
Genome-Wide Identification of Regulatory Sequences
Undergoing Accelerated Evolution in the Human Genome

Xinran Dong,†,1 Xiao Wang,†,1 Feng Zhang,1 and Weidong Tian*,1,2

1State Key Laboratory of Genetic Engineering, Collaborative Innovation Center of Genetics and Development, Department of
Biostatistics and Computational Biology, School of Life Sciences, Fudan University, Shanghai, P.R. China
2Children’s Hospital of Fudan University, Shanghai, P.R. China
†These authors contributed equally to this work.

*Corresponding author: E-mail: weidong.tian@fudan.edu.cn.

Associate editor: Patricia Wittkopp

Abstract

Accelerated evolution of regulatory sequence can alter the expression pattern of target genes, and cause phenotypic
changes. In this study, we used DNase I hypersensitive sites (DHSs) to annotate putative regulatory sequences in the
human genome, and conducted a genome-wide analysis of the effects of accelerated evolution on regulatory sequences.
Working under the assumption that local ancient repeat elements of DHSs are under neutral evolution, we discovered
that�0.44% of DHSs are under accelerated evolution (ace-DHSs). We found that ace-DHSs tend to be more active than
background DHSs, and are strongly associated with epigenetic marks of active transcription. The target genes of ace-DHSs
are significantly enriched in neuron-related functions, and their expression levels are positively selected in the human
brain. Thus, these lines of evidences strongly suggest that accelerated evolution on regulatory sequences plays important
role in the evolution of human-specific phenotypes.
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Introduction
Positive selection has long been thought to be the driving
force behind phenotypic distinctions between humans and
our closest relatives—the chimpanzees, especially with re-
spect to cognitive, behavioral and dietary traits (Vallender
and Lahn 2004). Discovering sequence variations in the hu-
man genome that are signatures of selection is therefore of
great value for understanding the evolution of human-
specific phenotypes. Earlier studies have focused mainly on
identifying protein-coding genes that have been subjected to
positive selective pressure because sequence variations in
protein-coding genes may alter their biochemical functions,
making it easier to interpret the phenotypic consequences of
such mutations. However, although a number of positively
selected genes have been discovered in the human genome,
few have been found to be involved in neuron development
(Wyckoff et al. 2000; Janeway et al. 2001; Starr et al. 2003;
Zhang 2003; Vallender and Lahn 2004). In addition to protein-
coding genes, selection may also act on regulatory sequences,
which might alter the expression pattern of target genes and
lead to phenotypic changes. For example, the promoter se-
quence of PDYN, a gene that plays an essential role in regu-
lating perception, behavior and memory, was found to be
strongly positively selected (Rockman et al. 2005). It therefore
seems likely, as has been proposed by King and Wilson (1975),
that positive selection acting on regulatory sequence plays an
important role in the evolution of human-specific
phenotypes.

With the recent availability of complete sequenced pri-
mate genomes, large-scale studies have been conducted to
investigate the selective pressures on regulatory sequences in
the human genome. For instances, Prabhakar et al. (2006)
examined the evolution rate of the conserved non-coding
elements in the human genome and found 992 HACNS (hu-
man accelerated conserved non-coding sequence). Bird et al.
(2007) performed a comparative analysis of vertebrate ge-
nome and identified 1,356 ANC (accelerated conserved
non-coding sequence). Capra et al. combined the results of
several studies to produce a list of 2,649 ncHARs (non-coding
human accelerated region) (Erwin et al. 2013). Taylor et al.
(2006, 2008) and Haygood et al. (2007) both carried out
genome-wide studies analyzing the evolution of promoters,
and the latter study discovered that genes with positively
selected promoters are often involved in neural development.
The aforementioned studies have confirmed that positive
selection acts on regulatory sequences. However, these stud-
ies conducted thus far have focused on either conserved non-
coding elements or promoters, which account for only a small
fraction of the regulatory sequences in the human genome.
Regulatory sequences are often located in open chromatin
when they are active and are therefore sensitive to DNase I
digestion (Gross and Garrard 1988; Crawford et al. 2006; Song
and Crawford 2010). Recent functional genomics studies have
identified millions of DNase I hypersensitive sites (DHSs) in
the human genome that potentially encode regulatory se-
quences. Analysis of these DHSs revealed that most of the
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regulatory sequences are located either in intronic or inter-
genic regions, with<3% located within promoter regions and
even fewer overlapping with conserved non-coding elements.
Shibata et al. (2012) analyzed human, chimpanzee and ma-
caque DNase-seq signals, and identified a number of DHSs
that were gained or lost in the human lineage and were likely
involved in the development of human-specific phenotypes.
While we were preparing the submission of this work,
Gittelman et al. (2015) published a study on the accelerated
evolution of DHSs. In that study, they identified 524 DHSs
that are under accelerated evolution in human. However,
they implemented stringent filtering procedures which fil-
tered 18 million DHSs to 113,577 conserved DHSs for inves-
tigation. Nevertheless, the aforementioned studies suggested
that there are regulatory sequences under special evolution-
ary constraints in human, and are associated with human-
specific phenotypes.

To gain a more comprehensive understanding of the ef-
fects of regulatory sequences evolution, we conducted a sys-
tematic analysis of accelerated evolution at DHSs in the
human genome. We first identified its local ancient repeat
elements (AREs) of each DHS and assumed they are neutrally
evolving. It is worth noting that the neutral background se-
quences used in the previous researches were either introns
(Shibata et al. 2012) or surrounding sequences (Gittelman
et al. 2015), which were different from our investigation.
Then, by comparing the phylogenetic trees constructed for
DHSs and AREs using the corresponding orthologous se-
quences from human and four other primate genomes, we
found �0.44% DHS are under accelerated evolution (named
ace-DHSs) in the human genome. Further analysis of ace-
DHSs reveals that they tend to be open in more cell lines
than background DHSs and are strongly associated with epi-
genetic marks of active transcription. In addition, the target
genes of ace-DHSs were found to be significantly enriched in
functions related to neural and immune development and
tend to be highly expressed in the human brain. Thus, our
results strongly support the idea that accelerated evolution
on regulatory sequences plays a vital role in driving the evo-
lution of human-specific phenotypes.

Results

Identification of DHSs under Accelerated Evolution
(ace-DHSs) in the Human Genome
A total number of �1.8 million DNase I hypersensitive sites
(DHSs) in the human genome were obtained from UCSC
genome browser, and were considered to be putative regu-
latory sequences. To identify DHSs that are under accelerated
evolution (here termed ace-DHSs), we first determined the
local ancient repeat elements (ARs), specifically, LINE1 and
LINE2, and for each DHS in the human genome and assumed
that they are neutrally evolving (Taylor et al. 2006).

We then obtained orthologous sequences of both DHSs
and AREs from four primate genomes (chimpanzee, gorilla,
orangutan and macaque). After several filtering steps, we se-
lected a total number of 808,943 DHSs for investigation.
Briefly, for each selected DHS we constructed phylogenetic

trees for both the DHS and its ARE, and tested whether the
human DHS is under accelerated evolution by comparing the
two phylogenetic trees. Specifically, we used the SPH model in
phyloP (Pollard et al. 2010) program to conduct both the
‘sub-branch’ and the ‘sub-branch given the whole tree’ tests
for the human DHS. If the P values of both tests were signif-
icant (P value< 0.05 with fdr [Benjamini and Hochberg 1995]
adjustment), then the DHS was defined as an ace-DHS. For
details regarding these procedures, refer to the Materials and
Methods section.

We identified a total number of 3,538 ace-DHSs (�0.44%
of all DHS investigated) (supplementary table S1,
Supplementary Material online). We simultaneously con-
ducted the ‘sub-branch’ and the ‘sub-branch given the whole
tree’ tests in the SPH model and considered a significant
result if the adjusted P values (FDR) of both tests were <0.
05. Figure 1a shows the phylogenetic trees of an ace-DHS—
DHS1020593 (Chr20: 11,590,285–11,590,675)—and its ARE
(L1ME3C-6370, L1MA-3766 and 1ME3C-6371). In this exam-
ple, both the ‘sub-branch’ and the ‘sub-branch given the
whole tree’ tests for the human DHS produced significant P
values (adjusted P value 0.03 and 0.02, respectively), indicating
the DHS is under accelerated evolution compared with the
ARE. To estimate the false positive rate of the identified ace-
DHS, we conducted a simulation study by randomly assigning
two adjusted P values to a DHS, and then counting the num-
ber of DHSs if both P values were <0.05. We repeated the
simulation 1000 times, and found on an average 63 DHSs that
would be considered significant in random experiment.
Therefore, the false positive rate of ace-DHSs was �1.78%
(63/3,538) based on simulation.

We examined the overlap between the identified ace-DHSs
and classes of conserved non-coding sequences found by
several previous studies to be under accelerated evolution:
HACNS (human accelerated conserved non-coding se-
quence) described in Prabhakar et al. (2006), ANC (acceler-
ated conserved non-coding sequence) described in Bird et al.
(2007), ncHAR (non-coding human accelerated region) de-
scribed in Capra et al. (Erwin et al. 2013) and haDHS (accel-
erated DHSs in the human lineage) described in Gittelman
et al. (2015). Odds Ratios of ace-DHS overlapping with
HACNS, ANC, ncHAR and haDHS were 5.56, 2.95, 5.47 and
12.54, respectively. All overlaps were significant (P values of
1.8e-8, 1.4e-4, 0.05 and 2.2e-13 for overlap with HACNS, ANC,
ncHAR and haDHS, respectively; fig. 1b). We also compared
the overlaps between ace-DHSs and the human-specific DHSs
found by Shibata et al. (2012), and found the overlaps were
not significant, suggesting that the human-specific DHSs are
not necessary under accelerated evolution.

Ace-DHSs Tend to Be More Active than Background
DHSs
The DHS investigated in this study are an ensemble of DHSs
generated from 124 experiments performed on 84 cell lines,
each having a specific BTO ID according to the Brenda an-
notation system (Gremse et al. 2011). Based on the cell line
data, we defined the cell line activity for a DHS, which was the
proportion of experiments on a specific line by which the
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DHS was identified. If the cell line activity for a DHS is >0.5,
we considered the DHS to be active in that cell line. We then
counted the number of cell lines in which that DHS was
active, and found that ace-DHSs tended to be active in sig-
nificantly more cell lines than background DHSs. Given an
ace-DHS, the average number of cell lines in which it is active
is 14.3, in contrast to 9.2 for a background DHS (Wilcox test P
value< 1e-16; fig. 2a), indicating that ace-DHSs are generally
more active than background DHSs. We further investigated
the association of ace-DHS with specific cell lines. Using the
cell line activity data for each ace-DHS, we clustered ace-DHSs
into three groups: 375 ace-DHSs that have high activity in
almost all 84 cell lines, 262 ace-DHSs that have high activity in
37 common cell lines, and the remaining 2,371 ace-DHSs that
do not have a preference to specific cell lines (fig. 2b).
Interestingly, the 37 cell lines that are associated with the
second group of ace-DHS are all from differentiated tissues,
such as fibroblast cells and muscle cells, whereas the remain-
ing 47 cell lines are all stem cell like cell lines such as carci-
noma, lymphocyte and stem cells (supplementary table S2,
Supplementary Material online). Members of the second
group of ace-DHSs likely play important roles in maintaining
the differentiated state of a tissue, where the first group of
ace-DHSs may be essential for basic cellular functions.

We also inspected the association of ace-DHSs with epige-
netic marks. Because data are available for most epigenetic
marks in the CD4 cell line, we performed the analysis using
data obtained from this cell line. Compared with background
DHSs, we found that ace-DHSs were significantly enriched
with epigenetic marks of active transcription, whereas epige-
netic marks indicating inactive transcription were significantly
depleted (fig. 2c). For example, among most highly enriched
epigenetic marks were H4K20me1, RNA Pol II, which are all
well-known marks of active transcription (Kim et al. 2010;
Lagha et al. 2012). The depleted marks include H3K9me2
and H3K9me3, which are significantly enriched in gene desert,
imprinted domain, repeat elements, centromere, and silenced

genes (Koch et al. 2007; Lee and Mahadevan 2009; Rosenfeld
et al. 2009) (supplementary table S3, Supplementary Material
online). It is worth noting that ace-DHSs were not statistically
associated with nucleosome occupancy (supplementary fig.
S2, Supplementary Material online), suggesting that they are
not biased by the higher mutation rates of sequences around
nucleosomes (Taylor et al. 2006, 2008; Haygood et al. 2007).
We repeated the above analysis using data generated in other
cell lines, and our results were similar (data not shown). Thus,
ace-DHSs are not only active in more cell lines than back-
ground DHSs, but are also significantly associated with epige-
netic marks of active transcription, suggesting that they tend
to be more active than background DHSs.

The Target Genes of ace-DHSs Are Significantly
Enriched with Neuron-Related Functions
To explore the possible phenotypic effects of ace-DHSs, we
determined their putative target genes. To this end, we first
classified all DHSs under investigation into two categories—
local DHSs and distal DHSs—according to their relationships
with coding genes. Local DHSs include those that are located
in the promoter, UTR, CDS exon, or intron regions of coding
genes, whereas distal DHSs are those located at least 10 kb
away from any TSS of coding genes (see Materials and
Methods section for details). Approximately half of the
DHSs fall into the distal category. The fraction of distal ace-
DHSs is similar to the fraction of background DHSs that are
distal. In the previous section, we showed that ace-DHSs are
strongly enriched in active epigenetic markers, implying that
distal ace-DHS might tend to be enhancers. To investigate
this association, we compared the overlap between distal ace-
DHSs and the enhancers predicted by the program
EnhancerFinder (Erwin et al. 2013). This program predicted
84,301 general enhancers in the human genome (Erwin et al.
2013), which overlap with 283 out of 1,053 distal ace-DHSs. In
contrast, the predicted enhancers overlap with 53,522 out of
274,099 distal DHSs. Compared with background distal DHSs,
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FIG. 1. (a) Phylogenetic tree of an ace-DHS and its local ancient repeat elements. (b) Bar plot for the odds ratio of the overlap between ace-DHSs
and conserved non-coding sequences found to be under accelerated evolution by four other studies. A P value< 0.001 is indicated by ‘***’.
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distal ace-DHSs have a more significant overlap with pre-
dicted enhancers (26.9% vs. 19.5% for background DHSs,
with a P value of 4.1e-6). This finding indicated that distal
ace-DHSs are more likely to be enhancers, which was consis-
tent with our finding that ace-DHSs tend to be more active
than background DHSs.

The target gene of a local DHS is simply the coding gene
that overlaps with the DHS. The target gene of a distal DHS
was defined as its nearest downstream gene. Here, the nearest
gene approach was adopted because it was also used in other
similar studies to define the target genes for distal regulatory
sequences (Heintzman and Ren 2009). This approach may
miss many target genes regulated by the distal regulatory
sequences, because distal regulatory sequences may regulate
genes from a farther distance. On the other hand, the nearest
downstream gene may not also all be the true target gene.
Nevertheless, for convenience we used this approach as an
approximation to determining target genes. In total, we iden-
tified 18,273 and 9,805 target genes for local and distal DHSs,
respectively. Among them, the number of target genes for

local and distal ace-DHSs were 1,246 (6.8%) and 713 (7.3%),
respectively (supplementary table S1, Supplementary
Material online). We performed a GO enrichment analysis
for the target genes of ace-DHSs (for details, refer to the
Materials and Methods section). This analysis generated a
large list of enriched GO terms, many of which were highly
overlapping (i.e., sharing a substantial number of common
genes), making it difficult to interpret the results. Here, we
adopted a cluster-and-filter strategy to reorganize the en-
riched GO terms (Dong et al. 2016). Briefly, we clustered all
GO terms under the Biological Process GO branch according
to their relatedness (supplementary table S5, Supplementary
Material online). Then, we grouped enriched GO terms ac-
cording to their GO term clusters, and prepared a reduced list
of enriched GO terms by selecting only the most significant
GO terms from each cluster. Here, we need to emphasize that
we did not discard the remaining significant GO terms. The
cluster-and-filter approach was adopted simply to better dis-
play the enrichment results. All significant GO terms can be
found in supplementary table S6, Supplementary Material

FIG. 2. (a) Scatterplots of the percentage of background DHSs (blue) and ace-DHSs (red) that are active in more than a given number of cell lines.
Inner box shows the boxplots of the number of cell lines in which a DHS is active. (b) The top box shows the heat map after bi-clustering of ace-
DHSs (row) and cell lines (column). The bar color to the left of the heat map corresponds to different clusters of ace-DHSs. The bottom box shows
the scatterplots of the mean percentage of ace-DHSs in a given cluster that are active in a specific cell line. Each scatterplot represents a cluster of
ace-DHSs and is colored the same as that in the top box. The text below the x axis represents the BTO ID of each cell line. (c) Bar plot of the
�log10(P value) for the enrichment of epigenetic marks in ace-DHSs in comparison to that in background DHSs in the CD4 cell line. The three sub-
figures on the right show the distributions of H4K20ME1, nucleosome, and H3K9me3 ChIP-Seq reads within 61 kb of the center of ace-DHSs and
background DHSs, respectively.
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online. We found that the target genes of both local and distal
ace-DHSs are significantly enriched with neuron and
immune-related functions (fig. 3 and supplementary table
S6, Supplementary Material online). In addition, the target
genes of local ace-DHSs were also enriched in functions re-
lated to axon guidance and regulation of cell morphogenesis,
whereas the target genes of distal ace-DHSs were also en-
riched with functions involved in brain development and
axon guidance. In comparison, a recent study identified 304
positively selected genes (PSG) that comprises �8.8% of all
genes analyzed (Bustamante et al. 2005) (supplementary table
S4, Supplementary Material online). The GO enrichment
analysis of positively selected genes (PSG) revealed that
they are enriched with immune-related functions, such as
‘T cell activation involved in immune response’, but not
neuron-related functions. Thus, selective pressure on regula-
tory sequences can potentially affect biological process re-
lated to human-specific phenotypes, especially in neural
development.

The Expression of the Target Genes of ace-DHSs Is
under Positive Selection in the Human Brain
To further understand the phenotypic effects of ace-DHS, we
examined the expression pattern of ace-DHS target genes in
different organs. To this end, we downloaded the gene expres-
sion profile data for six organs (brain, cerebellum, heart, kidney,
liver, and testis) in both human and chimpanzee that were
reported by Brawand et al. (2011). Compared with target genes
of the respective background DHSs, target genes of local ace-
DHSs expressed at significantly higher level in the human brain
and cerebellum (P values according to a Wilcoxon test were
3.2e-5 for brain and 6.5e-4 for cerebellum, respectively) but not
in the other four organs. Similar patterns were also observed for
orthologs of the target genes of ace-DHSs in chimpanzee, al-
though they were not as significant as those observed in hu-
man. However, compared with their expression levels in
chimpanzee brain, the target genes of ace-DHSs—especially
those of local ace-DHSs—were significantly up-regulated in
the human brain, with P values of 3.4e-4 and 4.1e-2 for local

local
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FIG. 3. The GO enrichment results for the target genes of ace-DHSs. Local, Distal and PSG represent the target genes for local ace-DHSs, the
target genes for distal ace-DHSs, and positively selected genes, respectively. The enriched GO terms are organized into different clusters according
to their relatedness, and the most significant GO terms of the top 10 clusters are shown in bar plots, in which the bar length corresponds to
�log10(P value).
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and distal ace-DHSs, respectively (Wilcoxon test; fig. 4a). This
pattern suggested that there is strong positive selection on the
expression level of the target genes of ace-DHSs in the human
brain—a possible phenotypic consequence of selective pres-
sure on ace-DHSs. In contrast, the PSG genes were expressed at
significantly lower level in nearly all organs of both human and
chimpanzee, and were not differentially expressed between the
respective organs of these species.

The enhanced expression of ace-DHS target genes in the
human brain is likely caused by the selection on ace-DHSs.
One possible mechanism by which this might occur is the
mutation on ace-DHSs that potentially results in an enhanced
binding affinity for transcription factors involved in the gene
regulatory process. Indeed, we found many of the ace-DHS
target genes up-regulated in human brain are regulated by
ace-DHSs that are not only active in neuron-related cell lines,
but also have at least one transcription factor-binding site
(TFBS) predicted to exhibit enhanced binding affinity in hu-
man compared with other primates. Below, we presented

two examples to support this hypothesis. MET encodes the
c-Met receptor tyrosine kinase, which is essential in key social
brain processes. Sequence variations in its promoter region
might increase the risk of neuropsychiatric disorder, such as
autism (Rudie et al. 2012). The MET gene expresses at high
level in the human brain (quantile 98.5%), and is significantly
up-regulated in the human brain compared with the chim-
panzee brain. An ace-DHS (DHS1619954) is located in the
intron region of MET. In the middle of this DHS, there is a
JUN binding site in which the 13th position has a T->A point
mutation, which significantly increases the binding affinity of
JUN (fig. 4b). In another example, SEMA3C encodes a protein
Semaphorin-3C, which involves in the regulation of develop-
ment process and plays essential role in axon growth and
guidance (Steup et al. 2000). The SEMA3C gene is significantly
up-regulated in the human brain (quantile 96.2% by compar-
ison between chimpanzee and human), and according to our
definition of target gene of distal DHS, 3EMA3C is regulated by
the nearest distal ace-DHS (DHS1600873). This ace-DHS has a

(a)

(b) (c)

FIG. 4. Gene expression analysis of the target genes of ace-DHSs. (a) The expression levels of the target genes of ace-DHSs in comparison to the
target genes of background DHSs in six organs of human (top) and chimpanzee (middle) and the change of expression level of the target genes of
ace-DHSs in six organs from chimpanzee to human (bottom). The genes in chimpanzee refer to the orthologous genes of human ace-DHSs target
genes. The red color indicates that the target genes of ace-DHSs are expressed at significantly higher levels than those of background ace-DHSs or
are up-regulated in human. The blue color indicates the opposite. (b) and (c) show two examples of ace-DHSs within which the transcription
factor-binding site contains a mutation in the human ace-DHSs, causing increased binding affinity for the corresponding transcription factor. The
content in the box is the JASPAR ID for the corresponding transcription factor.
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PRDM1 binding site that has a T->C point mutation, leading
to enhanced binding affinity for PRDM1 (fig. 4c). Thus, it is
likely that selection on ace-DHS may occur at the TFBS in the
DHS, resulting in enhanced binding affinity for transcription
factors and the consequent enhanced expression of target
genes, thereby leading to phenotypic changes.

The Identified ace-DHSs Are Not under Positive
Selection within the Current Human Populations
The ace-DHSs identified in this study are undergoing acceler-
ated evolution within the human lineage. However, it is not
known whether they are also under selection within the cur-
rent human population. Recently, the 1000 Genome Project
(phase 1) has provided the DAF (derived allele frequency) for
38,248,779 SNPs (Khurana et al. 2013). We computed the mean
DAF for the SNPs located within a DHS to represent the DAF of
the DHS, and found that ace-DHSs have significantly higher
DAF than background DHSs (fig. 5a), suggesting that ace-DHSs
are less likely to be harmed by purifying selection. We further
investigated the association of ace-DHSs with SNPs that are
under positive selection within the current human popula-
tions. Li et al. (2014) has reported a list of 24,060 SNPs that
are under positive selection based on a comparison of 14 pop-
ulation groups. The frequency of ace-DHSs that have positively
selected SNP was not statistically different from that of back-
ground DHSs (fig. 5b), indicating that ace-DHSs are not more
likely to have undergone positive selection than background
DHSs within the current human populations.

Discussion
By annotating putative regulatory sequences using DNase I
hypersensitive sites (DHS), we conducted a genome-wide
analysis to investigate accelerated evolution on regulatory
sequences in the human genome. Our analysis revealed

that �0.46% of DHS are under accelerated evolution (ace-
DHSs). Although this is a small fraction, ace-DHSs may affect
the expression of >7% of the genes in the genome. Though
perhaps gene expression alteration caused by the selection on
regulatory sequences may not be as functionally important as
a change in the biochemical function of a gene through direct
selection, it offers a more delicate and controllable means to
gradually bring about the evolution of phenotypes. Indeed,
we found that the target genes of ace-DHSs are significantly
enriched with neuron-related functions and that their expres-
sion levels are significantly enhanced in the human brain.
These lines of evidences provide strong support for the im-
portant role of selection on regulatory sequences in the de-
velopment of human-specific phenotypes.

Several similar studies have investigated the selection on
conserved non-coding sequences in the human genome
(Prabhakar et al. 2006; Bird et al. 2007; Erwin et al. 2013).
We have shown that ace-DHSs identified in this study share
a significant overlap with the conserved non-coding se-
quences identified in previous studies, supporting the notion
that regulatory sequences in the human genome are under
selection. Since Gittelman et al. (2015) published a similar
study while we were preparing the submission of our study,
we made a detailed comparison between the two studies. In
this study, we identified 3,538 ace-DHSs, whereas Gittelman
et al. found 524 haDHS. Though the number of DHSs under
accelerated evolution seems very different in the two studies,
its percentage among the tested DHSs was actually quite
similar (0.44% in our study, and 0.46% in Gittelman et al.’s
study). On the other hand, the overlaps between ace-DHSs
and haDHSs were highly significant. Therefore, our results
were consistent with Gittelman et al.’s findings. The differ-
ences between our study and Gittelman et al.’s were in the
followings. First of all, we implemented different filtering pro-
cedures than Gittelman et al.’s, and obtained 808,943 DHSs to

*** ***

(a) (b)

FIG. 5. (a) Boxplot for the mean DAF (derived allele frequency) of SNPs within ace-DHSs and within background_DHSs. Three red stars indicate
that the difference of the mean DAF between ace-DHSs and background DHSs is significant, with P values< 0.001. (b) Percentage of ace-DHSs and
background DHSs that contain positively selected SNPs.
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test for accelerated evolution, in contrast to 113,577 con-
served DHSs used by Gittelman et al. for evolutionary analysis.
Secondly, the neutral background was different in the two
studies. We used local LINEs within 5 kb to a DHS as the
neutral background, whereas Gittelman et al. used 50 kb local
sequences with filtering as the neutral background. Thirdly,
the statistical tests used to evaluate the significance of accel-
erated evolution were different in the two studies. Fourth, the
cell line activity data used by the two studies were different.
Fifth, we analyzed the association of epigenetic marks with
ace-DHS, whereas Gittelman et al. did not. Sixth, the target
genes for distal DHSs were also defined differently in the two
studies. Given all these differences, though our major conclu-
sions were similar to Gittelman et al.’s, we provided a much
larger pool of DHSs under accelerated evolution.

Generally, our study differed from those studies in the
following respects. First, we analyzed the experimentally de-
termined DHSs that represent a much more comprehensive
set of regulatory sequences in the genome than the conserved
non-coding sequences investigated in previous studies.
Second, we used the local ancient repeat elements of each
DHS as a neutral control, in contrast to the whole genome as
a null model of neutral evolution used in previous studies. It
has been reported that the mutation rate of genomic regions
may be biased by GC conversion frequency (Marais 2003),
and sequences around nucleosome tend to have higher mu-
tation rate (Taylor et al. 2008). We showed that ace-DHSs are
not statistically associated with nucleosome occupancy. We
also tested the association of ace-DHSs with GC conversion
frequency, and found they were not associated (supplemen
tary fig. S1, Supplementary Material online). These indicated
that the use of local ancient repeat elements as a neutral
control efficiently corrects the bias caused by the higher mu-
tation rate present at specific genomic regions. In contrast,
ace-DHSs identified by using the whole genome as the neutral
background were biased by GC conversion frequency (supple
mentary fig. S1 and table S7, Supplementary Material online),
and were more frequently associated with nucleosome occu-
pancy than ace-DHSs identified by using local AREs although
the association was not statistically significant (supplemen
tary fig. S2, Supplementary Material online). Thus, using
the whole genome as a neutral control may cause biases in
the results. Finally, none of the previous studies analyzed the
expression of the target genes regulated by conserved
non-coding sequences under selection, which we investigated
extensively in this study. Thus, our study represents a more
comprehensive analysis of the selection on regulatory
sequences.

In this study, we showed that the expression of ace-DHS
target genes is under selection in the human brain. To explain
the mechanism by which the selective pressure on ace-DHSs
can alter the expression pattern of target genes, we have
provided several examples to show that the selection on
ace-DHSs may occur at the transcription factor-binding sites
within a DHS, causing enhanced binding affinity for the tran-
scription factor, which can in turn result in an enhanced
expression of target genes. Recently, Kim et al. (2010) discov-
ered a novel class of enhancer RNA (eRNA) expressed at

neural enhancers that regulate the expression of nearby gen-
es. In our study, we found that ace-DHSs tend to be active in
more number of cell lines than background DHSs, and were
significantly associated with epigenetic marks of active tran-
scription. It is therefore likely that ace-DHSs are also actively
transcribed, which may produce more small RNA that might
help to enhance the expression of their target genes. This
process might be another mechanism by which the selection
on ace-DHSs can alter the expression of their target genes.
With many determined ace-DHSs, it is now possible to design
experiments to test these hypotheses to further develop
our understanding of the evolution of human-specific
phenotypes.

Materials and Methods

Data Collection and Processing
A total number of 1,844,668 DHSs (DNase I hypersensitive
sites) in the human genome were obtained from
UCSC (Karolchik et al. 2009) with the track name
wgEncodeRegDnaseClusteredV3. The local ancient repeat el-
ements (AREs) of a DHS were defined as the local LINE1
(721,950 in total) and LINE2 (315,199 in total) that are within
65 kb to the center of the DHSs in the human genome.
Liftover (Hinrichs et al. 2006) was used to identify the ortho-
logs of the DHSs and AREs in the genomes of chimpanzee,
gorilla, orangutan and macaque. Firstly, a DHS and an ARE
were filtered out if: (1) the DHS’s length or the ARE’s length
was <100 bp in any genome; (2) the sequence identity be-
tween the human and primate DHSs, or between the human
and primate ARE, was either <50% or equal to 100% (the
alignment was performed using BLASTn; Altschul et al. 1997);
(3) DHS or ARE exists in at least four species including human.
Thus, 1,142,437 DHSs, 442,505 LINE1 and 207,926 LINE2
passed the three filters. Then, a DHS was filtered out if (4)
its background ARE within 5 kb in human was >5 kb away
from the centre of the DHSs in any of the other used primate
genomes; (5) DHS’s length was longer than the background
ARE’s or the DHS overlapped with its ARE in any genome. (6)
DHSs whose local AREs (ancient repeat elements) contain the
potential non-neutral LINEs (those that overlap with coding
exons [GENCODE V19, plus up- and down-stream 10 bp to
avoid splicing sites], promoters [GENCODE V19, transcrip-
tional start site upstream 500 bp], simple repeats [UCSC
Table browser, RepeatMasker], low complexity regions
[UCSC Table browser, RepeatMasker], segmental duplica-
tions [UCSC Table browser]). Finally, 808,943 DHSs were
used for the following analysis (the information about all
tested DHSs and their corresponding AREs (including
IDs and chromosome positions) can be downloaded
from https://sourceforge.net/projects/acedhs/files/tested_
DHSs.xlsx.zip/download, last accessed July 13, 2016).

Identification of DHSs under Accelerated Evolution
The multiple sequence alignments (MSAs) of DHSs and AREs
were constructed by Muscle (Edgar 2004). The phylogenetic
trees were constructed from the MSA using phyloFit (Siepel
and Haussler 2004). phyloP (Pollard et al. 2010) was used to
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assess whether the DHS within the human sub-branch is
under accelerated evolution, by assuming that ARE is under
neutral evolution. Specifically, the SPH model (Gillies et al.
1984) in phyloP was applied, and both the ‘sub-branch’ and
the ‘sub-branch given the whole tree’ tests in the SPH model
were conducted. If the P values of both tests were significant
(fdr adjusted P value< 0.05), then the DHS was considered an
ace-DHS. In cases when the human AREs was more than
twice the length of the human DHSs, a sliding window was
applied to generate multiple sub-AREs from the original AREs
by setting the window and step length to be the DHSs length
and 10% of the DHSs length, respectively. Then, the afore-
mentioned procedures were applied to compare the DHS
with each of the sub-ARE, and the DHS was considered an
ace-DHS if it was found to be significant in more than half of
the cases.

Classification of DHSs
We downloaded gene annotations from UCSC (hg19,
refGene), and followed a strategy similar to that of
Thurman et al. (2012) to classify DHSs. A local DHS is any
DHS that overlaps with a coding gene region (from 1 kb up-
stream of the TSS to the 30-UTR of the coding gene). Distal
DHSs are those that are located within the intergenic region
and at least 10 kb away from the nearest TSS of a coding gene.
The DHSs within 10–1 kb upstream to the TSS were deemed
unclaissified, and were discarded.

Clustering of ace-DHSs in Cell Line Analysis
The cell line data of DHSs (Gremse et al. 2011) were down-
loaded from UCSC genome browser (http://genome.ucsc.
edu/cgi-bin/hgEncodeVocab?type¼%22cell%22, with data re-
leased before June 2012). The cell line activity of all tested
DHSs can be downloaded from https://sourceforge.net/proj
ects/acedhs/files/tested_DHSs_and_cell_line_activity.xlsx.zip/
download. Bi-clustering of cell line and DHSs was first per-
formed using hclust() in R with manhattan distance and the
complete agglomeration method. The final clustering of DHSs
was performed using kmeans() in R by setting k¼ 3, and the
initial centers as the centers of the three groups clustered by
hclust().

ChIP-Seq Data Analysis
We followed the protocol presented in Zhou et al. (2012) to
process the ChIP-seq data of histone modifications, PolII and
CTCF in CD4 from Lagha et al. (2012) and Barski et al. (2007).
Raw ChIP-seq reads were mapped to reference genome se-
quences of hg19 and were averaged within 61 kb to the
center of the DHSs. t.test() in R was used to test the associ-
ation of a specific mark with ace-DHSs. The P value was ad-
justed by Benjamini and Hochberg (1995), and the
significance threshold was set to be 0.01.

Gene Ontology Enrichment Analysis
GO annotation file was downloaded from Ashburner et al.
(2000) on 23 November 2014. Biological Process GO terms
with a size of 30–300 genes were tested for enrichment
among the target genes of a given category of ace-DHSs using

fisher.test() in R. When conducting enrichment tests, we di-
vided the tested DHSs into two categories—local and distal
DHSs, and performed the analysis separately. The background
set for local DHSs was the list of target genes to all local DHSs,
whereas the background set for distal DHSs was the list of
target genes to all distal DHSs (the target genes of all tested
DHSs can be downloaded from https://sourceforge.net/proj
ects/acedhs/files/tested_DHSs_and_target_genes.xlsx.zip/
download). The significance threshold was set at 0.01. To
make the GO enrichment results more interpretable, we
employed a cluster-and-filter approach (Dong et al. 2016).
In the clustering step, we first computed the relatedness
between all pairs of GO terms under the Biological Process
branch, which is defined by a Jaccard similarity that equals
the number of overlapped genes/the number of union
genes between two GO terms. Then, we constructed a
GO term-based network in which nodes correspond to
GO terms and edge weights represent the relatedness
and used a network-partition algorithm called iNP (Sun
et al. 2012) to partition the network into GO modules.
Each GO module includes a list of GO terms that are sig-
nificantly related to each other, whereas the relatedness
between GO terms from different modules is low. In the
filtering step, the enriched GO terms were mapped to pre-
determined GO modules, and the most significant GO
terms from each module were selected to produce a re-
duced list of enriched GO terms.

Gene Expression Data Analysis
The gene expression dataset were obtained from Brawand
et al. (2011), including the normalized RNA-Seq data from six
organs in each of six primates, including human and chim-
panzee. Wilcox.test() in R was used to determine whether the
expression levels of the target genes of ace-DHSs were signif-
icantly different from those of the target genes of background
DHSs in a given organ of a species. To determine whether the
target genes of ace-DHSs were up-regulated in a given human
organ compared with the same chimpanzee organ, the
orthologous chimpanzee genes of the target genes were first
identified. Then, genes were ranked according to the fold
change of their expression level between chimpanzee and
human, and the Wilcoxon signed-rank test was performed
using wilcox.test() in R. The P value threshold was set at 0.05.

Transcription Factor-Binding Analysis
The transcription binding position weight matrixes (PWM)
were obtained from JASPAR (Sandelin et al. 2004). Fimo
(Bailey et al. 2009) was used with default setting to scan
the sequence of ace-DHSs for candidate TFBS. The predicted
TFBS was verified using the ChIP-seq data generated by the
ENCODE project (Consortium 2004), and were considered
putative TFBS if there existed a peak region of the corre-
sponding TF that overlapped with the ace-DHSs.

Supplementary Material
Supplementary figures S1 and S2 and tables S1–S7 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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