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Gene expression differences are shaped by selective pressures and
contribute to phenotypic differences between species. We identiﬁed 964 copy number differences (CNDs) of conserved sequences
across three primate species and examined their potential effects
on gene expression proﬁles. Samples with copy number different
genes had signiﬁcantly different expression than samples with
neutral copy number. Genes encoding regulatory molecules
differed in copy number and were associated with signiﬁcant
expression differences. Additionally, we identiﬁed 127 CNDs that
were processed pseudogenes and some of which were expressed.
Furthermore, there were copy number-different regulatory
regions such as ultraconserved elements and long intergenic
noncoding RNAs with the potential to affect expression. We
postulate that CNDs of these conserved sequences ﬁne-tune
developmental pathways by altering the levels of RNA.
copy number variation
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G

ene expression differences contribute substantially to the
evolution of phenotypes within and between species. For
example, differential expression of Bmp4 during development in
ﬁnches alters beak morphology, Darwin’s classic example of
phenotypic adaptation (1). Moreover, genetic variation in the
transcription factor (TF) gene, FOXP2, appears responsible for
neuronal gene expression differences that drive the development
of complex spoken language, a uniquely human trait (2–4).
These two genes, among others, indicate that differences in gene
expression can lead to species-speciﬁc characteristics.
Genomic variation, including structural variation, can alter
expression levels between species (5). Copy number differences
(CNDs) represent gains and losses of orthologous genomic
regions between species. CNDs differ from copy number variants
(CNVs) (6–10), in that the former refers to interspecies variation, whereas the latter refers to intraspecies variation. Certain
CNDs may have evolved under positive selection in primates
(11–16). Furthermore, CNDs that overlap genes and nongenic
regulatory elements can lead to divergent expression proﬁles and
affect phenotypes. For example, genic CNVs between two inbred
mouse strains are associated with differences in the expression
levels of the Itlna gene that are correlated with abdominal weight
and insulin levels (17). In another instance, a human-speciﬁc
deletion of an enhancer alters the expression context of an androgen receptor during development, likely leading to the human speciﬁc loss of penile spines (18). Hence, CNDs, that
overlap genic and nongenic regions can regulate gene expression
and underlie phenotypic differences within and between species.
To understand better the evolution of primates, we investigated
the impact of CNDs on gene expression proﬁles. We found that
certain highly conserved, functionally relevant sequences are copy
number different among primate species. We further demonstrated
that these CNDs may affect the regulation of gene expression. We

12656–12661 | PNAS | July 31, 2012 | vol. 109 | no. 31

were able to identify multiple mechanisms by which CNDs might
drive the divergence of primate gene expression.
Results
To evaluate CNDs in functionally relevant regions, we analyzed
sequences that are 100% identical across human, chimpanzee,
and rhesus macaque reference genomes by using a customdesigned array comparative genomic hybridization (aCGH)
platform (Dataset S1). The use of such sequence-conserved
probes produces an enrichment of functional elements, including
exons, regulatory regions, and other conserved loci, while biasing
away from segmental duplications, known human CNVs, and
other loci that are genetically divergent at the nucleotide level
(Fig. S1). We hybridized human (n = 4), chimpanzee (n = 4),
and rhesus macaque (n = 5) lymphoblastoid cell line (LCL)
derived DNA onto the described platform along with a single
human reference DNA sample (HapMap sample NA10851). We
also hybridized gorilla (n = 2) and orangutan (n = 2) samples to
the same human reference to help rule out human-speciﬁc reference artifacts (Fig. S2). Altogether, these experiments revealed
964 CND events in the human, chimpanzee, and rhesus macaque
samples that merge into 407 CND regions (Fig. 1A, Fig. S3, and
Datasets S2–S4). As expected, the number of CNDs was found to
be higher in samples with greater genetic distance from the human array reference (Fig. 1).
We generated RNA sequencing (RNAseq) data for the nonhuman primate LCL samples and used previously published
human RNAseq data from LCL samples for comparison of gene
expression levels (19). Altogether, we analyzed 14,730 genes with
human exon orthologues deﬁned in chimpanzee and rhesus
macaque (SI Materials and Methods). For this set of genes, we
performed a pairwise analysis between the species as described
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previously (20) to determine which genes are differentially
expressed (DE). By using a stringent false discovery rate (FDR)
of 1%, there were 3,862, 8,304, and 7,525 genes that were DE
between human and chimpanzee (HC), human and rhesus macaque (HR), and chimpanzee and rhesus macaque (CR), respectively (Dataset S5). Similar to the CND results, the number
of gene expression differences observed between closely related
species (i.e., HC) is much smaller than the number of gene expression differences between more distantly related species (i.e.,
HR and CR; Fig. 1).
Some species-speciﬁc CNDs overlapping genes appear to affect the expression levels of those genes (Fig. 2A). As expected,
for genes overlapped by CNDs, those samples with gains tend to
have higher gene expression, whereas samples with losses tend to
have lower gene expression and these differences are signiﬁcant
(one-sided Kolmogorov–Smirnov compared with copy number
neutral gene samples, P < 0.01 for losses and gains; Fig. 2B).
Surprisingly, 18 genes had expression levels that appear to be
inversely correlated with copy number (R2 > 0.45). By examining
genes with signiﬁcant differential expression between pairs of
Iskow et al.

species in LCLs (Fig. 1C) or in liver tissue (20), 366 of 9,576
(3.8%) DE genes can be explained by CNDs overlapping the gene
in at least one of the two species being compared (Dataset S6).
One gene in particular, KANK1, is gained in chimpanzee and
also expressed higher in chimpanzee relative to human and
rhesus macaque (Fig. 3). Based on PAML likelihood ratio estimates (21), the nucleotide level variation for the coding portion
of KANK1 seems to be evolving under purifying selection (P =
0.004). It is possible that the protein function of KANK1 must be
maintained between species, but the gene expression can be
temporally, spatially, and quantitatively altered. By using quantitative PCR (qPCR), we examined the copy number of KANK1
across a panel of primate species. Bonobos also appear to have
an increased copy number of KANK1 relative to human, but this
increase may be variable among bonobos (SI Materials and
Methods). The similarity between these two species may be
expected, as chimpanzees and bonobos are closely related.
We performed an enrichment analysis for genes overlapping
CNDs using PANTHER (22) taking into consideration the bias
of the array platform (SI Materials and Methods). We discovered
PNAS | July 31, 2012 | vol. 109 | no. 31 | 12657
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Fig. 1. Copy number and gene expression levels differ between primate species. (A) The number of CND calls per sample. Detailed calling parameters are
provided in SI Materials and Methods. Note the increase in the number of CND calls with the increased genetic distance from the human reference DNA
(NA10851). Eighteen of the 33 CNDs found in human samples were previously known CNVs among humans. (B) Shared CNDs among species using a 50%
reciprocal overlap criterion. (C) Density plot of the –log10 q-values for pairwise comparisons of species for DE genes by using RNAseq data. RNAseq read depth
was used to determine the probability of each of ∼14,000 genes being DE between pairs of species: HC, HR, and CR. The vertical dashed line is a cutoff of
q-value of 0.01 (FDR of 1%). All genes to the right of that line are considered to be DE for that pairwise comparison in subsequent analyses. Note how the red
and blue lines (HR and CR) remain above the black line to the right of the signiﬁcance level cutoff, indicating more DE genes in these pairwise comparisons.
(D) Overlap of DE genes for each pairwise comparison (using an FDR of 1%).
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Fig. 2. Genes overlapped by CNDs can have differential gene expression. (A) An example of a gene overlapped by a CND in rhesus macaques as demonstrated by elevated aCGH log2 ratios in these samples. Samples with higher copy number also have higher expression of this gene. (B) Samples with genes
overlapped by gains tend to have higher expression of those genes whereas samples with genes overlapped by losses tend to have lower expression of those
genes. Shown is the cumulative fraction plots of normalized read counts. The difference from samples with neutral copy number (no change relative to
NA10851) is signiﬁcant for gains and losses by a one-sided Kolmogorov–Smirnov test. (C) PANTHER enrichment analysis was performed to determine whether
CND genes were enriched for speciﬁc molecular functions. The P values are the corrected probabilities that a given category of genes would be enriched by
chance. The vertical dashed line indicates a P value of 0.01. Categories to the right of the line were considered signiﬁcantly enriched among CND genes.
Categories are listed starting with the most enriched. Details on the background set and P values are provided in SI Materials and Methods.

that CNDs tend to overlap TF genes and other regulatory
genes more often than expected by chance (P = 0.000053; Fig.
2C). In our data, we identiﬁed 70 CND TF genes (Dataset S7
and Fig. S4). Likewise, TF genes were recently found to be
enriched for differential expression in liver tissue among primates (23). We argue that some of the expression differences
of TF genes may be a result of CNDs. In fact, the fraction of
TF genes DE in LCLs or in liver that appear to be affected by
CNDs is 5.3%, compared with 3.8% for all genes (Fig. S5).
An extreme example of a CND TF is ZNF669. This gene has
a massive increase in copy number associated with an increase in
expression in rhesus macaques (Fig. 4). We further showed that
ZNF669 is also gained in Savannah baboon and African green
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Fig. 3. The KANK1 gene is gained in chimpanzee and DE between
chimpanzee and other species. (A) The number of RNAseq reads mapping
to KANK1 in each sample was normalized by the total number of reads per
sample and the mappable length of the gene and plotted as a function of
the mean log2 ratios for this gene from aCGH. (B) SYBR Green qPCR for
KANK1 was performed across additional samples to determine whether
other primate species also have copy number gains of the gene. The corresponding species are as follows: B, bonobo; C, chimpanzee; CM, colobus
monkey; G, gorilla; H, human; O, orangutan; PM, pygmy marmoset; RM,
rhesus macaque; RTL, ring-tailed lemur; WFR, white-fronted marmoset.
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monkeys, but not in great apes or New World monkeys (Fig. 4B).
Thus, expansion of the copy number of this TF initially occurred
in the ancestor of Old World monkeys. It seems that this increase
in copy number is accompanied by nucleotide variation shaped
by positive selection between the additional copies in rhesus
macaque based on likelihood ratio analysis from PAML (Bayes
empirical P > 99%; Fig. S6) (21, 24).
We observed that some of the genes overlapped by CNDs
appeared to have gains in exonic sequence, but not in intronic
sequence. Processed pseudogenes are DNA sequences that resemble known genes but are lacking introns, as they are copied
from mRNA sequences and incorporated into the genome. With
aCGH, the presence of processed pseudogenes can be determined by copy number gains in the exons of a given gene but
with no similar gains for the corresponding intronic sequences
(Fig. 5 and Fig. S7). By using a custom pipeline to look for this
pattern, we found 127 genes with processed pseudogenes in
human, chimpanzee, and rhesus macaque (SI Materials and
Methods). Sixty of these processed pseudogenes were conﬁrmed
by their presence in their respective reference genomes. The
remaining 67 have not been previously observed (Dataset S8).
As a result of the mechanism of processed pseudogene formation, we observed an excess of 3′ UTR duplications relative
to other exons within genes (P < 0.01, χ2 test taking into consideration the exons that could be assessed by our array platform; Fig. S7). As the majority of miRNA binding sites are
found in 3′ UTRs and an enrichment of copy number variable
miRNA binding sites was recently reported among humans
(25), we examined whether copy number different processed
pseudogenes, like human CNVs, are enriched for these sites.
Indeed, we found an enrichment of miRNA binding sites within
species-speciﬁc processed pseudogenes (relative to all genes
that could be assessed by our array, P < 0.001, χ2 test; Fig. 5C
and Dataset S9). By using RNAseq reads that align to informative sites (i.e., sequence differences between the processed pseudogene and the “parental” gene for those processed
pseudogenes present in their reference genomes; Fig. S7), we
identiﬁed eight expressed processed pseudogenes in rhesus
macaque and six in chimpanzee (Fig. S7).
Iskow et al.
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Fig. 4. TF genes are enriched for overlap with CNDs. (A) qPCR using an ABI TaqMan assay was performed for the ZNF669 gene and used to conﬁrm the high
copy number in rhesus macaques. The red line is the least-squares ﬁt of the data. (B) NanoString copy number assay was used to conﬁrm the additional copy
number of ZNF669 across different primate species. Black samples are human. Red samples are nonhuman great apes. Blue samples are Old World monkeys.
Green samples are New World monkeys. Coriell IDs are listed. The shapes of the data points are to indicate two different NanoString probes that were tested.
Species are as follows: AGM, African green monkey; B, bonobo; BA, baboon; C, chimpanzee; D, dourocouli; G, gorilla; H, human; O, orangutan; PM, pygmy
marmoset; RM, rhesus macaque; WFM, white-fronted marmoset. Note that all Old World monkeys assessed have some relative gain of ZNF669 compared with
human. (C) Normalized read count for the human ZNF669 gene and its orthologues in chimpanzee and rhesus macaque. RNAseq read counts were normalized by the total number of reads per sample and the mappable length of the exons within the gene.

UCEs have been shown to have regulatory function (27) and, as
such, we suspect that CNDs overlapping UCEs may be a prominent cause of gene expression differences for nearby and distant
genes (Fig. S8). We also identiﬁed 200 long intergenic noncoding
RNA genes (lincRNAs; as deﬁned in ref. 28) that have different
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We also interrogated other noncoding regulatory regions, including ultraconserved elements (UCEs; regions of ≥200 bp that
are identical in sequence across multiple species) (26). We
identiﬁed 59 copy number-different UCEs (Dataset S10), six of
which were present in their respective reference genomes. Some

Fig. 5. Species-speciﬁc processed pseudogenes are common among primates. (A) The log2 ratios across the PFN2 gene for one human and ﬁve macaque
samples. Exons are demarcated with vertical gray lines. Exons are in reverse order because the gene is on the minus strand relative to hg18. Note how probes
are elevated in the exons of macaque samples, but not in the introns. The distribution of elevated probes indicates the presence of a processed pseudogene in
macaques. (B) The log2 ratios across the KLF5 gene for one human and four chimpanzee samples. Note how probes are elevated in the exons of chimpanzee
samples, but not in the introns. The distribution of probes indicates the presence of a processed pseudogene in chimpanzees. (C) The average number of
miRNA binding sites per gene is enriched among processed pseudogenes. Genes on the array were deﬁned by having at least one exon overlapped by three or
more probes. The processed pseudogenes are a nonredundant list of the genes in Dataset S8. miRNA binding sites per gene were estimated by using overlap
with the miRNA binding site track from the University of California, Santa Cruz, Genome Browser. The difference between the two gene sets was signiﬁcant
(P < 0.01, χ2 test with Yates continuity correction).
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copy numbers across primate species (Dataset S11 and Fig. S8).
lincRNAs are genes that do not appear to code for protein
products, but, instead, their RNAs have multiple regulatory
roles (28, 29). The vast majority (91%) of lincRNAs we could
assess by our arrays were not expressed at a detectable level in
LCLs based on the RNAseq data (the lincRNA had fewer than
an average of ﬁve reads in each of the three species); thus, if
CNDs overlapping lincRNA genes affect the expression levels of
those genes (as appears to be the case for protein coding genes;
Fig. 2), we would need to explore lincRNA gene expression
levels in other tissues and cell types to observe this effect.
Discussion
Previously, species-speciﬁc aCGH platforms have been used to
determine copy number variation between individuals within a
given primate species (e.g., refs. 30–32). These arrays have also
been used to perform cross-species comparisons (33, 34). However, interpretation of data from such studies can be complicated
because of the substantial amount of noise that results from
sequence mismatches between the probes and genomic DNA
(reviewed in ref. 35). In this study, we used probe sequences that
are 100% identical across the reference genomes of multiple
primate species (Dataset S1). Thus, we were able to identify
CNDs of sequences that are highly conserved among primate
species at the DNA sequence level, but vary in copy number
between species. The array should be considered as a targeted
platform for conserved regions and not as an unbiased genomewide array.
The duplication of a gene can have multiple possible consequences (reviewed in ref. 36), two of which are (i) an increase
in the gene’s expression level as a result of dosage or (ii) the
paralogues possibly diverging from each other, with one or both
taking on new functions. In this study, we ﬁnd examples of both
scenarios among primates. The chimpanzee-speciﬁc duplication
of KANK1 can best be described by the ﬁrst scenario. Interestingly, deletions of this gene have been implicated in underdeveloped gonads (37). If deletions cause hypogonadism, it is
possible that duplications would lead to enlarged gonads. Such
“mirrored” phenotypes have been observed for CNVs in humans
(38, 39). In fact, chimpanzees have substantially larger testesto-body weight ratios than humans, related to the increased
competition of chimpanzee males during mating (40). By using
qPCR, we found that bonobos and ring-tailed lemurs may also
have additional copies of KANK1, and that these additional
copies are likely variable and not ﬁxed (Fig. 3B and SI Materials
and Methods). Both these species also have multimale mating
habits and large testes-to-body weight ratios (40, 41). We did not
observe a gain of KANK1 in any species with small testes-to-body
weight ratios; however, additional primate species and samples
within each species should be examined to determine whether
KANK1 copy number and testes-to-body weight ratios are signiﬁcantly associated. Taken together, these observations suggest
that CNDs in KANK1 may play a role in the phenotypic variation
of gonad size among primates.
The second scenario for gene duplications can best be described by Ohno’s theory of “neofunctionalization” in which
gene duplications can take on new or specialized function (42).
We observed such a scenario with the multiple gene duplications
of the putative TF, ZNF669, in rhesus macaque. This TF gene
not only experienced a massive increase in copy number among
Old World monkeys, but the individual gene copies appear to be
diverging from each other faster than expected under neutral
conditions (Fig. S6). As such, not only has the expression level of
ZNF669 (or highly similar genes) increased substantially in
rhesus macaques, but members of this gene family are potentially
taking on different, but related, functions. Of note, ZNF669 is
substantially overexpressed in rhesus macaque brains compared
with human and chimpanzee brains (43). Based on these
12660 | www.pnas.org/cgi/doi/10.1073/pnas.1205199109

observations, ZNF669 is an expanding gene family in Old World
monkeys and may be an example of neofunctionalization.
In addition to ZNF669, we found that copy number different
genes were enriched for regulatory functions including regulation of transcription, DNA binding, and RNA processing
(Fig. 2C). TF genes are also enriched for differential expression levels across species in certain tissues (23). As the protein
products of TF genes serve to regulate downstream genes, it is
possible that the effects of single copy number different genes
will be ampliﬁed in speciﬁc cellular and developmental contexts when the TF is most active. Interestingly, many of the
regions we showed to be copy number different and DE between
species are expressed highly in gonads (Fig. S9). It is possible that
gene expression differences, driven by CNDs, alter the developing
reproductive organs and may be related to sexual-selective pressures in primates, as is the case for the androgen receptor in
humans (18).
Besides traditional protein coding genes, we found more than
100 species-speciﬁc processed pseudogenes, many of which
contain miRNA binding sites and are expressed. Similarly, a
processed pseudogene of the PTEN tumor suppressor gene was
recently shown to contain miRNA binding sites and be
expressed. As such, the pseudogene was able to titrate miRNAs
away from binding to PTEN mRNA (44). This miRNA titration
hypothesis has been implicated as a major regulator of changes in
gene expression (28, 45–47). The varying copy number and expression level of processed pseudogenes among primates could
affect the cross-talk between noncoding regulatory RNAs, ultimately leading to differing global gene expression proﬁles and
phenotypic divergence.
In addition, we identiﬁed copy number-different UCEs among
primates. One UCE that is gained in copy number in rhesus
macaques is located immediately upstream of the SNX14 gene
and in an alternatively spliced 3′ exon of the SYNCRIP gene (Fig.
S8). Both these genes have differential expression levels when
comparing chimpanzee and rhesus macaque, or human and
rhesus macaque, but not when comparing human and chimpanzee (Fig. S8). It is possible that the copy number gain of this
UCE in rhesus macaques may play a role in the expression differences of these two genes. Interestingly, the duplication of this
UCE coincides with lower expression levels of both genes in
rhesus macaque.
Conclusions
Altogether, sequences that are conserved at the nucleotide
level between primate species are capable of differing in copy
number and gene expression levels. Genomic CNDs may help
drive species-speciﬁc gene expression proﬁles. Such expression
differences can result from the direct overlap with CNDs or
through the downstream effects of TF genes, miRNA titrators,
and UCEs. As such, when considering the evolution of closely
related species, we should examine genomes beyond just the
nucleotide sequence level and include gene expression and copy
number data, as these characteristics may also affect eventual
phenotypes.
Materials and Methods
aCGHs. Agilent catalog probes for human (hg18) were downloaded from
eArray and aligned against the chimpanzee (panTro2) and rhesus macaque
(rheMac2) reference genomes by using BLAT (48). Those probes that had at
least one 100% match to both reference genomes were similarity ﬁltered
based on the human reference genome (i.e., probes with only one perfect
hit to hg18 were considered for the array; Dataset S1). Agilent-recommended protocols were followed for DNA labeling and array hybridizations.
Array data (Agilent feature extraction ﬁles) were imported into Nexus 5.0t
and analyzed using the Rank Segmentation algorithm (SI Materials and
Methods). All Feature Extraction ﬁles can be found in the Gene Expression
Omnibus under accession no. GSE33960.
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RNAseq. RNA was extracted from LCLs by using standard protocols. cDNA
libraries were created from polyadenylated RNA as described previously (49).
Sequencing library preparation was executed using Illumina recommended
protocols. cDNA was sequenced on an Illumina GA-II and aligned to the
human (hg18), chimpanzee (panTro2), and rhesus macaque (rheMac2) reference genomes by using MAQ version 0.6.8 (50) with default parameters.
Genes were analyzed for pairwise differential expression as described previously (20). RNAseq data can be found in the Gene Expression Omnibus
under accession no. GSE38572.

qPCR. Validations were performed by using Applied Biosystems TaqMan
assays, NanoString Copy Count, and SYBR Green qPCR. SI Materials and
Methods provides more details.
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