Downloaded from www.genesdev.org on February 6, 2008 - Published by Cold Spring Harbor Laboratory Press

Global analysis of alternative splicing differences between humans
and chimpanzees
John A. Calarco, Yi Xing, Mario Cáceres, Joseph P. Calarco, Xinshu Xiao, Qun Pan, Christopher Lee, Todd
M. Preuss and Benjamin J. Blencowe
Genes & Dev. 2007 21: 2963-2975; originally published online Oct 31, 2007;
Access the most recent version at doi:10.1101/gad.1606907

Supplementary
data
References

Email alerting
service

"Supplemental Research Data"
http://www.genesdev.org/cgi/content/full/gad.1606907/DC1
This article cites 59 articles, 25 of which can be accessed free at:
http://www.genesdev.org/cgi/content/full/21/22/2963#References
Receive free email alerts when new articles cite this article - sign up in the box at the
top right corner of the article or click here

Notes

To subscribe to Genes and Development go to:
http://www.genesdev.org/subscriptions/

© 2007 Cold Spring Harbor Laboratory Press

Downloaded from www.genesdev.org on February 6, 2008 - Published by Cold Spring Harbor Laboratory Press

Global analysis of alternative splicing
differences between humans
and chimpanzees
John A. Calarco,1,2,8 Yi Xing,3,4,8 Mario Cáceres,5,6,8 Joseph P. Calarco,1 Xinshu Xiao,7 Qun Pan,1
Christopher Lee,3 Todd M. Preuss,5,10 and Benjamin J. Blencowe1,2,9
1

Banting and Best Department of Medical Research, University of Toronto, Terrence Donnelly Center for Cellular and
Biomolecular Research, Toronto, Ontario M5S 3E1, Canada; 2Department of Molecular and Medical Genetics, University of
Toronto, Toronto, Ontario M5S 1A8, Canada; 3Molecular Biology Institute, Center for Genomics and Proteomics,
Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095, USA; 4Department of
Internal Medicine, Roy J. and Lucille A. Carver College of Medicine and Department of Biomedical Engineering, College of
Engineering, University of Iowa, Iowa City, Iowa, 52242, USA; 5Division of Neuroscience and Center for Behavioral
Neuroscience, Yerkes National Primate Research Center, and Department of Pathology, Emory University, Atlanta, Georgia
30329, USA; 6Genes and Disease Program, Center for Genomic Regulation (CRG-UPF), 08003 Barcelona, Spain;
7
Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

Alternative splicing is a powerful mechanism affording extensive proteomic and regulatory diversity from a
limited repertoire of genes. However, the extent to which alternative splicing has contributed to the evolution
of primate species-specific characteristics has not been assessed previously. Using comparative genomics and
quantitative microarray profiling, we performed the first global analysis of alternative splicing differences
between humans and chimpanzees. Surprisingly, 6%–8% of profiled orthologous exons display pronounced
splicing level differences in the corresponding tissues from the two species. Little overlap is observed between
the genes associated with alternative splicing differences and the genes that display steady-state transcript
level differences, indicating that these layers of regulation have evolved rapidly to affect distinct subsets of
genes in humans and chimpanzees. The alternative splicing differences we detected are predicted to affect
diverse functions including gene expression, signal transduction, cell death, immune defense, and
susceptibility to diseases. Differences in expression at the protein level of the major splice variant of
Glutathione S-transferase omega-2 (GSTO2), which functions in the protection against oxidative stress and is
associated with human aging-related diseases, suggests that this enzyme is less active in human cells
compared with chimpanzee cells. The results of this study thus support an important role for alternative
splicing in establishing differences between humans and chimpanzees.
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A major challenge of the post-genomic era is to identify
the set of molecular characteristics that account for human-specific traits. Recent global comparisons of human
and chimpanzee genomes and transcriptomes have begun to identify molecular differences that could underlie
some of the unique attributes of these primate species
(Preuss et al. 2004; Bustamante et al. 2005; Chimpanzee
Sequencing and Analysis Consortium 2005; Khaitovich
et al. 2006). These differences stem from sequence and
regulatory diversity acting on both protein coding and
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noncoding transcripts (Pollard et al. 2006; Prabhakar et
al. 2006), as well as from structural genomic alterations
including segmental duplications, large-scale copy number variations, and deletions (Cheng et al. 2005; Newman et al. 2005; Perry et al. 2006). Despite the recent
accumulation of data revealing molecular differences between humans and chimpanzees, additional possible
sources of diversity, such as differential alternative splicing, have not yet been investigated.
Alternative splicing is the process by which splice
sites in precursor mRNA transcripts are differentially
selected to result in the production of different mRNA
and protein isoforms (Cartegni et al. 2002; Matlin et al.
2005; Blencowe 2006). Two-thirds or more genes in human and mouse contain at least one alternative exon,
and it is known that mammalian organs comprising
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many specialized cell types such as the brain are associated with relatively complex alternative splicing patterns (Xu et al. 2002; Johnson et al. 2003; Yeo et al.
2004a). Surprisingly, comparisons of human and mouse
transcript sequences have revealed that <20% of alternative splicing events have been conserved during the ∼80to 90-million-year interval separating these species
(Modrek and Lee 2003; Nurtdinov et al. 2003; Sorek et al.
2004; Pan et al. 2005; Yeo et al. 2005). While these and
related observations have suggested an important role for
alternative splicing in the evolution of mammalian species (Ast 2004; Xing and Lee 2006), no experimental
study has yet addressed the extent to which splicing patterns may differ between more closely related mammalian species such as humans and chimpanzees. The identification of orthologous human and chimpanzee transcripts with different splicing patterns represents a
critical first step toward understanding the role of alternative splicing in the evolution of specific traits in these
species.
In this study, we used comparative genomics and a
quantitative alternative splicing microarray platform to
compare alternative splicing patterns in human and
chimpanzee tissues. Despite an overall sequence identity between human and chimpanzee genomic coding
regions of 98%–99%, we observe that 6%–8% of surveyed alternative exons display pronounced splicing
level differences. These differences affect a primarily
nonoverlapping subset of genes compared with the subset of genes that display differences in steady-state transcript levels between humans and chimpanzees. Alternative splicing differences between humans and chimpanzees are consistently detected when comparing
corresponding cell and tissue types from multiple individuals from each species, and the associated genes have
diverse and important functional roles, including regulation of gene expression, signal transduction, apoptosis,
immune defense, and disease. Detection of increased expression of the major, functional splice variant of Glutathione S-transferase omega-2 (GSTO2) at the protein
level in chimpanzee cells suggests that this enzyme
could play a more active role in protection against oxidative stress and diseases associated with loss of such
protection in chimpanzees compared with humans. Our
results thus provide evidence that alternative splicing
changes have evolved rapidly and in parallel with
changes in transcriptional regulation, affecting an additional set of genes and associated gene functions. The
identification of alternative splicing differences between
humans and chimpanzees provides a new basis for understanding the molecular mechanisms underlying the
evolution of primate species-specific characteristics.
Results
Analysis of human and chimpanzee splicing patterns
by comparative genomic and microarray profiling
strategies
To compare global splicing patterns between humans
and chimpanzees and identify individual alternative
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splicing events that differ between these species, we applied a comparative genomics strategy together with a
previously described quantitative alternative splicing
microarray profiling system (Fig. 1; Pan et al. 2004; Shai
et al. 2006; refer to Materials and Methods). In these
comparisons, we focused on splicing patterns involving
orthologous exons. While it is possible that some splicing differences could involve exons that are unique to
either genome, the lack of substantial transcript sequence data and of a polished chimpanzee genomic sequence makes such events difficult to detect in a reliable
manner (Newman et al. 2005). Moreover, given the 98%–
99% sequence identity between the coding regions of
human and chimpanzee genomes (Chimpanzee Sequencing and Analysis Consortium 2005), few exons are expected to be unique to either genome. Accordingly, in
the comparative genomics strategy, we aligned 120,951
orthologous human and chimpanzee exons and the 150
base pairs (bp) of intron sequence flanking these exons
and screened these regions for high substitution rates.
Previous studies have shown that short and degenerate
motifs referred to as splicing enhancers and silencers,
which specify splice site recognition and regulate alternative splicing, are enriched in exonic and intronic regions proximal to splice sites (Brudno et al. 2001; Zhang

Figure 1. Strategies used to identify alternative splicing differences between humans and chimpanzees. (Left panel) In the
comparative genomics strategy, regions including orthologous
human and chimpanzee exons (red boxes) and the flanking 150
nucleotides of intron sequence were aligned. Nucleotide substitutions (indicated by Xs) in these regions were scored, and
events displaying >5% substitution rates were analyzed for alternative splicing differences by RT–PCR assays using poly(A)+
RNA from human and chimpanzee tissues (see main text for
details). (Right panel) In the quantitative alternative splicing
microarray profiling strategy, labeled cDNA from the same
poly(A)+ RNA samples were hybridized to an alternative splicing microarray designed to monitor inclusion levels of cassettetype alternative exons. Each alternative splicing event is monitored by a set of six oligonucleotide probes (black horizontal
lines) (Pan et al. 2004). Predictions for alternative splicing differences between the corresponding human and chimpanzee tissues were validated by RT–PCR assays (see Table 1; Figs. 4, 5;
Supplementary Fig. 1).
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et al. 2003; Yeo et al. 2004b, 2007; for reviews, see Matlin
et al. 2005; Blencowe 2006; Chasin 2007). Consequently,
we expected that frequent nucleotide changes in exons
and the flanking intron regions would be predictive of
splicing differences between humans and chimpanzees.
Role of nucleotide substitutions in generating
differences between human and chimpanzee
splicing patterns
High substitution rates were rarely found in the aligned
orthologous exons and flanking intron sequences: Of
these regions, 0.3% displayed substitution rates of >5%,
and substitution rates >10% were found in <0.1% of the
data set (Supplementary Table 1). To assess whether regions with >5% substitution rates are predictive of splicing differences, semiquantitative RT–PCR assays were
performed using primers specific for neighboring exon
sequences and poly(A)+ RNA samples from human or
chimpanzee frontal cortex and heart tissues. These tissue RNA samples were pooled, in each case, from several
adult individuals (Supplementary Table 2). Of 31 regions
with >5% substitution rates selected for analysis, 14
contained exons that displayed evidence of alternative
splicing in humans from analysis of the corresponding
EST/cDNA (complementary DNA) sequences. Five of
the 31 regions displayed splicing level differences between humans and chimpanzees in at least one of the
two tissues (see below). Interestingly, all five of these
isoform ratio differences involved exons included among
the 14 alternative exons identified in the test set. At this
validation rate, <20 (∼0.02%) of the 120,951 orthologous
exons associated with high substitution rates would be
expected to display splicing level differences between
humans and chimpanzees.
Since substitution rates of <5% could also result in
splicing differences, especially if the substitutions target
important cis-acting elements, a splicing element scoring system (Stadler et al. 2006) was also employed to
predict alterations in splicing levels between humans
and chimpanzees. However, RT–PCR analysis of 20 exons (including several alternative exons) associated with
high differential scores did not yield detectable splicing
differences (data not shown). This observation could reflect a current lack of knowledge of the full set of ciselements and mechanisms responsible for splice site selection in endogenous transcripts. It is possible that relevant changes involving defined cis-regulatory elements
could occur outside of the regions we analyzed. Another
possibility is that selection pressure acting to reduce the
frequency of substitutions proximal to most splice sites
in humans and chimpanzees (Chimpanzee Sequencing
and Analysis Consortium 2005; Gazave et al. 2007) results in a limited role for cis-acting differences in altering splicing patterns between the two species. Moreover,
consistent with the results described above, high substitutions rates could have a greater impact on the splicing
levels of alternative exons, since the regions surrounding
these exons are, on average, more highly conserved than
the regions surrounding constitutive exons (Sorek and

Ast 2003; Yeo et al. 2005; Sugnet et al. 2006), and therefore potentially more susceptible to rare mutations that
disrupt important splicing regulatory elements.
Detection of alternative splicing differences
between humans and chimpanzees
by microarray profiling
Splicing differences between humans and chimpanzees
could also occur as a consequence of alterations in one or
more trans-acting splicing regulators. Accordingly, to assess the extent of alternative splicing differences between human and chimpanzee tissues that are not the
consequence of elevated rates of substitution in the alternative exons and flanking intron sequences, splicing
patterns were next compared using quantitative alternative splicing microarray profiling (Fig. 1; refer to Materials and Methods). An alternative splicing microarray capable of profiling ∼5000 cassette-type alternative splicing
events mined from human ESTs and cDNA sequences
(Fig. 1) was hybridized with dye-labeled cDNAs synthesized from the frontal cortex and heart mRNA samples
analyzed above. This microarray contains sets of exon
body and splice junction probes that are capable of monitoring the levels of inclusion of both the EST/cDNAmined human cassette alternative exons and the orthologous exons identified in alignments of the corresponding
chimpanzee genome sequences. The processed microarray data was analyzed using the Generative model for
Alternative Splicing Array Platform (GenASAP) algorithm (Pan et al. 2004; Shai et al. 2006), which generates
for each profiled alternative splicing event a confidenceranked estimate for the fraction of transcripts that include an alternative exon, represented below as percent
inclusion (%in) values. After filtering steps (see Materials and Methods), the levels of inclusion of ∼1700 orthologous exons were available for comparison between
the corresponding human and chimpanzee tissues. None
of these profiled alternative splicing events were associated with a substitution rate of >5%.
As expected, given the close evolutionary relationship
between humans and chimpanzees, we found that the
majority of the profiled orthologous exons in the two
species have similar splicing levels. For example, when
sorting genes based on the magnitude of the percent inclusion difference between human and chimpanzee frontal cortex and heart, ∼80% of the profiled exons display
percent inclusion differences of <15%, which is close to
the limit of sensitivity of our alternative splicing microarray profiling system (Fig. 2A; Pan et al. 2006). However, in addition to exons with similar splicing levels, a
surprisingly large fraction of exons (6%–8%) show pronounced percent inclusion differences (i.e., >25%in).
RT–PCR experiments were performed on 37 representative alternative splicing events displaying a range from
no percent inclusion difference to a >25%in difference
between the human and chimpanzee frontal cortex and/
or heart. Of these events, 30 (81%) were validated as
having the expected differential splicing patterns (Figs.
4, 5, below; Table 1; additional data not shown). Thus,
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Evidence for stabilizing selection pressure acting to
preserve the majority of splicing levels of orthologous
human, chimpanzee, and mouse alternative exons

Figure 2. Quantitative alternative splicing microarray profiling reveals the extent of alternative splicing differences between
human and chimpanzee orthologous exons, as well as the degree
of divergence between splicing patterns over different evolutionary time periods. (A) Color spectrum plots indicating the
number and magnitude of alternative splicing differences between human and chimpanzee frontal cortex and heart tissues.
The Y-axes indicate the number of alternative splicing events
profiled; these are sorted according to the magnitude of the absolute value of the percent exon inclusion level (%in) difference
between the human and chimpanzee tissue being compared.
The magnitude of the percentage inclusion difference is indicated by the color scale on the right. (B) Cumulative distribution plot displaying the distribution of percentage inclusion differences when comparing microarray data for 217 conserved
alternative splicing events between the following pairs of tissues: human and chimpanzee frontal cortex (blue line), human
and chimpanzee heart (red line), human frontal cortex and
mouse cortex (green line), and human and mouse heart (purple
line). (C) Spearman correlation coefficients are shown for pairwise comparisons between alternative splicing levels (black
numbers) and transcript levels (purple numbers) for the set of
217 orthologous genes analyzed in human, chimpanzee, and
mouse tissues in B. Double arrows indicate the pairs of species
compared. (Hs) Homo sapiens; (Pt) Pan troglodytes; (Mm) Mus
musculus.

despite the remarkable degree of conservation between
the coding regions of the human and chimpanzee genomes, a substantial number of alternative exons that
are not associated with high substitution rates in the
alternative exons and flanking intron regions display
pronounced splicing level differences between the two
species.
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The similarity between the splicing levels for the majority of the profiled orthologous exons could reflect stabilizing selection pressure acting to conserve the inclusion
levels of most human and chimpanzee orthologous exons. However, it is also possible that insufficient evolutionary time has accumulated to result in a higher incidence of pronounced inclusion level differences than observed above. To investigate these possibilities, we
compared the extent of divergence between alternative
splicing profiles representing a longer evolutionary time
span, namely the 80- to 90-million-year period separating the common ancestor of human or chimpanzee and
mouse. Percent inclusion values for 217 alternative
splicing events conserved between humans and the
mouse were obtained from RT–PCR-validated, quantitative alternative splicing microarray profiling data from
mouse heart and brain cortex tissues (Fagnani et al. 2007)
and compared with percent inclusion values from the
human and chimpanzee datasets described above (Fig.
2B,C; see the Supplemental Material).
Notably, although the splicing levels of the mouse exons are also very similar to the orthologous exons in the
corresponding human and chimpanzee tissues, they have
diverged to a significantly greater extent in both tissues
(P < 1 × 10−5, Mann-Whitney U-test) (Fig. 2B, cf. blue and
green lines, and red and purple lines). Importantly, these
increased differences in the alternative splicing profiles
were not due to any inherent percent inclusion level biases in the datasets, since “control” profiles generated by
randomly pairing exons from the same datasets were not
significantly different (data not shown). Moreover, transcript level profiles obtained from the same datasets (see
the Supplemental Material) also correlate to a higher degree between human and chimpanzee than between either primate species and mouse (Fig. 2C).
The analysis described above reveals that a significant
proportion of alternative splicing patterns involving orthologous human, chimpanzee, and mouse alternative
exons are conserved in the corresponding tissues, despite
sharing an 80- to 90-million-year period of divergence.
These results therefore support the conclusion that stabilizing selection pressure has acted to preserve the inclusion levels of the majority of orthologous exons between mammals. Nevertheless, 6%–8% of orthologous
human and chimpanzee exons display pronounced deviations from this overall pattern of conservation. Such exons, in addition to those identified in the comparative
genomic analysis, most likely represent alternative
splicing events that could underlie important functional
and phenotypic differences between the two species.
Primarily nonoverlapping subsets of genes have
evolved splicing and transcript level differences
between humans and chimpanzees
The 6%–8% of exons with pronounced splicing level differences detected in the above analysis involve ∼4% of
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Table 1. Genes associated with different cellular functions with experimentally validated splicing level differences between
humans and chimpanzees

Functional category
Signaling

Gene regulation

Immune response

Other

Alternative
splicing-altered
protein domain(s)

Gene name

GO processes/known features

Inositol hexaphosphate kinase
2 (IHPK2)
Hypothetical protein LOC220686
ADP-ribosylation factor-like 3 (ARL3)

Inositol trisphosphate-3 kinase
activity
Phoshpatidylinositol-4 kinase activity
G-protein-coupled receptor protein
signaling pathway
TFIID complex, regulator of
transcription
Splicing regulation
RNA binding, poly(A) binding

RRM, RS
ND

Immune response
Immune response

ND
TM, cytoplasmic

Glutathione transferase activity,
metabolism of xenobiotics
Axon guidance, dyslexia candidate
gene
Facioscapulohumoral disease
candidate
Calmodulin binding, structural
constituent of cytoskeleton
Tight junction protein
Regulation of endocytosis
Calcium ion binding
Uncharacterized
Microtubule binding, mitotic spindle
organization, and biogenesis

ND

TBP-associated factor 6 (TAF6)
SRp40 (SFRS5)
Poly(A)-binding protein cytoplasmic 4
(PABPC4)
Toll/Interleukin-1 receptor 8 (TIR8)
Herpesvirus entry mediator (HVEM/
TNFRSF14)
Glutathione S-transferase omega
2 (GSTO2)
Roundabout 1 homolog (ROBO1)
FSHD region gene 1 (FRG1)
␥-Adducin (ADD3)
Zonula Occludens protein (ZO-1)
Bridging Integrator 1 (BIN1)
Calbindin 2 (CALB2)
Chr. 14 ORF 153
Unc-84 homolog (UNC84B)

IHPK
PI4K
GTPase
No

ND
Actin cross-linking
Spectrin binding
ND
BAR
EF hand
ND
ND

Functional annotations from the Gene Ontology database or from literature searches are listed. Protein domains predicted to be altered
by differential alternative splicing are also listed. In most cases, differential alternative splicing was detected in both frontal cortex and
heart; exceptions are in IHPK2, frontal cortex only; BIN1, frontal cortex only; CALB2, heart only; and UNC84B, heart only. (IHPK)
Inositol hexaphosphate kinase domain; (PI4K) phosphatidylinositol-4 kinase domain; (GTPase) Ras-like GTPase domain; (RRM) RNA
recognition motif; (RS), arginine/serine-rich domain; (TM) transmembrane domain; (Cytoplasmic) cytoplasmic signaling domain;
(Actin cross-linking) actin cross-linking protein fold; (Spectrin binding) C-terminal region of 〈DD3 proximal to a defined spectrininteracting domain; (BAR) BIN/amphiphysin/Rvs domain involved in endocytosis; (EF hand) calcium-binding domain; (ND) no known
domain is affected by alternative splicing.

the microarray profiled genes. A comparable proportion
of orthologous genes has been found to display at least
twofold transcript level differences between corresponding human and chimpanzee tissues (Preuss et al. 2004;
Khaitovich et al. 2005). Remarkably, however, despite a
parallel divergence in alternative splicing and transcriptional patterns during the evolution of humans and
chimpanzees, primarily nonoverlapping subsets of genes
are associated with these changes (Fig. 3). By sorting
genes according to the magnitude of the microarray-detected percent inclusion alternative splicing level differences (Fig. 3, columns 1 and 3), it is evident that relatively few genes display coincident changes in transcriptional levels (Fig. 3 in cf. columns 1 and 2, and columns
3 and 4). Among the 160–240 splicing events with predicted percent inclusion differences >20% in frontal cortex and/or heart tissues, only 25% are predicted to also
have twofold or greater steady-state transcript level
changes. This observation extends previous results indicating that predominantly different subsets of genes are

regulated in a cell-specific/tissue-specific or activity-dependent manner at the transcriptional and alternative
splicing levels (Le et al. 2004; Pan et al. 2004; Li et al.
2006; Fagnani et al. 2007; Ip et al. 2007). In particular, the
present results show that these two layers of regulation
have evolved rapidly to affect different subsets of genes,
and indicate that alternative splicing has served as an
additional mechanism for diversifying gene regulation
during the 5–7 million years of evolution separating humans and chimpanzees.
Alternative splicing differences between humans and
chimpanzees affect transcripts from genes associated
with diverse cellular functions
Genes with alternative splicing differences between humans and chimpanzees detected using the methods described above, and confirmed by the RT–PCR assays, are
associated with diverse biological processes including
gene expression, signaling pathways, immune defense,
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Figure 3. Transcript and AS level differences between humans
and chimpanzees involve largely distinct subsets of genes. The
color spectrum plots compare splicing level differences and
transcript level differences for the same set of genes expressed in
the frontal cortex and heart. For each tissue comparison, the left
column shows splicing differences (measured as the magnitude
of percent inclusion difference, columns 1 and 3) and the right
column measures differences in gene transcript level (measured
as the magnitude of the hyperbolic arcsine [arcsinh] difference,
columns 2 and 4). An hyperbolic arcsine difference of ∼0.4 corresponds to a 1.5-fold change in expression level, and a difference of ∼0.7 corresponds to a twofold difference in expression
level.

and disease (Table 1). In most cases the alternative splicing differences were observed in both frontal cortex and
heart tissues (Figs. 4, 5) as well as in cell lines from
similar origins from both species (Supplementary Fig. 1;
see below). An example of an alternative splicing difference detected using the comparative genomics approach
involves transcripts encoding the TATA-box-binding
protein-associated factor 6 (TAF6) (Fig. 4; Supplementary
Fig. 1; see Table 1 and below for additional examples and
information). Examples of alternative splicing differences detected in the microarray data affect transcripts
encoding the herpesvirus entry mediator receptor
(HVEM/TNFRSF14), the spectrin-binding protein ␥-Adducin (ADD3), ADP-ribosylation factor-like 3 (ARL3),
serine/arginine (SR)-repeat family protein splicing factor
of 40 kDa (SRp40/SFRS5), and GSTO2 (Figs. 4, 5; see
Table 1 and below for additional examples and information). To assess whether these observed differences are
specifically associated with the human or chimpanzee
lineage, RT–PCR assays were also performed using RNA
extracted from frontal cortex and heart tissue from rhesus macaques, an Old World monkey, as an outgroup
comparison. The results of this analysis are summarized
below and in Supplementary Table 3, and representative
examples are shown in Figure 5A.

Alternative splicing differences are consistent between
human and chimpanzee individuals
Since the analyses described above employed samples of
poly(A)+ mRNA pooled, in each case, from several hu-

2968

GENES & DEVELOPMENT

man individuals and from several chimpanzee individuals (Supplementary Table 2), it was important to assess
the extent to which the alternative splicing differences
might be explained by variations between individuals
from each species. Individual samples comprising the
pools of tissue mRNAs were therefore analyzed separately for splicing level differences. In each case examined, similar alternative splicing differences were observed between the several human and chimpanzee individuals (Fig. 5B; data not shown). These data indicate
that it is highly unlikely that the overall differences in
splicing levels measured using the pooled samples are
attributed to differences associated with individual
variation within each species. This conclusion was further supported by an analysis of alternative splicing level
differences in primary fibroblasts and lymphoblastoid
cells, also from multiple additional individuals from
each species (Supplementary Fig. 1). Again, in all cases
examined, similar species-associated splicing level differences were detected between the different individuals
as detected in the tissue samples (Supplementary Fig. 1;
see below). The results from this last experiment further

Figure 4. Examples of alternative splicing differences between
humans and chimpanzees confirmed by semiquantitative RT–
PCR and sequencing. RT–PCR assays were performed using
primers specific for sequences in constitutive exons flanking
the alternative exons predicted to be differentially spliced by the
comparative genomic or alternative splicing microarray profiling analyses. Corresponding tissues from human (Hs) and chimpanzee (Pt) are indicated. Major splice isoforms that include and
skip alternative exons (black boxes) are indicated on the right of
each panel. Diagrams below each gel illustrate the predicted
consequence of alternative splicing changes at the protein and/
or transcript levels for TAF6, ADD3, the SR-repeat family protein splicing factor of 40 kDa (SFRS5/SRp40) and GSTO2 (refer
to Table 1 and main text for details). Protein domains are labeled as follows: (H) head domain; (N) neck domain; (C) Cterminal tail region known to interact with spectrin; (RRM1)
RNA recognition motif 1; (RRM2) RNA recognition motif 2;
(RS) arginine/serine-rich domain; (GST) glutathione S-transferase domain. The stop sign indicates the insertion of a PTC. The
asterisk indicates an additional TAF6 splice isoform detected in
human but not chimpanzee tissue, as confirmed by sequencing.
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Figure 5. Comparisons of AS levels in RNA samples
from macaque, human, and chimpanzee individuals. (A)
RT–PCR assays were performed using rhesus macaque
total RNA from frontal cortex and heart samples from a
number of different individuals. RT–PCR primers were
designed to anneal to the exons neighboring each alternative exon, resulting in the amplification of two products (the isoforms including and skipping the alternative exon, as indicated in each of the panels). Asterisks
denote novel isoforms observed primarily in one species
but not the other. The transcripts shown correspond to
the ADD3 (top panel), GSTO2 (second panel), HVEM/
TNFRS14 (third panel), and ARL3 (bottom panel) genes.
The macaque is used as an outgroup to define the ancestral splicing pattern for each gene. Examples of
chimpanzee lineage-specific splicing differences (ADD3
and ARL3 transcripts) and human lineage-specific splicing differences (GSTO2 and TNFRSF14) are shown (see
also Supplementary Table 3 for additional examples).
(B) RT–PCR experiments were performed using total
RNA from each of the individual samples that were
pooled for analysis in the comparative genomic and microarray experiments. The same alternative splicing
events displayed for macaque experiments in A are also
shown in B for comparison. The labels for each gel lane
represent the macaque, human, and chimpanzee individuals listed in Supplementary Table 2.

indicate that the majority of the splicing level differences we observed are unlikely related to possible contributions from environmental or physiological differences, such as diet or stress, since the corresponding cell
lines from both species were cultured in parallel for several weeks under identical growth conditions, prior to
harvesting.
Examples of validated human and chimpanzee
alternative splicing differences
The alternative splicing difference detected in TAF6
transcripts is human lineage specific and is pronounced
in both the frontal cortex and heart (Fig. 4). TAF6 is a
subunit of the general transcription factor TFIID, which
is involved in gene activation (Sauer et al. 1995). It has
been reported that TAF6 isoforms are associated with the
control of apoptosis and cell cycle arrest (Wang et al.
1997, 2004; Bell et al. 2001). The alternative splicing difference found between humans and chimpanzees lies in
the 5⬘ untranslated region (UTR), and could therefore
affect TAF6 regulation at the post-transcriptional or
translational levels. Consistent with this proposal are
previous observations of alternative splicing events in 5⬘
UTRs that affect translational efficiency (Wang et al.
1999; Singh et al. 2005). Such a difference impacting
TAF6 expression could, in turn, account for some of the
differences in transcriptional profiles that have been observed between humans and chimpanzees (Preuss et al.
2004; Khaitovich et al. 2006).

The variation in alternative splicing of SRp40, which
is also human lineage specific, is intriguing in light of
the known roles of SR family members in both constitutive and regulated splicing (Graveley 2000; Sanford et
al. 2005; Lin and Fu 2007). These proteins generally function in splicing by binding to exonic enhancer sequences
via their RNA recognition motifs (RRMs) (Fig. 4). The
alternative splicing difference in SRp40 transcripts results in the increased inclusion of a highly conserved
premature termination codon (PTC)-containing exon (located between exons 4 and 5) in human transcripts, in
both frontal cortex and heart tissue, and correspondingly
reduced levels of the shorter transcript encoding the fulllength protein, particularly in the heart. Several RNAbinding proteins including SR family members have
been shown previously to regulate their own expression
levels by activating the splicing of PTC-containing isoforms that are subsequently targeted by the process of
nonsense-mediated mRNA decay (Lareau et al. 2007; Ni
et al. 2007 and references within). Individual SR family
members are essential and tightly regulated proteins
(Graveley 2000; Sanford et al. 2005; Lin and Fu 2007). It
is therefore possible that the differential expression of
the two SRp40 isoforms described above could be related
to some of the splicing differences we observed between
humans and chimpanzees, including those that are not
associated with nucleotide substitutions.
The alternative splicing difference affecting GSTO2
transcripts results in pronounced skipping of exon 4 of
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this gene, specifically in human frontal cortex tissue
(Fig. 3; Supplementary Table 3). GSTO2 and its closely
related paralog GSTO1 are important enzymes in the
biotransformation of endogenous and exogenous compounds and in protection against oxidative stress
(Schmuck et al. 2005), which plays an important role in
defense against aging-associated diseases including cancers and neurodegeneration. In this regard, it is interesting to note that in some studies single nucleotide polymorphisms in GSTO2 and GSTO1 have been tentatively
linked to certain human cancers and the age at onset of
familial Alzheimer’s and Parkinson’s disease (Li et al.
2003; Whitbread et al. 2005; Pongstaporn et al. 2006; see
Discussion).
An important question raised by the present and previous studies on alternative splicing is the extent to
which differences in splice variant levels detected at the
transcript level correspond to actual differences at the
protein level. It should be borne in mind that comparisons of datasets from large-scale protein mass spectrometry analyses and from microarray profiling of mRNA
from the same mammalian tissues have revealed good
overall correlations between steady-state protein and transcript abundance (Kislinger et al. 2006). To investigate this
question in the context of splice variants that differ between humans and chimpanzees, we next asked whether
the alternative splicing level difference involving skipping of the frame-preserving exon 4 of GSTO2 transcripts could result in species-specific differences in the
expression of GSTO2 variants at the protein level (Fig. 6).
Expression of the functional splice variant of GSTO2
differs between humans and chimpanzees at the
protein level
To initially assess the stability of the GSTO2 protein
variants, expression vectors containing c-myc epitopetagged GSTO2 cDNAs, with and without exon 4, were
transiently expressed in HeLa cells. RT–PCR experiFigure 6. Increased skipping of exon 4 in GSTO2 transcripts reduces overall levels of functional GSTO2 protein in humans compared with chimpanzees. (A) RT–
PCR experiments were performed to measure transcript
abundance of individual myc-tagged GSTO2 isoforms
transfected into HeLa cells. Primers were designed to
anneal to exons neighboring the alternative exon in order to amplify isoforms including and skipping exon 4.
␤-Actin transcript levels were measured to normalize
for input of total RNA between samples. (B) Western
blotting experiments on the same transfected samples
from A. Anti-c-myc antibodies were used to detect protein expression of individual GSTO2 splice variants.
␣-Tubulin protein levels were measured to control for
loading input. (C) Measure of the relative protein/
mRNA abundance for each of the transfected samples in
A and B. Measurements represent the average of three
independent transfection experiments, and standard deviations are shown. (D) Western blotting using samples
from human and chimpanzee lymphoblastoid cells and
antibodies to detect endogenous GSTO2. ␣-Tubulin protein levels were measured to control for loading input.
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ments using primers specific to constitutive exon sequences 5⬘ and 3⬘ to exon 4 indicated that comparable
levels of the two splice variant transcripts are produced
(Fig. 6A). Surprisingly, however, Western blotting of the
protein lysates from the transfected cells with an antimyc epitope antibody revealed that only the GSTO2
variant containing exon 4 results in significant protein
expression (Fig. 6B,C); minor levels of the GSTO2 variant lacking exon 4 could be detected, but only after prolonged exposure of the blot (Fig. 6C; data not shown).
These results indicate that GSTO2 splice variants lacking exon 4 are unstable at the protein level, and that
levels of active GSTO2 are therefore likely determined
by the relative expression of the splice variant containing exon 4. Also in support of this proposal are recent
findings indicating that residues overlapping exon 4 of
GSTO2 are important for both the stability and activity
of this class of enzymes in vitro (Schmuck et al. 2005).
From comparisons of the levels of the GSTO2 variants
between different tissues and cell types it is apparent
that increased skipping of exon 4 can result in reduced
steady-state levels of exon 4-containing transcripts in
humans compared with chimpanzees and other nonhuman primates, although in some cell and tissue sources
differences in overall GSTO2 transcript levels may also
account in part for increased levels of this variant in
chimpanzees (Figs. 4, 5; Supplementary Fig. 1). Western
blotting of lysates from lymphoblastoid cells from two
human and two chimpanzee individuals confirms that
the exon 4-containing splice variant is expressed at
higher levels in the chimpanzee than human cells (Fig.
6D). This result therefore suggests that GSTO2 is likely
more active in chimpanzee cells compared with the corresponding human cells.
Discussion
This study represents the first large-scale comparative
analysis of alternative splicing patterns in humans and
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chimpanzees, and indeed between any pair of species
separated by a relatively short period of evolutionary history. The results indicate that at least 4% of genes in
humans and chimpanzees have one or more cassette alternative exons that display pronounced splicing level
differences between the two species (refer to the Supplemental Material). This is comparable with the proportions (2%–8%) of orthologous human and chimpanzee
protein coding genes reported to have significant transcript level differences in corresponding tissues (Preuss
et al. 2004; Khaitovich et al. 2005). However, the majority of orthologous human and chimpanzee genes with
splicing level differences do not overlap genes that display transcript level differences. These results indicate
that alternative splicing has evolved rapidly to substantially increase the number of protein coding genes with
altered patterns of regulation between humans and
chimpanzees. Furthermore, the alternative splicing differences identified between humans and chimpanzees
are predicted to affect a diverse range of critical functions, including the ability of cells to protect against oxidative damage.
Our result revealing a difference in the level of expression of the active splice variant of GSTO2 between humans and chimpanzees has interesting implications for
how some alternative splicing differences could impact
the evolution of important physiological and phenotypic
differences between two species. Although GSTO2 transcripts that include and skip exon 4 have similar stabilities, only minor levels of protein expression were detected from the exon 4-skipped splice variant. This indicates that skipping of this exon leads to the expression of
an unstable protein. Thus, even though it is unlikely
that the exon 4-skipped splice variant of GSTO2 has a
significant functional role at the protein level, differential inclusion of exon 4 appears to impact, at least in part,
the relative expression levels of GSTO2 enzyme between
humans and chimpanzees. This finding raises an important question: What is the extent to which alternative
splicing events result in the expression of stable and
functionally distinct protein products? Recent structural
modeling of several splice variants from genes in the 1%
of the genome surveyed by the ENCODE Consortium
has predicted that many alternative splicing events are
unlikely to result in correct protein folding, since the
alternatively spliced regions are expected to often disrupt core structural domains (Tress et al. 2007). Based on
this observation, it was concluded that a large proportion
of splice variants detected in sequenced transcripts may
not have functional roles. An alternative possibility,
which is supported by the results in the present study, is
that some alternative splicing events that do not lead to
expression of functional or active protein could nevertheless impact overall levels of functional protein, either
as a consequence of regulated splicing decisions within a
species, or as a consequence of the evolution of differences in splicing levels between species.
In regard to the above, what are the possible functional
consequences of altered splicing levels of GSTO2 exon
4? As mentioned earlier, GSTO2 functions in the bio-

transformation of toxic compounds and in the protection
against oxidative stress, and SNPs in the GSTO2 gene, as
well as in the paralogous GSTO1 gene, have been tentatively linked to human aging-associated diseases including cancer (Pongstaporn et al. 2006), and Alzheimer’s and
Parkinson’s diseases (Li et al. 2003). GSTO2 appears to
be more highly expressed in frontal cortex compared
with heart, and it is also detected in other cells and tissues (Wang et al. 2005; Whitbread et al. 2005). Moreover,
the differences we detected between human and chimpanzee GSTO2 transcripts appear to be quite specific,
since we did not detect differences between the splicing
or expression patterns of GSTO1 (data not shown),
which nevertheless is closely related to GSTO2, although it has distinct substrate specificities (Schmuck et
al. 2005; Wang et al. 2005). Reduced expression levels of
GSTO2 in human cells would therefore be expected to
specifically impact GSTO2-dependent functions. Intriguing in this regard are apparent major differences between humans and chimpanzees in relation to aging-associated neurodegeneration. Normal brain aging in humans is associated with the aberrant phosphorylation of
the microtubule protein Tau, resulting in intraneuronal
accumulations and formation of paired helical filaments
and neurofibrillary tangles, a process that is greatly accelerated in Alzheimer’s disease (Hof and Morrison
2004). Comparable normal and pathological changes
have not been identified in studies of aged chimpanzees
or other nonhuman primates (Walker and Cork 1999). It
is therefore possible that differences in gene regulation
that impact the levels of proteins that function in the
protection against oxidative damage, including GSTO2,
could be linked to aging-associated normal and diseaserelated differences between humans and chimpanzees.
A major challenge for the future will be to definitively
establish which differences in the expression levels of
splice variants are associated with functional and phenotypic attributes of species, including humans and
chimpanzees. This challenge equally applies to the growing list of differences that have been detected recently at
the levels of gene structure and composition (Bustamante et al. 2005; Cheng et al. 2005; Chimpanzee Sequencing and Analysis Consortium 2005; Newman et al.
2005; Perry et al. 2006), as well as at other levels of gene
regulation (Pollard et al. 2006; Prabhakar et al. 2006).
Another important question in relation to all of these
studies is the degree to which evolutionary changes in
gene structure or expression are required to establish major differences in morphological and phenotypic characteristics. While the accumulation of small-effect changes
at multiple loci probably underlie many species-specific
differences, differences in the expression of individual
genes that are integrally involved in developmental processes can also result in the evolution of major morphological changes (McGregor et al. 2007). Likewise, the differences we detected in the levels of splicing involving
6%–8% of orthologous cassette alternative exons, which
in general are highly consistent between individuals
from each species, could have a significant impact on
morphological and other phenotypic differences between
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humans and chimpanzees. The results of the present
study provide the basis for future investigations directed
at elucidating the functional and phenotypic consequences of alternative splicing differences between humans and chimpanzees.
Materials and methods
Comparative genomic analysis of human and chimpanzee
exons/flanking introns
Human mRNA and EST sequences were aligned to the human
genome sequence as described previously (Kim et al. 2007) using
human UniGene EST data (January 2006) (ftp://ftp.ncbi.nih.gov/
repository/UniGene) and human genome assembly version
hg17 (http://hgdownload.cse.ucsc.edu/goldenPath/hg17). Internal exons were detected as genomic regions flanked by two
consensus splice sites. Orthologous chimpanzee sequences
were identified using the University of California at Santa Cruz
human versus chimpanzee pairwise genome alignments (http://
hgdownload.cse.ucsc.edu/goldenPath/hg17/vsPanTro2). The percent nucleotide divergence rate (number of substituted nucleotides within each region divided by the total number of nucleotides within the region) was determined for regions including
each orthologous exon and the upstream and downstream 150
bp of flanking intronic sequence. Regions associated with elevated substitution rates were manually inspected for sequencing errors, and to ensure correct alignment to the orthologous
genes and not to more distantly related paralogs.
Tissue samples, cell lines, and cell culture
Tissue samples were obtained post-mortem from nine humans
(Homo sapiens), six common chimpanzees (Pan troglodytes),
and six rhesus macaques (Macaca mulatta). Information on the
sex, age, and origin of the samples from each individual is provided in Supplementary Table 2. Tissue samples were immediately frozen in liquid nitrogen after dissection and kept at
−80°C. Brain cortical tissue samples were taken from the frontal
pole (FP) of the left hemisphere of each species. Mouse brain
cortex and heart tissue samples were obtained from approximately five mice, dissected immediately after sacrificing and
flash-frozen in liquid nitrogen. Primary fibroblast and lymphoblast cell lines from human and chimpanzee individuals were a
kind gift from Stephen Scherer (The Hospital for Sick Children,
Toronto, Ontario, Canada). The lymphoblast cell lines (human
and chimpanzee) were grown in RPMI medium supplemented
with 15% FCS, sodium pyruvate, L-glutamine, and antibiotics.
Fibroblasts were grown in ␣ minimal essential medium supplemented with 10% FCS and antibiotics. HeLa cells (American
Type Culture Collection) were used for all experiments involving the GSTO2 overexpression constructs and were grown in
DMEM supplemented with 10% FBS and antibiotics. All cells
were incubated at 37°C and 5% CO2.

fluorescent dyes (Amersham Pharmacia), and hybridized in dye
swap experiments to a custom human oligonucleotide microarray manufactured by Agilent Technologies, Inc., as described
previously (Pan et al. 2004). Microarrays were washed and
scanned with a Genepix 4000A scanner (Axon Instruments), and
images were processed and normalized as described previously
(Pan et al. 2004). Processed intensity values from the microarray
scans were input into the GenASAP algorithm (Pan et al. 2004;
Shai et al. 2006) to obtain confidence-ranked percent inclusion
level predictions for 5183 unique cassette alternative splicing
events. Additional details of data analysis procedures are given
in the Supplemental Material.
RT–PCR assays and quantification
Pooled poly(A)+ RNA samples were normalized for RNA concentration by comparing the amplified band intensities to a portion of the coding region of the human ␤-actin transcript. In
addition, small aliquots of total RNA from each of the human,
chimpanzee, and macaque individuals were analyzed by RT–
PCR assays (Fig. 5; Supplementary Fig. 1). In each RT–PCR reaction, 0.2 ng of poly(A)+ RNA or 20 ng of total RNA were used
as input and cDNA synthesis and amplification was performed
using the One-Step RT–PCR kit (Qiagen) as per the manufacturer’s recommendations, with the following changes: Reactions were performed in a 10-µL volume, and 0.3 µCi of ␣-32PdCTP was added to the reaction. The number of amplification
cycles was 22 for ␤-actin and 30 for all other transcripts analyzed. All reaction products were resolved by using 6% denaturing polyacrylamide gels. The gels were subsequently dried
and analyzed using a Typhoon Trio PhosphorImager and software (Amersham). Percent inclusion levels from RT–PCR reactions were calculated as the percent of the isoform including an
alternative exon over the total abundance of the isoforms including and excluding the alternative exon. In the case of candidates from the comparative genomic sequence analysis, the
presence of novel bands on gels were also considered and validated by sequencing. All primer sequences used in this study are
available on request.
Plasmids
The full-length GSTO2 ORF was amplified by PCR from a plasmid (a kind gift from Dr. Richard Weinshilboum, Mayo Clinic
College of Medicine, Rochester, MN) using the following
primers: 5⬘-CGGAAGCTTATGTCTGGGGATGCGACCAGG3⬘ and 5⬘-CGGGGATCCTCAGCACAGCCCAAAGTCAAAG3⬘. The insert was subcloned into pCMV-Myc (Rosonina et al.
2005) using HindIII and BamHI sites to generate pCMV-MycGSTO2. The construct expressing the cDNA corresponding to
the GSTO2 isoform lacking exon 4 was generated by PCR amplification using pCMV-Myc-GSTO2 and the following primers:
5⬘-ATTCTTGAGTATCAGAACACCACCTTCTT-3⬘ and 5⬘CTTACAAAATAGCTCCAATAACATCTTTTGG-3⬘. The amplified product was then ligated with T4 DNA ligase (Fermentas) to generate pCMV-Myc-GSTO2-⌬4.

Microarray hybridization, data extraction, and analysis
Total RNA was extracted from 1–2 g of each tissue sample using
the Trizol reagent (Invitrogen) as per the manufacturer’s recommendations. Portions of the total RNA samples from the same
tissue from each of the individuals were pooled and poly(A)+
mRNA was purified from these samples using oligo-dT cellulose resin (New England Biolabs), as described previously (Pan et
al. 2004). cDNA synthesized from the pooled poly(A)+ RNA
samples was separately labeled with cyanine 3 and cyanine 5
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Transfection and Western blotting
HeLa cells were transfected with 24 µg of either pCMV-MycGSTO2 or pCMV-Myc-GSTO2-⌬4 with Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. Cells were harvested 48 h post-transfection. Total RNA was prepared as described above from both the transfected HeLa cells and the
human and chimpanzee lymphoblast and primary fibroblast
lines. Protein lysates were prepared by the addition of 100–200
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µL of RIPA buffer (150 mM NaCl, 50 mM Tris-HCl at pH 7.5,
500 µM EDTA, 100 µM EGTA, 0.1% SDS, 1% Triton X-100, 1%
sodium deoxycholate) to cell pellets, followed by lysis. Thirty
micrograms of protein lysate from each transfected sample or
100 µg of human and chimpanzee lymphoblast cell lysates were
run on 12% SDS–polyacrylamide gels. Immunoblotting was
performed using anti-c-myc (Sigma), anti-GSTO2 (a kind gift of
Dr. Richard Weinshilboum), or anti-␣-tubulin (Sigma) antibodies and chemiluminescence reagents and secondary antibodies
at dilutions recommended by the manufacturers.
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