediated decay, which triggers the degradation of
transcripts that include premature stop codons, allowing less
time for the last intron to be spliced out (Black 2003; Galante et
al. 2004). Another reason is that UTR events do not need to
satisfy our rule that the identified exons must neither disrupt the
reading frame nor interrupt the coding protein, whereas CDS
events do (see Methods).

To validate the CENTP-identified exons/ASVs, three subsets
from CENTP( ppg, CENTPy ppg, and CENTP( g (21, 29, and 28
events, respectively) are selected for RT-PCR-sequencing verifica-
tion (Supplemental Table 1). More than 50% (40/78) of the tested
exons are experimentally confirmed. These include simple/
complex cassette-on exons and retained introns. The RT-PCR re-
sults of the confirmed exons are given in Supplemental Figures
1-3. Our results indicate that a considerable proportion of the
ASVs identified based on human/chimpanzee PPGs or

chimpanzee transcripts are still active in the human transcrip-
tome.

Ancestral hominoid transcriptomes and chimpanzee exon loss
events inferred from PPGs

Figure 3 shows the Venn diagram of the numbers of CENTPy ppg,
CENTP¢ ppg, and CENTP( g, €xons, which are supported by
different CENTP cDNAs and may have different evolutionary im-
plications. Among these 643 potentially novel human exons,
only 33 (~5%) are supported by at least two CENTP cDNA re-
sources (i.e., Sets 4-7), and only two (<0.5%) are supported by all
three resources (i.e., Set 7). Figure 3 also shows that Set 2 exons
(i.e., exons supported only by chimpanzee genes) account for the
majority (73%) of the collective total of CENTP exons, whereas
Set 1 (supported only by chimpanzee PPGs) and Set 3 (supported
only by human PPGs) exons account for 3% and 14%, respec-
tively. By definition, the CENTP. gy €xons (the dotted circle)
and CENTP¢ ppg exons (the black circle) might have existed in
the Homo—Pan common ancestral transcriptome. Therefore, if the
exons are supported by chimpanzee PPGs but not by chimpanzee
transcripts (i.e., Sets 1 and 6 exons), we may infer that these
exons (27 exons) represent chimpanzee exon loss events without
having to reference out-group information.

We then examine these 27 exons using the CENTP pipeline
to determine whether these exons are really lost or simply unan-
notated in chimpanzee. We align the chimpanzee PPGs that in-
clude these exons against the introns of their parent genes and
examine the matches using the CENTP exon-checking rules
stated in Methods. If novel exons are identified, they are consid-
ered as currently unannotated chimpanzee exons and being in-
cluded in the active transcripts of both human and chimpanzee.
Otherwise, exon loss events are thought to have occurred in the
chimpanzee lineage. Two types of exon loss events are expected:
exon deletion and pseudogenization. In the former case, the
PPG-derived exons will be non-alignable against the introns of
their parent genes. In the latter case, the exons should be con-

smea,
.-

o8 CENTPC gene
o ™

7
A

yd CENTPy ppg

N

The CENTP exons observed in

No. of exon Human Chimpanzee
Set identified Gene PPG Gene PPG
[0} 18 v 4
@ 469 v v
6] 88 v 4
@ 0 v v v
® 22 v 4 4
® 9 v v v
(@) o) v v v v

Figure 3. Venn diagram of the CENTP exons inferred from chimpanzee
PPGs, human PPGs, and chimpanzee genes.
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served in the introns of the parent genes but have incurred
frameshift or nonsense mutations, or loss of splicing signals. In
fact (also see Table 2), both cases are observed for Set 1 and Set 6
exons. We therefore identify 16 chimpanzee exon loss events,
five potentially novel chimpanzee exons (newly annotated by
CENTP), and six exons of uncertain status for lack of informa-
tion. For the chimpanzee exon loss events, we further estimate
the time of pseudogenization by calculating the genetic distances
between PPGs that support these 16 exons and their parent
genes. All except one of the PPG-parent gene pairs have distances
much larger than 2.6% (Supplemental Table 2), which is the larg-
est background human-chimpanzee sequence divergence (in
1-Mb windows across the autosomes; ranging from ~0.4 to
~2.6%) (Chimpanzee Sequencing and Analysis Consortium
2005). The only exception occurs in Set 1, where one gene pair
has a genetic distance of 2.7%. Therefore, our results indicate
that most (probably all) of the PPGs that support these 16 CENTP
exons were present in the Homo—Pan common ancestor. Interest-
ingly, some of the PPGs are, in fact, very ancient, having genetic
distances as large as >20% from their parent genes. Such large
distances imply a long evolutionary history that can be traced
back further than the common ancestor of current primates.

To investigate whether these exon loss events are actually
specific to chimpanzee, we retrieved the macaque/mouse or-
thologous genes and examined whether these 16 exons were pres-
ent in these genes. In fact, 13 exons are well-annotated or can be
identified by CENTP in the macaque or mouse genome (Supple-
mental Table 2), implying that they represent chimpanzee-specific
exon loss events. Although the lineage-specificity of the other three
exons remains unclear, current PPG evidence appears to suggest
that they represent chimpanzee exon loss events (rather than hu-
man gain of exons). This example demonstrates the usability of
PPGs as an indicator to distinguish between exon losses and gains
when out-group information is unavailable.

Meanwhile, Set 3 exons (88 exons) are observed in neither
Ensembl-annotated chimpanzee transcripts nor chimpanzee
PPGs (Fig. 3). Again, these exons may be either lost or not yet
annotated in chimpanzee. Among the 88 exons, 22 have no
chimpanzee orthologs, and four are too short (<12 bp) for BLAST
alignments. We examined the remaining 62 exons using the
CENTP pipeline and identified nine potentially novel chimpan-
zee exons. With reference to the macaque/mouse orthologous
genes, seven of the remaining 53 exons are found to result from
chimpanzee-specific exon loss events (Table 2). Meanwhile, the
other 46 exons, which are not found in the macaque/mouse ge-
nomes, may represent human exon gain events. However, con-

sidering the incompleteness of the macaque genomic sequences
and annotations, more evidence is required before any conclu-
sions can be drawn. We therefore calculated the genetic distances
between PPGs that support the 46 exons and their parent genes.
We find that 12 PPG-parent gene pairs (covering 15 exons) have
distances <2.6% (Supplemental Table 3). Ten out of the 12 gene
pairs (covering 10 exons) have distances even =0.7%, which is
much smaller than the genome-wide human-chimpanzee
nucleotide divergence (1.23%) (Chimpanzee Sequencing and
Analysis Consortium 2005). The result indicates that these pseu-
dogenization events may have occurred after the Homo-Pan di-
vergence and these 10 exons very likely represent human-specific
exon gain events. On the other hand, the other 31 (46 minus 15)
exons are probably chimpanzee exon loss events (with PPG-
parent gene distances =2.6%), for the pseudogenization of the
supporting PPGs obviously predate the Homo-Pan divergence
(Supplemental Table 3). This result demonstrates that the inad-
equateness of out-group information in discrimination between
exon gain and loss events can be compensated by PPGs.
Overall, 69 potential absent-in-chimpanzee exons are iden-
tified from Sets 1, 3, and 6, of which 20 and 10 represent possible
chimpanzee-specific exon loss and human-specific exon gain
events, respectively. Note that 47 (16 plus 31) chimpanzee exon loss
events are identified without referring to out-group information.

The implications of PPGs in comparative and evolutionary
studies

Figure 4, A and B, respectively, illustrate possible evolutionary
scenarios of Set 1 and Set 6 CENTP exons, both of which are
supported by chimpanzee PPGs but not by chimpanzee genes.
Since PPGs must have been expressed at the time of pseudo-
genization, they represent part of the ancient transcriptome.
Therefore, we suggest that the human ASVs supported by chim-
panzee PPGs were present in the common ancestor of human
and chimpanzee (Fig. 4), regardless of whether such ASVs are
observed in chimpanzee functional genes or not. Meanwhile, the
PPGs that lack the CENTP exons (ASV2) are either present or
absent in the chimpanzee genome. (Note that in either case, a
chimpanzee exon loss event is thought to have occurred.) If the
ASV2 PPG does exist, three scenarios are possible. Firstly, ASV2
was present in the Homo-Pan common ancestral transcriptome,
and it resulted in this PPG. Secondly, chimpanzee had lost the
CENTP exon after Homo-Pan divergence, and subsequently this
lost-exon ASV2 formed a PPG. Thirdly, a PPG had included the
CENTP exon (i.e., it had resulted from ASV1) but somehow lost it

Table 2. Classification of absent-in-chimpanzee exons from Sets 1, 3, and 6 in Figure 3

Chimpanzee parent gene/ortholog available

Supporting No. of  No. of exons absent No. of chimpanzee
evidence Set  exon in chimpanzee genes exon loss events Novel chimpanzee exons  Uncertain
Chimpanzee PPG 1 18 8 8 (7 pseudoexons + 1 exon deletion) 4 6°

6 9 8 8 (2 pseudoexons + 6 exon deletions)® 1 0
Human PPG 3 88 53¢ 7 (1 pseudoexons + 6 exon deletions) 9 26
Sum 115 69 23 (10 pseudoexons + 13 exon deletions) 14 32

*The parent genes of chimpanzee PPGs are not found in the Ensembl annotation.

PIncluding five chimpanzee-specific exon loss events.

“Seven chimpanzee-specific exon loss events are inferred based on the macaque/mouse genomes. The other 46 exons are not found (or identified) in

the macaque/mouse genomes.

9The 26 exons include four very short exons (<12 bp) and 22 exons of which orthologous chimpanzee genes are not found in the Ensemble annotation.
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Ancestral state In another case (see Fig. 5) when
both the active transcript and PPG of
ASV 1 are absent in chimpanzee, one
may consider ASV 2 as the Homo—Pan an-
cestral form. In this case, out-group spe-
cies (e.g., macaque) information may be
used to distinguish between chimpanzee
exon loss and human exon gain events.
If the active transcript of ASV 1 is ob-
served in macaque, most likely an exon
loss event has occurred in chimpanzee
and ASV 1 was present in the human-
chimpanzee-macaque common ances-
tor. On the other hand, if ASV 2 rather
than ASV 1 is active in macaque, one
may speculate that ASV 2 was the ances-
tral form of these three primates, and

T S p— an exon gain event has occurred in hu-
vec Welkamotied  ——" l:l man. Nevertheless, if a macaque ASV 1

Gene of origin l:‘ .......

Gene of origin /m T

(ASV 1) I |
Pseudogenization | | _La="
vo EENE NEN RN

Geneatoin [ | EEE 1 )

Exon loss

—] E:Ns;;zmmd \E,\ fPG is found, a second scenario is also
transcript = el L likely, that an eXOI} loss event has oc-

Case 2 pseudocson event: curred in both chimpanzee and ma-
rec R TR | ] Human caque, and ASV 1 represents the human-

chimpanzee-macaque ancestral form.
shopoaton In sum, these examples illustrate
that PPGs may significantly affect our
inference of the ancestral state of tran-
scriptome. PPGs are therefore a valuable
B resource in view of evolutionary tran-
Ancestral state scriptomics studies.

Chimpanzee

e asvi [T mE T Functional influences of transcriptome
2 asve [ B — evolution

Pseudogenization By performing the Gene Ontology (Gene

Ontology Consortium 2001) analyses, we

e EEE N find that the over-representation of tran-

Genooforigin ] ] scripts that contain both CENTP¢ gene

exons and absent-in-chimpanzee exons

occurs in the same functional categories:

translation regulation and vial life cycle

(see Supplemental Fig. 4 and Supple-

mental Table 4, respectively). There are

several possible implications for the en-

richment (which are not mutually exclu-

sive). Firstly, since the relative abun-

Exon loss

Case 1: exon deletion event:

. L — dance of PPGs is directly related to the
L] oanscript ) expression levels of their parent genes, it
CERT R snoicd T EE T is likely that such enrichment actually

Case 2: XOn event: SCrIpS 5 . .
e "“‘;‘f,‘g "&t e . CENTRExo results from the high expression levels of
o — Human the parent genes in these functional cat-
dobloofon egories. Secondly, the enrichment may

indicate remarkable disparity in ASV
compositions in the related functional
categories and possibly functional diver-
gence between human and chimpanzee.
Thirdly, a considerable number of tran-
scripts in these two categories have not

Chimpanzee

Figure 4. Possible evolutionary scenarios of CENTP exons supported by chimpanzee PPGs but not by
chimpanzee genes. In both scenarios, a chimpanzee exon loss event is inferred. (A) The corresponding
human PPG is absent (i.e., Set 1 exons); (B) the corresponding human PPG is present (i.e., Set 6 exons).

because of random sequence losses and/or nucleotide substitu- been discovered in human. Since the human transcriptome has
tions. Anyhow, this example demonstrates that PPGs can bring a been extensively studied, the newly identified human ASVs very
new vista for inferences of ancestral transcriptomes. If PPGs are likely are expressed in a restricted pattern (in terms of tissue
not considered, interpretations of transcriptome evolution may specificity, developmental stage, or expression level). Mean-
sometimes be incorrect. while, the currently available chimpanzee ESTs are most likely
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Ancestral state
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Figure 5. An example that shows how out-group species PPGs can help distinguish between a chimpanzee exon loss event and a human exon gain

event.

highly expressed, implying that inclusion of these CENTP exons
may be associated with the human—chimpanzee divergence in
expression regulation of genes involved in these two categories.
Interestingly, these categories are also enriched with human-
specific insertions/deletions (Chen et al. 2007b,c). Whether such
co-occurrence of different types of genetic changes in the same
functional categories is merely accidental or evolutionarily
meaningful awaits further investigation.

Methods

The CENTP pipeline

CENTP makes use of the “CENTP cDNAs,” including chimpanzee
PPGs, human PPGs, and chimpanzee genes, to identify poten-
tially novel human exonic sequences. As shown in Figure 1, we
first retrieved 6932 chimpanzee PPGs (5904 from Yale [Zhang et
al. 2003, 2006; Karro et al. 2007] and 1028 from Ensembl), 8242
human PPGs (7069 from Yale and 1173 from Ensembl), and
33,880 chimpanzee transcripts (from Ensembl), respectively.
These CENTP cDNAs were then BLAST-aligned to the human
genic regions (including exons and introns) annotated by UCSC,
Ensembl, and NCBI. By doing so, CENTP cDNAs conserved in
human well-annotated genic regions were identified. Using the
SIM4 package (Florea et al. 1998), we further identified CENTP
cDNA segments conserved in human introns (the “meta-CENTP
exons”), which might also be potentially novel human AS events,
including cassette-on exons (Fig. 2A) and retained introns (Fig.
2B). Note that the human introns used here were “pure introns,”
which did not overlap with any well-annotated transcripts.

Subsequently, four exon-checking filters were used to elimi-
nate potential false positives (Fig. 1). The meta-CENTP exons that
passed all of these four rules were regarded as novel human exons
(termed “CENTP exons”): Rule 1, For each identified exon, both
of its flanking exonic regions must overlap with a well-annotated
human transcript to avoid accidental matches; Rule 2, the iden-
tified cassette-on exons must be flanked by legal splicing sites
(i.e., GT-AG/GC-AG); Rule 3, the identified exons that were lo-
cated in CDSs must not disrupt the reading frame or contain any
premature stop codons; Rule 4, the meta-CENTP exons that over-
lapped with human ESTs (GenBank UniGene) were discarded to
ensure the novelty of the CENTP exons. Through these filtering
processes, the majority of meta-CENTP exons were removed
(from >4 million to 643 exons). Some of the CENTP exons were
examined for validity using RT-PCR-sequencing (see Supplemen-
tal material for details).

In addition, CENTP can identify simple and complex cas-
sette-on exons (Fig. 2). These two exon types are defined in the
European Bioinformatics Institute Alternative Splicing Database
(EBI-ASD) (Stamm et al. 2006). Identification of complex cas-
sette-on exons is a unique feature of the CENTP system. In the
case of simple cassette-on exons, if the addition of the potentially
novel exons caused reading frame disruption or premature stop
codons, they were discarded by CENTP. However, it was some-
times possible to identify complex cassette-on exons, whereby
the boundaries of one or two of their flanking exons were slightly
shifted to restore the reading frames that were otherwise dis-
rupted by their insertion. To identify a complex cassette-on exon,
we sought canonical splicing sites within a 20-bp window at
boundaries of a meta-CENTP exon and its two flanking exons.
The splicing sites that enabled the identified transcript to pass
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the CENTP exon-checking rules stated above and generate the
longest transcript were then chosen. Note that, in the CENTP
process, if a meta-CENTP exon had been identified as a simple
cassette-on exon, it was not further examined for consideration
of a complex exon, for simple exons constitute the majority of
cassette exons (>80%) (Chen and Chuang 2007; Chen et al.
2007a). For accuracy, we only identified complex cassette-on ex-
ons that were located in CDSs.

Computation of substitution rates

The substitution rates between human/chimpanzee PPGs and
their parent genes were calculated using the TN93 model imple-
mented in the Baseml program of the PAML package (Yang 1997;
Yang and Nielsen 2000).

Data retrieval and availability

The human/chimpanzee PPGs were downloaded from the Yale
Pseudogene Database (http://www.pseudogene.org) and En-
sembl (http://www.ensembl.org). The chimpanzee, macaque,
and mouse annotated genes/transcripts were downloaded from
Ensemble (release 45). The human annotated genes/transcripts
were downloaded from the Ensemble genome browser, the
UCSC genome browser (http://hgdownload.cse.ucsc.edu/
downloads.html), and the NCBI RefSeq database (ftp://
ftp.ncbi.nih.gov/refseq/). The original human, chimpanzee, ma-
caque, and mouse genomic data are versions hg18 (or NCBI Build
36.1), panTro2 (or NCBI Build 2), rheMac2 (or NCBI Build 1), and
mm38 (or NCBI Build 36), respectively. These genomic sequences
and the human EST-to-genome alignments were all downloaded
from the UCSC genome browser. The CENTP-identified exons/
ASVs are available at http://www.sinica.edu.tw/~trees/CENTP/
CENTP.html.
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