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Molecular maps of the human brain alone do not inform us of the features unique to humans. Yet, the identification of these

features is important for understanding both the evolution and nature of human cognition. Here, we approached this ques-

tion by analyzing gene expression and H3K27ac chromatin modification data collected in eight brain regions of humans,

chimpanzees, gorillas, a gibbon, and macaques. An analysis of spatial transcriptome trajectories across eight brain regions

in four primate species revealed 1851 genes showing human-specific transcriptome differences in one or multiple brain re-

gions, in contrast to 240 chimpanzee-specific differences. More than half of these human-specific differences represented

elevated expression of genes enriched in neuronal and astrocytic markers in the human hippocampus, whereas the rest were

enriched in microglial markers and displayed human-specific expression in several frontal cortical regions and the cerebel-

lum. An analysis of the predicted regulatory interactions driving these differences revealed the role of transcription factors

in species-specific transcriptome changes, and epigenetic modifications were linked to spatial expression differences con-

served across species.

[Supplemental material is available for this article.]

Changes in gene expressionwere long thought to underlie the rap-
id evolution of phenotypic traits, including the evolution of hu-
man cognition. To date, a number of studies have investigated
this topic and have reported scores of genes showing expression
unique to the human brain in comparison to closely related living
primate relatives: apes and old-world monkeys (Enard et al. 2002;
Cáceres et al. 2003; Brawand et al. 2011; Konopka et al. 2012). Early
studies conducted in up to seven brain regions using microarray
suggested the complex picture of gene expression evolution
(Cáceres et al. 2003; Khaitovich et al. 2004; Oldham et al. 2006).
Subsequent studies, however, mainly focused on the investigation
of temporal gene expression changes during human, ape, andma-
caque brain development in one or several brain regions (Somel
et al. 2009, 2010; Liu et al. 2012; Bakken et al. 2016).

In parallel, several studies investigated the regulatory
mechanisms driving human-specific changes in gene expression.

Analyses of transcription factors (TFs) revealed predicted TF regula-
tory networks and individual TFs driving gene expression differ-
ences between human and chimpanzee brains (Nowick et al.
2009; Liu et al. 2012). Analyses of epigenetic modifications identi-
fied promoters and enhancers potentially involved in human
corticogenesis (Reilly et al. 2015), as well as active human-specific
cis-regulatory elements in adult brains (Vermunt et al. 2016).

Although no further steps have been taken toward the under-
standing of human-specific expression across multiple brain re-
gions using comparisons to other primates, several studies have
focused on the human brain itself (Roth et al. 2006; Oldham
et al. 2008; Johnson et al. 2009; Kang et al. 2011; Hawrylycz
et al. 2012). The analyses conducted across as many as 170 brain
regions and subregions (Hawrylycz et al. 2012), 16 neuronal sub-
types (Lake et al. 2016), and 466 individual cells (Darmanis et al.
2015) revealed the complex transcriptional landscape. Hence,
integrated analyses of multiple brain regions in the context of hu-
man evolution may uncover alterations in spatial profiles of
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expression levels, revealing changes that collectively contribute to
human brain functionality.

Here, we determined uniquely human transcriptome features
based on gene expression profiles collected across eight ana-
tomically and functionally distinct brain regions of humans,
chimpanzees, gorillas, and a gibbon.We further utilized published
epigenome data (Vermunt et al. 2016) collected in eight brain re-
gions of humans, chimpanzees, and macaques to assess and com-
pare putative regulatory mechanisms that drive gene expression
differences among species.

Results

Data description

We assessed gene expression differences among humans, chim-
panzees, gorillas and gibbons bymeasuring the poly(A)+ RNA frac-
tion in eight brain regions of each species (Fig. 1). In each brain
region, we measured RNA expression in four to six humans, five
to six chimpanzees, two gorillas and one gibbon. The brain regions
included five neocortical areas, as well as parts of the hippocampus
(HIP), striatum (STR) and cerebellum (CB) (Fig. 1; Supplemental
Tables S1, S2). The neocortical areas included dorsolateral prefron-
tal cortex (DPFC), ventrolateral prefrontal cortex (VPFC), premotor
cortex (PMC), anterior cingulate cortex (ACC), and primary visual
cortex (V1C). The paired-end sequencing of these samples on the
Illumina platform (RNA-seq) resulted in 36 million read pairs per
sample on average (Supplemental Table S3), yielding a total of
27,991 expressed genes.

To investigate regulatory mechanisms associated with gene
expression level differences among species, we further reanalyzed
published H3K27ac chromatin immunoprecipitation sequencing
data (ChIP-seq) collected in eight brain regions of three humans,
two chimpanzees, and three rhesus monkeys (Vermunt et al.
2016). Six of the eight regions overlapped with brain regions
used for the RNA-seq measurements (Fig. 1). The reanalysis of

the ChIP-seq data yielded 51,283 genomic regions thatwere signif-
icantly enriched in H3K27ac modification signal, termed predict-
ed cis-regulatory elements (CREs) (Supplemental Table S4).

The multidimensional scaling (MDS) and t-distributed sto-
chastic neighbor embedding (t-SNE) (van der Maaten and
Hinton 2008) performed based on gene or CRE coverage showed
a difference between the cerebellum and the other brain regions,
as well as separation or a separation trend among species (Fig. 1;
Supplemental Figs. S1A,B, S2).

Human–chimpanzee divergence across brain regions

A comparison between humans and chimpanzees revealed sub-
stantial differences in gene expression and CRE coverage: On aver-
age, 12% of genes and 8% of CREs differed significantly between
species, with more differences found in subcortical regions com-
pared to the neocortex (Benjamini and Hochberg [BH] FDR-cor-
rected P < 0.05, fold change >2) (Fig. 2A; Supplemental Fig. S1C).
This extent of differential expression was not affected by PCR du-
plicates generated during the RNA-seq procedure (Supplemental
Fig. S3). Similarly, the confounding variables, such as the samples’
RNA quality and experimental batch, as well as the sex, age, and
postmortem interval of each individual, did not contribute sub-
stantially to gene expression differences between humans and
chimpanzees (Supplemental Figs. S4–S8).

Using gorilla and gibbon transcriptomedata ormacaque epige-
netic data as outgroup information, we assigned differences in gene
expression and CRE coverage to the human and chimpanzee evolu-
tionary lineages. Overall, the percentages of genes and CREs as-
signed to the two lineages were balanced across brain regions (Fig.
2A; Supplemental Fig. S1C). This result was robust at different line-
age assignment thresholds and remained stable using only gorilla or
gibbon data as outgroup information (Supplemental Fig. S1D).

We then tested the relationship between gene expression and
epigenetic differences between humans and chimpanzees in each
brain region by coupling CREs to the nearest gene. This resulted in

Figure 1. Primate brain transcriptome and epigenome data sets. (Top) The trees show phylogenetic relationship among species for transcriptome (red)
and epigenome (blue) data sets. The silhouette figure colors mark species identity throughout the figure. (Mya)Million years ago. (Bottom center) Locations
of brain regions, corresponding symbols, and labels included in the transcriptome (red) and epigenome (blue: [PFC] prefrontal cortex; [PcGm] precentral
gyrus; [OP] occipital pole; [CN] caudate nucleus; [Put] putamen; [CB] cerebellum; [WM] white matter; [TN] thalamic nuclei) data sets. The dashed lines
show brain regions shared between the data sets. (Bottom, sides) The numbers of biological replicates for each of the brain regions and plots showing two
dimensions resulting from themultidimensional scaling (MDS) analyses of the transcriptome (left) and epigenome (right) data. The colors and shapes of the
symbols on the MDS plots indicate the species and brain region identities of the samples.
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8120 putative promoter CREs located within 1000 bp (1 kb) from
the genes’ transcription start site (TSS) and 43,163 putative en-
hancer CREs located beyond this distance. We found a significant
positive correlation between epigenetic and gene expression differ-
ences between species: In linear regression analysis, the promoter
and enhancer CREs explained on average 20% and 6% of gene ex-
pression differences, respectively (permutations, P < 0.001) (Fig.
2B). Correspondingly, CREs located next to genes differentially ex-
pressed between humans and chimpanzees or genes showing spe-
cies-specific expression had significantly more corresponding
coverage differences (hypergeometric test, BH-corrected P < 0.05)
(Supplemental Tables S5, S6). Furthermore, the direction of the dif-

ferences was consistent with the known role of H3K27acmodifica-
tion as a marker of chromatin regions associated with active
transcription (Fig. 2C,D; Supplemental Fig. S1E; Supplemental
Table S7; Wang et al. 2008).

Human-specific coexpression modules

To assess the spatial distribution of human-specific gene expres-
sion differences among brain regions in a more comprehensive
manner, we constructed a coexpression network based on 9726
genes showing significant expression differences between humans
and chimpanzees in at least one brain region. Unsupervised

CA

DB

Figure 2. Gene expression differences between humans and chimpanzees and their relationship with epigenetic differences. (A, left) The percentage of
genes that show significant gene expression differences between humans and chimpanzees (red bars) and expected by chance (gray bars); (right) pie
charts showing the percentages of human-specific (orange), chimpanzee-specific (purple), and unassigned (gray) gene expression differences sorted using
combined gorilla and gibbon outgroup information. (B) The percentages of gene expression variance between humans and chimpanzees explained by
promoter CREs (P) and enhancer CREs (E) coverage differences in each brain region shared between transcriptome (gene) and epigenome (CRE) data
sets. (C) Normalized H3K27ac read counts for CREs located next to genes differentially expressed between humans and chimpanzees: (Left) The color
of the dots shows the direction of the expression difference: (red) higher in humans; (blue) lower in humans. (Right) The box plots show distributions
of CRE coverage in humans (orange) and chimpanzees (purple) for the corresponding dots. The significance of the coverage differences between humans
and chimpanzees in a one-sided Wilcoxon test was shown by each dot’s color gradient (left) and the asterisks (right): (∗∗∗) P < 0.0005; (∗∗) P < 0.005. The
numbers indicate brain regions in accordance with the index shown in B. (D) Normalized H3K27ac read counts for CREs located next to genes showing
human-specific gene expression changes. (Left) The color of the dots shows the direction of the expression difference, as in C. Each dot’s shape represents
nonhuman species: (circle) chimpanzees; (diamond) macaques. (Right) The box plots show the distributions of CRE coverage in humans (orange),
chimpanzees (purple), and macaques (green) for the corresponding dots. The significance of the coverage differences between humans and nonhuman
primates in a one-sided Wilcoxon test was shown by each dot’s color gradient (left) and the asterisks (right): (∗∗∗) P < 0.0005; (∗∗) P < 0.005; (∗) P < 0.05;
(#) P > 0.05 as the gray dot shows. The numbers indicate brain regions in accordance with the index shown in B.
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clustering of their expression profiles yielded 24 coexpression
modules, each characterized by its representative pattern (Fig.
3A; Supplemental Table S8; Supplemental Fig. S9). Most of these
patterns were observed using alternative clustering procedures,
such as k-means clustering or signedWGCNA, detected at different
module definition cutoffs, and robust to jackknife resampling
(Supplemental Fig. S10).

For eachmodule, we calculated a species-specificity index de-
fined as the ratio of the number of genes with human-specific ex-
pression to thatwith chimpanzee-specific expression in each brain
region. Notably, despite an overall similarity of human-specific
and chimpanzee-specific gene numbers in individual brain
regions, human-specific expression differences clustered in partic-
ular coexpressionmodules far more frequently than the chimpan-
zee-specific expression differences. Using a 5% cutoff (|Z| > 1.96),
seven modules were enriched in human-specific expression differ-
ences and only one in chimpanzee-specific differences (Fig. 3B). A
more stringent criterion, requiring at least one brain region to be
classified as species-specific using both gorilla and gibbon brain
samples as outgroups, yielded four human-specific modules (mod-
ules 6, 12, 20, and 22) and one chimpanzee-specific module (mod-
ule 7) (Fig. 3B,C).

In modules 6, 12, and 20, human-specific expression differ-
ences mainly localized in neocortical regions (PMC, VPFC, and
DPFC) as well as CB for module 20 genes, whereas module 22 rep-
resented human-specific expression differences particular only to
the hippocampus (Fig. 3C). An analysis based on 585 published
cell-type marker genes contained in the modules (Sharma et al.
2015) showed the strong enrichment of modules 6, 12, and 20
in microglial markers (hypergeometric test, BH-corrected P-value
<0.05) (Fig. 3D,E). In contrast, module 22 was enriched in neuro-
nal and astrocytic markers (hypergeometric test, BH-corrected P-
value <0.05) (Fig. 3D,E). The cell-type enrichment results were ro-
bust to the use of alternative cell-type marker sets (Supplemental
Table S9; Supplemental Fig. S11; Darmanis et al. 2015; Zeisel
et al. 2015; Zhang et al. 2016). Accordingly, genes in modules 6,
12, and 20 were enriched in Gene Ontology (GO) biological func-
tion terms associated with immune response, the primary task of
microglia (Fig. 3D; Supplemental Table S10; Filiano et al. 2015).
In contrast, module 22 genes were enriched in outer dynein arm
assembly and ciliummovement functions (Fig. 3D; Supplemental
Table S10). This might be noteworthy, because motile cilia are lo-
cated on ependymal cells that have been shown to be present in
the mouse hippocampus (Zeisel et al. 2015).

To test the authenticity of gene expression differences particu-
lar to the human hippocampus and to assess their histological
localizations, we conducted quantitative PCR (RT-qPCR) and im-
munohistochemistry (IHC) experiments for a subset of module 22
genes. Among the 63 module 22 genes reported to be expressed in
mouse neurons and astrocytes (Sharma et al. 2015), we selected sev-
en genes highly expressed in the human hippocampus (average
RPKM >50) and coveringmost of the human-specificity ratio range:
RSPH1, PDLIM4, FOLR1, CNN3, F3, PBXIP1, and RGMA (Fig. 4A).

Six of the seven genes had significantly higher expression in
the human hippocampus compared to chimpanzees, gorillas, and
gibbon in RT-qPCR experiments, consistent with RNA-seq mea-
surements (one-sided Wilcoxon rank-sum test, P < 0.05) (Fig. 4B).
The remaining gene, RGMA, showed the same expression trend
(one-sided Wilcoxon rank-sum test, P = 0.1). The RT-qPCR result,
as well as higher expression of tested genes in the human hippo-
campus in the original RNA-seq data, was not caused by a particu-
lar human sample (Supplemental Figs. S12, S13).

IHC experiments showed that RSPH1, PDLIM4, FOLR1, and
RGMA proteins localize in neurons, and CNN3 in astrocytes (Fig.
4B). PBXIP1 and F3 staining revealed morphology compatible
with astrocyte projections, and F3 signal partially colocalized
with GFAP staining marking the majority of astrocytes and their
projections. Notably, the localization of CNN3, PBXIP1, and F3
in astrocytes and their projections was reported in both mice
and humans (Darmanis et al. 2015; Sharma et al. 2015; Zhang
et al. 2016), whereas the localization of RSPH1 and RGMA in neu-
ronswas reported in humans (Zhang et al. 2016) andmice (Sharma
et al. 2015), respectively (Supplemental Table S9).

Regulation of coexpression modules

A combination of gene expression andH3K27acmodification data
allows us to assess the influence of various regulatory mechanisms
on the species-specific alterations of spatial expression profiles rep-
resented by the 24 gene modules. Specifically, we assessed the in-
fluence of (1) H3K27acmodification levels at promoter regions, (2)
H3K27ac modification levels at putative enhancer regions, and (3)
expression levels of TFs with binding sites present in promoter re-
gions identified based on TF binding profiles from the JASPAR
CORE database (Sandelin et al. 2004), on the spatial profile of
each gene in each of the 24 modules (Supplemental Table S11).

Each regulatory mechanism explained 12%–38% of the total
expression variation across brain regions within themodules, with
a mean of 24% for epigenetic modifications and 22% for TFs (Fig.
5A). Notably, modules predominantly regulated by TFs showed
more spatial expression differences between humans and chim-
panzees, whereas modules predominantly regulated by promoter
CREs were more conserved (one-sided Wilcoxon rank-sum test,
P < 0.05) (Fig. 5B). The greater extent of spatial expression differ-
ences for modules preferentially regulated by TFs was further re-
produced using TFs with binding sites located within distal
enhancer CREs (Supplemental Fig. S14). The modules predicted
to be regulated by enhancer CREs showed intermediate conserva-
tion. Consistently, four of the five species-specific modules (mod-
ules 7, 12, 20, and 22) showed a greater predicted regulatory
impact of TFs and a lesser impact of promoter CREs (Fig. 5B,C).
Furthermore, two of these modules (modules 7 and 20) were pre-
dominantly regulatedbothbyTFswithbindingsites locatedwithin
proximal promoter regions and by TFs with binding sites located
within distal enhancer CREs (Fig. 5B; Supplemental Fig. S14).

The expression of seven TFs significantly positively or nega-
tively correlated with the expression of their predicted target genes
within modules: one TF (IRF1) in module 20, three TFs (FOXA1,
TEAD1, PRDM1) in module 22, and three TFs (SP2, NFYA, PAX5)
in module 7 (one-sided Wilcoxon rank-sum test, BH-corrected
P < 0.05, Pearson correlation coefficient, |r| > 0.6) (Fig. 5D,E;
Supplemental Fig. S15).

The previously reported functions of these TFs matched their
roles in the regulation of spatial expression in brains. FOXA1 has
been reported to play a role in the development and maintenance
of the dopaminergic neuron system affected in Alzheimer’s
(Wruck et al. 2016) and Parkinson’s diseases (Domanskyi et al.
2014). Mutations in the TEAD1 gene were shown to cause
Aicardi syndrome, which is characterized by severe developmental
brain defects (Schrauwen et al. 2015). The expression of PRDM1,
previously characterized as a transcriptional repressor (Keller and
Maniatis 1991), negatively correlated with the expression of its
predicted targets in module 22. Moreover, in the brain, PRDM1 in-
hibition was linked to gliomas’ progression (Wang et al. 2013).
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Figure 3. Characteristics of species-specific coexpression modules. (A) Dendrogram based on unsupervised hierarchical clustering of expression profiles
of 9726 genes with significant expression differences between humans and chimpanzees in at least one brain region. The colors indicate 24 identifiedmod-
ules. (B) The heatmap shows scaled species-specificity indices calculated using gorilla (upper) and gibbon (lower) data for eachmodule in each brain region:
(top) each of the eight brain regions; (left) module labels. The colors indicate species-specificity based on Z-score thresholds corresponding to 5% and 10%
cutoffs as indicated by the bar below: (orange) human-specific; (purple) chimpanzee-specific. The black rectangles indicate species-specific modules sup-
ported by both outgroup species. (C) Gene expression profiles of human-specific and chimpanzee-specificmodules. The dots shownormalized read counts
averaged across genes within eachmodule for respective species: (orange) humans; (purple) chimpanzees; (dark green) gorillas; (light green) gibbon. The
label at the top of each panel shows the number of genes within the module. The vertical lines show brain regions showing significant species-specificity
within themodule. (D) The enrichment of genes in species-specific modules in three GO term categories and cell-type markers. The shade of the color bars
beside the term and cell-type names indicates P-values of a hypergeometric test after BH correction, as shown by the bar below. (E) The distribution of cell-
typemarker geneswithin the four human-specific modules. Each ring represents one human-specific module, showing the relative proportions of neuronal,
astrocytic, oligodendrocytic, and microglial marker genes within the module with expression human-specificity ratio greater than one, normalized to the
overall number of marker genes for each cell type. The correspondingmarker gene names are shownwithin the rings, with the distance between each gene
and the center representing the log2-transformed human-specificity ratio. The numbers show the maximum of the log2-transformed human-specificity
ratio range within the modules. The human-specificity ratio was calculated as the ratio of the absolute expression difference between humans and the out-
group species to the absolute difference between chimpanzees and the outgroup species.

Spatial transcriptome evolution in primate brains

Genome Research 1101
www.genome.org

 Cold Spring Harbor Laboratory Press on August 3, 2018 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Figure4. Human-specificity of module 22 genes in the hippocampus. (A) Scatter plot showing expression levels and human-specificity ratio calculated
using combined outgroup data for a subset of 23 module 22 genes selected based on expression and cell-type–specificity information (Methods). Each
gene is represented by a pie chart showing relative specificity of expression to the hippocampus, compared to the average expression across the rest of
the brain regions, in humans (orange) and chimpanzees (purple). The arrows indicate seven genes measured in RT-qPCR and IHC experiments. (B) The
expression and cellular localization of the seven selected genes with human-specific expression in the hippocampus. Each panel shows expression levels
measured using RT-qPCR (left) and cellular localization in the human hippocampus determined using IHC (right). (Left) The log2-transformed expression
levels are shown by colored symbols. Each symbol represents an individual (n = 6 for humans, n = 5 for chimpanzees, n = 2 for gorillas, and n = 1 for
gibbon). The colors represent species: (orange) humans; (purple) chimpanzees; (dark green) gorillas; (light green) gibbon. The horizontal lines show
the mean expression across biological replicates. The asterisks indicate the significance of expression differences between humans and the other three
primate species in a one-sided Wilcoxon test: (∗∗∗) P < 0.0005; (∗∗) P < 0.005; (∗) P < 0.05; (#) P = 0.1. (Right) The IHC images show the signals from the
investigated protein (red), the general nuclear marker DAPI (light blue), the neuronal marker NeuN (green), the astrocytic marker GFAP (blue), as well as
merged images (scale bar, 25 µm). The RSPH1, PDLIM4, FOLR1, and RGMA images were taken in the CA3, CNN3, and F3 images—in the CA1, PBXIP1
images—in the dentate gyrus.

Xu et al.

1102 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 3, 2018 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Another gene IRF1, correlating positively with the expression of its
predicted targets in module 20, was shown to be involved in im-
mune response and reactive microglia activation (Masuda et al.
2015; Langlais et al. 2016), whichmatches functional enrichment
results for this module.

Discussion

Different regions are tightly integrated within anatomical and
functional architecture of the brain. In this study, we took advan-
tage of this phenomenon to identify uniquely human gene expres-
sion features representing eight different brain regions.

The identification of lineage-specific gene expression chang-
es is based on a comparison to closely related species, analogously
to a DNA sequence–level analysis. Unlike DNA sequence, gene ex-
pression represents a continuous spectrum andmay evolve rapidly
on a given lineage (Pollard et al. 2006). Accordingly, comparisons
to distant species could lead to incorrect lineage placement due to
multiple gene expression changes. Measurements of gene expres-
sion in the brains of humans, chimpanzees, orangutans, and

old-world monkeys showed that although expression in the brain
is more conserved than in the other tissues, the differences still ac-
cumulate rapidly (Khaitovich et al. 2006). Thus, the use of two out-
group species proximal to humans and chimpanzees, gorillas and
gibbons, enables us to get a more reliable placement of expression
differences to the evolutionary lineages in our study.

An analysis based on individual brain regions showed that
the percentages of gene expression changes assigned to the human
and the chimpanzee lineages deviated little from the 50:50 ratio.
This balanced ratio reflects the equal length of the two lineages af-
ter the separation from the most recent common ancestor. In con-
trast, an analysis based on expression profiles across brain regions
revealed eight human-specific coexpressionmodules (four of them
supported by both outgroup species) and one chimpanzee-specific
module. The four human-specific modules representing expres-
sion changes in neocortical areas, cerebellum, and hippocampus
contained 1851 genes, cumulatively. The chimpanzee-specific
module contained 240 genes. Thus, the differences in the shape
of gene expression trajectories across brain regions were heavily bi-
ased toward the human lineage.
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Figure 5. Putative spatial expression regulators. (A) The mean percentage of gene expression variation explained by epigenetic modification levels of
enhancer CREs (E), promoter CREs (P), TF expression levels for TFs identified using binding sites present in proximal promoter regions (TF), and the residual
variance (R) for each module. (B) Influence of the three regulatory mechanisms on spatial gene expression differences between humans and chimpanzees.
The dots represent modules. The horizontal axis shows the relative influence of a regulatory mechanism in each module. The vertical axis and the distribu-
tions show human–chimpanzee expression differences for modules with the major (red) and minor (blue) contribution of a given regulatory mechanism.
The asterisks indicate the significance of the difference between two distributions (one-sided Wilcoxon test, here and further: [∗] P < 0.05; [∗∗] P < 0.005).
The arrowsmark species-specific modules: (orange) human; (purple) chimpanzee. (C ) The influence of the three regulatory mechanisms on spatial expres-
sion in species-specific modules. Red dots denote the normalized median of absolute Pearson correlation coefficients based on spatial profiles of genes and
corresponding regulators. The gray dots denote values expected by chance calculated by randomly assigning regulators to genes (Methods). The asterisks
represent the significance of the difference between observed and expected values (one-sided Wilcoxon test: [red] greater; [blue] smaller). (D) Numbers of
TFs showing correlated expression with targets in species-specific modules. The asterisks indicate the probabilities of finding the observed or greater num-
ber of correlated TFs by chance (1000 permutations of module labels). (E) Spatial expression patterns of five TFs (IRF1, FOXA1, TEAD1, SP2, and NFYA) pre-
dicted to regulate target genes in modules 20, 22, and 7, respectively: (orange) human; (purple) chimpanzee; (dark green) gorilla; (light green) gibbon.
The module expression patterns are shown above the panels. The vertical lines indicate brain regions responsible for species-specificity of the modules.
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More than half of all human-specific gene expression profiles
formed a single module, module 22, characterized by elevated ex-
pression in the human hippocampus. Furthermore, an analysis of
the coexpression network revealed an additional module (module
16) closely linked to module 22 and showing human-specific hip-
pocampal overexpression of a smaller magnitude (Fig. 6; Supple-
mental Fig. S9). This result is notable, because the hippocampus
is central to learning and memory functions believed to be partic-
ularly enhanced in humans (Premack 2007), and aligns with the
reported acceleration of transcriptome evolution and an increase
in transcriptional connectivity in the human hippocampus com-
pared to other primates (Konopka et al. 2012). A functional analy-
sis of genes in modules 16 and 22, as well as in module 22 alone,
revealed enrichment in neuronal and astrocytic markers, as well
as functions related to axoneme and cilium movements (Fig. 3D;
Supplemental Fig. S16), indicating the complex character of hu-
man-specific changes. Previous studies indicated the particularity
and interconnected functionality of hippocampal neurons and as-
trocytes, suggesting the possibility of region-specific alterations in-
volving the two cell types. Both neurons and astrocytes, as well as
their interactions, were implicated in learning and memory pro-
cesses localized in the hippocampus (Henneberger et al. 2010;
Suzuki et al. 2011; Ota et al. 2013; Hassanpoor et al. 2014; Tadi
et al. 2015; Gao et al. 2016; Pabst et al. 2016). Astrocytes were fur-
ther shown to contribute to the integration of adult-born neurons
in the hippocampus, although adult hippocampal neurogenesis in
humans remains controversial (Krzisch et al. 2015; Sultan et al.
2015; Sorrells et al. 2018). Moreover, the involvement of hippo-
campal astrocytes and astrocyte–neuron interactions in Hunting-
ton’s disease, major depressive disorder, and schizophrenia have
been reported (Kolomeets and Uranova 2010; Cobb et al. 2016;
L’Episcopo et al. 2016).

The remaining three modules containing human-specific
changes involving neocortical areas of the frontal lobe (DPFC,
VPFC, and PMC), as well as cerebellar cortex (CB), formed two clus-
ters within the coexpression network, but showed similar func-
tionality (Fig. 6). This shared functionality included microglia as
themain cell type, extracellularmatrix as themain cellular compo-
nent, and immune response as the main biological process.
Microglia, constituting 5%–12% of all cells in the mouse and
human brain (Lawson et al. 1990; Lyck et al. 2009; Olah et al.
2018) and primarily known for their role in immune response,
have recently been implicated in multiple brain functions includ-
ing the regulation of learning-related synapse formation, synaptic
plasticity, and cognition (Parkhurst et al. 2013; Hong et al. 2016;
Tay et al. 2017) and are linked with neurodegenerative and
psychiatric disorders (Wolf et al. 2017). Furthermore, microglial
cells were shown to have different transcriptional identities in
different brain regions (Grabert et al. 2016). Although microglial
expression has been shown to be affected by environmental tran-
sitions (Gosselin et al. 2017), there was no overlap between these
reported changes and the human-specific microglial expression
features detected in our study (hypergeometric test, P-value =
0.702) (Supplemental Fig. S17). Taken together, these observations
indicate the possibility of regional changes in microglial expres-
sion potentially linked to the evolution of human cognition.

Our analysis of regulatory mechanisms that drive evolution-
ary changes of spatial gene expression patterns revealed a clear
and significant trend. We show that between TFs and H3K27ac
epigenetic modifications, which are associated with active pro-
moters and enhancers, TFs represent themain driving force under-
lying recent evolutionary changes. This observation matches the
studies linking particular TFs with rapidly evolving human-specif-
ic expression features (Gilad et al. 2006; Blekhman et al. 2008;

Figure 6. Visualization of the 24modules in the coexpression network. The nodes represent genes. For eachmodule, the 20 genes best correlated within
a module are drawn. The edges represent Pearson correlation coefficients >0.8. The colors of the nodes denote significant enrichment of genes from the
corresponding module in cell-type markers, as illustrated by the graphical legend on the right. The colors of the module labels indicate species-specific
modules: human (orange); chimpanzee (purple).
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Nowick et al. 2009; Liu et al. 2012). Similarly, we identified the TFs
potentially responsible for some of the detected human-specific
expression differences, including FOXA1, TEAD1, and PRDM1
for module 22 genes and IRF1 for module 20 genes. In contrast,
we found that module genes predominantly controlled by epige-
netic modifications associated with active promoters were the
most conserved in their expression among species. The regulation
by enhancer epigenetic modifications resulted in the intermediate
expression conservation.

Taken together, our results show that an investigation of the
spatial profiles of expression levels across multiple brain regions
provides novel insights into the evolution of expression features
unique to the human brain transcriptome. Although functional
interpretation of these results is limited by the absence of experi-
mental transcriptome manipulation and perturbation tools, our
study provides important insights into the possible nature of the
molecular mechanisms underlying human cognitive evolution.
Specifically, our study singles out the potential roles of neurons
and astrocytes in the human hippocampus, as well as the diverse
functions of microglia in the frontal cortex and cerebellum, as po-
tential focal points for further research of the molecular mecha-
nisms underlying the particularity of the human brain.

Methods

Sample preparations

The autopsied brains of eight Japanese patients (six males and
two females, aged 51–76 years) with no neuropsychiatric dis-
orders were obtained from the Brain Research Institute, Niigata
University, Japan. Written informed consent for autopsy, collec-
tion of samples, and subsequent use for research purposes was ob-
tained from the next of kin of the deceased. A total RNA from the
hippocampus was purchased from Clontech Laboratories Inc.
(Catalog no. 636593). The use of postmortem human brain tissues
was authorized by the Niigata University Medical Ethics Commit-
tee (No. 468), the National Institutes of Natural Sciences Bioethics
Committee (No. 24-02, 25-03, 25-04), and the Kyoto University
Medical Ethics Committee (No. G421). All ape brain samples
were obtained from institutes or zoos after their natural deaths un-
der the collaborative research project of the Great Ape Information
Network (GAIN) (https://shigen.nig.ac.jp/gain/). These included
six chimpanzees: Genki (ID: 0135), Iyo (ID: 0305), Kenny (ID:
0363), Mayumi (ID: 0459), Reiko (ID: 0432), Yoshio (ID: 0461);
two gorillas: Gon (ID: 0056), Sakura (ID: 0065); and a gibbon Dai-
chi (ID: 0039).

Brain dissection was performed from either fresh specimens
or frozen tissue slabs by the same person to ensure sampling con-
sistency between specimens. The areas dissected for each brain re-
gion included Brodmann areas (BA) 9/46 for DPFC, BA44/45 for
VPFC, BA6 for PMC, BA17 for V1C, BA24 for ACC, caudate and pu-
tamen for STR, CA1/2/3 and dentate gyrus for the hippocampus,
and posterior lobe for CB. About 100 mg of dissected tissues were
used from each individual. Total RNA was extracted using
RNeasy Plus Universal Kit (Qiagen). Quality and quantitymeasure-
ments of extracted RNAwere performed using NanoDrop (Thermo
Fisher Scientific) and Qubit Fluorometer (Thermo Fisher
Scientific), respectively, and the RNA Integrity Numbers (RIN)
were determined using Bioanalyzer RNA 6000 Nano Kit (Agilent).

RNA-sequencing

Sequencing libraries were prepared using the NEBNext mRNA
Library Prep Kit for nondirectional libraries and the NEBNext

Ultra Directional RNA Library Prep Kit for directional libraries
(New England BioLabs) according to the manufacturer’s instruc-
tions. The RNA-seq libraries were each sequenced (101 cycles)
using the Illumina HiSeq 1500, HiSeq 2000, and HiSeq 4000
platforms.

Gene expression quantification

Raw reads of four species were aligned to the reference ge-
nomes (human, hg19; chimpanzee, panTro4; gorilla, gorGor3;
gibbon, nomLeu1) by “STAR” (Dobin et al. 2013) (parameters:
outFilterMultimapNmax = 1, outFilterMatchNminOverLread =
0.95, outFilterMismatchNoverLmax = 0.05, outFilterIntronMotifs
= RemoveNoncanonical). Due to the fact that the humanhg38 ref-
erence genome was not available at the start of the project, the
hg19 genome version was used here. PCR duplicate removal was
then conducted using SAMtools (Li et al. 2009). Only uniquely
mapped reads were considered as valid to avoid estimation ambi-
guity. We further conducted a parallel analysis skipping the re-
moval of PCR duplicates and obtained consistent results
(Supplemental Fig. S3).

To locate read abundance on gene level, we obtained
chimpanzee, gorilla, and gibbon orthologs of human genes
(GENCODE v19) by reciprocal liftOver, requiring the same exon
orders and no less than 50%of exons preserved. Based on these an-
notations, numbers of reads were counted per gene per sample us-
ing htseq-count within HTSeq (Anders et al. 2015). Only genes
with read counts >0 in all four species in at least one brain region
were used in the following analysis.

We took advantage of themedian ratiomethod implemented
in DESeq2 (Love et al. 2014) to normalize the gene abundance to
get normalized read count for further comparisons across species
and brain regions. We further calculated the reads per kilobase
per million mapped reads (RPKM) as the expression level of each
gene for comparable expression levels among different genes in
some explorations.

CREs’ H3K27ac coverage quantification

Primary CREs were directly obtained from published data
(Vermunt et al. 2016) (Gene Expression Omnibus accession no.
GSE67978). Unlike published work, our study mainly focused on
a comparison between humans and chimpanzees. Thus we made
some changes with respect to CRE ortholog detection in the re-
ferred paper described as follows: Candidate CREs were obtained
by merging the primary CREs of humans and chimpanzees, and
then reciprocal liftOver was utilized to get corresponding regions
in chimpanzees and rhesus monkeys from humans based on these
candidate CREs, which require <50% changes in length.

We used Bowtie (Langmead et al. 2009) to map raw reads to
reference genomes (human, hg38; chimpanzee, panTro4; rhesus
monkeys, rheMac3) with the same parameters as the referred pa-
per. The integrated analysis of transcriptome and epigenome
data in humans was based on Ensembl ID matching between the
hg19 and hg38 versions of the human genome. Mapping RNA-
seq reads to each of the versions resulted in nearly identical gene
expression level estimates (Supplemental Fig. S18). Other prepro-
cessing was similar with those in the gene level.

Global pattern exploration

Twomeanswere included for detecting the overall patterns of gene
expression or CRE coverage across species and brain regions—MDS
and t-SNE. MDS was performed on the basis of sample dissimilar-
ities, defined as oneminus Pearson correlation coefficient between
pairwise samples using the “cmdscale” function in R (R Core Team
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2016). t-SNE was conducted in a similar way by the “tsne” package
in R. To assess the species’ and brain region identity of the gibbon
hippocampus sample, we examined the third and the fourth
dimensions of the MDS analysis, as well as the correlations be-
tween gene expression in the gibbon hippocampus sample and ex-
pression in each of gorilla brain regions calculated using genes
showing hippocampus-specific expression. Genes showing hippo-
campus-specific expressionwere defined as geneswith at least two-
fold higher expression in the hippocampus compared to the other
brain regions in human and chimpanzee data.

Detection of differences between humans and chimpanzees

Genes/CREs showing differential expression/coverage between
humans and chimpanzees in each brain region were identified us-
ing the Bioconductor package “DESeq2” (Love et al. 2014) in
R. Differentially expressed genes or differential coverage CREs
were determined by the criteria of false discovery rate (FDR)
<0.05 and fold change >2. To find out whether confounding fac-
tors such as individual sexes, RIN, experimental batch, age, and
postmortem interval influenced our analysis, we compared the
fold changes calculated between humans and chimpanzees based
on all human and chimpanzee samples and those based on the
samples within the same condition in each brain region. The num-
ber of genes/CREs showing differential expression/coverage ex-
pected by chance was estimated by shuffling the human and
chimpanzee sample labels 100 times for genes or exhaustive per-
mutations for CREs.

Lineage assignment of differences between humans

and chimpanzees

We assigned significant differences in gene expression or CRE cov-
erage between humans and chimpanzees in each brain region to
humanor chimpanzee evolutionary lineage based on evolutionary
outgroups. Specifically, genes/CREs with absolute differences be-
tween humans and outgroups more than a certain fold (here 2,
2.5, and 3) as great as those between chimpanzees and outgroups
were determined as human-specific genes/CREs and vice versa
for chimpanzee-specific genes/CREs. For differentially expressed
genes, lineage assignment was conducted based on outgroups of
gorillas, a gibbon, and the combination of the two. For differential
coverage CREs, rhesus monkeys were used as the outgroup infor-
mation. Figure 2A and Supplemental Figure S1C show the lineage
assignment results under the threshold of 2.5-fold change.

Relationship between transcriptome and epigenome regarding

human–chimpanzee differences

The classification of CREs into promoter CREs and enhancer CREs
resembled themethodmentioned in Vermunt et al. (2016), that is,
every CRE was coupled to its closest gene based on transcription
start site (TSS) of each gene. A distance cutoff of 1000 bp (1 kb) fi-
nally resulted in 8120 promoter CREs located within 1 kb from TSS
and 43,163 enhancer CREs located beyond this distance.

The enrichment of CREs with the nearest gene differentially
expressed between humans and chimpanzees or showing spe-
cies-specific expression in CREs with differential coverage between
species or species-specific CREs was evaluated by a hypergeometric
test with a statistical background of CREs coupled to all expressed
genes or all differentially expressed genes between humans and
chimpanzees. The enrichment with a BH-corrected P-value of
<0.05 was considered to be significant. Moreover, H3K27ac cover-
age dissimilarity across species for CREs located next to differen-
tially expressed genes between humans and chimpanzees or

species-specific genes was assessed using a one-sided Wilcoxon
rank-sum test.

The association between human–chimpanzee gene expres-
sion differences and CREs’ H3K27ac coverage differences in indi-
vidual brain regions was assessed using a linear regression
analysis of log2 fold changes between humans and chimpanzees
of differentially expressed genes and coupled promoter or enhanc-
er CREs. Permutations were done via random coupling between
genes and CREs 1000 times to estimate the significance of these
associations.

Coexpression module construction

Genes’ spatial profiles across brain regions were obtained by
averaging the biological replicates.We then used the unsupervised
hierarchical clustering (function “hclust” in R) to detect coexpres-
sion modules based on 9726 genes differentially expressed be-
tween humans and chimpanzees in at least one brain region.
Dissimilarity between pairwise genes was defined as one minus
Pearson correlation coefficient calculated between the spatial pro-
files of the genes in humans. To test the reproducibility of the de-
tected 24 coexpression modules, we also used cutoffs resulting
in 16 and 36 modules and determined gene set overlap using hy-
pergeometric test implemented in “overlapTable” function in
the Bioconductor package “WGCNA” (Langfelder and Horvath
2008) in R.

Other methods for detecting coexpression modules, like
k-means clustering and weighted gene coexpression network
analysis (WGCNA), were meanwhile performed. Twenty-seven
modules were derived from WGCNA (tag-value pairs: corType =
“bicor”, power = 19, networkType = “signed”, TOMType = “un-
signed”, minModuleSize = 100, deepSplit = 4, reassignThreshold =
0, pamRespectsDendro = F,mergeCutHeight = 0.1) and 24were de-
tected by k-means. Gene set overlap between modules detected by
hierarchical clustering and those by k-means andWGCNAwas as-
sessed in the same manner described above.

To further check the influence of particular samples on mod-
ule detection, we performed a fivefold jackknife procedure:
Samples were randomly separated into five equal-sized groups
and module construction was repeated by leaving one group out
every cycle using hierarchical clustering. Robustness was assessed
in the same manner described above.

Species-specificity of coexpression modules and functionality

enrichment analysis

On the basis of species-specificity of each gene in each brain region
defined above in Methods, we evaluated the species-specificity in-
dex, defined as the ratio of the number of genes with human-spe-
cific differences to that with chimpanzee-specific differences, for
each brain region in each of the 24 identified modules. The spe-
cies-specificity indices across all 24 modules per brain region
were standardized to assess the relative species-specificity of each
module compared to other modules. We used a Z-score of ±1.64
(two-sided P-value = 0.1) and ±1.96 (two-sided P-value = 0.05) as
species-specificity cutoffs to detect human- and chimpanzee-spe-
cific modules. Onlymodules with stable species-specificity regard-
less of different outgroups were considered as species-specific.

Gene Ontology (GO) terms enriched in genes within each
module were uncovered by the Bioconductor package “topGO”

(http://bioconductor.org/packages/release/bioc/html/topGO.html)
using Fisher’s exact test forGO enrichment. GO term categories in-
cluding biological processes, molecular functions, and cellular
components with P-values after BH correction of <0.05 were con-
sidered to be significantly enriched.
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Cell-type marker genes from a previously published paper
(Sharma et al. 2015) were used to determine the enriched cell-
typemarkers in genes of eachmodule bymeans of a hypergeomet-
ric test. The BH-corrected hypergeometric test P-value of <0.05 was
used as the judging boundary of enrichment. At the same time,
three additional cell-type data sets were analyzed to confirmour re-
sults (Darmanis et al. 2015; Zeisel et al. 2015; Zhang et al. 2016).
We further assessed the relative contribution of each cell type to
themodule composition for each human-specificmodule. The rel-
ative contributions were calculated as the proportions of themark-
er genes for a specific cell type falling into amodule normalized by
the overall number of detected marker genes for this type. As ex-
pression inmicrogliawas shown to be affected by the environmen-
tal transition (Gosselin et al. 2017), we intersected the microglial
marker genes used to specify the three human-specificmodules en-
riched inmicroglial cell types with reported environmental transi-
tion-sensitive genes and assessed the overlap significance using
the function “phyper” in R. We further examined the expression
level fold change after environmental transition for the corre-
sponding microglial markers using data from Gosselin et al.
(2017).

RT-qPCR validation

Figure 4A illustrated a subset of 23 module 22 genes with expres-
sion levels (RPKM) in the human hippocampus of >3, specificity
of expression in humans defined as the ratio of absolute difference
between humans and combined gorilla and gibbon outgroup to
that between chimpanzees and combined outgroup >1, and ex-
pression in mouse neuron and astrocytes reported previously
(Sharma et al. 2015). To confirm the observed human-specific dif-
ferences of module 22 genes in the hippocampus, quantitative re-
verse transcription PCR (RT-qPCR) experiments were conducted
for seven genes (RSPH1, PDLIM4, FOLR1, CNN3, F3, PBXIP1,
RGMA) selected from the 23 genes, using a RNA-direct SYBR
Green Realtime PCR Master Mix (TOYOBO), in accordance with
the manufacturer’s instructions. The same brain-derived RNAs
used for the transcriptome analysis were also used for this experi-
ment. For humans, two more individuals were used in addition
to those in the RNA-seq measurements. The RT-qPCR primers
were made in perfect conserved regions (100% identity) in the
four species (Supplemental Table S12). The quantification of ex-
pression level for each gene was determined by comparative calcu-
lation using the internalmarker GAPDH. To assess the influence of
particular human samples on the RT-qPCR result, for each tested
gene we removed the human sample with the highest expression
level in the RT-qPCR data and recalculated the significance of ex-
pression differences betweenhumans andnonhumanprimates us-
ing a one-sided Wilcoxon rank-sum test.

Immunohistochemistry

Postmortem brain samples from six humans (males and females
aged 45–59) were provided by city clinical hospital #12, Moscow,
Russia. Written informed consent for autopsy, collection of sam-
ples, and subsequent use for research purposes was obtained
from the next of kin of the deceased. The individuals died from
natural causes, having no history of neurological or psychiatric ill-
ness. After brain extraction, each hippocampal region was dissect-
ed from the left hemisphere, sliced into 10-mm-thick sections, and
immediately placed in freshly prepared 4% paraformaldehyde sol-
ution for 5 d at 4°C, then rinsed several times in 0.01M PBS pH 7.4
containing 0.01% sodium azide and stored in the latter solution at
4°C until further use. The postmortem interval was no more than
12 h. Fixed brain samples were cut on Leica VT1200S vibratome in

30-µm-thick serial sections and processed for multiple fluorescent
immunohistochemistry, as detailed below. All staining steps were
performed in 24-well cell culture plates using individual inserts
with permeable bottoms.

For immunofluorescence reaction, the free-floating sections
were subjected to heat-induced epitope retrieval with antigen re-
trieval acidic reagent (R&D CTS014), then washed in phosphate-
buffered saline 0.01M PBS pH 7.4 three times for 10 min each.
Then sections were permeabilized for 1 h at room temperature in
1% PBST (0.01M PBS with 0.5% Triton X-100 detergent) with
5% normal horse serum (NHS) and 5% normal donkey serum
(NDS) and washed again. Reactions with mixture of primary anti-
bodies (1:250–1:1000) (Supplemental Table S13), typically for one
human-specific antigen with two markers (glial and neuronal),
were performed in the blocking buffer (5% NHS, 5%NDS in
0.5% PBST) overnight at 4°C. Following washing in 0.5% PBST
three times for 10 min each and incubation with biotinylated
horse anti-rabbit immunoglobulin IgG (1:250) (Supplemental
Table S14), corresponding to human-specific antigen antibody,
in the blocking buffer for 2 h at room temperature, washed
sections were processed with a mixture of donkey anti-mouse-
AlexaFluor488 and donkey anti-chicken-AlexaFluor647, corre-
sponding to neuronal and glial marker antibodies, and streptavi-
din-AlexaFluor568 for detection of human-specific antigens, 2 h
at room temperature (1:500) (Supplemental Table S14). Afterwash-
ing, to block lipofuscin autofluorescence, sections were incubated
in 1% sudan black B solution in 70% ethanol for 10 min each.
Then sections were washed in PBS, attached to the glass slides,
mounted with Fluoromount aqueous mounting medium (Sigma)
with an addition of blue fluorescent nuclear counterstain DAPI,
coverslipped, and sealed with nail polish. No signal was seen in
control sections processed without the primary antibody, except
autofluorescence in the blood vessels.

Images were obtained using an Olympus FluoView 10i confo-
cal laser scanning microscope with UPLSAPO 10X/0.40 and
UPLSAPO 60X/1.20 W objectives. Image analyses were performed
using Imaris (Bitplane).

Regulation of spatial patterns in coexpression modules

To find the associated transcription factors (TFs) of each gene, we
utilized the nonredundant sets of transcription factor binding sites
(TFBSs) in humans from the JASPARCOREdatabase (Sandelin et al.
2004).We aligned the positionweightmatrix (PWM) of each TF to
the adjacent 2-kb area (TSS ± 1 kb) of each gene or the distal en-
hancer region identified as described in Methods using the
Bioconductor package “TFBSTools” (Tan and Lenhard 2016) in
R. The top three significant TFs in terms of alignment scores
were considered to be the corresponding TFs of each gene.

To explore the percentage of variance explained by epigenetic
modification levels of promoter CREs, enhancer CREs, and TF ex-
pression levels in each coexpression module, we performed linear
regression with gene spatial patterns in humans as response vari-
ables and those of coupled regulators as explanatory variables by
the package “relaimpo” (Gromping 2006) in R. Spatial patterns
across brain regions shared between transcriptome and epigenome
data sets were used for genes, as well as coupled regulators. The first
principal component (PC1) of spatial patterns for each kind of cou-
pled regulators that was sufficient to represent the whole patterns
was used as an unbiased estimation with regard to different num-
bers of members in each kind of coupled regulators (Supplemental
Fig. S19). The “lmg” metric was used to decompose total R2 by av-
eraging along orders of variables. The mean explained percentage
across genes containing all three kinds of coupled regulators was
calculated for each module.
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Association between regulatory mechanisms and human–

chimpanzee differences

We defined the relative influence of each regulatory mechanism
(promoter CREs, enhancer CREs, and TFs) in each module as the
explained variance by a given regulator relative to the average of
the other two regulators. The spatial gene expression differences
between humans and chimpanzees were calculated as the average
of one minus the Pearson correlation coefficient calculated be-
tween their spatial patterns. For each regulatory mechanism, the
dissimilarities between human–chimpanzee differences of regula-
tor-driven modules (relative influence >1) and the other modules
(relative influence <1) were assessed by a one-sided Wilcoxon
rank-sum test.

Moreover, absolute Pearson correlation coefficients were cal-
culated between spatial patterns of genes and each kind of coupled
regulators for four species-specificmodules (modules 7, 12, 20, 22).
The first principal component (PC1) of spatial patterns for each
kind of coupled regulators was used as mentioned above. Only
genes containing all three kinds of coupled regulators were consid-
ered in each module. To estimate the correlation expected by
chance, we randomly chose genes from all expressed genes
as TFs or CREs from all detected CREs as promoter/enhancer
CREs and calculated the correlation between genes and randomly
chosen regulators 1000 times (Fig. 5C, gray dots). A one-sided
Wilcoxon rank-sum test was used to assess the significance of
greater correlation for TFs or smaller correlation for promoter
CREs compared to expected values.

Putative TFs regulating species-specific modules

We inspected the TFs showing significant correlation with their
predicted target genes in four species-specific modules (modules
7, 12, 20, 22) by checking the absolute Pearson correlation coeffi-
cients between the spatial patterns of TF and corresponding pre-
dicted target genes in the module. Significance was assessed by
comparing the absolute Pearson correlation coefficients calculated
within the module to that calculated between TF and its corre-
sponding predicted target genes located outside of the module us-
ing the one-sided Wilcoxon rank-sum test. TFs with BH-corrected
P < 0.05 and absolute Pearson correlation coefficients >0.6were de-
termined to be correlated. To estimate the significance of the ob-
served number of correlated TFs in each module, we permuted
module labels and re-performed the above procedure 1000 times.

Visualization of modules in a coexpression network

A coexpression network of all 24modules in a graphopt layout was
achieved by the package “igraph” (Csárdi and Nepusz 2006) in R
using the force-directed graphopt algorithm based on Pearson cor-
relation coefficients calculated between spatial patterns of pairwise
genes. The top 20 representative genes in each module were cho-
sen according to each gene’s intramodular connectivity, defined
as the sum of Pearson correlation coefficient calculated between
this gene and remaining genes in the module.

Data access

All raw sequencing reads from this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm
.nih.gov/geo/) under accession number GSE100796.
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