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1 | INTRODUCTION

The expansion of the cerebral cortex in relation to body size is a

Abstract

Studying genetic mechanisms underlying primate brain morphology can provide
insight into the evolution of human brain structure and cognition. In humans, loss-of-
function mutations in the gene coding for ASPM (Abnormal Spindle Microtubule
Assembly) have been associated with primary microcephaly, which is defined by a
significantly reduced brain volume, intellectual disability and delayed development.
However, less is known about the effects of common ASPM variation in humans and
other primates. In this study, we characterized the degree of coding variation at
ASPM in a large sample of chimpanzees (N = 241), and examined potential associa-
tions between genotype and various measures of brain morphology. We identified
and genotyped five non-synonymous polymorphisms in exons 3 (V588G),
18 (Q2772K, K2796E, C2811Y) and 27 (13427V). Using T1-weighted magnetic reso-
nance imaging of brains, we measured total brain volume, cerebral gray and white
matter volume, cerebral ventricular volume, and cortical surface area in the same
chimpanzees. We found a potential association between ASPM V588G genotype and
cerebral ventricular volume but not with the other measures. Additionally, we found
that chimpanzee, bonobo, and human lineages each independently show a signature
of accelerated ASPM protein evolution. Overall, our results suggest the potential
effects of ASPM variation on cerebral cortical development, and emphasize the need
for further functional studies. These results are the first evidence suggesting ASPM
variation might play a role in shaping natural variation in brain structure in nonhuman

primates.
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proximate mechanisms underlying human brain expansion, numerous

studies have investigated evolutionary changes of specific genes

underlying the size and structure of the human cerebral cortex.” !

remarkable feature that distinguishes humans from other primates.*?
Studying genetic mechanisms underlying variation in primate brain
morphology can provide insight into the evolution of human brain

size, neural reorganization and cognition.®® To elucidate the

Of particular interest are genes that are associated with primary
microcephaly (Microcephaly Primary Hereditary or MCPH), a congeni-
tal disorder that involves a reduction in brain size that is more than

two standard deviations below the mean.'? In humans, MCPH is
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strongly correlated with mild-to-moderate intellectual disability, but
no further neurological deficits or malformations are present.*3*°

ASPM (Abnormal Spindle Microtubule Assembly) is a protein-
coding gene located on chromosome 1g31.3 in humans that is associ-
ated with MCPH5, one of the most frequently occurring forms of
MCPH.'17 Yet, the extent to which ASPM affects natural variation in
brain morphology remains contentious. Magnetic Resonance Imaging
(MRI) data have shown that loss of function non-synonymous genetic
mutations and single nucleotide variants (SNVs) in the protein-coding
region of ASPM are responsible for reduced brain volumes in
humans®®'?: however, other studies have also shown the oppo-
site.1>2021 |ndividuals with ASPM mutations have shown impairment
of various cognitive and behavioral abilities,***822 though the direct
impact of such deficits has ranged from mild to severe. In addition,
adaptive evolution of ASPM has been associated with variation in IQ
in certain human studies.?®

Studies that measure neuroanatomical abnormalities associated
with ASPM loss-of-function mutations find that the degree of reduc-
tion differs among various brain regions. For example, while volume
and surface area of many cortical regions are impacted in microceph-
aly, hippocampal volume and surrounding medial temporal lobe struc-
tures remain relatively preserved.!® The differential impact of ASPM
on brain volumetric measures may be due to the gene's role in the
regulation of neuronal migration. In fetuses, ASPM is preferentially
expressed during cerebral cortical neurogenesis.**?* In mice, expres-
sion of the ASPM homolog is reduced postnatally, suggesting that the
gene is expressed in neural progenitor cells which solely produce neu-
rons, rather than proliferative pools that generate both neurons and
glia.**25 |n addition, studies in mice show that ASPM is also important
for maintaining a cleavage plane orientation, which promotes symmet-
ric proliferative divisions of apical progenitors in the brain.2%?” This
role suggests that downregulation of the gene during neurogenesis
promotes asymmetric divisions, therefore limiting the expansion of
the neocortex in particular.2® These findings support the role of ASPM
in embryonic cortical neural progenitor proliferation and suggest that
ASPM protein changes can contribute to variation in the development
of the cerebral cortical morphology of the brain.

Evolutionary changes in the coding sequence of ASPM have also
been shown to be associated with brain size evolution in nonhuman
primates and other mammals.28-3! For example, acceleration of non-
synonymous substitutions in ASPM is significantly related to
encephalization quotient (EQ) in cetaceans, suggesting that the gene
may have contributed to relative brain size expansion.3! Odontocete
lineages with increased EQ show significant evidence of positive
selection; however, absolute brain and body mass do not relate to
ASPM selection rates.?! In addition, ASPM variation is related to neo-
natal brain size in non-primate clades such as Glires and Euungulata.®2
Studies have also found signatures of positive selection in the homi-
noid (ie, ape) phylogeny, with higher ratios of non-synonymous to
synonymous change found along the lineages leading to the human
branch.#273082 By contrast, the rates of ASPM protein evolution
were significantly lower in New World monkeys, Old World monkeys,

artiodactyls, carnivores, and rats.2®31 Thus, accelerated evolution of

ASPM may be unique to the hominoid lineage and is suggested to
have been an important mechanism in the evolutionary history of
human brain size.

ASPM's evolution in modern humans seems to have been driven
by positive selection, causing recently emerged ASPM haplotypes to
increase in frequency.??3%32 It is possible that human haplogroup var-
iants arose in Eurasia and are still in the process of dispersion.
Although ASPM shows strong signatures of adaptive evolution, studies
examining ASPM variation have yielded mixed and controversial
results in humans, as significant effects are largely associated with
microcephaly and not common DNA variants in the general
population.1821:23.34

Despite the major interest in ASPM for its potential role in the
evolution of the human brain, little research has been conducted
regarding within-species inter-individual genetic variation in other pri-
mates. Therefore, the aims of this study were to identify coding varia-
tion in ASPM in chimpanzees (Pan troglodytes), one of the closest
living relatives of humans, and to examine the potential association of
such variation with measure of brain structure. Additionally, we
sought to reexamine signatures of positive selection in ASPM among
hominoids based on newly available data that increase depth of cover-

age and now includes bonobos.

2 | MATERIAL AND METHODS

2.1 | Subjects

This study used DNA samples for a total of 241 adult chimpanzees
(Pan troglodytes verus). All subjects were members of the colonies of
apes residing at the Yerkes National Primate Research Center
(YNPRC) (N = 50 females and 44 males, ages ranging 6-53 years old)
and the Michael E. Keeling Center for Comparative Medicine and
Research of The University of Texas MD Anderson Cancer Center
(KCCMR) (N = 84 females and 63 males, ages ranging from 8-51 years
old). American Psychological Association and National Institute of
Health guidelines for the ethical use of chimpanzees in research were

adhered to during all aspects of this research.

2.2 | DNA extraction and genotyping

The reference genome Pan_tro_3.0 for chimpanzees is largely based on
a single P. t. verus male, but includes additional lower-coverage genomic
sequence data from seven other individuals.3>3¢ We used these com-
bined data for eight individuals and five previously deposited sequences
from Genbank® (Accession numbers: NM_001008994 XM_514079,
AY497016 AY365047, XM_016948364, XR_001715725, XM_
016948430) to identify 24 non-synonymous single nucleotide variants
(SNVs) in ASPM. Five of these SNVs are known to (a) cause amino acid
substitutions, and (b) were polymorphic in our population based on an
initial genotype screening using a panel of 10 unrelated individuals
(Table 1). The other 19 non-synonymous loci were not polymorphic in
our population. The five polymorphic SNVs were therefore considered

promising and were further genotyped for the whole population of
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TABLE 1 SNV genotype frequencies SNV Exon Genotype (amino acid) Number observed Frequency
AA (VW) 215 0.89
V588G 3 241 AC (VG) 24 0.10
CC (GG) 2 0.01
AA (KK) 4 0.03
Q2882K 18 165 AC (QK) 28 0.17
CC(QQ) 133 0.80
AA (EE) 2 0.01
K2796E 18 156 AG (KE) 14 0.09
GG (KK) 140 0.90
AA (YY) 10 0.07
C2811Y 18 148 AG (CY) 46 0.31
GG (CC) 92 0.62
AA (VW) 75 0.33
13427V 27 228 AG (IV) 121 0.53
GG (I) 32 0.14

241 chimpanzees. These candidates included an A/C SNV in exon 3 of
ASPM, which causes a valine to be substituted for a glycine at amino
acid position 588 (V588G). We also identified one A/C and two A/G
SNVs in exon 18 of ASPM (Q2772K, K2796E, C2811Y) and one A/G
SNV in exon 27 (13427V). |dentifications of ancestral and derived alleles
were based on phylogenetics via the Ensembl genome browser.2®

Genomic DNA was extracted from 200 pL blood samples
(N = 234) using the QlAampDNA Mini Kit automated on a QiaCube
(Qiagen, Hilden, Germany). For an additional seven individuals, we
extracted DNA from formalin-fixed brain tissue using a QIAmp DNA
FFPE Tissue Kit also automated on a QiaCube (Qiagen). Brain tissue
sections were 40 pm thick with a maximum area of 250 mm? per sec-
tion. DNA concentrations were quantified using a Nanodrop 2000
(ThermoFisher Scientific, Waltham, Massachusetts) spectrophotome-
ter. Controls were included in all procedures.

Subsequent genotyping of the SNVs of interest (V588G, Q2772K,
K2796E, C2811Y, 13427V) was performed using High-Resolution Melt
Analysis (HRMA),2%%° which detects DNA variants by characterizing
the sequence-specific melting behavior of short PCR amplicons. All
PCR amplifications and melting curves were performed on a Rotor-
Gene Q (Qiagen) real time platform. Primer pairs flanking the SNVs in
exon 3 (forward: 5'-GGATTCTTTTGATTTCTCGCAC-3' and reversed:
5-CTTCGACAACAGCTTCAGTTG-3'), exon 18 (forward: 5-CTGT
GGTTATTCAGGCTGCATA-3' and reversed: 5-GTAGGGCAGCACA
TTTCTGTG-3'), and exon 27 (5'-GAAGTAGGTCCAAAGTTGTTG-3'
and reversed: 5-TATTCTGGTCCTTACAGGTGT-3') were designed to
target a short segment (approximately 100 bp) containing the poly-
morphic sites. The 25 uL PCR reaction mix contained 12.5 uL HRM
MasterMix (Qiagen: (HotStarTag plus DNA polymerase, EvaGreen
dye, Q-Solution, deoxynucleotides, and MgCL,), 1.75 uL primer mix
(10 pM concentration of forward and reverse primers), and approxi-
mately 20 ng of genomic DNA. The PCR began with a 5-minute initial
activation at 95°C, followed by 40 cycles of denaturation at 95°C for

10 seconds, and annealing/extension at 54°C for 30 seconds. Tem-
perature was increased from 65 to 95°C at 0.1°C/2 second incre-
ments immediately after amplification in order to acquire melting
pattern data for the gPCR products. Fluorescence data were plotted
as a function of temperature during DNA denaturation (melting) and
visualized and compared using the Rotor-Gene Q HRM software
package (Qiagen).

We generated and compared melting temperatures and curve
shape to genotype samples with up to four independent gPCR and
high-resolution melt analyses per sample. This HRMA method of
genotyping was validated and confirmed using an initial set of 25 indi-
viduals that were also genotyped via Sanger sequencing in both direc-
tions on an Applied Biosystems Genetic Analyzer platform (DNA
Analysis Facility at Yale University). Multiple-sequence alignments of
the resulting DNA sequences were performed using ClustalW*! as

implemented in Geneious (Version 6.0.6).

2.3 | MRl data

Magnetic resonance images (MRI) scans were previously collected for
the same 241 adult and sub-adult chimpanzees (N = 107 males and
134 females, age range 6-53 years old). Chimpanzee MRIs were
obtained from a data archive of scans collected prior to the 2015 imple-
mentation of U.S. Fish and Wildlife Service and National Institutes of
Health regulations governing research with chimpanzees. These scans
were made available through the National Chimpanzee Brain Resource
(www.chimpanzeebrain.org). MRI scans were obtained in vivo where
subjects were first immobilized by a ketamine injection (10 mg/kg) and
then anesthetized with propofol (40-60 mg/[kg/h]) following standard
procedures at the YNPRC and KCCMR. Subjects were subsequently
transferred to the MRI facility and placed in the scanner chamber in a
supine position with their head placed inside the human-head coil. Sub-

jects were then scanned using a 1.5 Tesla scanner (N = 143) (Phillips,
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Model 51, Bothell, Washington) or a 3.0 Tesla scanner (N = 66)
(Siemans Inc, Malvern, Pennsylvania). The 1.5 Tesla scanner
T1-weighted images were collected in the transverse plane using a gra-
dient echo protocol (echo time = 8.5 ms, pulse repetition = 19.0 ms,
number of signals averaged = 8, and a 256 x 256 matrix), and images
from the 3.0 Tesla scanner were obtained using a 3D gradient echo
sequence (echo time = 4.4 ms, pulse repetition = 2300 ms, number of
signals averaged = 3, matrix size = 320 x 320). Scan duration ranged
between 40 and 60 minutes as a function of brain size. All subjects
remained anesthetized throughout the scanning process, including
transportation time to and from the imaging facility (total time approxi-
mately 2 hours). After finishing the MRI procedure, subjects returned to
their home facility and were held in a single cage for 6 to 12 hours in
order to allow the anesthesia to wear off. They returned to their home
cage immediately afterwards.

The acquired MRI data were transferred to a PC running Analyze
8.0 (Mayo Clinic, Rochester, Minnesota) software for post-image
processing. MRI scans were skull-stripped and segmented into gray
matter, white matter, and intracerebral ventricle space. They were
subsequently aligned in the axial plane and cut into 1 mm slices using
Analyze 8.0, and then imported into BrainVISA 4.0.1 (BV). The BV
program used the gray/white interface generated in the sulci extrac-
tion pipeline process to calculate hemispheric gray and white matter
volumes for each subject. Gray and white matter volumes included
subcortical structures such as the thalamus and basal ganglia, but not
the cerebellum or brainstem structures. Total cortical surface area and

cerebral ventricular volume were also measured by the BV software.

2.4 | Statistical analysis

Statistical analysis was performed using statistical software program R
(www.r-project.org, version 3.3.2). We tested for population adher-
ence to Hardy-Weinberg equilibrium using the “HWAlIltests” function
in the Hardy-Weinberg package in R.*? In addition, we analyzed group
differences using a 52 test for independence.*®

For testing ASPM genotype effects on brain morphology data
extracted from MRI, we fitted linear mixed models using the Ime4
function in R. We conducted normality testing and log transformed
ventricular volume to adhere to linear model assumptions. Related-
ness coefficients were used to correct for the degree of relatedness
of each individual to all other individuals in the colony. Relatedness
coefficients were extracted from pedigree data using the kinship2

R.** Given that we correct all our models for relatedness,

package in
all means reported in the results section are estimated marginal
means. Fixed effects (sex, genotype) and covariates (age at time of
MR, relatedness) remained the same, but we included scanner as a
random intercept in the linear mixed model to account for non-
independence of data derived from two different scanners. Given that
the CC genotype in exon 3 was rare (<1% of the population), we
pooled it with the AC genotype when conducting statistical analysis.
We did the same with two SNVs in exon 18 (Q2772K, K2796E),
pooling the AA genotype with the AC and AG genotypes respectively.

The Akaike information criterion (AIC) was used for statistical model

selection for each combination of ASPM genotype and brain volumet-
ric measure. Models with the lowest AIC were chosen as the best fit
model. The significance of the fixed effects was tested by an F-test
with a Kenward-Roger correction for the number of degrees of free-
dom using the add-on package, pbkrtest.

We conducted a gene linkage disequilibrium analysis using
SNPStats, a web-based application that processes data using matrices
with selected statistics (D, D', Pearson's r, and associated P values).*’
We evaluated the power (sensitivity) of our datasets using G*Power
3.1 software.*® We assumed an at-best moderate effect, and followed
Cohen recommended levels of effect sizes: small (w = 0.1), medium
(0.3) and large (0.5).*” We calculated the achieved power of each sam-

ple set using a medium effect size with a = 0.05.

2.5 | Function of coding variants

We assessed the potential effect of variants on protein function using
SNAP2, a trained classifier that uses a neural network to infer func-
tional consequences of known coding variants.*® It considers various
sequence and variant features to distinguish between effect and neu-
tral variants. If the SNAP2 score exceeds 50, the effect of a variant is
believed to be of importance to the native protein function. Variants
with scores below —50 are considered to have a neutral effect, and

scores between 50 and —50 are considered unreliable.

2.6 | Protein evolution

Altered selective pressures throughout evolution may affect patterns
of genetic polymorphisms; therefore, we tested for evidence of posi-
tive selection on ASPM. We tested for evidence of positive selection
on ASPM using a dn/ds-based framework implemented in codeml*’
within the python wrapper ete3.>° We obtained aligned sequence
data for 30 mammals, including 27 primates, from the UCSC Genome
Browser (UCSC multiZ hg38 30-way primate alignment; http://
genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg38&g=cons30way).  This
dataset is more complete than previous protein evolution assessments
of ASPM, as it is the first to include bonobos (Pan paniscus). We
downloaded a species tree comprising the species in the alignment
from the 10KTrees website.”* The topology of this tree is concordant
with a recent primate phylogeny estimated using genomic data.>2 We

h>3 and branch-site®* models to test whether accelerated

used branc
evolution is observed across ASPM or at particular sites within ASPM
on the human and ancestral African ape lineages, relative to the rest
of the tree, as determined by likelihood ratio tests using an alpha

threshold of 0.05.

3 | RESULTS

We identified 24 SNVs across ASPM in chimpanzees that resulted in
non-synonymous substitutions, from which we identified five loci that
resulted in amino acid changes and were polymorphic in our sampled
population (Figure 1, Table 1). The A/C SNVs in exons 3 and 18 cause
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valine to glycine and glutamine to lysine substitutions, respectively
(V588G and Q2772K; Figure 1). Genotyping of these SNVs revealed
that the derived C allele of V588G is present at a lower frequency in
the population (0.048), while the derived C allele of Q2772K is pre-
sent at a higher frequency in the population (0.887). The A/G SNVs in
exon 18 cause lysine to glutamic acid and cysteine to tyrosine substi-
tutions, respectively (K2796E and C2811Y). Both derived G alleles are
present at higher frequencies in the population (0.936, 0.803). Lastly,
genotyping of the A/G SNV in exon 27, which causes an isoleucine to
valine substitution (I3427V), revealed that the derived allele (G) is pre-
sent at a lower frequency in the population (0.401).

Three of the five SNVs were in Hardy-Weinberg equilibrium
(V588G: X2 = 1.39, df = 1, P =.239; K2796: X2 = 1.89, df = 1,
P =.169; 13427V: X2 = 2.03, df = 1, P = .153). Although two loci were
not in Hardy-Weinberg equilibrium, excess homozygotes were not
present, indicating that allelic dropout is not likely to be a problem for
our genotyping (Table 1). Additionally, a ;(2 test for all loci showed that
allele frequencies between colonies were not significantly different
(V588G: P =.064; Q2772K: P =.862; K2796: P =.917, C2811Y:
P =.651; 13427V: P = .673). Population structure is unlikely to be a
confounding issue as only a small portion of dyads in our sample set
were first order relatives. (Yerkes: approximately 5% of dyads; Bas-
trop: approximately 3% of dyads).

SNAP2 prediction of the functional consequences of V588G,
Q2772K, K2796E, C2811Y and 13427V substitutions resulted in
SNAP2 effect scores of 43 (expected accuracy 73%), 75 (expected

1:175906573 H> R
1:175906575 F>L 1:175884567 S>G
1: 4
1:175904083 175890244 E->K
1:175903546

1:175902779 V->G 1:175889483

1:175895525

67 8910 11- 13 14-16

17

and Behavior

accuracy 85%), 13 (expected accuracy 59%), —17 (expected accuracy
57%), and —13 (expected accuracy 57%), respectively (Figure 2). In
addition, gene linkage analysis showed high levels of linkage between
several SNVs in ASPM (Supporting Information Figure S1).

The ASPM V588G genotype was significantly associated with total
cerebral ventricular volume (F[1236] = 0.04), with AC individuals hav-
ing greater ventricular size than individuals with an AA genotype
(P =.037, B = 0.07) (Figure 3). No significant associations were found
between other ASPM genotypes and total cortical surface area or
measures for the volume of whole brain, white matter and gray mat-
ter. For a detailed description of all statistical results, see Appendix
S1. For all five datasets, sample sizes were sufficient (at power rang-
ing: 0.87-0.99, a = 0.05, medium effect size) to detect null results.

The branch model that best fit the dataset of ASPM evolution
across hominoid phylogeny was one in which dy/ds ratios varied
across all branches on the tree (P = .0001; significant after Bonferroni
correction for multiple testing). While a model in which the human lin-
eage has an elevated dy/ds relative to the rest of the tree (background
dn/ds = 0.36, human branch = 0.87, P = .036) was better than the null
model of a single dy/ds across the tree, this model was worse than
the model in which d\/ds varied across lineages (P = .0003; significant
after correction for multiple testing). Under the model of varying
dn/ds, the human, chimpanzee, bonobo and ancestral great ape
branches showed relatively high dy/ds ratios of >0.8, though no
hominoid lineage exceeded 1.0 (Figure 4). None of the branch-site

models were significantly better than the null model.

1:175864293 V-> F
1:175864222 Q>R
1:175863453

1:175862663 T>A
1:175862556

1:175862540 K>E
1:175862401 K>T
1:175862171 H>Y

1:175862153 R>G
1:175861804 Q>R
1:175861524 Q>H
1:175861211 Q>K
1:175861139 K>E
1:175861093 C>Y
1:175860894

1:175848566

1:175848561 S>T
1:175848560 S>T
1:175848534 L>S

1:175847100 1>V

1:175844623
N-Y

1:175851187 R>P
1:175856301 L>S

18 19 20 21 2223 2425 26 27 28

(B)

Microtubule-Associated Calponin Homology Domains

i Untranslated Terminal Region

. Coding Region

Y (LA

HHHH

1Q Repeats Armadillo-Like

FIGURE 1 ASPM gene, protein, and sites of SNVs of interest. A, The exon/intron structure of ASPM. Positions of SNVs of interest are
indicated in bold. B, The known and predicted domains of the ASPM protein: a microtubule binding domain, two calponin homology
(CH) domains, a region of 81 1Q/calmodulin binding domains, and an armadillo-like C terminal domain. Modified from Nicholas et al 2009%*
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FIGURE 2 Heatmaps showing predicted functional consequences
of V588G, Q2772K, K2796E, C2811Y, and 13427V. Stronger
predicted effects are redder, and stronger predicted neutralities are
bluer

4 | DISCUSSION

To date,

humans.*>2%21 Qur study aimed to characterize within-species varia-

research on ASPM variation has mostly focused on

tion in the coding region of ASPM in a nonhuman primate, the chim-
panzee, using a relatively large sample size. We identified 24 single
nucleotide polymorphisms across the full gene in chimpanzees, of
which five were polymorphic in our subject population. We found one
coding variant (V588G) to be potentially associated with a brain struc-
tural measure: cerebral ventricular volume.

Within-species comparison of V588G in chimpanzees revealed
that the derived allele (C allele) is present at a very low frequency
(0.048). The polymorphism leading to the V588G substitution is
located on the third exon of ASPM which is one of the two exons that
contain most of the coding region in the gene.?*> Exon 3 of ASPM is
located in the microtubule binding domain of the ASPM protein
(Figure 1), which causes ASPM to be transferred to the spindle poles
during mitosis in a microtubule-dependent manner.>® V588G is also
strongly linked to two other SNVs on exons 18 and 27 (Figure S1).
Although it is unclear which pathway V588G could affect, due to its

:
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FIGURE 3 Log total ventricular volume for each ASPM genotype.

The band inside the box represents the median, edges of the box
represent lower and upper quartiles and whiskers represent
minimums and maximums of the data. Outliers are indicated by
individual points. Raw untransformed data show a similar distribution
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FIGURE 4 ASPM d\/ds ratios across apes. Higher ratios indicate
higher rates of functional non-synonymous amino acid changes vs
neutral synonymous changes

location in the gene and its potential association with ventricular vol-
ume in this study, we suggest that it could have an impact on cerebral
development.

Our findings indicate that ASPM variation is potentially associated
with cerebral ventricular volume in chimpanzees, but not with any of
the other brain structure measures. Ventricles are a critical site of
neuronal proliferation in early development.>¢>® Furthermore, the
cerebrospinal fluid which circulates through the ventricles throughout

life carries proteins that play important roles in central nervous
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system development and maintenance,®” like Sonic Hedgehog protein
and Insulin-like Growth Factor 2.°¢°7 Thus, variation in ventricular
volume may affect the circulation of growth factors that could poten-
tially influence the regulation of cerebral cortical development. Alter-
natively, because ASPM has a significant effect on neural progenitor

2659 the association shown in

cycling along the ventricles in fetal life,
our study may be a result of how brain size is patterned by ASPM dur-
ing neurogenesis in early development. It has been shown that ASPM
plays a role in regulating the affinity of ventricular radial glial cells
(VRGs) for the ventricular surface.>®

Previous studies have shown that certain ASPM variants can have
a significant impact on volume and surface area of cerebral cortical

14182559 \while other research suggests that common variants

regions,
of ASPM do not contribute to human brain size variability.*> In our
study, we found a potential association with ventricular volume, but
not other measures of brain volume and cortical surface area in chim-
panzees. In any case, ASPM probably plays a subtle role in the devel-
opment of brain structure but associations with any single variant
should be interpreted with caution.

The abundance of ASPM mutations in human patients with micro-
cephaly suggests that the gene plays a significant role in the regula-
tion of brain size; however, variation in the gene has not always
shown direct impact on brain circumference, volume, and intelligence
in non-pathological populations.*>22 It is possible that ASPM interacts
with other genes to affect brain volume, and thus associations depend
on genetic background.®® Furthermore, selective pressure on ASPM
may be associated with other aspects of neuronal function that do
not lead to overt changes in brain structure, or might have a pleiotro-
pic effect in other areas of the body, as ASPM is also expressed out-
side of the brain.® For example, ASPM is involved in sperm flagellar
function, which may contribute to the rapid evolution of the gene as
other proteins associated with male reproduction have also evolved
rapidly.® Alternatively, it is possible that the SNVs studied here do not
have a sufficient functional or structural impact on the protein,
despite the amino acid change. However, one of the five SNVs we
studied (Q2772K) had functional prediction scores that suggest the
variants affect protein function.

It has been suggested that the accelerated evolution of ASPM may
play a role in the expansion of the cerebral cortex in humans.?® Stud-
ies show increased variation in ASPM across hominoids, as well as sig-
natures of positive selection.??? Unlike previous studies, we included
bonobos when assessing protein evolution in ASPM. We ran branch-
site and branch models and found high dy/ds ratios on the human,
chimpanzee, bonobo and ancestral great ape lineages, suggesting that
they have high rates of potentially functional (non-synonymous)
amino acid changes compared to neutral (synonymous) changes.

Although the dy/ds ratios on all branches are less than one, the
view that only a dy/ds greater than one could reflect positive selec-
tion has been recognized as overly conservative. Most proteins evolve
under strong purifying selection at most sites while a few or even a
single non-synonymous mutation can change protein structure and
function.>* What is even more intriguing is that accelerated evolution

of ASPM occurred independently on each of these branches

and Behavior

(Figure 4). Additionally, the ratios are particularly high among humans,
chimpanzees, and bonobos compared to gorillas; however, the exact
phenotypic impact of the variation found in this gene that is causing
these species differences in evolutionary rate remains unclear. More-
over, since ASPM variation might also play a role in sperm function,”
comparing ASPM evolutionary rates among apes might be con-
founded by variation in mating systems.

Overall, our results demonstrate the potential role of ASPM in
cerebral cortical development in chimpanzees as suggested by the
association with ventricular volume.®” Further analysis of the func-
tional and physiological mechanisms underlying ASPM's association
with ventricular volume is needed. Although single nucleotide coding
variants can have a marked impact on phenotype,®® it is not necessar-
ily surprising that these single SNVs, while some are likely to be func-
tional, nevertheless are not directly associated with all measures of
brain surface area and volume in chimpanzees.'>?%2% Additional
research on other mechanisms (eg, gene regulation) and other loci and
pathways will help put our results in a broader context for under-

standing the proximate bases of primate brain variation.
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