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IMMEDIATE COMMUNICATION

Targeted sequencing and functional analysis reveal
brain-size-related genes and their networks 1n autism

spectrum disorders

Jinchen Li'8, Lin Wang"®, Hui Guo', Leisheng Shi?, Kun Zhang? Meina Tang', Shanshan Hu? Shanshan Dong’, Yanling Liu’',
Tianyun Wang', Ping Yu?, Xin He?, Zhengmao Hu', Jinping Zhao® Chunyu Liu'*, Zhong Sheng Sun®*® and Kun Xia'”’

Autism spectrum disorder (ASD) represents a set of complex neurodevelopmental disorders with large degrees of heritability and
heterogeneity. We sequenced 136 microcephaly or macrocephaly (Mic—Mac)-related genes and 158 possible ASD-risk genes in 536
Chinese ASD probands and detected 22 damaging de novo mutations (DNMs) in 20 genes, including CHD8 and SCN2A, with
recurrent events. Nine of the 20 genes were previously reported to harbor DNMs in ASD patients from other populations, while 11
of them were first identified in present study. We combined genetic variations of the 294 sequenced genes from publicly available
whole-exome or whole-genome sequencing studies (4167 probands plus 1786 controls) with our Chinese population (536 cases
plus 1457 controls) to optimize the power of candidate-gene prioritization. As a result, we prioritized 67 ASD-candidate genes that
exhibited significantly higher probabilities of haploinsufficiency and genic intolerance, and significantly interacted and
co-expressed with each another, as well as other known ASD-risk genes. Probands with DNMs or rare inherited mutations in the 67
candidate genes exhibited significantly lower intelligence quotients, supporting their strong functional impact. In addition, we
prioritized 39 ASD-related Mic—Mac-risk genes, and showed their interaction and co-expression in a functional network that
converged on chromatin remodeling, synapse transmission and cell cycle progression. Genes within the three functional
subnetworks exhibited distinct and recognizable spatiotemporal-expression patterns in human brains and laminar-expression
profiles in the developing neocortex, highlighting their important roles in brain development. Our results indicate some of

Mic—Mac-risk genes are involved in ASD.
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INTRODUCTION

Autism spectrum disorder (ASD) describes a group of neurodeve-
lopmental diseases with high heritability and is characterized by
social communication impairment, repetitive behaviors and
restricted interests.'> Genome-wide association studies identified
a handful of genomic loci, including 1p13.2 in the Han Chinese
population we previous reported,® but continued to fall short in
their reproducibility.

Progress in whole-exome sequencing (WES)*® and whole-
genome sequencing (WGS)'®' allowed their preferential employ-
ment in thousands of ASD subjects to detect de novo mutations
(DNMs) involved in ASD''® and other neuropsychiatric
disorders,'”'® and enabled detection of rare pathogenic variations
and risk-genes. In addition, several studies employed protein—
protein interaction (PPI) and co-expression networks for ASD-risk
genes to investigate biological pathways they involve,®'?2? and
found that candidate genes were mainly implicated in chromatin
remodeling, Wnt signaling, transcriptional regulation and synaptic
functions.'® Moreover, previous studies revealed that ASD-risk

genes exhibited dramatic spatiotemporal expression patterns in
human brain,'®?°?2* accelerating the understanding of ASD
pathology. However, known ASD risk-genes can explain only a
small fraction of the probands.22? Therefore, prioritizing novel and
effective ASD risk-genes remains a critical issue.

Owing to the extremely high heterogeneity and complex
pathophysiology of ASD,'®% investigating gene panels exhibiting
similar functional effects in large cohorts will greatly assist in
identifying pathogenic variations. Recently, targeted sequencing
studies?®™° identified several high-confidence candidate
genes,'%%%3% including CHD8 and PTEN associated with macro-
cephaly (Mac); CTNNB1 and DYRKT1A associated with microcephaly
(Mic). Abnormal head circumference (HC) is known to be highly
comorbid with ASD,%*"32 which is caused by incorrect head
growth and brain development during prenatal period and early
childhood. Some Mic-associated genes actually interact with Mac-
associated genes.'® For example, Mac-associated gene, CHD8
negatively regulates B-catenin targeted genes including Mic-
associated gene CTNNBT via WNT pathway, influences neuronal
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migration, polarity and synaptogenesis.3* With this interaction,
ASD proband with CHD8 truncating variations have significant
Mac, while ASD probands with CTNNBT truncating variations
exhibited Mic.'® Currently, more than 100 genes and loci have
been found to be associated with Mic—Mac. However, no work to
our knowledge has systematically elucidated the link between
Mic—Mac-risk genes and ASD.

In this study, we hypothesize that some Mic—Mac-risk genes are
involved in ASD; they might be important candidate genes to
include in searching for mutations in ASD. With that, we
sequenced 294 candidate genes including 136 Mic—Mac-risk
genes and 158 possible ASD-risk genes, in 536 Chinese ASD
patients. We then integrated the genetic and clinical data from the
Simons Simplex Collection (SSC) and Autism Sequencing
Consortium (ASC) for following aims (1) to prioritize additional
ASD-risk genes and ASD-related Mic—Mac-risk (AMM) genes, (2) to
characterize the relationship between AMM and ASD genes and
(3) to investigate their functional networks and expression
patterns in developing human brains.

MATERIALS AND METHODS
Targeted sequencing of subjects with ASD

A total of 536 unrelated ASD trios (probands and their unaffected
parents) from the Autism Clinical and Genetic Resources in China
(ACGC)*® were recruited. Genomic DNA (2 ug) from 504 patients
with ASD were used to construct a DNA library prior to targeted
sequencing, using Agilent SureSelect target enrichment (Agilent
Technologies, Santa Clara, CA, USA). In addition, 8 ug of DNA from
32 ASD trios (96 samples) was used to construct a genomic DNA
library for WGS. For all DNA libraries, the Illumina Hiseq2000
sequencing system (lllumina, San Diego, CA, USA) was employed
to generate the paired-end raw data (Figure 1). This study was
approved by the Institutional Review Board of the State Key
Laboratory of Medical Genetics, School of Life Sciences at Central
South University, Changsha, Hunan, China. All subjects who
participated in this study completed informed consent before
the original sample collection.

We manually collected 105 Mic and 31 Mac-risk genes from
PubMed, with each gene reportedly associated with Mic or Mac in
at least one study (Supplementary Table 1). In addition, 158
possible ASD-risk genes were chosen according to the following
criteria: (1) they harbored damaging DNMs including single-
nucleotide variants (SNVs), insertions and deletions (indels), or
located inside copy number variations in ASD or other neurop-
sychiatric disorders; (2) they were associated with ASD based on
SFARI Gene database;®* and (3) they have been detected
damaging variations in the 32 Chinese ASD proband by WGS.
This study mainly focused on prioritizing additional ASD and AMM
risk-genes, and investigated their functional pathways and
expression patterns. The targeted sequencing data reported in
this paper have been deposited in the Genome Sequence Archive
in BIG Data Center, Beijing Institute of Genomics, Chinese
Academy of Sciences, under accession numbers PRJCA000393.

Mutation detection and annotation

Burrows-Wheeler Aligner®> was employed to align clean reads to
the human reference genome (hg19), Sequence Alignment/Map
tools*® was used to remove duplicate reads and generate
position-sorted files, and the Genome Analysis Toolkit
HaplotypeCaller*” was employed to detect SNVs and small indels.
ANNOVAR®® was then employed to annotate mutations as
described previously.>**® Only loss-of-function (LoF) mutations
(stop-loss, stop-gain, splicing-site SNVs and frameshift indels) and
deleterious missense mutations (mutations predicted by >9 out
of 14 methods to be deleterious) with minor-allele frequen-
cies < 0.001 (based on EXAC'') were retained and validated by
Sanger sequencing (Figure 1).
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Risk-gene prioritization

The Transmission and De Novo Association (TADA) program** was
employed to prioritize risk genes. Damaging variations in the 294
sequenced genes from 1457 controls without neuropsychiatric
disorders or related diseases from an in-house Chinese exome
database were imported to the TADA program to improve the
power of risk-gene prioritization. In-house Chinese exome
database provides background variations in the Chinese popula-
tion that were successfully used in several studies.”*™** The DNMs
of 4167 probands and rare inherited mutations (RIMs) of 2377
probands, as well as those of 1786 siblings by WES/WGS, were
combined with genetic data from the Chinese cohort to acquire
the best possible power for prioritizing ASD-risk genes (Figure 1).
Publicly available DNMs were mainly sourced from SSC and ASC,
which can also been downloaded from the NPdenovo database
(www.wzgenomics.cn/NPdenovo),*® and RIMs of individuals in SSC
were obtained from a published study.*® The intelligence
quotients (IQs) and HCs of ASD patients were sourced from SSC.

Functional networks and spatiotemporal expression patterns

Human PPI networks were obtained from STRING database (http://
string.embl.de/). The spatiotemporal transcriptomes of the human
brain across anatomically different regions and developmental
periods were downloaded from BrainSpan (http://www.brainspan.
org/). We calculated Pearson correlation coefficients between any
two genes based on their expression levels in all 524 tissue
samples. Gene pairs with |R|>0.8 were regarded as being co-
expressed and defined as a connection in the human brain as
previous study.”” The permutation test was performed similar to a
previous study?’ to evaluate the functional connections of
candidate genes (Figure 1). In brief, we compared the number
of co-expressed genes within the gene set or with known ASD-risk
genes and their connections with those of 1000000 random
iterations. The permutation test has took gene length and
expected gene-level DNM rate®® into consideration.

We then merged the co-expression networks derived from the
candidate genes with the PPl networks for the same genes. The
connections between any two genes were defined by information
from the PPl and/or co-expression networks. AMM genes were
regarded as ‘seed genes’ that were directly connected and used to
form an interconnected functional network. Known Mic—Mac- or
ASD-risk genes based on the SFARI Gene database®® that were
connected with at least two of AMM genes were added to the
above network (Figure 1). Network figures were created using
Cytoscape 3.1.0 (http://www.cytoscape.org/). Biological process of
Gene Ontology (GO) was used to report the biological pathway in
the functional network. Furthermore, human brain co-expression
data from HBT*® (http://hbatlas.org/) and PPI data from InWeb_
IM®° (http://www.intomics.com/inbio/map) were used to replicate
the functional network. InWeb_IM was a scored experimental PPI
network recently released, with less than one third of interaction
overlapped with STRING.

Signed hybrid-weighted gene co-expression network analysis
(WGCNA)>"  was performed across all tissue samples from
BrainSpan using the standard method with a power of six to
cluster the spatiotemporal-expression patterns and prenatal
laminar-expression profiles® of a given gene set.

RESULTS

Targeted sequencing and quality control

Targeted sequencing of 294 genes was employed in a cohort of
504 ASD probands from the ACGC (Figure 1). On average, we
obtained 293.39 MB of clean data for each sample, about two-
thirds of which were mapped to target regions, resulting in
~120 X sequence depth (Supplementary Table 2). In addition, an
average of 97.90% and 95.52% of the target regions covered at
least 10 and 20 reads, respectively. In another project, we
employed WGS (>30x) in another 32 ASD trios to detect all
classes of mutations in the genome. Here, to maximize the
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Figure 1. Workflow of data analysis. Targeted sequencing of 294 genes as employed in 504 probands, WGS as employed in 32 ASD trios. Rare

damaging mutations in the 294 genes from 536 samples were vali

dated by Sanger sequencing. Genetic variations in the 294 genes from

publicly available WES/WGS studies (4167 probands plus 1786 controls) along with our Chinese population (536 cases plus 1457 controls)
were used to prioritize risk-genes using the TADA model. Then, we employed genotype-phenotype, genetic functional, PPl and gene co-
expression analysis to investigate the functional impact of candidate genes. Finally, we developed a functional network that converged on
three pathways for AMM risk-genes and characterized their spatiotemporal-expression patterns in brain and laminar-expression profiles in
developing neocortex. AMM, ASD-related Mic-Mac-risk; ASD, autism spectrum disorder; Mac, macrocephaly; Mic, microcephaly; PPI, protein-
protein interaction; TADA, Transmission and De Novo Association; WES, whole-exome sequencing; WGS, whole-genome sequencing.

Chinese sample size, we added genetic variations found in 294
genes from 32 probands to those from 504 probands (Figure 1).
Together, variation data from 536 Chinese ASD trios were used for
further analysis.

De novo mutations and X-linked variations

We detected and verified a total of 496 LoF or deleterious
missense mutations with minor-allele frequency <0.001 in the
294 genes (Supplementary Table 3). After confirming the state of
these mutations in parents by Sanger sequencing, we detected 22
DNMs, including four nonsense mutations, four frameshift indels
and 14 deleterious missense mutations, in 20 genes (Table 1).
Based on previously reported expected DNM rates,*® we observed
significantly higher DNM burden for the 294 sequenced genes
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(observed n=22 vs expected n=3.98; odds ratio=5.53; binomial
test P=9.23x10"""). In our recently developed NPdenovo
database,*® nine of the 20 genes also harbored damaging DNMs
in published WES/WGS results, including two genes (CHD8 and
SCN2A) with recurrent DNMs and POGZ, MECP2 and DYRKTA with
LoF DNMs. We also detected a novel frameshift mutation in NRXN2
(c.808dupG, p.A270fs), a known causative gene associated
with ASD.

In our previous study,”® we sequenced 189 ASD-candidate
genes using single-molecule molecular-inversion probes (smMIPs),
with 37 genes including 11 Mic—Mac-associated genes from 504
samples overlapping with this study. Here, we recaptured the five
DNM:s identified in the previous study, as well as two additional
DNMs that were missed in the smMIP study (Table 1). For the

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Table 1. Detected DNMs and hemizygous variations
Chr. Position  Ref Alt Gene GenBank No. Effect Nucleotide AA. DNMs in  PH (percentile) RVIS (percentile)
symbol change alteration Ssc
or ASC
DNMs
chr14 21862265 - T CHD8 NM_001170629 Frameshift c.5688dupA p.R1897fs 7 LoF, 2 0.637 (10.3%) —2.337 (1.2%)
Dmis
chr14 21862296 AG - Frameshift ¢.5657delAG  p.T1886fs
chr21 38853069° G T DYRKIA NM_001396 Stop-gain  c457G>T p.E153X 4 LoF 0.658 (9.6%) —0.422 (25.6%)
chrX 153296471° G A MECP2 NM_001110792 Stop-gain ¢.844C>T p.R282X 1 Dmis 0.359 (24.3%) —0.885 (10.5%)
chr11 64457918 - G NRXN2 NM_015080 Frameshift c.808dupG p.A270fs - 0.197 (43.7%) —2.164 (1.4%)
chr1 151402109° G A POGZ NM_207171 Stop-gain  ¢.379C>T p.Q127X 3 LoF 0.192 (44.5%) —1.527 (3.4%)
chr2  166179813* C T SCN2A NM_001040143 Stop-gain ¢.1819C>T p.R607X 4 LoF, 7 0.566 (12.7%) —1.990 (1.8%)
Dmis
chr2 166170189 C T Missense  ¢.1094C>T p.T365M
chr9 3248164 TA - RFX3 NM_001282116 Frameshift c.1835delTA p.L612fs - 0.934 (2.5%) —0.799 (12.5%)
chr4 114275103 G C ANK2 NM_001148 Missense  ¢.5329G>C p.V1777L 4 LoF 4 0.953 (2.0%) —3.329 (0.4%)
Dmis
chr8 1877564 G A ARHGEF10 NM_014629 Missense  ¢.3034G>A p.A1012T 1 Dmis 0.192 (44.6%) —1.016 (8.1%)
chr9 136913560 C T BRD3 NM_007371 Missense  c.731G>A p.R244Q - 0.437 (18.8%) —0.705 (14.8%)
chr15 49048380 T C CEP152 NM_001194998 Missense ¢.3065 A>G p.Q1022R - 0.139 (57.8%)  0.972 (90.2%)
chr1 240072174 A T CHRM3 NM_000740 Missense  c.1423 A>T p.1475F 1 Dmis 0.177 (47.5%) —0.136 (43.8%)
chr1 53676893 T C CPT2 NM_000098 Missense  c.1547 T>C p.F516S - 0.115 (66.5%)  0.514 (80.3%)
chr5 127702120 T G FBN2 NM_001999 Missense  ¢.2252 A>C p.E751A - 0.625 (10.7%) —1.868 (2.0%)
chr12 52635307 A G KRT7 NM_005556 Missense c.745A>G p.M249v - 0.250 (35.4%)  1.067 (91.7%)
chr18 48241495 G A MAPK4 NM_001292040 Missense c.593G>A p.R198Q - 0.136 (58.7%) —0.511 (21.7%)
chr16 14340619 C T MKL2 NM_014048 Missense  ¢.1502C>T p.S501F - 0.316 (27.9%) —1.549 (3.3%)
chr22 36697021 C T MYH9 NM_002473 Missense  c.2714G>A p-.R905H 1 Dmis 0.259 (34.3%) —1.994 (1.7%)
chr9 134396829 C T POMTI NM_001136114 Missense c.1444C>T p.R482W - 0.134 (59.6%) —0.301 (32.3%)
chr9 71849443 T C TJP2 NM_001170415 Missense ¢.1772T>C p.L591S 0.302 (29.1%)  1.459 (95.2%)
Hemizygous variations
chrX 76814250 C T ATRX NM_138270 Missense  ¢.6280G>A p.v2094l - NA —0.926 (9.8%)
chrX 18622983 C A CDKL5 NM_003159 Missense  ¢.1939C>A p.P647T - 0.432 (19.1%) —0.667 (15.9%)
chrX 153594754 C T FLNA NM_001110556 Missense ¢.1150G>A p.V384M - 0.752 (7.1%) —3.240 (0.4%)
chrX 13771497 G C OFD1 NM_003611 Missense  ¢.1066G>C p.E356Q 1 LoF, 1 0.106 (70.4%) —0.176 (40.6%)
Dmis
chrX 153694155 A T PLXNA3 NM_017514 Stop-gain  ¢.2497 A>T p.K833X 1 LoF 0.114 (66.9%) —2.494 (0.9%)
chrX 153698849 C T Missense  ¢.5051C>T p.5S1684L
chrX 154493543 G A RAB39B NM_171998 Missense  c31C>T p.LT11F - 0.432 (19.1%)  0.013 (54.6%)
chrX 152959387 C A SLC6A8 NM_001142805 Missense c.C1139A p.P380Q 1 LoF 0.415 (20.2%) —0.737 (13.9%)
Abbreviations: ASC, Autism Sequencing Consortium; ASD, autism spectrum disorder; Dmis, deleterious missense mutations; DNM, de novo mutation; LoF, loss-
of-function mutations; NA, not applicable; PH, probability of haploinsufficiency and percentile rank; RVIS, residual variation intolerance score and percentile
rank; smMIP, single-molecule molecular inversion probes; SSC, Simons Simplex Collection. We totally detect 22 extreme DNMs in 20 genes from 536 Han
Chinese ASD probands. ). All these mutations have been verified by Sanger sequencing. DNMs of SSC and ASC were sourced from NPdenovo database we
developed (http://www.wzgenomics.cn/NPdenovo/index.php). DNMs also been detected in our previous studies using smMIPs. PDNMs were missed in
smMIPs study but detected in this study.

p.R282X site in MECP2, 96 reads covered here as compared with
only two reads in the smMIP study (Supplementary Figure 1). The
p.V1777L in ANK2 was missed because its inheritance not having
been validated in previous study. In addition, 11 genes harboring
DNMs in only Chinese patients were detected in present study,
including a frameshift deletion (p.L612fs) in RFX3 that is essential
for brain development.>® Furthermore, for the overlapped 37
genes in our previous study,?® additional 20 DNMs in eight genes
were identified in another independent Chinese cohorts, including
two Mic-associated genes (CDKL5, DYRKIA) and two Mac-
associated genes (CHD8, MECP2) (Supplementary Table 4).
Among the 496 damaging variations, eight in seven risk genes
(ATRX, CDKL5, FLNA, OFD1, PLXNA3, RAB39B and SLC6AS8; Table 1)
were inherited X-linked hemizygous variations. PLXNA3, which
plays important roles in axon guidance in the developing nervous
system,>* harbored one nonsense (c.2497 A>T, p.K833X) and one
missense (c.5051C>T, p.S1684L) variation in two unrelated male
patients. Meanwhile, a splicing-site DNM of this gene in a
Caucasian male proband was detected (c.1928+1G>A) by

© 2017 Macmillan Publishers Limited, part of Springer Nature.

WES,*® suggesting that PLXNA3 may play important roles in ASD
molecular pathology.

To evaluate the functional impact of DNMs and hemizygous
variations, we sourced gene-level haploinsufficiency rates® and
residual variation intolerance scores (RVIS)>® from original studies.
Compared with all RefSeq genes (background), these genes
exhibited significantly higher probabilities of haploinsufficiency
(P=0.0098; Supplementary Figure 2a) and lower RVIS (P=0.0021;
Supplementary Figure 2b). Specifically, 21 (77.78%) and 22
(81.48%) of 27 genes ranked in the top 50% of haploinsufficiency
and RVIS, respectively (Table 1), indicating that they are likely to
be intolerant of damaging mutations.

Prioritization of ASD-candidate genes and their functional impact

In addition to DNMs, RIMs play important roles in ASD
etiology.*®*”"8 Integrating datasets from multiple independent
studies offers insight into ASD-candidate genes.®2*°?% We then
employed TADA program,*? to prioritize candidate genes. Based
on genetic variations in 536 patients with ASD and 1457 Chinese
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controls, as well as DNMs from 4167 probands, RIMs from 2377
probands and 1786 controls from SSC or ASC (Supplementary
Table 5), we prioritized 60 candidate genes (Prapa < 0.01; Table 2
and Supplementary Table 6). Compared with random expectations
(n=3), there was significant enrichment of genes with P < 0.01
(n=60) corresponding to a false-discovery rate of 0.05
(Supplementary Figures 3a-b). In addition, seven genes carrying
hemizygous variations were automatically listed as candidates due
to their involvement in ASD, intellectual disability (ID) or other
X-linked neurodevelopmental disorders. Together, 67 ASD-
candidate genes were finally prioritized, and their DNMs and
RIMs were detected in 2.76% (130 of 4703) and 15.10% (440 of
2913) of cataloged probands, respectively (Table 2). We also
compared the 67 candidate genes to two previous TADA gene
sets identified from large cohorts of WES data.®?? Stephan et al.
paper identified 65 genes,*> of which 16 were included in our
panel and 15 of 16 genes were prioritized in present study.
Another study by Silvia et al. identified 108 genes,® we prioritized
21 of 25 genes that were included in our panel (Supplementary
Figure 4). We consider this high reproducibility.

We found that the 67 candidate genes exhibited significantly
higher  probabilities  of  haploinsufficiency  (P=0.00025;
Supplementary Figure 2a) and lower RVIS (P=7.39x10"¢
Supplementary Figure 2b). In addition, compared to all ASD
patients, probands with DNMs in candidate genes exhibited a
significantly lower full-scale IQ (P=0.00023), verbal 1Q (P=0.0081)
and non-verbal 1Q (P=0.00021) (Supplementary Figures 5a—c).
Probands with RIMs exhibited moderately lower IQ (P < 0.05),
consistent with previous findings.*® Furthermore, permutation test
was performed as our previous study®* to investigate the
relationships of the 67 candidates based on co-expression
networks in the human brain and PPI data. It revealed significantly
co-expression (Supplementary Figure 6a—-d) and interaction
(Supplementary Figures 7a-d) between candidates, as well as
with known ASD-risk genes. Since the 294 sequenced genes
including the 136 Mic—Mac genes were significantly interacted
and co-expressed than random expectation (P <0.01), we re-
analysis the connectedness of the 67 candidate genes by
regarding the 294 sequenced genes as background in the
progress of random sampling. As a result, candidate genes were
consistently co-expressed and interacted more than by chance
(P<0.05, Supplementary Table 7). To replicate the strong
interconnectedness of candidate genes, we sourced brain
co-expression data from HBT,** and human PPI data from InWeb_
IM®® recently developed, and found the candidates were
significantly interacted and co-expressed than random expecta-
tions (Supplementary Figures 8a—d). These results indicated that
the 67 candidates are more likely to be associated with ASD as
compared with random expectations.
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18 (0.62%)

CHDS8, PTEN

Mac risk-genes (n
MECP2
RAB39B, SLC6A8, OFD1

Mic risk-genes (n=15)
DYRK1A, RELN
NRXN1
CHMPI1A, TCF4, ASPM, CTNNBT
CEP135, GNAS, TRAPPC9, VIP, ATP6V0A2, POMT1
ATRX, CDKL5
36 (6.71%
26 (0.62%
101 (4.25%
28 (0.60%
137 (4.70%

Mic—Mac-candidate genes in ASD

We noted that 21 of 67 candidate genes were shared between
Mic—Mac and ASD (Table 2). These included both previously well-
studied genes, such as DYRK1A, CHD8 and PTEN, and several novel
genes. We detected four frameshift indels (p.V531fs, p.L891fs,
p.G1937fs and p.Q2594fs) and three damaging missense varia-
tions (p.R490C, p.E1132G and p.R1667H) of ASPM in nine unrelated
patients, which encodes a centrosomal protein that regulates the
Wnt pathway during neurogenesis. In addition, 1 missense DNM
(p.C1557R) and 15 RIMs of ASPM were detected in ASD patients
from the SSC* indicating that the Mic-risk gene ASPM is
associated with ASD (Prapa=0.0013).

We found that DNMs and RIMs in the 21 AMM genes were
detected in 0.98% (46 of 4703) and 5.32% (155 of 2913) of ASD
patients, respectively (Table 2). We calculated standardized HC
(Z-score) of probands from SSC based on age and gender as in
previous study®® and it turned out that probands with DNMs or

=23)
=536)

=536)
=2377)

=4703)
=2913)

7)

Chinese probands with DNMs (n

Chinese probands with RIMs (n

Prioritized of ASD candidate genes
genome sequencing. The TADA model combines information of DNMs and RIMs in different functional classes with proper weightings to prioritize candidate genes. Candidate genes were classified into

different groups based on the Prapa in Chinese population and/or the combination of genetic data from published WES/WGS studies as shown in Supplementary Table 6.

Prapa <0.0001 (Strong, n=10)

0.0001 < Prapa <0.001 (Suggested, n=10)
0.001 < Prapa <0.005 (Positive, n=17)
0.005 < Prppa < 0.01 (Possible, n

Published probands with DNMs (n =4167)
Published probands with RIMs (n

All probands with DNMs (n

All probands with RIMs (n

X-linked genes (n

Classes

Abbreviations: DNMs, de novo mutations; MAC, macrocephaly; MIC, microcephaly; RIMs, rare-inherited mutations; TADA, Transmission and De Novo Association; WES, whole-exome sequencing; WGS, whole-

Table 2.
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RIMs in ASD-related MIC-risk genes exhibited significantly lower
HC, and those in ASD-related macrocephaly-risk genes exhibited
significantly higher HC (both P < 0.05; Supplementary Figure 9). In
addition, we found Chinese probands harboring DNMs in CHD8
and MECP2 show macrocephaly and probands with DNMs of
CDKL5 and DYRKIA show MIC, consistent with previous
reports.2°'

Convergent networks of AMM genes

In addition to the 21 prioritized AMM genes, we cataloged 18
additional genes listed as both Mic—Mac- and ASD-risk genes,
including DPP6, FOXG1, MBD5, UBE3A and VPS13B, based on the
SFARI Gene database (Supplementary Table 8). Together, 39 AMM
risk-genes were used as ‘seed genes’ to develop a functional
network based on PPl and co-expression connections. Known
Mic—Mac- or ASD-risk genes that co-expressed or interconnected
with at least two AMM genes were merged into this network,
resulting in a functional network comprising 178 genes, conver-
ging on chromatin modification (n=51), synaptic transmission
(n=84) and the mitotic cell cycle (n=56) (Figure 2 and
Supplementary Table 9). The three modules included 12, 17 and
11 AMM risk-genes, respectively.

We noted that DYRK1A, a MIC causative gene in ASD, was
clustered in the subnetwork associated with the mitotic cell cycle,
which is involved in brain growth and neurogenesis.'® Variations
that disrupt genes involving mitotic cell cycle progression could

© 2017 Macmillan Publishers Limited, part of Springer Nature.

lead to dysfunctional mitosis of neural cells and scarcity in the
central nervous system pool, highlighting the important roles of
cell cycle genes in the molecular pathology of ASD and Mic—Mac.
In addition, we found that different subnetworks were connected
by some hub genes (such as CTNNBIT) that regulate multiple
functional pathways. To replicate these results of AMM genes in
other independent data, we constructed a functional network
based on data from InWeb_IM and HBT and found that network
genes enriched in nervous system development, synapse organi-
zation, chromatin organization, cell cycle and regulation progres-
sion (Supplementary Table 10).

Expression patterns involved in brain development

To characterize the spatiotemporal-expression patterns of the 178
genes in convergent networks during brain development, we
performed WGCNA in the tissue samples from BrainSpan and
identified three independent modules (M1-M3) comprising 146
genes (Figure 3a and Supplementary Table 9). We found that
genes within M1 (n=72) were highly expressed in the human
brain during the embryonic and early-to-middle fetal periods
(8-26 post-conceptual weeks (pcw)), but gradually decreased and
bottomed out at the age of 2-year old. In contrast, the expression
levels of M2 genes (n=46) were minimal during the embryonic
period and gradually increased during the prenatal period,
reaching a stable level after birth. M3 genes (n=28) were highly
expressed during 8 pcw to 9 pcw in some subregions, including
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the frontal cortex, hippocampus and amygdaloid complex,
followed by a sharp decrease in expression and stabilization at
low levels. We replicated above recognizable spatiotemporal-
expression  patterns based on HBT expression data
(Supplementary Figure 10). Furthermore, we found that the three
modules significantly overlapped with the three subnetworks
previously (Figure 3b). Specifically, M1, M2 and M3 genes were
significantly enriched in genes from subnetworks involving
chromatin modification (hypergeometric test, P=4.71x1079),
synapse transmission (P=0.00039) and the mitotic cell cycle,
respectively (P=2.20x10""4).

Since expression levels of candidate genes were dramatically
fluctuated in the human cortex during the fetal period as report
above, we then characterized prenatal neocortical-expression
profiles based on laser-microdissection data from 526 prenatal
neocortical samples®® (15-21 pcw). Interestingly, we identified
three co-expression modules (Ma, Mb and Mc) having distinct
laminar signatures (Figure 3c and Supplementary Table 9). The
expression of genes within Ma (n=67) was high in the middle
layers but lower in marginal to the intermediate zone, whereas
that of Mb (n=38) displays opposite trends, which was lower in
the middle layers and high in the deep cortical layers and the
outer subventricular to the ventricular zone. Moreover, we found
that Mb significantly overlapped with cell cycle genes
(P=8.82x10"7), indicating that intricate regulations of the mitotic
cell cycle play important roles in the developing cortex (Figure 3d).
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DISCUSSION

Recent large-scale WES/WGS studies illuminated the essential
roles of DNMs and RIMs in ASD and accelerated the understanding
of the neurobiological and genetic basis of ASD.*'* Here, we
detected several pathogenic DNMs, including recurrences in
known strong-risk genes, in ASD patients from a Chinese cohort.
Generally, DNMs have strong effects on the function of genes,
especially for the genes with high probabilities of haploinsuffi-
ciency and genic intolerance. We combined genetic data from
Chinese and Caucasian populations and prioritized 67 ASD-risk
genes. Probands with DNMs or RIMs involving risk genes exhibited
significantly lower 1Q, demonstrating the functional effects of
these genes. Although pathogenesis and mechanisms of only a
small fraction of ASD risk-genes have been validated by in vitro or
in vivo experiments, such as ANK3,°> CTNND2,°* DYRKIA>*
GLRA2,°* PTEN,%>%® PRICKLE2,%” SHANK3,°® SLC6A3°° and TRPC6,”°
our study provided a meaningful reference for further studies of
ASD-risk genes. The fact that DNMs of these candidate genes
contributed to a small fraction of ASD patients suggested more
resequencing studies were needed to identify more strong
candidates and decipher genetic mechanisms. Of interest, we
also prioritized several risk-genes that only detected DNMs in
Chinese cohorts and these genes warranted further studies.
Though ASD is highly clinical and genetic heterogeneous, some
ASD candidate genes with DNMs in fact can define clinical
subtype of ASD with characterized phenotypes.”’ For example,
individuals with DNMs in CHD8 were characterized by ID,

© 2017 Macmillan Publishers Limited, part of Springer Nature.



macrocephaly, distinct faces and gastrointestinal complaints,”?
while DNMs in DYRKTA is associated with ASD, ID, MIC, febrile
seizures in infancy, impaired speech, hypertonia and a specific
facial gestalt>® The approach investigating the relationship
between phenotypes and genotypes not only deepens the
understanding of ASD etiology but also assists in clinical diagnose
and intervention. In present study, we prioritized 39 genes
associated with both Mic—Mac and ASD. Patients having DNMs
or RIMs in these genes exhibited abnormal HC, highlighting the
shared genetic mechanisms underlying ASD and Mic—Mac.
Systematic discovery of genetic variants associated with both
Mic—Mac and ASD may be helpful to test the pathogenic effects of
AMM genes and in determining certain phenotypes.

We also performed PPl and co-expression analyses to investi-
gate the related functional pathways, with results converging on
chromatin modification, synaptic transmission and the mitotic cell
cycle. Previous studies demonstrated that chromatin and synaptic
genes play important roles in ASD pathophysiology,®** and our
study highlighted cell cycle genes involved in ASD and Mic—Mac.
Of interest, cell cycle and Wnt-signaling pathway exhibit complex
interaction and both of them were involved in regulation of cell
fate, growth and proliferation.”> ASD patients with DNMs in the
[-catenin/Wnt-signaling network have been observed to be
associated with both macrocephaly and MIC.”" Consequently,
we found that 14 AMM genes (ASPM, CHD8, CDKL5, CTNNBI,
DYRK1A, FOXG1, HEPACAM, OFD1, PAX6, PTEN, MECP2, MEF2C,
NIPBL and TCF4) were involved in the Wnt pathway. Of note, a
recent study demonstrated that CHD8 regulates cortical develop-
ment by stimulating transcription of cell cycle genes,”* providing
new insight into the roles of the cell cycle and Wnt signaling in
ASD and Mic—Mac.

We characterized spatiotemporal-expression patterns of genes
in networks and correlated these patterns to functional pathways.
The expression profiles of genes in the M1 and M2 clusters were
similar to previous reports related to ASD.”*> However, we
identified novel patterns of M3 genes highly expressed during
the early fetal period and significantly overlapping with cell cycle
subnetworks. Characterization of their cerebral cortex laminar
features revealed that network genes were highly expressed in
different cortical layers, corresponding to the three models. As
shown in module Mb, the cell cycle genes were highly expressed
in deep cortical layers highlighting their essential roles during
brain development. Genes involved in similar molecular functions
usually exhibited similar expression patterns in human brain,
providing new insights in understanding ASD etiology.

In summary, through sequencing of MIC and macrocephaly-
related genes, and previously known ASD candidate genes in
Chinese ASD cohorts, we identified new DNMs and RIMs in these
genes. We further prioritized novel risk genes, and identified their
associated brain expression features and biological networks. Our
results shed light on deciphering etiologies of ASD and Mic—Mac
and facilitate discovery of information necessary for accurate
genetic counseling and testing.
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