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Gain of transcription factor binding sites is associated to changes in
the expression signature of human brain and testis and is
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The gain of transcription factor binding sites (TFBS) is believed to represent one of the major causes of biological innovation.
Here we used strategies based on comparative genomics to identify 21,822 TFBS specific to the human lineage (TFBS-HS),
when compared to chimpanzee and gorilla genomes. More than 40% (9,206) of these TFBS-HS are in the vicinity of 1,283 genes.
A comparison of the expression pattern of these genes and the corresponding orthologs in chimpanzee and gorilla identified
genes differentially expressed in human tissues. These genes show a more divergent expression pattern in the human testis and
brain, suggesting a role for positive selection in the fixation of TFBS gains. Genes associated with TFBS-HS were enriched in
gene ontology categories related to transcriptional regulation, signaling, differentiation/development and nervous system.
Furthermore, genes associated with TFBS-HS present a higher expression breadth when compared to genes in general. This
biased distribution is due to a preferential gain of TFBS in genes with higher expression breadth rather than a shift in the
expression pattern after the gain of TFBS.
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INTRODUCTION

Gene expression in eukaryotes is generally controlled by
sequence elements that are binding sites for transcription
factors. These transcription factor-binding sites (TFBS) are
biased towards a more proximal position regarding the
transcription start site (TSS) of genes. Several reports in the
last few years have addressed the evolutionary forces acting
on TFBS both at inter and intra-species levels (Wray, 2007;

Kasowski et al., 2010; Ni et al., 2012; Arbiza et al., 2013;
Marnetto et al., 2014; Ribeiro-dos-Santos et al., 2015; Tuğrul
et al., 2015). A major conclusion from most of these studies
is that the gain/loss of functional TFBS has an important role
in evolution through the rewiring of genetic regulatory net-
works. Several phenotypic traits in metazoa, for example,
have evolved through the gain/loss of TFBS (Miller et al.,
2007; Rebeiz et al., 2012).
Special interest has been given to the evolution of TFBS in

humans. Arbiza et al. (2013), for example, identified many
adaptive variations in TFBS, although in general the reg-
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ulatory regions were under weaker selection than protein
coding regions. More recently, our group has shown that
indels affecting TFBS show a differential frequency in hu-
man populations suggesting a role of positive selection in the
recent evolution of TFBS in humans (Ribeiro-dos-Santos et
al., 2015). In a similar approach as the one described here,
Marnetto et al. (2014) has identified human-specific reg-
ulatory regions (HSRR) especially in the context of TFBS
gain in the human lineage and has associated these regions
with ontologies related to the nervous system. This is parti-
cularly interesting since some reports have shown that new
human genes have evolved functions related to the nervous
system (Zhang et al., 2012; Zhang et al., 2015). Here, we
further explore the evolution of TFBS in the human lineage,
by identifying those binding sites that are only found in
humans when compared to chimpanzee and gorilla. Human-
specific regions containing TFBS (TFBS-HS) were identi-
fied and we have confirmed that genes associated to these
regions are related to the nervous system, among other
ontologies. Furthermore, we show that such genes present a
trend to be more divergently expressed in human brain and
testis. Finally, we show that the gain of TFBS-HS is biased
toward genes with high expression breadth. We discuss the
implications of such findings on the evolution of TFBS in the
human lineage.

RESULTS AND DISCUSSION

Identification of human-specific sequences in the
reference human genome containing transcription factor
binding sites

A region of the reference human genome was considered
human-specific if it does not align with the reference se-
quence from both chimpanzee and gorilla genomes. To
identify such regions, we parsed the human/chimpanzee and
human/gorilla genome alignments (chain files) available
from the UCSC Genome Portal (http://genome.ucsc.edu/)
and used liftOver to guarantee the human specificity of the
identified regions. Next, the set of 2.69 million TFBS iden-
tified by the ENCODE project (Dunham et al., 2012) was
used to identify TFBS located within human-specific regions
(TFBS-HS). A schematic view of this part of our pipeline is
shown in Figure 1B. As shown in Figure 1A, 21,822 TFBS-
HS were identified. Previous work from our group (Ribeiro-
dos-Santos et al., 2015) has indicated that TFBS located
within polymorphic indels in the human genome were biased
toward some transcription factors. A similar strategy was
applied here to evaluate whether the same bias could be
found in the set of TFBS-HS. Table S1 in Supporting In-
formation lists all the transcription factors whose binding
sites are biased towards the human-specific genome regions

(using a threshold of P<0.01). Among the TFs enriched in
the set of TFBS-HS is ZBTB33, which has been implicated
in the regulation of behavior and other features associated to
the central nervous system in humans (Kulikov et al., 2016).
Another interesting example is THAP1, a TF involved in
dystonia (Fuchs et al., 2009).

Differential expression of genes associated to TFBS-HS

To identify genes associated with TFBS-HS, a 6 kb window
was established flanking all human genes identified by the
Reference Sequence Project (see Methods for more details
and Figure 1C for a schematic view of this part of our pi-
peline). The 6 kb window comprised 5 kb upstream of the 5′
most transcription start site (TSS) of a given gene plus 1 kb
downstream of the same TSS. The size of the flanking
window was based on previous reports from the literature
including a recent one by us (Arbiza et al., 2013; Marnetto et
al., 2014; Ribeiro-dos-Santos et al., 2015). We found that
9,206 TFBS (42% of all 21,822) fall within the 6 kb window
flanking the TSS of 1,283 human genes, reinforcing the
notion that TFBS are biased toward the vicinity of TSS. On
average, these human genes have 7.17 human-specific
TFBS. It is reasonable to speculate that these human-specific
TFBS might have an impact on the level and/or pattern of
expression of the corresponding genes. To examine this is-
sue, the expression pattern of these 1,283 genes (and their
orthologs in chimpanzee and gorilla) was evaluated in sev-
eral tissues from all three species using RNA-Seq data from
the Mammalian Project (Brawand et al., 2011). First, a dif-
ferential expression analysis was performed to identify genes
whose expression was significantly changed in humans
compared to chimpanzee and gorillas. Table S2 in Support-
ing Information lists all genes identified as differentially
expressed in humans, when compared to either chimpanzee
or gorilla.
Furthermore, we searched for genes associated to TFBS-

HS that presented a different expression pattern when hu-
man, chimpanzee and gorilla tissues were analyzed. To do
that, FPKM values for a given gene in a given tissue were
converted to a percentage score that corresponds to the
proportional level of expression for that gene in that tissue. A
30% difference was arbitrarily used as a threshold to identify
genes whose expression pattern shifted in humans compared
to chimpanzee and gorilla. Table 1 lists all 41 selected genes
with the respective normalized scores for all tissues.
Next, two distance metrics were used to measure the ex-

pression divergence between all three species in each tissue.
Two sets of genes were used: all human genes (and their
corresponding orthologs) and genes associated with TFBS-
HS (and their corresponding orthologs). For each gene we
calculated the expression difference between human/gorilla
and chimpanzee/gorilla. In that way we used the gorilla ex-
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pression as a reference and calculated the pace of expression
change in human and chimpanzee. Figure 2 shows that gene
expression in the brain evolved faster in humans than in
chimpanzee when all human genes were used, in accordance
with several authors (Enard et al., 2002; Somel et al., 2011).
However, we also show that the pace of evolution is even
faster in genes associated to TFBS-HS for both brain
(P=0.099) and testis (P=0.001). Although the enrichment for
the brain is not statistically significant, it shows a clear trend.
A second metric was also used to calculate expression di-
vergence in the three primate species. Briefly, expression of a
given gene was plotted in a three-axis graph (each axis
corresponding to one species). The minimum distance be-
tween that datapoint and a hypothetical line representing
equal expression in all three species was then calculated.

Again, we used both sets of genes: all human genes and the
set of genes associated to TFBS-HS. Table 2 shows the
median distance of all orthologous genes in all three species
and the set of orthologs to the genes associated to TFBS-HS.
Here again, the difference between all human genes and the
genes associated to TFBS-HS is more significant for brain
and testis, although the difference was statistically sig-
nificant for all five tissues. This is probably due to the fact
that the distance in this second metric reflects expression
divergence in all three species.

Gene ontologies enriched in set of genes associated with
TFBS-HS

Although the results presented in Figure 2, Table 1 and Table

Figure 1 Workflow for the analysis presented here (A). For more details see Methods. Genome coordinates of TFBS mapped to human-specific regions
(TFBS-HS) were compared to the coordinates of human Reference Sequences (B). TFBS-HS associated to human genes were defined based on the
localization of a given TFBS-HS within a 6 kb window flanking the TSS (C). The resulting set of 9,206 TFBS and 1,283 genes were then evaluated regarding
differential expression, ontology and expression breadth.
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Table 1 Genes differentially represented in human tissuesa)

Gene name Human (%) Chimpanzee (%) Gorilla (%) Tissues
RPS6KA5 100.0 57.7 41.0 Brain
GAREML 37.3 69.3 91.8 Brain
PTCHD1 58.7 94.7 96.2 Brain
CAMTA1 7.7 73.3 53.6 Brain
WNT7B 57.3 96.2 90.9 Brain
FAM72B 100.0 13.3 21.4 Brain
C17orf67 15.5 56.2 63.6 Brain
FAM228B 69.3 13.8 12.3 Brain
SALL3 100.0 32.3 22.4 Brain

STON1-GTF2A1L 66.7 17.9 0.1 Heart
C11orf21 93.4 44.4 33.3 Heart
SCUBE3 63.2 26.2 0.0 Heart
MB21D1 54.2 19.6 23.5 Heart
MMP23B 100.0 55.0 58.3 Heart
CXorf40A 50.0 15.6 10.8 Heart
CFD 60.3 17.5 7.5 Heart

SNORD15B 41.0 0.0 0.0 Heart
POLR2J2 100.0 10.9 14.0 Heart
C17orf75 88.9 10.9 18.2 Kidney
F2RL3 11.0 72.7 71.4 Kidney
CRIM1 16.1 52.4 49.3 Kidney
IHH 66.9 21.6 9.0 Kidney
GBA 0.0 62.4 40.3 Kidney
ODF3B 4.9 44.0 35.5 Kidney
MRGPRX3 30.3 0.0 0.0 Kidney
SALL3 0.0 61.5 36.7 Kidney
SYT7 32.9 0.7 1.0 Liver
RAP2C 62.1 31.5 27.5 Liver
RALGPS1 36.7 0.7 2.9 Liver
MGAT4B 83.2 28.9 32.6 Liver
IHH 26.8 77.7 90.5 Liver
CD52 2.5 37.3 53.1 Liver
PUSL1 100.0 25.0 33.3 Liver
GBA 66.7 13.5 15.3 Liver
ODF3B 14.7 46.6 49.1 Liver
TCF3 83.4 14.1 46.9 Testis

SLC35E4 63.7 6.2 17.5 Testis
TNNC2 89.9 17.5 55.3 Testis
KCNN4 57.9 12.1 25.0 Testis
C17orf75 0.0 40.0 48.5 Testis
VAX1 61.5 9.1 0.0 Testis
NOD2 33.6 2.3 0.0 Testis
CD52 96.2 4.3 4.7 Testis
ELP5 92.0 59.1 35.4 Testis
IRX2 44.9 14.3 12.8 Testis

SHCBP1 50.3 90.2 98.4 Testis
LRRC37A 69.0 37.6 20.3 Testis
ODF3B 44.2 3.1 5.5 Testis
MRGPRX3 36.4 80.0 100.0 Testis
FAM72B 0.0 80.0 78.6 Testis
FAM228B 0.0 77.3 80.2 Testis

a) Values correspond to the proportional level of expression of the corresponding gene in the corresponding tissue.
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2 are interesting in the sense that they strongly suggest a
functional role for TFBS-HS in regulating expression of
key genes, many other processes could be responsible for
the differential expression of the genes associated to TFBS-
HS. We decided therefore to evaluate whether any func-
tional category was enriched within the set of genes asso-
ciated to TFBS-HS. Over representation of functional
categories within this set would further argue for an evo-
lutionary role of TFBS-HS in the human lineage. To address
this issue, a Gene Ontology enrichment analysis was per-
formed with the 1,283 genes associated to TFBS-HS.
Overall, several ontology categories associated to devel-
opment/differentiation, transcriptional regulation, signal
transduction and nervous system were significantly en-
riched within this gene set (Figure 3). While the same
pattern of ontologies has been observed by Marnetto et al.
(2014) in their analysis of FHSRR, our enrichment reached
higher levels of significance and presented some exclusive
ontologies related to transcriptional regulation. It is inter-
esting, however, that two different approaches reached the
same overall conclusions reinforcing the notion that human
genes with gained TFBS are related to specific biological
processes and functions.

Genes associated with TFBS-HS are biased towards high
expression breadth

Motivated by the paper from Hurst et al. (2014), who have

developed a metric system able to predict the expression
breadth of human genes, we decided to explore whether
genes associated with TFBS-HS have a different expression
breadth compared to genes overall. First, data from the Il-
lumina Human Body Map was used to compare the expres-
sion breadth of all human genes and the 1,283 genes
associated with TFBS-HS. As seen in Figure 4A, genes as-
sociated with TFBS-HS have a higher expression breadth
when compared to all human genes. Two possibilities could
account for this biased distribution. First, the presence of
human-specific TFBS could change the expression of the
respective genes in the human lineage, increasing their ex-
pression breadth. Alternatively, the ancestral genes (before
the split between human and chimpanzees and the gain of
specific TFBS in the human lineage) had already a higher
expression breadth and the gains of TFBS occurred pre-
dominantly in genes with higher expression breadth. To test
these two alternatives, the expression breadth of the chim-
panzee and gorilla orthologs of the 1,283 human genes as-
sociated to TFBS-HS was evaluated. A higher expression
breadth for the orthologs would give support to the second
alternative. Otherwise, if the orthologs have a lower ex-
pression breadth, the first alternative would be supported.
Figure 4C and D clearly show that the orthologs in both
chimpanzee and gorilla have an expression breadth higher
than the respective total genes. We can then conclude that the
gain of TFBS in the human lineage occurred more frequently

Figure 2 Evolution of gene expression in genes associated to TFBS-HS. Pace of expression change in human and chimpanzee brain (A), testis (B) and
kidney (C). Expression of the corresponding genes in gorilla was used as a reference. All human genes are shown in bold line while TFBS-HS associated
genes are shown in dashed lines.

Table 2 Expression divergence between species used in this studya)

Brain Heart Liver Kidney Testis

Median distance (TFBS-HS) 5.4 3.6 2.00 4.00 8.00

Median distance (all orthologous genes) 2.66 2.00 1.33 3.33 5.33

% increase 103 80 50.38 20.12 50.1

a) Values correspond to the median distance of orthologous genes to a hypothetical line representing equal expression in the same tissue in all three species.
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in genes with a higher expression breadth. The reasons be-
hind this biased gain of human-specific TFBS are likely
associated to a more relaxed purifying selection in the reg-
ulation of transcription in genes with higher expression
breadth.

FINAL REMARKS

We have provided direct evidence that the gain of TFBS in
the human lineage is associated with changes in gene ex-
pression signatures in the human brain and testis. This sug-
gests that these gains have been under selection in the human
lineage. Supporting this view, genes associated with TFBS-
HS are enriched in ontologies linked to the nervous system.
On the other hand, we have also shown that the gain of TFBS
is biased towards genes with higher expression breadth,
likely due to a more relaxed purifying selection on the reg-
ulation of expression of such genes. These apparent contra-
dictory findings can be understood as a dynamic balance of
different evolutionary forces acting on the control of gene
expression. A complete understanding of such forces will
certainly provide insights on the association of eQTLs and
several human features, including diseases.

MATERIALS AND METHODS

Genome alignments

The following data was obtained from the UCSC Genome
Portal (Rosenbloom et al., 2015): (i) Alignments of the hu-
man genome against both the chimpanzee and gorilla gen-
omes, (ii) Reference Sequence transcripts and their
respective genome alignments, and (iii) TFBS coordinates
identified by the ENCODE project V2 (Dunham et al.,
2012). Expression data was downloaded from the Mamma-
lian Project (Brawand et al., 2011) and from the Illumina
Human Body Map 2.0, both available from the Expression
Atlas portal (Petryszak et al., 2014). Information on ortho-
logs in all three species was obtained from Ensemble
(Cunningham et al., 2015), using the Biomart tool. Ortho-
logous genes were selected based on the best identity and all
annotations and analyses were based on the hg19/GRCh37
release of the human genome.

Identification of TFBS-HS

The genome alignments obtained from UCSC Genome
Portal were available in a “.chain” file extension, which has
information about the alignment coordinates, the number of
matches and the number/position of gaps. To identify se-

Figure 3 Gene ontology enrichment analysis for human genes associated to TFBS-HS. Bar color refers to the significance of enrichment.
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quences present only in the human genome, we first selected
the most conserved chains from the alignments and then
counted the number of matches and gaps by walking on the
selected chain. When a gap was larger than 20 bp within the
chimpanzee or gorilla genomes, its respective coordinate was
compared to the coordinates of all TFBS from ENCODE as
shown in Figure 1B. A final step in our pipeline involved the
use of liftOver (Kent et al., 2010) in a comparison between
our putative human-specific regions to the chimpanzee and
gorilla genome sequences. TFBSs co-localizing with human-
specific regions, confirmed by liftOver, were selected and
then stored into a MySQL database (Widenius et al., 2002).

Selection of genes in the vicinity of TFBS-HS

We first selected the largest transcript of each gene from the
respective Reference Sequence entry and defined the TSS
(Transcription Start Site) for that entry. A 6 kb region
flanking the TSS (5 kb upstream plus 1 kb downstream of the
TSS) was defined and compared to coordinates of all TFBS-
HS, as shown in Figure 1C. BedTools software (Quinlan and
Hall, 2010) was used to identify the intersection between the
TFBS-HS and the 6 kb window.

TFs enrichment analysis

The enrichment analysis of TFs within the dataset of TFBS-
HS was performed through a Monte Carlo simulation, where
random sets of 9,206 TFBS (same number as TFBS-HS)
were tested against all available transcription factors present
within the 6 kb region flanking the TSS of all human genes.

Identification of genes showing differential expression

The first approach was the direct comparison of FPKM va-
lues between the same tissues in different species. First, or-
thologs genes in the three species were selected and gene
expression ratio was calculated between human/chimpanzee
and human/gorilla. A threshold was used to select differen-
tially expressed human genes (log2(ratio)>2 or <–2).
In a second approach, gene expression was normalized by

the proportion of each gene expression in each tissue using
the data from the Mammalian Project. For each tissue, that
was done by taking the expression of a given gene in that
tissue and dividing that value by the sum of that gene ex-
pression in all tissues. Next, all orthologs were identified (by
using the Ensembl database) and differences >0.3 for the

Figure 4 Expression breadth of genes associated to TFBS-HS. A, Pattern of expression breadth for all human genes (red line) and genes associated to
TFBS-HS (blue line) using data from the Human Body Map. B, Same analysis as in (A) using data from the Mammalian Project. C, Pattern of expression
breadth for all chimpanzee genes (red line) and for the genes orthologous to the human genes associated to TFBS (blue line). D, Pattern of expression breadth
for all gorilla genes (red line) and for the genes orthologous to the human genes associated to TFBS (blue line).
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same gene and tissue in different species were selected.

Rate and distance of gene expression change

To calculate the expression divergence between human
genes associated with TFBS-HS and their orthologs in
chimpanzee and gorilla, two approaches were used. First,
expression from the same tissue in each species was plotted
in a three-dimensional graph and the minimum distance
between each point and a hypothetical line representing
equal expression in all three species was determined. The
median of all minimum distances represents a metric for
expression divergence. Second, for each pair of orthologs
(human/gorilla and chimpanzee/gorilla), we calculated the
expression difference between human/gorilla and chimpan-
zee/gorilla. In that way, the expression in gorilla (outgroup)
was used as a reference to calculate the pace of expression
change in chimpanzee and human.

Enrichment ontology analysis

The package of R package ‘clusterProfiler version 3.0’ was
used to perform the enrichment analysis of ontology. The
enrichment analysis of both Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) with either
hypergeometric test or Gene Set Enrichment Analysis
(GSEA) were also performed using clusterProfiler, which
adjusts the estimated significance level to account for mul-
tiple hypothesis testing (Yu et al., 2012).

Expression breadth analysis

In-house R scripts (R Core Team, 2013) were developed for
the expression breadth analyses based on the data from the
Human Body Map Project. Only genes showing official
HUGO (Gene Nomenclature Committee, HGNC) were taken
into account. Genes were grouped by the number of tissues in
which they are expressed. Due to the high sensitivity of
RNA-Seq methods, 30% of the least expressed genes for
each tissue were removed. Statistical chi-square tests were
performed to check if our set of genes was enriched with
genes showing a higher expression breadth.
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