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this between-population allelic divergence was caused by 
regional Darwinian positive selection in East Asians. Fur-
ther analysis of brain image data of Han Chinese showed 
significant associations of the amino acid polymorphic sites 
with gray matter volume. Hence, CASC5 may contribute 
to the morphological and structural changes of the human 
brain during recent evolution. The observed between-popu-
lation divergence of CASC5 variants was driven by natural 
selection that tends to favor a larger gray matter volume in 
East Asians.

Introduction

Following the split from great apes 5–7 million years ago, 
the evolution of the primate lineage leading to humans has 
been marked by a continued increase in brain size. Modern 
humans have an average brain size of about 1350 ml, more 
than double the size (~600 ml) of Homo habilis, the common 
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L. Shi, E. Hu and Z. Wang contributed equally to this work.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00439-016-1748-5) contains supplementary 
material, which is available to authorized users.

 * Bing Su 
 sub@mail.kiz.ac.cn

1 State Key Laboratory of Genetic Resources and Evolution, 
Kunming Institute of Zoology, Chinese Academy 
of Sciences, Kunming, People’s Republic of China

2 Kunming College of Life Science, University of Chinese 
Academy of Sciences, Beijing, China

3 Institute of Zoology, Chinese Academy of Sciences, Beijing, 
China

4 Brainnetome Center and National Laboratory of Pattern 
Recognition, Institute of Automation, Chinese Academy 
of Sciences, Beijing, China

5 Lieber Institute for Brain Development, Johns Hopkins 
University, Baltimore, MD, USA

6 Center for Computational Genomics, Beijing Institute 
of Genomics, Chinese Academy of Sciences, Beijing 100101, 
China

7 Department of Radiology and Tianjin Key Laboratory 
of Functional Imaging, Tianjin Medical University General 
Hospital, Tianjin 300052, China

8 CAS Center for Excellence in Brain Science and Intelligence 
Technology, Chinese Academy of Sciences, Shanghai, China

9 Key Laboratory for NeuroInformation of Ministry 
of Education, School of Life Science and Technology, 
University of Electronic Science and Technology of China, 
Chengdu, China

10 Queensland Brain Institute, University of Queensland, 
Brisbane, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00439-016-1748-5&domain=pdf
http://dx.doi.org/10.1007/s00439-016-1748-5


194 Hum Genet (2017) 136:193–204

1 3

ancestor of all later human species who lived in Africa 2.8–
1.44 million years ago. Although the evolutionary history of 
modern humans is younger than 200,000 years since they 
originated in Africa and spread to the other parts of the world 
(Cann et al. 1987), phenotypic diversity is already common 
among global populations, e.g. pigmentation (Jablonski 
2004; Sturm 2009), and body shape (height and body mass) 
(Stulp and Barrett 2016). Interestingly, the human brain mor-
phology also shows variation among populations. Previous 
data using traditional methods included about 20,000 skulls 
from around the world, and it was shown that East Asians 
have the largest average cranial volume (1415 cm3) com-
pared with Europeans (1362 cm3) and Africans (1268 cm3) 
(Beals et al. 1984). A recent study using MRI technology 
revealed that people of African ancestry tend to have a nar-
row cranial base, while those of European ancestry had 
elongated occipital and frontal regions, and East Asians pos-
sessed a high cranial vault (Fan et al. 2015). Natural selec-
tion may play a role in shaping up the cranial diversity of 
modern humans. Previously, it was proposed that human 
cranial morphology in cold climate tends to have a broader 
cranial vault and a larger endocranial volume (Nowaczewska 
et al. 2011). However, recent genetic analyses showed that 
the human cranometrics variation follows a neutral model 
of population relationships (Relethford 2010; Roseman and 
Weaver 2007). Here, we intend to explore regional selection 
events acting on brain size regulating genes that may contrib-
ute to population-specific deviation of cranial volume.

Among the eight known brain size regulating genes 
responsible for autosomal recessive primary microcephaly 
(MCPH, OMIM251200) (MCPH1, WDR62, CDK5RAP2, 
CEP152, ASPM, CENPJ, STIL and CASC5), five were 
found to have undergone rapid evolution due to Darwin-
ian positive selection during primate evolution and human 
origin (Bilguvar et al. 2010; Bond et al. 2002, 2005; Genin 
et al. 2012; Guernsey et al. 2010; Jackson et al. 2002; 
Kumar et al. 2009; Lin and Elledge 2003; Nicholas et al. 
2010; Yu et al. 2010). For example, ASPM experienced posi-
tive selection in great apes and humans (Zhang 2003; Evans 
et al. 2004b; Kouprina et al. 2004; Montgomery et al. 2011), 
while CDK5RAP2 and CENPJ exhibited accelerated rates 
of non-synonymous substitutions over the course of pri-
mate evolution (Evans et al. 2006). The signal of positive 
selection on MCPH1 was observed in the common ancestor 
of great apes and humans as well as in the human lineage 
(Evans et al. 2004a; Wang and Su 2004). The rapid evolu-
tion of these brain size genes suggests that they may have 
been principal contributors to the evolutionary enlargement 
of the human brain. Added to those lines of evidence, recent 
imaging studies on modern humans have found that while 
brain size does not linearly translate into levels of intel-
ligence, there is a high degree of heritability (0.82–0.87) 
(Posthuma et al. 2003, 2002; Thompson et al. 2001).

To detect possible regional selection in modern human 
populations, the recent release of genome sequences of 
both Neanderthals and Denisovans (Meyer et al. 2012; 
Prufer et al. 2014), became useful as modern-human-spe-
cific sequence variations can be defined by taking these two 
archaic human species as outgroup. Searching for genes 
harboring specific mutations for modern humans may help 
to dissect the genetic mechanism that explain cranial vol-
ume variation among world populations. Of those brain 
size regulating genes, CASC5 is of particularly interesting. 
Previous studies reported that truncated mutations or splic-
ing mutation in CASC5 could lead to MCPH, a neurode-
velopmental disorder consisting of a significant brain size 
reduction, mild-to-moderate mental handicap and no other 
neurological feature nor associated malformation (Genin 
et al. 2012; Saadi et al. 2016; Szczepanski et al. 2016). 
More importantly, the CASC5 gene contains mutations in 
modern humans, but not in Denisovans (Meyer et al. 2012) 
and this gene also shows distinct sequence divergence 
between modern humans and Neanderthals (Prufer et al. 
2014). These data suggest that CASC5 is an important gene 
for human neurogenesis, and may harbor modern human 
specific mutations contributing to the recent evolutionary 
change of the human brain.

The CASC5 gene itself is located on chromosome 15q 
and has 27 exons encoding a protein localized at the kine-
tochore. This protein performs two crucial functions during 
mitosis, being required for correct attachment of chromo-
some centromeres to the microtubule apparatus, and also 
essential for spindle-assembly checkpoint (SAC) signaling 
(Kiyomitsu et al. 2007). CASC5 also directly binds MIS12, 
which is essential for kinetochore formation and proper 
chromosome segregation during mitosis. The C-terminal 
portion of CASC5 (AA 1981–2108), which contains muta-
tions in modern humans, interacts with ZWINT-1, a kine-
tochore protein, required for kinetochore assembly and 
proper SAC silencing at metaphase (Kline et al. 2006).

We attempted to explore the evolutionary history of 
CASC5 gene during recent human evolution. Our analy-
sis identified a set of modern human specific amino acid 
changes, with most of them still polymorphic in current 
human populations. Further population analysis revealed a 
regional enrichment of these amino acid mutations in East 
Asian populations, which was driven by regional Darwin-
ian positive selection.

Materials and methods

Multiple species sequence alignment

The coding region sequences of CASC5 of human, chim-
panzee, gorilla, orangutan, gibbon, baboon and tarsier 
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were downloaded from Ensembl (http://www.ensembl.
org/index.html). The Denisovan sequences were kindly 
provided by Dr. Martin Kircher from Max Planck Insti-
tute for Evolutionary Anthropology. Sequence alignment 
was conducted using MEGA5.2 software (Tamura et al. 
2011).

We also downloaded a draft of the Neanderthal genome 
from the recently published Altai Neanderthal genome 
(Prufer et al. 2014), a high coverage genome decoded by 
the Max Planck Institute for Evolutionary Anthropology.

Sequence analysis and neutrality test

Multiple sequence alignment was created for PAML analy-
sis using BioEdit. Maximum likelihood analysis was per-
formed with codeml in the PAML software package (Yang 
1997, 2007). To detect selection, we first used a free ratio 
model, which assumes an independent dN/dS ration for 
each branch. Likelihood ratio tests were performed to 
assess whether permitting codons to evolve under positive 
selection yielded a significantly better fit to the data. We 
then used the branch model to test whether the dN/dS val-
ues of lineages leading to humans were significantly higher 
than those of the nonhuman lineages, and whether the 
dN/dS values significantly differed among modern human, 
Denisovan, Neanderthal and the common ancestor of mod-
ern human, Denisovan and Neanderthal.

CASC5 SNP data of the reference population (Africans, 
YRI; Europeans, CEU; Han Chinese from Beijing, CHB) 
were downloaded from the 1000 Human Genomes Project 
(Genomes Project et al. 2012). To detect departures from 
neural evolution, the Fay and Wu’s H statistics was calcu-
lated for YRI, CEU and CHB, respectively, using DnaSP 
(Librado and Rozas 2009). We also conducted a McDon-
ald–Kreitman test, comparing the inter-specific and intra-
specific ratios of nonsynonymous and synonymous muta-
tions. The modern human populations include YRI, CEU 
and CHB. The coding sequences from chimpanzee, Den-
isovan and Neanderthal were used for inter-specific calcu-
lations (McDonald and Kreitman 1991).

Haplotype network analysis

We constructed a haplotype network including Denisovan, 
Neanderthal and the 1000 Human Genome samples (YRI, 
Yoruban; CEU, Utah Residents with Northern and Western 
European ancestry; CHB, Han Chinese from Beijing; CHS, 
Southern Han Chinese; JPT, Japanese). The 5 kb exon-
10 sequences of CASC5 were analyzed. Haplotypes were 
inferred by phasing using fastPHASE (Scheet and Stephens 
2006). In total, there were 162 divergent sites to generate a 
median-joining network (Bandelt et al. 1999). The Deniso-
van individual is heterozygous at rs200056260 site while 

the other sites are all homozygous. The Neanderthal indi-
vidual is homozygous at all sites.

Brain image sample description

We recruited 278 unrelated Han Chinese healthy 
subjects (174 females and 104 males, mean age 
36.21 ± 12.58 years). All volunteers were free from mental 
disorders, drug abuse, alcohol dependence, or brain injury, 
and all individuals provided written informed consents for 
participation, and the research protocol was approved by 
the internal review board of Kunming Institute of Zool-
ogy, Chinese Academy of Sciences. This imaging sample 
has been used previously and shown to be effective for the 
detection of genetic effects on magnetic resonance imag-
ing (MRI) volumes, e.g., we have previously reported that 
a schizophrenia risk SNP rs2312147 in VRK2 gene, was 
significantly associated with total white matter volume and 
total brain volume in this sample (Li et al. 2012).

Genotyping

Using SNapShot on an ABI 3130 automatic sequencer 
(Applied Biosystems), we genotyped a total of 11 SNPs, 
including 5 tag SNPs (rs12148185, rs3092979, rs6492959, 
rs8034726, rs12913739) and 6 amino acid changing 
SNPs (rs2412541, rs12911738, rs7177192, rs8040502, 
rs11858113, rs17747633). The genotype callings were 
automatically performed using ABI GeneMapper 4.0 and 
verified manually.

Genetic association analysis

The association between brain volume and the CASC5 
SNPs were assessed via a linear regression with an additive 
genetic model in PLINK. Age, sex and weight were consid-
ered as covariance for statistical assessments. For multiple 
test correction, we used the max(T) permutation procedure 
implemented in PLINK and the “-mperm” option was used 
(n = 1000), which takes a single parameter, the number of 
permutations to be performed. This procedure is achieved 
by comparing each observed test statistics against the max-
imum of all permuted statistics (i.e. over all SNPs) for each 
single replicate. Haplotype-based association analysis was 
performed with HaploStats 1.50 (http://www.mayo.edu/
research/labs/statistical-genetics-genetic-epidemiology/
software) in the R environment (http://www.r-project.org/).

Human and macaque gene expression analysis 
during brain development

We downloaded human brain development expression 
RNAseq data, microarray data of CASC5 from BRAIN 

http://www.ensembl.org/index.html
http://www.ensembl.org/index.html
http://www.mayo.edu/research/labs/statistical-genetics-genetic-epidemiology/software
http://www.mayo.edu/research/labs/statistical-genetics-genetic-epidemiology/software
http://www.mayo.edu/research/labs/statistical-genetics-genetic-epidemiology/software
http://www.r-project.org/


196 Hum Genet (2017) 136:193–204

1 3

SPAN (atlas of the developing human brain) (http://www.
brainspan.org), covering the developing stages ranging 
from 5 to 7 post-conceptional weeks (pcw) to over 40 years 
of age (32 brain samples in total). The RPKM (reads per 
kilobase per million) value was used to indicate the expres-
sion level of CASC5. The macaque microarray expression 
data of CASC5 was also downloaded from BRAIN SPAN 
database (38 brain samples in total).

Results

Sequence comparison of CASC5 among the three 
human species

We first obtained the complete gene region sequences 
(70.3 kb) of CASC5 from three human species: modern 
humans (the consensus sequence was used), Denisovans 
and Neanderthals. The aligned CASC5 sequences revealed 
89 divergent sites between modern humans and Deniso-
vans, and 85 divergent sites between modern humans and 
Neanderthals. When using chimpanzees as an outgroup, we 
found 45 modern human specific mutations, 48 Denisovan 
specific mutations and 41 Neanderthal specific mutations 
(Fig. S1). When only the exon region (7.0 kb) of CASC5 
was aligned among humans, nonhuman primates and sev-
eral other mammalian species (mouse, tree shrew and dol-
phin), we observed 12 amino acid sites showing divergence 
among the three human species with 8 of them (T43R, 
A113T, H159R, S486A, T598M, G936R, G1086S and 

E1285K) occurring in modern humans (Fig. 1). Comparing 
nonhuman primates and other mammalian species, 6 of the 
8 modern human amino acid changes are highly conserved, 
implying that these sites might be functionally impor-
tant. We also observed three Denisovan-specific changes 
(A1137T, D1194A and H1624R) and one Neanderthal-spe-
cific change (N1369D).

At population level, among the 8 modern human amino 
acid changes, two (H159R and G1086S) are fixed in cur-
rent human populations, and the other six are polymorphic 
(Fig. 1). Surprisingly, 5 of the 6 amino acid polymorphic 
sites showed deep between-population divergence in allele 
frequencies. East Asians possess much higher frequen-
cies of the derived alleles at four sites (T43R-rs7177192, 
A113T-rs12911738, S486A-rs2412541 and G936R-
rs8040502) as compared to either Europeans or Africans 
(Fig. 1), while E1285K-rs17747633 is relatively enriched 
in Europeans (46%), and rare in East Asians (10%) and 
Africans (3%). No between-population divergence was 
observed for T598 M-rs11858113 (Fig. 1).

Detection of positive selection in East Asian populations

To test if selection acted on CASC5, we aligned the 
CASC5 coding region sequences of the three human spe-
cies together with species representing the major primate 
lineages, including chimpanzee, orangutan, gibbon, baboon 
(an Old World monkey) and Tarsier (a prosimian monkey). 
After calculating the ratios of nonsynonymous vs. synon-
ymous substitutions (dn/ds) using the model by Goldman 

Fig. 1  Schematic map of CASC5 gene structure labeled with lineage-
specific amino acid substitutions. The polymorphism sites in current 
human populations are marked in red. Allele frequencies of the poly-

morphic sites were obtained from the 1000 Human Genomes Project. 
ASN East Asians, EUR Europeans, AFR Africans (color figure online)

http://www.brainspan.org
http://www.brainspan.org
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and Yang (1994), no signal of selection was detected in 
any of the human lineages (Fig. S2). We then compared 
the inter-specific and intra-specific Ka/Ks ratios using the 
McDonald–Kreitman test (McDonald and Kreitman 1991), 
that included the CASC5 coding region sequences of 270 
unrelated modern human individuals (88 YRI, 97 CHB and 
85 CEU) from the 1000 Human Genome Project with Den-
isovan, Neanderthal and chimpanzees as the outgroup, and 
we did not observe any signal of selection in the modern 
human lineage (p > 0.05), neither in the two archaic human 
species (Table S1).

We next conducted selection test at population level 
because most of amino acid polymorphic sites showed 
between-population divergence (Fig. 1), which could be 
explained either by genetic drift or regional selection. Using 
the 1000 Human Genome Sequences data (Genomes Project 
et al. 2010), we first performed neutrality test using the Fay 
and Wu’s H statistics, and observed a signature of Darwin-
ian positive selection in East Asians (H = −94.41 in CHB, 
p < 0.01), but not in Europeans and Africans. When the 
gene regions were analyzed separately for the 5′ flanking 
region (19 kb), the coding region (70.3 kb) and the 3′ flank-
ing region (19 kb), the signals of selection remained in East 
Asians (H = −35.70 for the 5′ flanking region, p < 0.01; 
H = −44.22 for the coding region, p < 0.01; H = −14.49 
for the 3′ flanking region, p < 0.05). By contrast, no signal 
of selection was detected in Europeans and Africans, except 
for the significant H value of the 5′ flanking region in Euro-
peans (H = −22.09, p < 0.05) (Table S2).

To further test the selective signal, based on the Hap-
Map2 Phase 2 data from Haplotter (http://haplotter.uchi-
cago.edu/), we obtained the standardized integrated haplo-
type score (iHS) which is used for detecting recent positive 
selection with incomplete selective sweep (i.e. the selected 
allele is not yet fixed). Within the 70.3 kb region of CASC5, 
we observed 62 SNPs (37%) with large iHS values (>2.0) 
in East Asian populations, a clear indication of selection 
(Fig. 2a). Conversely, there are only a few SNPs with large 
iHS values (>2.0) in Europeans (7 SNPs, 4.2%), and none 
in Africans (Fig. 2b, c). We also conducted a genome-wide 
scan of Fst (a measurement of between-population allelic 
divergence), iHS and XPCLR (searching for highly dif-
ferentiated genomic regions as targets of selective sweeps) 
(Pybus et al. 2014). Several SNPs showed extremely high 
Fst values (CHB vs. YRI). For example, Fst = 0.714 for 
SNP rs62019923 (CHB vs. YRI, p = 0.00149). The largest 
XPCLR score of the CASC5 region is 47.01 (CHB vs YRI, 
p = 0.0196), and the largest iHS score is 2.954 for CHB 
(p = 0.008). This finding suggests that CASC5 has been 
under recent positive selection in East Asian populations. 
Notably, among the six amino acid polymorphic sites in 
current human populations, five of them showed signals of 
selection (iHS > 2.0) in East Asians, only one in European 

and none in Africa, implying that these amino acid changes 
may have functional effects.

To evaluate the functional importance of those variants 
under selection, we conducted the analysis of compos-
ite of multiple signals (CMS) (http://www.broadinstitute.
org/mpg/cmsviewer/). Again, in East Asians, we observed 
many SNPs with high CMS scores including most of the 
amino acid changing sites, while only a few were seen 
in Europeans and Africans (Fig. 2d–f). Moreover, using 
HGDP population data, we obtained the distributions of the 
six amino acid polymorphic sites among 53 world popula-
tions (Fig. 3), which showed that four of the six amino acid 
sites are regionally enriched in East Asia (Fig. 3a–d), in 
line with the suggested signal of population-specific selec-
tion in this area.

Using the CASC5 exon-10 sequence which contains 
most of the amino acid polymorphic sites, we constructed 
a haplotype network, and we furthermore observed an 
East Asian dominant haplotype defined by two amino acid 
changes (G936R-rs8040502, S486A- rs2412541) (Fig. 4), 
consistent with the proposed regional selection in East 
Asian populations. There is also a European dominant hap-
lotype due to the high frequency of E1285K-rs17747633 
in Europe, though no consistent signal of selection was 
detected in Europeans (Table S2; Fig. 2).

Genetic association analysis of CASC5 SNPs using 
brain imaging data

Given CASC5 is a brain size regulating gene, we next 
intend to test whether these CASC5 SNPs under selection 
have phenotypic effects. We recruited 267 healthy sub-
jects (Han Chinese, 178 females and 89 males, mean age 
35.4 ± 12.5 years) and performed brain imaging analysis 
(Li et al. 2012). All volunteers were free from mental disor-
ders, drug abuse, alcohol dependence, or brain injury. Struc-
tural magnetic resonance imaging data were acquired using 
a Philips MRI scanner (achieva release 3.2.1.0) operating 
at 3 T (repetition time = 7.38 ms, echo time = 3.42 ms, 
flip angle = 8, voxel dimensions 1.04 × 1.04 × 1.80 mm3, 
slice thickness = 1.2 mm). The total brain (TB) volume, 
the gray matter (GM) volume and the white matter (WM) 
volume were determined using standard voxel-based mor-
phometry protocol employing unified segmentation in Sta-
tistical Parametric Mapping-5.

Based on the linkage disequilibrium (LD) map of 
CASC5 in Han Chinese from Beijing (CHB in the 1000 
Human Genome Project) (Fig. 5a), we genotyped a total of 
11 SNPs, including five tag SNPs representing the major 
LD blocks as well as the six amino acid polymorphic sites 
(Fig. S3). The allele frequencies of all 11 SNPs followed 
Hardy–Weinberg equilibrium (HWE). Due to the between-
sex differences in brain volume, we first conducted genetic 

http://haplotter.uchicago.edu/
http://haplotter.uchicago.edu/
http://www.broadinstitute.org/mpg/cmsviewer/
http://www.broadinstitute.org/mpg/cmsviewer/
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association analyses separately for each sex (age and 
weight were used as covariance). In female samples, five 
SNPs showed nominally significant association with GM 
volume (p < 0.05) and four of them are the amino acid 
polymorphic sites (Fig. 5b). The associations remained 
significant after multiple test corrections (permutation, 
n = 1000; see details in “Materials and methods”). Only 
one SNP (rs8034726) showed significant association with 
TB volume in females, and no associations were observed 
for WM volume in females. In contrast, no associations 
were detected for TB, GM and WM volumes in males 
(Fig. 5b). Interestingly, for those four amino acid SNPs 
showing significant associations in females, as we indi-
cated above, they also showed deep allele frequency diver-
gences between East Asians and Europeans/Africans. In 
contrast, the other amino acid SNP (T598M-rs11858113) 
that has similar allele frequencies among world populations 
did not show association with brain volumes. Additionally, 
the individuals carrying the derived alleles tended to have 

larger volumes as compared with those ancestral allele car-
riers (Fig. 6a–d), suggesting that positive selection in East 
Asians favored a larger brain volume. A similar though 
non-significant pattern was also seen in males (Fig. 6). One 
exception is rs17747633, the SNP enriched in Europeans, 
which did not show this pattern (Fig. 6f), likely due to the 
low derived allele frequency in East Asian populations. 
Using recent release of ENIGAM2 data (http://enigma.ini.
usc.edu/enigma-vis/), we found that rs17747633 is signifi-
cant (Table S3, p = 0.04) in European populations. How-
ever, when males and females were combined together, 
none of the SNPs showed significant associations (Fig. 5b, 
p > 0.1).

Exploring the female subjects further via a haplotype-
based association analysis showed that of the five amino 
acid sites showing regional enrichment in East Asians, the 
derived haplotype is dominant (GGATA, 74.7%) and is sig-
nificantly correlated with a larger GM volume (Hap-score 
2.23, p = 0.02) while no association was detected for the 

Fig. 2  The standardized |iHS| and CMS plots of East Asians (a, d), Europeans (b, e) and Africans (c, f). The dashed lines in the |iHS| plots indi-
cate the threshold of selection (|iHS| = 2.0)

http://enigma.ini.usc.edu/enigma-vis/
http://enigma.ini.usc.edu/enigma-vis/
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Fig. 3  Allele frequency distributions of the six amino acid polymorphic sites among 53 world populations

Fig. 4  Haplotype network of the CASC5 exon-10 sequences (5.0 kb) of East Asians, Europeans and Africans. Denisovan and Neanderthal were 
used as outgroup
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ancestral haplotype (TCGCG, 18.8%) (Hap-score −1.12, 
p = 0.261). The derived haplotype homozygotes have a 
mean GM volume of 560.95 cm3, 2.92% larger than that of 
the ancestral haplotype homozygotes (545.01 cm3).

We further conducted a replication analysis of the five 
significant CASC5 SNPs in two other independent Han 

Chinese samples (Li et al. 2015; Xu et al. 2015). The 
results showed that three SNPs (rs7177192, rs11858113 
and rs8040502) remained significant in Replication-1 for 
total brain volume and gray matter volume (Xu et al. 2015), 
but no association was detected in Replication-2 (Li et al. 
2015) (Table S4).

Fig. 5  Linkage disequilibrium 
(LD) map and SNPs association 
analysis of CASC5. a Map of 
linkage disequilibrium (LD) of 
CASC5 (70.3 kb) in Han Chi-
nese population (CHB from the 
1000 Human Genomes Project). 
The LD value of the paired 
SNPs was calculated using the 
r2 algorithm. The r2 value for 
each color was: black (r2 = 1), 
shades of gray (0 < r2 < 1), 
white (r2 = 0). The 11 SNPs 
genotyped for genetic associa-
tion analysis of brain image data 
are indicated. b Associations of 
11 CASC5 SNPs with TB (total 
brain), GM (gray matter) and 
WM (white matter) volumes 
in Han Chinese. The amino 
acid polymorphic sites are 
underlined. MAF minor allele 
frequency
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Discussion

It is plausible that genes responsible for brain size enlarge-
ment during human evolution retain a role in brain develop-
ment and contributes to normal variation in brain morphol-
ogy within and between modern human populations. Here, 
we centered a series of analyses—comparative sequence 
analysis, population analysis, and gene functionality 
analyses—around the new identified brain size regulating 
gene CASC5. The results illustrated some startling varia-
tions within different regional or ethnic populations, and 
even further sex-biased association within tested East Asia 
population.

In the broadest sense, CASC5 plays strong roles in brain 
development. Analysis of its expression dynamics using 
the publically available human and macaque brain expres-
sion data (http://www.brainspan.org) showed that dur-
ing human brain development, there is a peak of CASC5 
expression in the fetal brain at roughly 9 gestational weeks, 
correspondent to the onset of neurogenesis (Fig. 7a), with 
a similar spike in CASC5 expression among macaque 
embryos at day 40 (Fig. 7b). Among humans, the expres-
sion level decreases sharply after birth and remains at a 

relatively stable level through adulthood, an implication 
of CASC5’s role in neurogenesis (Fig. 7a). Additionally, 
previous studies indicated that during fetal brain develop-
ment in humans, at 13–16 gestational weeks, the neocortex 
showed a higher expression level of CASC5 in the VZ (ven-
tricular zone) and SVZ (sub-ventricular zone) as compared 
with that in the CP (cortical plate) (Fietz et al. 2012; Genin 
et al. 2012). Since VZ and SVZ are the brain layers with 
active neural progenitor proliferations, the high expression 
of CASC5 in these brain layers suggests its close involve-
ment in neurogenesis. Moreover, our further analysis of 
data from the microarray database (http://www.brainspan.
org) of brain gene expression during human prenatal time 
yielded a similar same pattern (Fig. 7c), but we found no 
evidence suggesting such a pattern in macaques during 
the key brain developmental stage (~E40) (Fig. 7d, CP vs 
VZ p = 0.14; CP vs SVZ p = 0.13). Furthermore, from 
human brain single cell transcriptome studies, we found 
that CASC5 is highly expressed in radial cells not neurons 
and may take part in microtubule cytoskeleton organization 
(Florio et al. 2015; Pollen et al. 2015).

We demonstrated that CASC5 has accumulated lineage-
specific sequence changes during recent human evolution, 

Fig. 6  Scatter plots of gray matter volume (mm3) variations of different genotypes of the six amino acid polymorphic sites in Han Chinese sam-
ples. The significant p values (after multiple test correction) are indicated, and “n.s” refers to not significant

http://www.brainspan.org
http://www.brainspan.org
http://www.brainspan.org
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and harbors numerous modern human specific mutations. At 
the population level, our results suggest a selection of CASC5 
in East Asian populations, which seems to favor a larger gray 
matter volume of the brain. If this finding is accurate and can 
be further verified, it suggests that that after modern humans 
migrated out of Africa less than 100,000 years ago, the brain 
size may still be subject to selection. Precisely why this 
occurred is not entirely clear. Previously, variation of brain 
size in modern human populations were postulated to be 
interpretable in terms of adaptation to different climatic con-
ditions, e.g., modern human cranial morphology in colder 
climates tends towards a broader cranial vault and a larger 
endocranial volume (Nowaczewska et al. 2011). While these 
findings are still contested, the general pattern is consistent 
with our finding of a potential positive selection on CASC5 
that favors a larger brain in East Asians.

Intriguingly, the genetic association analysis only mani-
fested significant associations in females of Han Chinese 
(Fig. 5b). But in Replication-1, it was a male-specific 

association (Table S3). This discrepancy may in part or in 
whole be due to the relatively small sample size of the ana-
lyzed Han Chinese samples (Fig. 6). It was impractical to 
conduct meta-analysis by combing the three Han Chinese 
samples because the three brain image data sets were based 
on different MRI scanners and algorithms. Alternatively, 
sex hormones may play a role in the observed between-
sex difference of association. Previous association analysis 
in humans indicated that three brain size regulating genes 
(ASPM, CDK5RAP2 and MCPH1) contain sequence vari-
ations significantly associated with brain size, and the asso-
ciations are sex-dependent (Rimol et al. 2010; Wang et al. 
2008). In addition, we recently found that the expressions 
of four brain size genes (MCPH1, ASPM, CDK5RAP2 and 
WDR62) are regulated by the female hormone (estradiol) 
(Shi et al. 2015), contributing to the brain sexual dimor-
phism in humans and nonhuman primates. Whether CASC5 
is also regulated by sex hormone during brain development 
remains to be further tested.

Fig. 7  Gene expression change of CASC5 of humans and macaques 
during brain development. a The curve of CASC5 expression change 
in PFC during human brain development; b The curve of CASC5 
expression change in PFC during macaque brain development; c, d 

CASC5 expression comparison during human and macaque prenatal 
times among different brain layers, including VZ (ventricular zone), 
SVZ (sub-ventricular zone), IZ (intermediate zone) and CP (cortical 
plate)
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In summary, we demonstrated that CASC5 harbors mod-
ern human specific amino acid changes, most of which 
are still polymorphic in current human populations. The 
regionally enriched derived alleles of the amino acid pol-
ymorphic sites observed among East Asians were likely 
caused by local positive selection that favors a larger brain 
size. These observations suggest that the sequence diver-
gence of CASC5 between modern humans and archaic 
humans may contribute to the brain phenotypic divergence 
during recent human evolution.
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