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Introduction

In the evolutionary history of primates the two most 
distinctive traits that have been attributed exclusively to humans 
are language and enlarged brain size. Language may be both a 
driving force as well as an outcome of accelerated brain evolution.1 
In order to better understand the mechanisms underlying the 
co-evolution of language and brain size, it is helpful to elucidate 
the biological and molecular basis of language. Considering the 
ease of language acquisition in children, language must have some 
inherited components which should be reflected in the human 
genome and/or epigenome.2,3 There are at least two key features, 
“recursion” and “theory of mind,” which are thought to be 

essential for the human-specific faculty of language. Recursion is 
the generation of an infinite range of expressions from a finite set 
of elements,2 whereas the theory of mind enables an individual 
to assess the mental state of other individuals.4 In particular the 
latter is severely impaired in individuals with autism spectrum 
disorders (ASD).5 In this light, it is tempting to speculate that 
ASD genes have been important for the development of human-
specific communication and/or language traits.

When looking for genetic factors that may have played a role 
in the evolution of the theory of mind, one of the most prominent 
candidates is the contactin associated protein-like 2 (CNTNAP2) 
gene. It encodes a neurexin which is essential for development 
of the vertebrate central nervous system and is highly expressed 
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CNTNAP2, one of the largest genes in the human genome, has been linked to human-specific language abilities and 
neurodevelopmental disorders. Our hypothesis is that epigenetic rather than genetic changes have accelerated the 
evolution of the human brain. To compare the cortex DNA methylation patterns of human and chimpanzee CNTNAP2 at 
ultra-high resolution, we combined methylated DNA immunoprecipitation (MeDIP) with NimbleGen tiling arrays for the 
orthologous gene and flanking sequences. Approximately 1.59 Mb of the 2.51 Mb target region could be aligned and 
analyzed with a customized algorithm in both species. More than one fifth (0.34 Mb) of the analyzed sequence throughout 
the entire gene displayed significant methylation differences between six human and five chimpanzee cortices. One of 
the most striking interspecies differences with 28% methylation in human and 59% in chimpanzee cortex (by bisulfite 
pyrosequencing) lies in a region 300 bp upstream of human SNP rs7794745 which has been associated with autism and 
parent-of-origin effects. Quantitative real-time RT PCR revealed that the protein-coding splice variant CNTNAP2-201 is 
1.6-fold upregulated in human cortex, compared with the chimpanzee. Transcripts CNTNAP2-001, -002, and -003 did not 
show skewed allelic expression, which argues against CNTNAP2 imprinting, at least in adult human brain. Collectively, our 
results suggest widespread cortex DNA methylation changes in CNTNAP2 since the human-chimpanzee split, supporting 
a role for CNTNAP2 fine-regulation in human-specific language and communication traits.
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in the developing human cortex. It functions as a cell adhesion 
protein and receptor mediating interaction between neurons 
and glia cells.6,7 Heterozygous sequence variants/mutations 
in CNTNAP2 have been associated (sometimes with small 
effect size) with language impairment8-12 and a broad range of 
neurodevelopmental phenotypes including ASD,13-16 attention 
deficit hyperactivity disorder, epilepsy, schizophrenia, and 
Gilles de la Touretts syndrome.17-19 Homozygous or compound 
heterozygous mutations cause severe epilepsy, mental retardation, 
and Pitt-Hopkins syndrome.20,21 CNTNAP2 is physically 
and functionally linked to the forkhead box P2 (FOXP2) 
gene, which also has been implicated in speech and language 
development.22,23 FOXP2 and CNTNAP2 are located on human 
chromosome 7q31 and 7q35, respectively, in a chromosome 
segment that is highly enriched with communication-associated 
genes.24 The transcription factor FOXP2 directly binds to the 
CNTNAP2 gene and downregulates it.8 Both FOXP2 and 
CNTNAP2 have been targets of Darwinian selection during 
recent human evolution.25,26

The genetic differences between humans and our closest 
relatives, the chimpanzees consist of approximately 1% 
fixed single-nucleotide substitutions and 3% euchromatic 
divergence due to insertion and deletion events.27,28 In this 
light, it is plausible to assume that the human-specific 
communication and language phenotypes are mainly due to 
changes in gene regulation rather than structural changes in 
the gene products. Indeed, comparative transcriptome analyses 
revealed substantial expression differences between human and 
chimpanzee tissues, in particular in the brain.29-35 A subset of 
genes showed elevated expression in the human brain after the 
split from the chimpanzee lineage.29-31 Epigenetic mechanisms, 
which control the temporal, spatial, and parent-specific gene 
expression patterns, may underlie a considerable part of these 
gene expression differences between humans and chimpanzees. 
Epigenetic information is not encoded by the DNA sequence 
itself but by reversible modifications of DNA and/or histones, 
that can be transmitted from cells to daughter cells. Promoter 
DNA methylation during development or disease processes is 
associated with posttranslational histone modifications that lead 
to a locally condensed inactive chromatin structure and gene 
silencing.36,37

Genome-wide comparisons in different human and 
chimpanzee tissues revealed that although overall the tissue-
specific DNA methylation patterns are conserved between 
species a subset of gene promoters and other sequences (i.e., 
certain retrotransposon subfamilies) exhibit striking methylation 
differences.38-41 Candidate gene analyses also showed differential 
DNA methylation and expression between human and non-
human primate brains,42,43 supporting a role for human-specific 
DNA methylation in brain evolution. The observation that 
intragenic DNA methylation is more frequent than at promoters 
suggests biological functions of DNA methylation in addition 
to gene silencing by blocking the binding of transcriptional 
activators to the promoter region. Gene body methylation may 
play a role in exon definition, i.e., by a higher methylation than in 
the flanking introns, modulating alternative RNA splicing.44-48

CNTNAP2 is a prime candidate gene for the theory of mind 
phenotype in the human faculty of language and, therefore, a 
probable target for epigenetic evolutionary changes. In this study 
we compared the cortex methylation patterns of the human 
and chimpanzee orthologs using custom-designed ultra-high 
resolution NimbleGen tiling arrays for both the human and the 
chimpanzee CNTNAP2 and identified differentially methylated 
regions (DMRs) throughout the entire gene. A minor protein-
coding splice variant of CNTNAP2 is significantly upregulated 
in human cortex.

Results

High-resolution analysis of human and chimpanzee 
CNTNAP2 methylation patterns

Figure 1 presents an overview of the CNTNAP2 methylation 
analysis in human and chimpanzee cortices. Custom-designed 
human and chimpanzee 12x35K NimbleGen tiling arrays were 
used to compare the cortex methylation patterns of human and 
chimpanzee CNTNAP2 at ultra-high resolution. The arrays 
covered the entire gene (2.3 Mb) and ~200 kb flanking sequence, 
representing approximately 1.6% of human chromosome 7. 
Following enrichment of methylated DNA, MeDIP vs. input 
DNA of six human and five chimpanzee brain samples (Table 1) 
was hybridized in duplicates to the human and chimpanzee array, 
respectively. All samples yielded detectable signals passing the 
required NimbleGen quality standards. After data normalization, 
smoothing, and correction for CpG density, the obtained relative 
methylation scores (RMSs) were mapped to an optimized 
human-chimpanzee sequence alignment that was corrected for 
microrearrangements and species-specific changes. All sequences 
such as repeats and segmental duplications that could not be 
mapped unequivocally in the human and chimpanzee genome, 
respectively, were excluded from this alignment. Using the 
Mauve alignment tool,49,50 we defined 42 local collinear blocks 
(LCBs) with highly similar sequence stretches in human and 
chimpanzee. Of these, 19 blocks with sufficient probe coverage 
in both species, namely LCBs 1, 6, 8, 9, 10, 14, 15, 16, 17, 20, 
25, 27, 29, 30, 32, 33, 38, 40, and 42 were considered for further 
analysis (Fig. S1).

In order to analyze the signals on the array, we developed 
a customized algorithm for appropriate qualification and 
quantification of the data. Because comparison of single CpG 
sites between species is overstraining the accuracy of an array-
based approach, we defined 3461 regions in the 19 LCBs based 
on the microarray signals. Regions with less than one CpG in 
each species were excluded from further analysis, resulting in 
2623 regions, which could be compared between humans and 
chimpanzees. The median size of the latter regions was 463 bp  
(MAD 368 bp, range 4115 bp, min 100 bp, max 4215 bp). 
Details (genomic coordinates, median MeDIP signals, human-
chimpanzee signal differences, etc.) are presented in Table S1. 
The 3461 originally defined regions covered 1.76 Mb (70.1%) 
and the 2623 further analyzed regions 1.59 Mb (63.4%) of the 
entire human array (2.51 Mb). Of the 2623 analyzed regions 
containing one or usually more than one CpG in both species, 
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1753 (66.8%) were equally methylated in 
human and chimpanzee brain; 870 (33.2%) 
displayed region-specific (cumulated) 
RMSs (rRMSs) with Benjamini-Hochberg 
adjusted false discovery rates between 0.017 
and 0.046, indicating significant MeDIP 
signal differences between the two species. 
Altogether, 420 DMRs showed a higher and 
450 a lower methylation signal in human 
than in the chimpanzee brain. For each of 
the 2623 regions containing CpGs in each 
species, the rRMSs of six human and five 
chimpanzee cortices displayed fairly similar 
variances in both species. DMRs tended 
to have a slightly lower common (human 
and chimpanzee) variance than equally 
methylated regions (Fig. S2).

Figure  2A presents the rRMSs of the 
870 DMRs along the CNTNAP2 region. 
Altogether, these DMRs amount to 0.34 Mb 
(21%) of the analyzed 1.59 Mb sequence. 
The diagrams at the bottom (Fig.  2B–E) 
zoom into four smaller DNA segments 
containing the differentially methylated 
regions B (in intron 2), C (in exon 17), 
E, and F (in intron 20). These DMRs are distinguished from 
neighboring equally methylated regions by standard deviations 
that do not overlap between the calculated human rRMSs (six 
samples) and chimpanzee rRMSs (five samples). Table 2 shows 
the distribution of DMRs in the genomic context of the analyzed 
region. The highest density of DMRs is found in exons and the 
lowest in the promoter region. Compared with introns, exons 
are approximately 2.5-fold enriched with DMRs. Interestingly, 
DMRs are found at the exon-intron boundaries of human exon 
3 (start and end), human and chimpanzee exon 7 (start), human 
and chimpanzee exon 10 (end), and human and chimpanzee 
exon 23 (start and end).

In order to identify linear variables that account for most of 
the variance, a correspondence analysis of the entire data set was 
performed. This analysis revealed two main components which 
together explain approximately 60% of the variance. Plotting 
the analyzed individuals on the two main components (Fig. 3) 
revealed a clear separation between humans and chimpanzees 
on the horizontal axis (accounting for 41.4% of the observed 
variance) and a tentative separation between males and females 
on the vertical axis (accounting for 18.2% of the variance).

Bisulfite pyrosequencing
To validate the array results, we quantified the methylation of 

seven regions (Fig. 4) by bisulfite pyrosequencing in 11 human 
and 6 chimpanzee brain samples (Table  1); region A in the 
pyrosequencing analysis corresponds to region 83 of LCB8 in 
the microarray experiment (Fig. 2), B to 64/LCB17, C to 391/
LCB38, D to 395/LCB38, E to 520/LCB38, F to 542/LCB38, 
and G to 17/LCB40 (Tables S1 and S2). According to the 
microarray experiment, region C had significantly increased, 
whereas regions B, E, and F had significantly decreased DNA 

methylation in the human brain, compared with the chimpanzee 
(Table 3). The pyrosequencing assays were located within or in 
close proximity (<1 kb distance) to the regions targeted by the 
microarray. All four DMRs in the microarray experiment also 
displayed significant (Mann-Whitney U test) between-species 
differences in the same direction by bisulfite pyrosequencing 
(Table 3). Regions A, D, and G did not show significant brain 
methylation differences between humans and chimpanzees in 
both microarray and pyrosequencing analyses.

The most pronounced difference (P < 0.001) with 28% 
median methylation in human and 59% in chimpanzee brains 
was observed by bisulfite pyrosequencing in region B (human 
chr.7: 146 488 940 to 146 489 309 bp; Ensembl version 59), 
in close proximity to human single nucleotide polymorphism 
(SNP) rs7794745 (chr.7: 146 489 606 bp) which has been 
associated with ASD and parent-of-origin effects.14 Region B lies 
in intron 2 of the main transcript CNTNAP2-001. It contains 
four CpGs in humans and five in chimpanzees, three of which 
are conserved between species. Pyrosequencing of six human 
and six chimpanzee blood DNAs revealed hypermethylation of 
region B in both humans (median 91%, range 90–92%) and 
chimpanzees (median 93%, range 92–94%), with a slightly 
higher methylation in the chimpanzee. Although the between-
species methylation difference was much less pronounced in 
white blood cells than in cortex, it was also significant (Mann-
Whitney U test, P = 0.009) and in the same direction.

Expression of human and chimpanzee CNTNAP2 
transcripts

Both human and chimpanzee CNTNAP2 have different 
transcripts which are expressed in the brain (Figs. 2 and 4). The 
full-length (9894 bp) transcript CNTNAP2-001 has 24 exons 

Figure 1. Flowchart of comparative CNTNAP2 methylation analysis in human and chimpanzee 
cortices. Methylated DNA immunoprecipitation (MeDIP) with NimbleGen tiling arrays was used 
to identify methylation differences between human and chimpanzee cortex CNTNAP2 at ultra-
high resolution. Region-specific relative methylation scores (rRMSs) from both species were 
mapped to an optimized human-chimpanzee MAUVE sequence alignment. A few differentially 
methylated regions (DMRs) were validated by bisulfite pyrosequencing in human and chimpan-
zee cortex DNA.
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encoding a 1,331 amino acid (aa) protein. The minor splice 
variant CNTNAP2-201 (1944 bp) has nine exons, of which 
seven are coding for a 390 aa protein. CNTNAP2-002 (556 
bp) has four exons encoding a 185 aa protein. CNTNAP2-003 
consists of four non-coding exons. We designed intron-spanning 
quantitative real-time RT PCR (qPCR) assays (Fig.  4) to 
compare the expression of transcripts CNTNAP2-001, -201, and 
003 in human and chimpanzee cortices. Following validation 
of candidate reference genes,51,52 SDHA and EIF2B2 were used 
for normalization of the CNTNAP2 mRNA expression levels in 
human and chimpanzee brain. CNTNAP2 transcript levels were 
measured by qPCR in ten human and five chimpanzee cortices 
(Table  1). Data analysis with the delta-delta c(t) method53 
revealed a slightly higher expression of all three measured 
transcripts in the human compared with the chimpanzee brain 
(Fig. 5); the 1.6-fold upregulation of transcript CNTNAP2-201 
in humans was significant (P = 0.02). In humans (seven male vs. 
three female samples), none of the transcripts was differentially 

expressed between sexes. In the chimpanzee brain, the full-length 
transcript CNTNAP2-001 showed 1.4-fold higher expression in 
female brain, however because of the low number of analyzed 
samples (three males vs. two females) this result should be 
considered as preliminary.

Because CNTNAP2 was reported to exhibit parent-specific 
effects,12,14 we wanted to study allele-specific expression of 
CNTNAP2 transcripts in human cortex tissue. To this end, 
we typed three transcribed SNPs in human brain samples and 
identified four heterozygous individuals for Quantification 
of Allele-specific Expression by Pyrosequencing (QUASEP).54 
SNP rs10240503 (present in CNTNAP2-001 and -002) showed 
an allelic ratio of 0.51/0.49 in human brain HSA10, rs2530310 
(CNTNAP2-002 and -003) a ratio of 0.50/0.50 in HSA5, and 
rs2717820 (CNTNAP2-001 and -003) a ratio of 0.45/0.55, 
0.47/053, and 0.49/0.51, respectively, in HSA1, 3, and 5. 
Collectively, these results strongly argue against preferential 
expression of one parental allele (at least for the tested isoforms) 

Table 1. Cortex samples

Individuals Sex Age Age class NimbleGen array Bisulfite pyroseq. qPCR QUASEP

Humans

HSA1 f 24 early adult • •

HSA2 m 40 late adult • •

HSA3 m 54 late mature • • •

HSA4 m 31 late adult • •

HSA5 m 39 late adult • • •

HSA6 m 44 early mature • •

HSA7 f 83 senile • •

HSA8 m 41 early mature • •

HSA9 m 40 late adult •

HSA10 m 45 early mature • •

HSA11 m 73 senile •

HSA13 m 51 late mature •

HSA15 f 33 late adult •

HSA16 m 64 senile •

HSA18 f 54 late mature •

HSA20 f 79 senile •

HSA22 m 48 early mature •

HSA23 m 35 late adult •

HSA24 m 51 late mature •

HSA25 m 45 early mature •

Chimpanzees

PTR1 m 14 late adolescence • • •

PTR2 m 7 early adolescence • • •

PTR3 f 40 old age (senile) • • •

PTR4 f 12 early adolescence • •

PTR5 f 42 old age (senile) • • •

PTR6 f 43 old age (senile) • •
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Figure 2. Methylation comparison of human and chimpanzee CNTNAP2 gene and flanking sequences using NimbleGen tiling array. The vertical axis rep-
resents the relative methylation scores (rRMSs), the horizontal axis the locations of the analyzed regions along the 2.51 Mb human reference sequence. 
For better orientation, the exon-intron structure of transcripts CNTNAP2-001, -201, and -003 is shown below the abscissa. Gray dots indicate human and 
black dots the orthologous chimpanzee regions. (A) Diagram showing the distribution of the 870 regions with significant between-species methylation 
differences in the analyzed CNTNAP2 region, altogether representing 0.34 Mb of the 2.51 Mb reference sequence. Vertical arrows indicate four DMRs 
(regions B, C, E, and F), which were validated by bisulfite pyrosequencing (Table 3). (B–E) Zooms into four smaller DNA segments (indicated by arrows in 
A) showing both equally and differentially methylated regions. DMRs are indicated by gray (human rRMSs) and black (chimpanzee rRMSs) arrows. Bars 
represent the standard deviation of the six measured human and the five chimanpanzee samples, respectively.
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and genomic imprinting. Unfortunately, none of the chimpanzee 
samples was informative for one of these SNPs.

Discussion

Although humans usually claim a unique position among 
the clade of primates, there may be no sharp boundary but a 
more or less gradient transition between human and non-human 
primates.55 Enhanced communication abilities, in particular 
the faculty of language are arguably the most distinctive trait 
attributed to humans. It is plausible to assume that human-
specific cognitive abilities have their structural basis in the 
enlarged human brain. Fossil records indicate that absolute 
cranial capacity started to increase about 2–3 million years ago.56 
Because it is not possible to analyze the genome or to reconstruct 
the communication abilities of Homo habilis who first showed 
an enhanced enzaphalization quotient, inferential methods, i.e., 
comparisons between human and chimpanzee brains are used 
to identify the genetic and epigenetic basis of human language 
evolution. Considering that the genetic differences between 
humans and chimpanzees are rather small,27,28 the human-
specific cognitive and communication abilities are more likely 
due to changes in gene regulation rather than to structural 
changes in the gene products.

Methylation differences between human and chimpanzee 
cortices

Numerous studies have linked CNTNAP2 to human 
language abilities,8,10,12 autism,13-16 and other neurodevelopmental 
disorders with impaired communication.9,11,19 The main goal 
of this study was to identify epigenetic signatures supporting a 
role for CNTNAP2 in the co-evolution of the human brain and 
language. To this end, we compared the human and chimpanzee 
cortex methylation patterns of the entire CNTNAP2 gene and 
its flanking sequences. Following alignment of the orthologous 
references sequences, data normalization, smoothing, and 
correction for CpG content, approximately 1.59 Mb of the 2.51 
Mb target region could be compared in human and chimpanzee, 
of which 0.34 Mb (21%) displayed significant between-species 
methylation differences. Because of the elevated mutability of 
cytosines at CpG sites,57 the number of CpG sites in a particular 

region may vary within and between species, which adds to the 
signal variance (Fig.  S2). However, this has only a very slight 
effect on the CpG-density weighted signal difference between 
species and does not explain the high number of DMRs.

The CpG density in CNTNAP2 exons is significantly (P < 
0.001 in both species) higher than in introns (Table 2; Fig. S3), 
which may help the splicing machinery to recognize the exons 
and increase splicing signal strength.44-46 DNA methylation 
can affect the binding of CTCF and other splicing regulatory 
proteins that are recruited by methyl-binding proteins and, thus, 
take part in exon recognition.47,48 Considering the huge size of 
intronic sequences in the CNTNAP2 gene, it is not surprising 
that the vast majority (757 of 870, 87%) of DMRs is located in 
introns. However, the density of DMRs in exons is more than 
2-fold higher than that in introns (Table 2). In this light, it is 
tempting to speculate that the observed methylation differences 
between humans and chimpanzees modulate the exon selection 
process and alternative splicing. The promoter regions are not 
enriched with DMRs, indicating that the evolutionary forces 
driving epigenetic changes have acted on the entire gene and were 
not targeted to the promoter.

It is difficult to compare our ultra-high resolution methylation 
scan of a 2.51 Mb region with lower-resolution genome-wide 
analyses (focusing on promoter regions), which did not find 
differential CNTNAP2 methylation between the human and the 
rhesus macaque40 or chimpanzee brain,41 respectively. Our results 
show unexpectedly high between-species cortex methylation 
differences across the entire gene. It is conceivable that these 
widespread epigenetic changes affect the fine-tuning of cortex 
CNTNAP2 regulation. However, the formal proof that cortex 
CNTNAP2 methylation is different from genomic expectation 
requires ultra-high resolution control data sets which so far are 
missing. Our limited data on a 2.51 Mb region suggests that 
DMRs are not evenly distributed throughout genomic sequence. 
DMRs appeared to be enriched in exons, compared with introns 
and the promoter region. In addition, DMR density was slightly 
higher in the upstream than in the downstream flanking 
sequence. Since we do not have methylation data for an outgroup, 
it is also unclear which changes have occurred in the human and 
the chimpanzee lineage, respectively.

Table 2. Distribution of CpGs and DMRs in the CNTNAP2 region

Human Chimpanzee

Length 
(bp)

Number 
of CpGs

Relative 
CpG  

densitya

Number of 
DMRsb

Relative DMR 
enrichmentc

Length 
(bp)

Number 
of CpGs

Relative 
CpG 

densitya

Num-
ber of 
DMRsb

Relative DMR 
enrichmentc

Upstreamd 95 000 725 1.00 54 4.26 95 000 676 1.00 54 4.26

Promotere 7 500 145 2.53 1 1.00 7500 146 2.74 1 1.00

Exons 9 894 199 2.64 8 6.06 9910 194 2.75 8 6.05

Introns 2 294 744 17695 1.01 757 2.47 2 336 584 18 032 1.08 757 2.43

Downstreamf 99 996 1340 1.76 54 4.05 99 996 1266 1.78 54 4.05

aNumber of CpGs divided by number of nucleotides, scaled to the minimum ( = 1) within each species. bThe number of DMRs (874) in this table is slightly 
higher than 870, because a few DMRs can be classified into different genomic contexts, i.e., promoter and first exon. cDMR counts divided by the number 
of nucleotides, scaled to the smallest value ( = 1). dSequence located >5000 bp upstream of the first exon base. eSequence from 5000 bp upstream to 2499 
bp downstream the first exon base. fSequence downstream of the last exon base.
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Correspondence analysis clearly separated the 2 analyzed 
species on the first axis, explaining 41.4% of the variance in the 
array data set. Our experimental design using two different arrays 
for the analysis of human and chimpanzee methylation patterns 
cannot distinguish between species and array effects. Although 
we cannot exclude that the different array designs contribute to 
the observed variance, it is very unlikely that the high variance 
on the first axis is caused by the platform effect alone. Microarray 
data provide relative methylation scores, which allow one to 
pinpoint regions with higher and lower DNA methylation 
in the one or other species, whereas bisulfite pyrosequencing 
quantifies the absolute methylation levels of selected regions with 
high accuracy (in the order of several percentage points). It is 
reassuring that several regions (tentatively called A-G) that were 
or were not predicted to exhibit between-species methylation 
differences by microarrays could be validated by quantitative 
bisulfite pyrosequencing. It is worth emphasizing that the 369-
bp region B, which is significantly (P < 0.001) hypomethylated in 
humans (28%) compared with chimpanzees (59%) lies < 300 bp  
downstream of SNP rs7794745 in intron 2 of the full-length 
transcript CNTNAP2-001, which has been associated with an 
increased risk for autism.14 In addition, region B overlaps with a 
DNase sensitive regulatory site (ENSR00001564819) in human 
embryonic stem cells (Fig. 4). Assuming lower communication 
(in particular theory of mind) abilities of chimpanzees compared 
with humans, it is tempting to speculate that aberrant methylation 
of such species-specifically methylated regions contributes to 
the communication and language impairment in ASD. One 
plausible approach toward identification of (epi)genetic changes 
underlying human neurodevelopmental disorders is defining the 
molecular changes during the evolution of human-specific (e.g., 
language, disease susceptibility) phenotypes.58 Although region 
B was hypermethylated in both human and chimpanzee blood, 
there was a small but significant between-species methylation 

difference in the same direction. Assuming that despite enormous 
between-tissue differences the blood epigenome can reflect at 
least to some extent the methylation variation in the brain,59,60 
CNTNAP2-region B blood DNA methylation may be exploited 
as an epigenetic biomarker for human neurodevelopmental 
disorders.

Parent-of-origin and sex effects
Considering sex-specific effects in language processing,61,62 

it is not unexpected that the second axis of the correspondence 
analysis separated males and females, gender-specific CNTNAP2 
methylation differences explaining 18.2% of the variance in the 
data set. However, since only one female vs. five male human 
brain samples was hybridized to the human array, this sex-specific 
effect should be considered with caution. The separation between 
three female and two male brain samples on the chimpanzee array 
appears to be more robust. Follow-up experiments with a larger 
number of samples are needed to prove sex-specific CNTNAP2 
methylation.

Differential parent-of-origin expression of FOXP263 and 
its target CNTNAP214 have been suggested to play a role in 
speech development. Recently, it was shown that CNTNAP2 
variants (rs2710102 and rs7794745) that are associated with 
language impairment and ASD have functional effects on brain 
activation in healthy individuals during a language processing 
task.12 Activation of the right (contralateral) Broca area homolog 
was more pronounced in invididuals with putative risk alleles, 
in particular when the T allele of rs7794745 was inherited 
from mother to son. One obvious explantion for preferential 
or exclusive expression of one of the two parental alleles, i.e., in 
the brain, is genomic imprinting. The parent-specific epigenetic 
marks of imprinted genes are established in the male or female 
germline, respectively, and then maintained after fertilization 
and during further development.64,65 Imprinted genes are not 
only essential for the regulation of fetal and placental growth 
and somatic differentiation,66 but also for brain development, 
neurological, and behavioral functions.67 It has been hypothesized 
that genomic imprinting has played a major role in the evolution 
of the social human brain68,69 and language.70

The parental conflict hypothesis71 postulates that genomic 
imprinting in mammals evolved because of conflicting maternal 
and paternal interests in the allocation of maternal resources 
to the offspring with paternally epressed genes enhancing and 
maternally epressed genes limiting feto-placental growth. The 
parental antagonism theory of language evolution70 extends this 
hypothesis. The higher than expected frequency of involvement 
of X-chromosomal and imprinted genes in language phenotypes 
and the greater divergence of maternally than paternally 
expressed genes between humans and chimpanzees are consistent 
with the view that language emerged during an evolutionary 
struggle between parental genomes with the human-specific 
and cooperative aspects of language reflecting the maternal 
interests.70 However, allelic expression analysis of transcripts 
CNTNAP2-001, -002, and -003 did not provide any evidence 
for CNTNAP2 imprinting in adult human brain. Previously, it 
has been shown that FOXP2 also lacks parent-specific expression 
in human brain.72

Figure  3. Correspondence analysis of the NimbleGen array data. The 
first axis explaining 41.4% of variance in the data set separates human 
(black symbols) and chimpanzee brain samples (open symbols). The sec-
ond axis accounting for 18.2% of the observed variance separates males 
(squares) and females (circles).
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Expression differences between human and chimpanzee 
cortices

Consistent with our study, several microarray-based 
transcriptome analyses provided evidence for differential 
CNTNAP2 expression in human and chimpanzee cortices.32,33,43 
In contrast, RNA sequencing did not detect human-specific 
upregulation in the cerebellum.34,35 Our isoform-specific 
qPCR results suggest that the increased CNTNAP2 mRNA 
levels in human cortex are mainly due to significant (1.6-
fold) upregulation of the protein-coding minor transcript 
CNTNAP-201. The full-length transcript CNTNAP2-001 and 
the non-coding transcript CNTNAP2-003 showed comparable 
expression levels in human and chimpanzee cortices. Although 
intuitively differential CNTNAP2 methylation and expression 
are assumed to be linked, at present they must be considered 
as independent findings. Differential human-chimpanzee 
methylation was observed across the entire gene, whereas 
differential expression was detected for only one of three studied 
isoforms. This may be partially due to the limited power of 
qPCR expression analysis, compared with our ultra-high 
resolution methylation scan. In this light, it will be interesting to 
correlate the observed widespread brain CNTNAP2 methylation 
differences with future higher-resolution RNA sequencing data 
sets.

Caveats and conclusions
Our study provides a comprehensive cortex methylation 

analysis of CNTNAP2, one of the largest and arguably most 
interesting genes in human brain evolution and function. One 
important caveat of comparative studies in human and chimpanzee 
brains is the low sample size, which makes it difficult to reach 
statistical significance and to exclude confounding factors (such 
as sex, age, cause of death, and postmortem time). Moreover, all 
experiments were performed with frozen brain tissues, of which 
it was not possible to isolate specific cell types in high enough 
numbers. Although the cortex area A10 has a similar overall tissue 
architecture in human and chimpanzee brains,73 differences 
in cell type compositions affecting the overall methylation/
expression levels cannot entirely be excluded. Nevertheless, our 
results are consistent with the view that widespread differences 
in the epigenetic modification of the CNTNAP2 gene occurred 
since the human-chimpanzee split 5–8 million years ago.74,75 The 
evolutionary dynamics of CNTNAP2 methylation and expression 
taken together with the manifold associations of CNTNAP2 
with human reading/language abilities and a broad spectrum of 
neurodevelopmental disorders9,11,16,19 promote the idea that fine-
tuning of brain CNTNAP2 regulation has been important for the 
evolution of human-specific language and communication traits. 
Accumulating experimental evidence suggests that genetic and 

Figure 4. Physical map of the analyzed region. The black bar indicates the region on human chromosome 7q35 covered by the array, the gray bar the 
CNTNAP2 gene sequence. The upper part zooms in specific regions of the gene, indicating the location of exons and regulatory sites. Vertical thin black 
and thick red arrows highlight the DNA segments (red lines) that have been analyzed by bisulfite pyrosequencing assays A–G. The bottom part of the 
figure shows the exon-intron structure of different CNTNAP2 transcripts. The red shaded exon sequences were amplified by transcript-specific qPCR. 
Blue dots indicate the location of SNPs for QUASEP.
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epigenetic variation in this gene contributes to both interspecific 
and interindividual differences in brain development and 
function.

Materials and Methods

This study was approved by the ethics committee of the 
Landesärztekammer Rheinland-Pfalz and samples exploited with 
full consent of the BrainNET Europe Consortium (http://www.
brainnet-europe.org).

Brain samples (Table  1) were obtained between 2 and 7 h 
postmortem from six chimpanzees (Pan troglodytes, PTR) and 
within one day from 25 humans (Homo sapiens, HSA). Age 
classes of human and chimpanzees were determined according 
to Knussmann76 and Godall,77 respectively. Frontal cortex tissue 
area A10 was dissected from the frontal pole and immediately 
frozen at –80 °C until further use. Genomic DNA and RNA 
were extracted using the Precellys Tissue DNA and RNA kit, 
respectively (PEQLAB). Different subsets of cortex samples were 
used for array hybridization, bisulfite pyrosequencing, qPCR, and 
QUASEP (Table 1). Amount and quality of the brain DNA and 
RNA samples, respectively, were determined with a Nanodrop 
spectrophotometer (NanoDrop Inc.). The ratio of absorbances at 
260 nm vs. 280 nm was around 1.8 for DNA and around 2.0 for 
RNA samples. In addition, genomic DNA was extracted from 6 
human and 6 chimpanzee whole blood samples using a standard 
salt extraction method.

NimbleGen methylation array design and MeDIP
Two different 12x135K NimbleGen DNA methylation 

arrays for the human and chimpanzee CNTNAP2 gene plus 100 
kb upstream and 100 kb downstream flanking sequence were 
designed by the Roche NimbleGen bioinformatics group. Probe 
design was based on reference sequences from the UCSC genome 
browser (http://genome.ucsc.edu) human build hg19 (chr.7: 
145713453–148218086 bp) and chimpanzee build panTro2 
(chr.7: 146592820–149139309 bp). Near-isothermal probes 
varying from 50 to 75 nucleotides in length were spotted on the 
array with a 13 bp-spacing on average. Repetitive DNA elements 
representing approximately 17% of the human and 20% of the 
chimpanzee target DNA were excluded.

Immunoprecipitation of methylated DNA was performed 
using the MagMeDIP kit (Diagenode) according to the 
manufacturer’s protocol. Before MeDIP the genomic DNA was 
sheared with a Diagenode bioruptor to fragment sizes from 100 bp 
to 600 bp. Approximately 1.5 μg of sheared DNA was incubated 
with monoclonal anti-5-methylcytosine antibodies, bound 
to magnetic beads at 4 °C overnight and purified with DNA 
isolation buffer. qPCR with primers for GAPDH and TSH2B 
(Diagenode) was used to estimate the amount of enrichment 
of methylated DNA in the MeDIP samples vs. untreated input 
DNA. qPCR was performed with the RotorGene Q real-time 
PCR system (Qiagen). The reaction mixture contained 1x 
SYBR green master mix (Roche Diagnostics) and 10 μM each 
of forward and reverse primer in a volume of 25 μl. PCR cycling 

Table 3. Comparison of methylation levels of selected regions between human and chimpanzee cortices

NimbleGen arrays

Analyzed regions

A B C D E F G

Human Number of individuals 6 6 6 6 6 6 6

Relative methylation score 403 –1316 24 –1 –283 –617 –946

Standard deviation 599 146 9 103 22 77 187

Chimpanzee Number of individuals 5 5 5 5 5 5 5

Relative methylation score –220 -650 –19 –135 66 –440 –463

Standard deviation 240 75 23 148 63 55 232

P valuea 0.350 0.017 0.017 0.210 0.017 0.027 0.106

Bisulfite pyrosequencing

Analyzed regions

A B C D E F G

Human Number of individuals 7 9 5 6 7 7 11

Median methylation (%) 79 28 94 97 84 16 96

Standard deviation 4 6 1 1 3 2 2

Chimpanzee Number of individuals 4 6 4 4 4 4 6

Median methylation (%) 84 59 90 97 93 25 94

Standard deviation 4 12 5 1 2 3 4

P valuea 0.230 <0.001 0.016 0.067 0.006 0.006 0.301

aFor between-species methylation difference.
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consisted of 95 °C for 7 min, followed by 40 cycles at 95 °C 
for 15 s, and 60 °C for 60s, and a final step of 95 °C for 60 s. 
Melting curve analysis was performed with 60 cycles starting at 
65 °C with 0.5 °C increments per cycle.

Both MeDIP and input DNA were amplified with the 
GenomePlex Complete Whole Genome Amplification 2 
kit (Sigma-Aldrich) and purified using the QIAquick PCR 
Purification kit (Qiagen). One microgram of amplified DNA 
was denatured and labeled via primer extension with Cy dyes 
attached to 9-mer primers. A two color protocol (NimbleGen 
Roche) was used, labeling the input DNA with Cy3 and the 
MeDIP DNA with Cy5. The differentially labeled DNAs 
were co-hybridized to the customized human or chimpanzee 
12x135K NimbleGen array for 16 h, washed, and then scanned 
on a MS200 microarray scanner (Illumina Inc.).

Human-chimpanzee methylation array data analysis
The microarray raw data for each species were within-sample 

loess normalized. The calculated MeDIP vs. input signal log
2
 

ratios (SLRs) were processed further using between-sample 
quantiles normalization. Then we applied a sliding window  
(400 bp) approach to transform the SLRs into smoothed 
SLRs. In order to map the normalized and smoothed SLRs on 
a consensus sequence they first had to be corrected for CpG 
density. Second, a consensus sequence between species had to be 
generated. Since the local CpG density has an impact on MeDIP 
efficiency, smoothed SLRs are not immediately comparable 
between species. To remove the CpG density bias from smoothed 
SLRs, we determined a coupling factor for each microarray 
probe and calculated relative methylation scores (RMSs) that 
are free from known immunoprecipitation biases due to variable 
CpG densities.78 To generate a consensus sequence between 
human and chimpanzee we aligned the respective sequences 
with Mauve.49,50 After filtering for low probe coverage and gaps 
the remaining RMSs from both species were median scaled 
(i.e., srms

i
 = rms

i
-median[rms]/IQR[rms]) and aligned to this 

consensus sequence. In case of overlapping probes at particular 
alignment positions, the mean-scaled RMS was assigned. This 
resulted in alignment-mapped microarray signals for between-
species comparisons.

The comparison of alignment-mapped human and chimpanzee 
RMSs can lead to skewed results when comparing single CpG 
sites directly. Therefore we first defined genomic regions most 
likely exhibiting reliable methylation signals. Such a region 
was defined by (1) no overlap of signals along at least 100 bp,  
(2) >80% analyzed alignment positions, and (3) less than 50 bp 
of continous gaps. For each base pair we determined the median 
of human and chimpanzee signals plusminus twice their median 
absolute deviation. After that we summed up the RMSs to form 
the region-specific RMS (rRMS). In order to assign a region to be 
either differential methylated or not, the rRMSs between species 
were compared with Wilcoxon rank sum tests and subsequently 
Benjamini-Hochberg adjusted for false discovery rate.

Quantitative methylation data were described and analyzed 
with IBM SPSS, version 19.0.0, R software (http://www.R-
project.org) and MS Excel (version 14.0.6129.5000). Data 
mining was performed in the Ensembl genome browser (http:///
www.ensembl.org) and NCBI databases (http://www.ncbi.nlm.
nih.gov). Microarray data were deposited in MIAME compliant 
form at Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo) in entries GSE52948 (human) and GSE52949 
(chimpanzee).

Bisulfite pyrosequencing
For validation of NimbleGen arrays we performed bisulfite 

pyrosequencing of selected CNTNAP2 regions in 11 human and 
six chimpanzee DNA samples (Table  1). Assays quantifying 
the methylation levels of one or several evelutionarily conserved 
CpGs in the target region were designed with the PyroMark Assay 
Design 2.0 software (Qiagen). Primers and sequences to analyze 
are listed in Table S2. PCR amplifications were performed on 
a Tetrad 2 cycler (BioRad) with an initial denaturation step at 
94 °C for 3 min, 35–45 cycles of 94 °C for 30 s, primer-specific 
annealing temperature for 30 s, 72 °C for 60 s, and a final 
extension step at 72 °C for 10 min. The reaction mixture consisted 
of 2.5 μl 10x PCR buffer, 2.5 μl 50 mM MgCl

2
, 2.5 μl 10 mM 

dNTP mix, 1.0 μl of each forward and reverse primer, 0.5 μl (2.5 
U) Taq DNA polymerase (Roche Diagnostics), 14 μl PCR-grade 
water, and 100 ng template DNA. Bisulfite pyrosequencing was 
performed on a PyroMarkTMQ96 MD Pyrosequencing System 

Figure 5. Relative expression of transcripts CNTNAP2-001, -201, and -003 in human (black bars) and chimpanzee (gray bars) brain. Black vertical lines 
indicate the standard deviation among ten human and five chimpanzee samples measured by qPCR. Relative expression level in human brains was set 
to one. Asterisks indicates a significant between-species difference for transcript -201.
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with the PyroMark Gold Q96 CDT Reagent Kit (Qiagen). Data 
analysis was done with the Pyro Q-CpG software (Qiagen).

Expression analysis
Aliquots of 500 ng total cortex RNA were reversely transcribed 

into cDNA using the SuperScriptIII First Stand Synthesis 
system (Invitrogen). Intron-spanning primers that are specific 
for transcripts CNTNAP2-001, -201, and -003 (Table  S3) 
were designed using the cDNA sequence in Ensembl (version 
61) and the Primer3 (version 0.4.0) program. For interspecific 
comparisons we relied on previously published reference genes 
with supposedly stable expression in human and chimpanzee 
brains.51 When testing the expression variation of HMBS, 
EIF2B2, and SDHA with geNORM,52 only EIF2B2 and SDHA 
proved to be robust. To minimize batch effects, qPCRs of the 
three CNTNAP2 transcripts and the two reference genes were 
performed together with five human and five chimpanzee samples 
(Table  1) on a RotorGene Q (Qiagen). The reaction mixture 
consisted of 10.0 μl SsoFast EvaGreen Supermix (BioRad),  
7.0 μl PCR grade water, 1.0 μl forward and reverse primer each, 
and 1.0 μl cDNA template. Amplification was performed with 
initial denaturation at 98 °C for 2 min, and 40 cycles with 98 °C 
for 5 s and 55 °C for 20 s. A final melting step was performed 
from 65 °C to 95 °C with 1 °C increments every 5 s. Data analysis 
was done with delta-delta c(t) method.53

QUASEP54 was used to determine the allelic ratios of 
transcripts CNTNAP2-001, -002, and -003 in human frontal 
cortex. This method relies on transcribed SNPs to quantify the 
relative expression of both alleles. First we searched the Ensembl 

database for SNPs: rs10240503 (minor allel frequency, MAF 
0.24) is present in isoform CNTNAP2-001 and -002, rs2530310 
(MAF 0.42) in -002 and -003, and rs2717829 (MAF 0.20) in 
-001 and -003. By Sanger sequencing (Table S4) we identified 
four informative individuals, which were heterozygous for one 
or more of these SNPs. QUASEP assays (Table S5) for the three 
SNPs were designed with the Pyrosequencing Assay Design 
Software (Biotage). Pyrosequencing was performed as described 
above.
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