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Abstract

The human brain is distinguished by its remarkable size, high
energy consumption, and cognitive abilities compared to all
other mammals and non-human primates. However, little is
known about what has accelerated brain evolution in the hu-
man lineage. One possible explanation is that the appear-
ance of advanced communication skills and language has
been a driving force of human brain development. The phe-
notypic adaptations in brain structure and function which
occurred on the way to modern humans may be associated
with specific molecular signatures in today’s human genome
and/or transcriptome. Genes that have been linked to lan-
guage, reading, and/or autism spectrum disorders are prime
candidates when searching for genes for human-specific
communication abilities. The database and genome-wide
expression analyses we present here revealed a clustering of
such communication-associated genes (COAG) on human

chromosomes X and 7, in particular chromosome 7g31-q36.
Compared to the rest of the genome, we found a high num-
ber of COAG to be differentially expressed in the cortices of
humans and non-human primates (chimpanzee, baboon,
and/or marmoset). The role of X-linked genes for the devel-
opment of human-specific cognitive abilities is well known.
We now propose that chromosome 7g31-q36 also repre-
sents a hot spot for the evolution of human-specific commu-
nication abilities. Selective pressure on the T cell receptor
beta locus on chromosome 7q34, which plays a pivotal role
in theimmune system, could have led to rapid dissemination
of positive gene variants in hitchhiking COAG.

Copyright © 2012 S. Karger AG, Basel

Many studies on the unique position of humans
among the clade of primates did not identify a sharp
boundary between human and non-human primates but
amore or less gradient transition. Nevertheless, 3 distinc-
tive traits have been exclusively attributed to humans: bi-
pedal locomotion, modified teeth and jaw morphology,
and most importantly an extraordinary brain size [Jones
et al., 2000]. The latter holds true in absolute as well as in
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relative terms. Related to body size, humans are endowed
with the largest brain among all mammals. In general,
this encephalization is assumed to reflect intelligence
and cognitive abilities [Alba, 2010]. Human communica-
tion, in particular spoken language, is a major cognitive
ability which has its structural basis in the enlarged hu-
man brain. At the same time, it may have played an es-
sential role in human brain evolution that has led to a 3
times higher encephalization quotient (EQ) than in
chimpanzees [Jerison, 1976].

Having been constant in Australopithecines for at
least 2 million years, absolute cranial capacity started to
increase about 2-3 million years ago. Homo habilis was
the first Homo showing an enhanced EQ in the fossil re-
cord [Ruff et al., 1997]. A higher EQ is associated with
increased energy consumption. In fact, the adaptive
changes to increase human brain metabolism may be at
their limits [Khaitovich et al., 2008]. In modern humans
the adult brain takes up 20-25% of the total resting met-
abolic rate (RMR), mostly in form of about 130 g glucose
per day [Hitze et al., 2010]. In newborns the brain even
requires up to 60% of the RMR [Gibbons, 1998]. This is
outstanding, compared to non-human primates with an
average RMR of 8-9%. According to the ‘expensive tissue
hypothesis’ [Aiello and Wheeler, 1995], the reduced size
of the human gastrointestinal tract, which compares to
only 60% of a similar-sized primate, along with a dietary
shift from low to high energy-dense food, makes good for
the high energy demand of the human brain. Consump-
tion of animal meat, as proven by cut marks of stone tools
on fossilized bones, may have resulted in a higher dietary
quality and supplied early humans with fatty acids for
optimum brain metabolism [Cordain et al., 2001]. It is
generally accepted that the increase in brain size, which
took place somewhere along the way from late Australo-
pithecines to the early Homo, was largely influenced by
bipedalism and remodeling of the jaw apparatus that led
to changed feeding habits and higher energy turnover
[Jones et al., 2000].

Little is known about what has pushed the increase in
brain size in the human lineage. We propose a 2-step pro-
cess with an initial spark causing selective pressure on a
critical region in the genome, followed by adaptations for
fine adjustments. It is reasonable to assume that the dra-
matic evolutionary changes in human brain structure
and function are still reflected in today’s human genome.
There are numerous studies on (positive) selection of
brain-specific genes which are usually defined as genes
only expressed in the brain and/or the nervous systems
[Enard et al., 2002]. The results do not provide evidence
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for positive selection in the human lineage [Kosiol et al.,
2008] or even show an excess of positively selected genes
in the chimpanzee [Shi et al., 2006]. Thus, changes in
brain-specific genes cannot satisfactorily explain the
mechanism underlying human brain evolution. As out-
lined by Jobling et al. [2004], one plausible approach to-
wards identification of the genetic changes underlying
human evolution is ‘defining important human specific
phenotypes (e.g., language, disease phenotypes) and re-
searching their genetic bases’.

Any intentional thinking of human beings is struc-
tured and influenced through language [Lakatos and
Janka, 2008]. If language acquisition is hindered, i.e., in
untreated children with congenital deafness, mental de-
velopment is impaired. On the other hand, once lan-
guage is acquired, even deaf, mute, and/or blind people
can communicate with artificial aids. Language, read-
ing, and autism spectrum disorders may help to identify
a group of communication-associated genes (COAG).
Autism spectrum disorders are characterized by impair-
ment of social interaction, communication, and lan-
guage development [Tuchmann, 2003; Scherer and Daw-
son, 2011]. In this study, we performed in silico analyses
on a panel of COAG as well as comparative gene expres-
sion analyses in frontal cortices of human and non-hu-
man primates. Our goal was to identify possible evolu-
tionary mechanisms which may have contributed to the
development of human-specific communication abili-
ties.

Materials and Methods

Database Analyses

An intense literature [Cody et al., 2007; Smith, 2007; Gibson
and Gruen, 2008; Fisher and Scharff, 2009; Caglayan, 2010; New-
bury and Monaco, 2010; Scherer and Dawson, 2011] and database
(http://www.mindspec.org/autdb.html) research revealed 244
genes associated with human-specific communication (table 1).
These genes have been associated with autism spectrum, reading,
speech, and language disorders. Stuttering genes were excluded,
because stuttering is thought to be fairly different from the above-
mentioned communication disorders [Newbury and Monaco,
2010].

Data mining including searches for information on genes were
performed with BioMart in the Ensembl database (Ensembl ge-
nome browser release 60, November 2010). Chromosomal synte-
nies were delineated with Compare Genome (http://genomevolu-
tion.org/CoGe/index.pl). Biological gene functions were assigned
with the Panther database (http://www.pantherdb.org). Both
COAG and the entire human Ensembl gene set were analyzed us-
ing the Panther batch search tool. Statistical analyses were per-
formed with Fisher’s exact test for count data.
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Table 1. Catalogue of communication-associated genes and chromosomal localization in the human genome

Chromosome Genes (localization)
1 GSTMI1 (1p13.3), NTNGI (1p13.3), DPYD (1p22), DABI (1p32-p31), MTFI (1p33), CA6 (1p36.2), RIMS3
(Ipter-p22.2), NTRK1 (1q21-q22), NOSIAP (1q23.3), RFWD2 (1q25.1-q25.2), PTGS2 (1q25.2-25.3), HSD11BI
(1q32-q41), MARKI (1q41), DISCI (1q42.1), ORICI (1q44)
2 NRXNI (2p16.3), NPAS (2q11.2), DPP10 (2q14.1), CNTNAP5 (2q14.3), TSN (2q21.1), GALNT13 (2q24.1), SCN2QA

(2923-q24), SLC4A10 (2q23-q24), SLC25A12 (2q24), SCN1A (2q24.3), STK39 (2q24.3), ITGA4 (2q31.3), RAPGEF4
(2931-q32), DLX1 (2q32), DLX2 (2q32), INPPI (2q32), NRP2 (2q33.3), MAP2 (2q34-35), AGAPI (2437)

3 ROBOI (3p12), SUCLG2 (3pl4.1), FHIT (3p14.2), CACNAID (3p14.3), FEZF2 (3p21.1), GPXI (3p21.3), OXTR
(3p25), XPC (3p25), CNTN4 (3p26-p25), DRD3 (3q13.3), FBX040 (3q21.1), MBD4 (3q21.3), C301f58 (3q24), SLC9A9
(3q24), SCHIPI (3q25.33), DCUN1DI (3q26.3), NLGN1 (3q26.32), HTR3C (3q27.1)
4 GABRA4 (4p12), GABRBI (4p12), EIF4E (4q21-q25), PCDHI0 (4q28.3), TDO2 (4q31-q32)
5 CDHY (5p14), CDH10 (5p14.2), SEMA5A (5p15.2), MEF2C (5q14), APC (5q21-q22), PITX1 (5q31), ADRB2
(5931-g32)
6 KIAA1586 (6p12.1), LRRCI (6p12.2), C4B (6p21.3), HLA-A (6p21.3), HLA-DRBI (6p21.3), GLOI1 (6p21.3-p21.1),
DCDC2 (6p22.1), ALDH5A1 (6p22), KIAA0319 (6p22.3-p22.2), F13A1 (6p25.3-p24.3), HTR1B (6q13), CNRI
(6q14-q15), GRIK2 (6q16.3-q21), FRK (6q21-q22.3), PLN (6q22.1), HS3ST5 (6q22.31), FABP7 (6q22-q23), AHII
(6923.3), OPRM1 (6q24-q25), ESRI (6q25.1), PARK2 (6q25.2-q27), RPS6KA2 (6q27)
7 DCC (7p11), FIGNLI (7p12.2), COBL (7p12.2-p12.1), ABCA13 (7p12.3), ADCY1 (7p13-p12), HOXAI (7p15.3), NPY
(7p15.3), TMEM185 (7p21.1), AUTS2 (7q11.22), PON1 (7q21.3), NPTX2 (7q21.3-q22.1), PFTK1 (7q21-q22), LAMBI
(7q22), RELN (7q22), PIK3CG (7q22.3), CTTNBP2 (7q31), FOXP2 (7q31), GPR85 (7q31), IMMP2L (7q31), LEP
(7q31), MET (7q31), WNT2 (7q31), LRRN3 (7q31.1), NTCAM (7q31.1-q31.2), ST7 (7q31.2), CADPS2 (7q31.3),
GRMS (7q31.3-q32.1), UBE2H (7q32), MEST (7q32), FASTK (7q35), CNTNAP2 (7q35-q36), EN2 (7q36), DPP6
(7936.2)
8 DLGAP2 (8p23), MCPHI (8p23.1), RBICCI (8q11), CYP11BI (8q21), FABP5 (8q21.13), SDC2 (8q22-q23)
9 SLCIAI (9p24), ASTN2 (9933), TSC1 (9q34), ASS (9q34.1), DAPK1 (9q34.1)
10 CTNNA3 (10q21), EGR2 (10q21.1), JMJDIC (10q21.2), REEP3 (10q21.3), HTR7 (10q21-q24), KCNMA1 (10q22.3),
PTEN (10q23.3), LZTS2 (10q24)
11 CD44 (11p13), HRAS (11p15.5), TH (11p15.5), DHCR7 (11q13.4), SHANK2 (11q13.2), HTR3A (11q23.1), CADM1
(11q23.2)
12 DDX11 (12p11), CACNAIC (12p13.3), ITGB7 (12q13.13), AVPRIA (12q14-q15), TPH2 (12q21.1), CCDC64
(12q24.23)
13 ALOX5AP (13q12), FLT1 (13q12), NBEA (13q13), PCDH9 (13q21.32), HTR2A (13q14-q21), DIAPH3 (13q21.2),
MYO16 (13q33.3)
14 FBX033 (14q13.3), LREN5 (14q21.1), MDGA2 (14q21.3), ESR2 (14q23.2), ESRRB (14q24.3), VASHI (14q24.3)
15 ATPI0A (15q11.2), GABRB3 (15q11.2-q12), UBE3A (15q11-q13), NDNL2 (15q13.1), DYXICI (15q21.1), ARNT2
(15q24), NTRK3 (15q25)
16 PRKCBI (16p11.2), SEZ6L2 (16p11.2), SYT17 (16p12.3), ABAT (16p13.2), GRIN2A (16p13.2), CACNAIH (16p13.3),
TSC2 (16p13), RBFOX1 (16p13.3), ANKRDI11 (16q24.3)
17 RAII (17p11.2), PERI (17p13.1-p12), SLC6A4 (17q11.1-q12), NF1 (17q11.2), NOS2A (17q11.2-q12), HOXBI
(17q21.3), ITGB3 (17q21.32), CACNAIG (17q22), BZRAPI (17q22-q23)
18 RIT2(18q12.3), ST8SIA5 (18q12.3), SYT4 (18q12.3), ATP5A1 (18q21), MBD1 (18q21), SETBPI (18q21.1)
19 MBD3 (19p13.3), ODF3L2 (19p13.3), DMPK (19q13.3)
20 MACROD2 (20p12.1), ADA (20q13.12), CDH22 (20q13.1), GNAS (20q13.3)
21 CNS (21q22.3)
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Table 1 (continued)

Chromosome  Genes (localization)

22 COMT (22q11.21), TBX1 (22q11.21), ADORA2A (22q11.23), ADSL (22q13.2), SHANK3 (22q13.3)

X CACNAIF (Xp11.23), PPPIR3F (Xp11.23), WNK3 (Xp11.22), MAOA (Xp11.3), TSPAN7 (Xp11.4), DMD (Xp21.2),
CDKL5 (Xp22), PTCHDI (Xp22.11), ARX (Xp21.3), GLRA2 (Xp22.1-p21.3), ILIRAPLI (Xp22.1-p21.3), SH3KBPI
(Xp22.1-p21.3), FRMPD4 (Xp22.2), GRPR (Xp22.2), ASMT (Xp22.3), NLGN4X (Xp22.33), AR (Xq12), OPHNI
(Xql12), CXCR3 (Xql3), MEDI2 (Xq13), NLGN3 (Xql13.1), PCDH19 (Xq13.3), SRPX2 (Xq21.33-q23), HNRNPH2
(Xq22), PSMDI10 (Xq22.3), DCX (Xq22.3-q23), AGTR2 (Xq22-q23), RHOXFI (Xq24), SLC9A6 (Xq26.3), FMRI
(Xq27.3), MECP2 (Xq28), PDZD4 (Xq28), RAB39B (Xq28), RPL10 (Xq28), SLC6AS (Xq28)

Y NLGN4Y (Yql1.22)

Brain Samples, RNA Isolation, and cDNA Synthesis

Human brain samples (excess material from autopsies) were
obtained from the Department of Legal Medicine, University
Medical Center Mainz, Germany and primate samples from the
Biomedical Primate Research Centre, Rijswijk, The Netherlands
and the German Primate Center, Gottingen. Male brain samples
were prepared between 1-2 days post-mortem from 3 humans
(Homo sapiens), 1 chimpanzee (Pan troglodytes), 3 baboons (Pa-
pio hamadryas) (Old World monkey), and 5 marmosets (Calli-
thrix jacchus) (New World monkey). The human brains were from
two 40-year-old victims of an accident and a 59-year-old male
who died of acute heart failure. The chimpanzee brain was from
a 14-year-old (late adolescent) animal which died of hemolytic
anemia. The baboon brains came from two 9-year-old (subadult)
animals and one 30-year-old (adult) animal which were termi-
nated for experimental brain surgery. The marmoset brains came
from five 2-year-old (adult) animals which were terminated for
this study. Age classes of chimpanzee [Goodall, 1983], baboons
[Sigg etal., 1982], and marmosets [Aroujo et al., 2000] were deter-
mined according to established standards.

Because of similar brain architecture in humans and great
apes [Semendeferietal., 2001; Sherwood et al., 2003], area A10 was
excised from the frontal pole of human and chimpanzee brains.
The baboon and marmoset samples were taken from the corre-
sponding topological region. Frontal cortex tissue was immedi-
ately frozen and stored at -80°C after dissection. Total RNA was
isolated using TRIzol Reagent (Invitrogen, Darmstadt, Germa-
ny). The absorbance ratio at 260 and 280 nm was determined with
aNanodrop spectrophotometer (Thermo Scientific, Wilmington,
Del., USA). With one single exception, the measured ratios were
between 1.92 and 2.04, indicative of pure high-quality RNA. RNA
was amplified with the Illumina TotalPrep RNA Amplification
Kit (Ambion, Austin, Tex., USA). T7 promoter containing cDNA
was produced by reverse transcription of 400 ng total RNA each.
This cDNA was subsequently transcribed into cRNA in the pres-
ence of biotinylated nucleotides.

Array Hybridization and Analysis

The labeled cDNA samples of different individuals from the
same species (3 humans, 1 chimpanzee, 3 baboons, and 5 marmo-
sets) were pooled. The 4 cDNA pools were hybridized under the
same stringency conditions to 4 (of the 6) arrays on a Sentrix Hu-
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man-6 Expression BeadChip (Illumina, San Diego, Calif., USA)
that contain probes for >48.000 transcripts. Following washing,
the arrays were stained with Cy3-streptavidin and scanned with
an Illumina BeadStation 500. The Illumina BeadStudio software
was used for data analysis. The ‘rank invariant normalization’ al-
gorithm was used for normalization of the data. Only genes pass-
ing the quality thresholds of diffScores of lower than -13 and
higher than +13 with detection p values <0.05 were considered. A
positive diffScore represents upregulation, while a negative diff-
Score represents downregulation.

When non-human primate samples are hybridized on a hu-
man array, sequence mismatches between the primate sample and
the human oligonucleotide sequences on the array may reduce the
signal intensity and, thus, be misinterpreted as reduced gene ex-
pression [Dannemann et al., 2009]. In order to avoid this mis-
match problem, we only considered genes that appeared to be up-
regulated in baboon and marmoset compared to humans. It is
very unlikely that stronger hybridization of the primate sample to
ahuman array is due to sequence divergence. Because of high con-
servation of coding sequences between humans and chimpanzees
[Chimpanzee Sequencing and Analysis Consortium, 2005; Varki
and Altheide, 2005], both upregulated and downregulated genes
were analyzed in this species.

Results

Distribution of COAG in the Human Genome

We performed an extensive literature and database re-
search to select a panel of 244 communication-associated
genes (table 1). Eight COAG were associated with lan-
guage disorders, 4 with dyslexia, 2 with schizophrenia
and language impairment, and 230 with autism spec-
trum disorders (ASD). This asymmetry reflects the enor-
mous research efforts on autism and, on the other hand,
our so far limited knowledge on the genetic basis of lan-
guage development. In a first step we assigned biological
functions to the 244 COAG and all genes (23,921) with
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chromosomal assignments in the Ensembl database. Of
17 possible functions in the Panther database, most genes
of both the COAG and the Ensembl group were involved
in cell communication, cellular and metabolic processes.
There were no statistically significant between-group dif-
ferences (fig. 1).

We then compared the chromosomal distribution of
the 244 COAG with that of all Ensembl genes with chro-
mosomal assignments (table 2). The expected number of
COAG on a particular chromosome was calculated based
on the ratio of the number of Ensembl genes on this
chromosome divided by the number (23,921) of all En-
sembl genes. Using Fisher’s exact test, COAG were con-
sidered to be enriched/depleted on a particular chro-
mosome when the observed number of COAG was sig-
nificantly higher/lower than the expected number.
Chromosomes 7 with 33 COAG (p = 0.0001, 95% CI
1.89-3.86) and X with 35 COAG (p = 0.003, 95% CI 1.16-
2.32) were enriched with COAG, whereas chromosomes
1 (15 genes; p = 0.004, 95% CI 0.26-0.77) and 19 (3 genes;
p =0.003, 95% CI 0.04-0.58) contained less than expect-
ed COAG. When applying strict Bonferroni adjustment
to correct for 24-fold parallel testing, the 5% criterion of
significance has to be lowered accordingly to a p value of
0.002 being significant. Thus, even after correcting for
multiple testing, the enrichment of chromosome 7 with
COAG remained significant. In this context it is worth
emphasizing that 17 of the 33 COAG on chromosome 7,
including FOXP2and CNTNAP2, were clustered in 7q31-
q36.

Communication-Associated Genes in
Human Chromosome 7q31-q36

Table 2. Enrichment of COAG on human chromosomes 7 and X

Chromo-  Number of Number of Enrichment p value
some known genes* COAG factor
1 3,141 15 0.5 0.004*
2 1,346 19 1.4 0.741
3 1,463 18 1.2 0.445
4 796 5 0.6 0.280
5 923 7 0.7 0.440
6 1,557 22 1.4 0.144
7 1,150 33 2.8 0.0001**
8 484 6 1.2 0.639
9 904 5 0.5 0.170
10 819 8 1.0 0.905
11 1,368 7 0.5 0.067
12 1,069 6 0.6 0.143
13 356 7 1.9 0.084
14 662 6 0.9 0.776
15 634 7 1.1 0.837
16 902 9 1.0 0.948
17 1,217 9 0.7 0.343
18 289 6 2.0 0.082
19 1,427 3 0.2 0.003*
20 603 4 0.7 0.391
21 225 1 0.4 0.395
22 508 5 1.0 0.937
X 2,000 35 1.7 0.003**
Y 78 1 1.3 0.820
Total 23,921 244
# According to Ensembl release 60, November 2010.
* Significant underrepresentation of COAG.
** Significant enrichment with COAG.
Cytogenet Genome Res 2012;136:97-106 101



Table 3. COAG that are differentially expressed in human and non-human primate cortices

Expression level

Genes

Higher in chimpanzee and baboon

ALOXS5AP, CD44, OPHNI1, SLC9A9

Higher in chimpanzee and marmoset

GPX1, SLC9A9

Higher in baboon and marmoset

ADSL, AUTS2, CACNAIG, CADPS2, CITNBP2, FASTK, FBX033,

FRMPD4, GLRA2, GNAS, GRIK2, GRMS8, HS3ST5, ITGB3, JM]D1C,
KCNMAI, MED12, NBEA, NLGN1, NOS1AP, PCDHI10, PCDH9,
PTEN, RAII, RFWD2, SCHIPI, SCNI1A, SH3KBP1, SLC9A9, ST7,
SYT17, TBX1, UBE3A, VASHI

Lower in chimpanzee

AHII, ALDH5A1, ASS, BZRAPI, C3orf58, CDH22, CNTNAP2,

DHCR7, DLGAP2, DPP6, GLO1, HTR2A, IMMP2L, LAMBI, LRRN3,
MCPH1, NLGN4X, OXTR, PARK2, PDZD4, RAPGEF4, SETBPI,
UBE2H

Chimpanzee

4

Baboon

Marmoset

Fig. 2. Venn diagram showing the number of genes with higher
expression levels in chimpanzee, baboon, and marmoset cortices,
respectively, compared to the human cortex.

Expression Differences in Human and Non-Human

Primate Cortices

COAG expression in 3 human, 1 chimpanzee, 3 ba-
boon, and 5 marmoset cortex samples was analyzed with
an [llumina Expression BeadChip. In total 24,385 tran-
scripts produced detectable hybridization signals on this
array. Our first goal was to identify genes with higher ex-
pression levels in primate cortices than in the human cor-
tex. This largely excludes interspecific hybridization ar-
tifacts due to sequence divergence. Compared to humans,
1,489 genes appeared to be upregulated in chimpanzee
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cortex, 3,893 in baboon cortex, and 4,659 in marmoset
cortex (fig. 2). Seventy-seven (2.0%) of 3,893 upregulated
genes in baboon and 79 (1.7%) of 4,659 in marmoset be-
long to the COAG group, implying that the set of genes
that is upregulated in Old and New World monkeys is
significantly (p < 0.001, 95% CI 1.55-2.47 in baboon and
1.33-2.09 in marmoset) enriched with COAG. In con-
trast, only 11 COAG showed higher expression levels in
the chimpanzee than in the human brain.

For the identification of genes that are upregulated in
the human cortex, we only relied on the human-chim-
panzee comparison. Due to the high degree of coding se-
quence conservation between humans and chimpanzees,
most detected interspecies hybridization differences can
be assumed to reflect true expression differences. Alto-
gether, we found 2,750 genes with higher expression lev-
elsin human than in the chimpanzee cortex. A conceptu-
ally related study [Nowick et al., 2009] revealed 2,182 up-
regulated genes in the human cortex. In sum, 508 genes
were identified in both studies. Fifty-nine (2.2%) of the
2,750 human upregulated genes in our study represent
COAG, which is a significant enrichment (p < 0.001, 95%
CI 1.87-3.17).

Because we were mainly interested in genes with con-
served expression in non-human primates and human-
specific up- or downregulation, we filtered out genes
showing opposite expression changes in different non-hu-
man primates. For example, GABRB3 showed higher ex-
pression levels in baboon and marmoset, but a reduced
expression level in chimpanzee, compared to humans. Ta-
ble 3 presents the remaining 23 COAG with human-spe-
cific upregulation and 38 genes with human-specific
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Fig. 3. Enrichment of chromosome 7q31-
q36 with 17 COAG. Genes with similar ex-
pression levels in human and primate cor-

Chromosome 7q31-g36

tices are indicated by black circles, genes N DR M T T i)
that are downregulated in human cortex
(compared to chimpanzee, baboon, and/or TRB
marmoset) are indicated by blue circles, OO OO0 OO ] [ OO 00 |
and genes that are upregulated in human 0 DN EA LG 53 2 Q& RA SRR

: DU S NI & P &S
cortex (compared to chimpanzee) by red §z§i&0‘\- ¥ sz&%‘*’ @@ & VN & & N

circles. Gene names are written below the
circles. FOXP2 binding to CNTNAP2 (in-
dicated by an arrow) leads to downregula-
tion of CNTNAP2. TRB (indicated by a
green box) represents the T cell receptor
beta locus.

~

S

downregulation. Of the latter group, 34 genes showed in-
creased expression levels in baboon and marmoset cortex,
2in chimpanzee and marmoset cortex, and 4 in chimpan-
zee and baboon cortex. One gene encoding the sodium
hydrogen exchanger, SLC9A9, was more highly expressed
in all 3 non-human primates compared to humans. When
only considering COAG which are differentially regulated
in human and non-human primate cortices, chromosome
7 also shows a highly significant (p < 0.001) enrichment.
Six (CNTNAP2, DPP6, IMMP2L, LAMBI, LRRN3, and
UBE2H) of 23 genes with human-specific upregulation
and 6 (AUTS2, CADPS2, CTTNBP2, FASTK, GRM8, and
ST7) of 38 genes with human-specific downregulation are
located on chromosome 7.

Chromosome 7931-q36

Both in silico and expression analyses identified chro-
mosome region 7q31-q36 as a hot spot for COAG. It con-
tains 17 (7%) of 244 COAG, including the 2 most promi-
nent language genes FOXP2 and CNTNAP2 (fig. 3).
FOXP2 and CNTNAP2 are not only physically but also
functionally linked [Vernes et al., 2008]. Five COAG on
7q31-q36, namely ST7, CTTNBP2, CADPS2, GRMS, and
FASTK, were downregulated in the human cortex com-
pared to non-human primates. Three genes, LRRN3,
IMMPL2,and CNTNAP2, were upregulated in the human
cortex compared to chimpanzee. Thus, 8 (13%) of our 61
top candidate genes for human-specific regulation (ta-
ble 2) are clustered in this region which represents only
approximately 1.5% of the entire genome. Consistent with
the results of Nowick et al. [2009], FOXP2 was not differ-
entially regulated in the human and non-human primate
cortex. In addition to the COAG cluster, 7q31-q36 con-
tains the T cell receptor beta locus, which is important for
T cell activation in response to specific antigens.

Communication-Associated Genes in
Human Chromosome 7q31-q36

Discussion

There are many hypotheses about the evolution of lan-
guage and the human brain. One widely accepted theory
claims that language was the main driving force for hu-
man brain evolution [Jerison, 1976]. On the other hand,
even non-human primates appear to exhibit a predisposi-
tion to language [Cooper, 2006]. Thus, the genetic basis
of language may have arisen long before language ap-
peared [Chater et al., 2009]. Two or 3 million years ago,
an Australopithecine species may have acquired commu-
nication abilities which were still far away from spoken
language but already distinct from ape-like communica-
tion. This predisposition may have paved the way for the
rapid evolution of a large brain and spoken language. Be-
cause it is not possible to analyze the genomes of Austra-
lopithecines, inferential methods, i.e., comparisons be-
tween human and non-human primate species, must be
used to identify molecular signatures of language evolu-
tion in today’s human genome and transcriptome.

First, we delineated a set of COAG and looked for their
biological functions. Because language is a very complex
trait, it is not unexpected that COAG are involved in
many different biological processes, and there is no obvi-
ous enrichment for genes with a particular function com-
pared to the entire human gene catalogue. Probably due
to the high energy requirements of the human brain [Pe-
ters and Langemann, 2009], a large proportion of both
COAG (16%) and all genes (21%) is associated with meta-
bolic processes. There is a significant enrichment of
COAG on chromosomes 7 (33 genes) and X (35 genes).
The latter is not unexpected, because the X chromosome
has accumulated a disproportionate number of genes for
mental functioning and social cognition [Zechner et al.,
2001; Skuse, 2005]. With the exception of RPLI0, which
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resides on chimpanzee chromosome 19, 34 of 35 human
X-linked COAG are located on the orthologous primate
X chromosomes. The hypothetical last common ancestor
of primates was endowed with 2 human chromosome 7
homologs, called 7a (syntenic to 7p21-ql1.21, 7q11.23-
q21.3, and 7q22.1-qter) and 7b (syntenic to 7pter-p22,
7q11.21-q11.23, and 7q21.3-q22.1). A centric fusion of 7a
and 7b in a common ancestor of recent great apes and
humans generated the ancestral chromosome 7 of Ho-
minidae [Miiller et al., 2004; Froenicke, 2005]. This im-
plies that the 33 COAG on human chromosome 7 have
travelled together on the same chromosome for at least
15-20 million years (split estimate of humans and great
apes) [Goodman et al., 1998; Enard and P4dbo, 2004]. The
cluster of 17 (7%) COAG on human chromosome 7q31-
q36 was already present on the ancestral primate chro-
mosome 7a more than 80 million years ago, although the
gene order on this chromosome may have been exten-
sively reshuffled in the course of evolution. We conclude
that highly conserved arrays of genes were selected dur-
ing primate evolution, long before these genes were re-
cruited for advanced communication abilities. Similar to
transcriptional operons in bacteria, functionally cooper-
ating genes also tend to cluster in higher eukaryotic ge-
nomes. This clustering could facilitate their coordinated
regulation, i.e., by reducing the expenditure of chromatin
unpackaging for transcription [Lee and Sonnhammer,
2003]. In this light, it is tempting to speculate that co-
expression and fine-regulation of the 7q31-q36 COAG
cluster in the human cortex has been important for the
acquisition of human-specific communication abilities
and language. Indeed, at least 2 genes in this cluster are
known to functionally interact. The transcription fac-
tor FOXP2 binds to specific sites in the first intron of
CNTNAP2 and downregulates it [Vernes et al., 2008].
The extremely high similarity of the human and chim-
panzee genomes [Chimpanzee Sequencing and Analysis
Consortium, 2005; Varki and Altheide, 2005] argues in
favor of the notion that phenotypic differences between
humans and chimpanzees are based on differences in
gene regulation. Indeed, comparative transcriptome
analyses revealed subsets of genes with different expres-
sion levels in human and chimpanzee brains [Caceres et
al., 2003; Gilad et al., 2006; Khaitovich et al., 2006; No-
wick etal., 2009; Somel et al., 2009]. In this study, we used
human expression arrays to compare the COAG expres-
sion profiles in human, chimpanzee, baboon, and mar-
moset cortices. About 12 million years of evolution can
be assumed for the human-chimpanzee, 45 million years
for the human-baboon, and 80 million years for the hu-
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man-marmoset pairwise comparisons [Goodman et al,,
1998; Enard and Paibo, 2004]. One of our main interests
was to find genes with similar expression levels in differ-
ent non-human primates, including chimpanzee and Old
and New World monkeys, but changed expression levels
in the human brain. When using a human array to mea-
sure differential gene expression across primate species,
probe sequence mismatches due to sequence divergence
render the identification of genes that are downregulated
in Old and New World monkeys difficult. In contrast to
conceptually related studies [e.g., Somel et al., 2009], we
did not mask all probes on the array that did not perfect-
ly match the DNA sequences of the species examined.
The [llumina bead technology used in our study is based
on rather long oligonucleotides compared to other plat-
forms. Consequently, there are relatively few oligonucle-
otides without any sequence mismatch in all 4 analyzed
species. On the other hand, long oligonucleotides are
more robust against hybridization artifacts. Because se-
quence mismatches are unlikely to improve hybridiza-
tion efficiency, we focused on genes with higher expres-
sion levels in non-human primates. Another unfavorable
factor for this type of studies is the limited availability of
primate brain samples for high-quality RNA preparation.
This makes it difficult to minimize stochastic effects.
Previous studies demonstrated considerable intraspecific
variation in epigenetic gene regulation both in human
and non-human primate brains [Farcas et al., 2009]. Al-
though we have used only male brain samples from sub-
adult and adult individuals, it is unrealizable to control
for all possible confounding factors.

A large proportion (20%) of the 244 analyzed COAG
was downregulated in the human cortex compared to
both baboon and marmoset. Relatively few (5%) COAG
were downregulated in humans compared to chimpan-
zee, and only 1 gene, SLC9A9, was downregulated in hu-
mans compared to all 3 analyzed non-human primates.
This may be partially explained by the fact that the tran-
scriptomes of humans and chimpanzee are more similar
to each other than those of humans and Old or New
World monkeys, respectively. On the other hand, only 1
chimpanzee brain was available for expression analyses,
whereas 3 baboons and 5 marmosets could be analyzed.
In contrast to Old and New World monkeys, the coding
sequence between humans and chimpanzee is highly
conserved exhibiting approximately 1 mismatch in 100
bp [Chimpanzee Sequencing and Analysis Consortium,
2005] which allows one to identify genes that are down-
regulated in chimpanzee using a human array. In silico
analyses confirmed that for the vast majority of chim-
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panzee downregulated genes the 50mer oligonucleotides
on the array exhibit either no or a single mismatch which
is unlikely to interfere with hybridization efficiency. Al-
together, 59 (25%) of 244 COAG appeared to be down-
regulated in the chimpanzee cortex compared to hu-
mans. However, as outlined above, results based on 1
cortex sample have to be interpreted with caution. Nev-
ertheless, our study clearly demonstrates an enrichment
of COAG among all genes that are differentially regulated
in human and non-human primate cortices.

Relying mostly on autism-related genes as source of
COAG, the selected set includes genes that may be in-
volved in many sorts of communication, not only lan-
guage. In addition to impaired language development,
autistic persons may exhibit stereotypic, ritualistic, and
compulsive behaviors, limited social interactions as well
as sensory problems [Tuchmann, 2003; Scherer and Daw-
son, 2011]. Evidently, non-human primates do not have
language, but they cannot afford to indulge in repetitive
or self-injurious behaviors. So far there is no general
agreement on what is unique to human language. Toma-
sello [2008] considers a ‘theory of mind’ as basis for the
faculty of language. Advanced (intentional rather than
reflective) communication abilities in humans require
assessment of the mental states of others. This ability is
severely impaired in autistic persons, which makes ASD
genes prime candidates for COAG. Although some genes,
for example HLA-A and HLA-DBR, that have been associ-
ated with ASD are unlikely to be related to communica-
tion, we did not eliminate these genes from our COAG set
to avoid any bias in selection.

Several observations argue in favor of the notion that
human chromosome 7q31-q36 may represent a hot spot
for the evolution of advanced communication abilities.
Firstly, this region is enriched with COAG that show
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