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Abstract: Autism spectrum disorder (ASD) is a highly heritable condition caused by a combination
of environmental and genetic factors such as de novo and inherited variants, as well as rare or
common variants among hundreds of related genes. Previous genome-wide association studies
have identified susceptibility genes; however, most ASD-associated genes remain undiscovered.
This study aimed to examine rare de novo variants to identify genetic risk factors of ASD using whole
exome sequencing (WES), functional characterization, and genetic network analyses of identified
variants using Korean familial dataset. We recruited children with ASD and their biological parents.
The clinical best estimate diagnosis of ASD was made according to the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5™), using comprehensive diagnostic instruments. The final
analyses included a total of 151 individuals from 51 families. Variants were identified and filtered
using the GATK Best Practices for bioinformatics analysis, followed by genome alignments and
annotation to the reference genome assembly GRCh37 (liftover to GRCh38), and further annotated
using dbSNP 154 build databases. To evaluate allele frequencies of de novo variants, we used the
dbSNP, gnomAD exome v2.1.1, and genome v3.0. We used Ingenuity Pathway Analysis (IPA, Qiagen)
software to construct networks using all identified de novo variants with known autism-related genes
to find probable relationships. We identified 36 de novo variants with potential relations to ASD;
27 missense, two silent, one nonsense, one splice region, one splice site, one 5" UTR, and one intronic
SNV and two frameshift deletions. We identified six networks with functional relationships. Among
the interactions between de novo variants, the IPA assay found that the NF-«B signaling pathway
and its interacting genes were commonly observed at two networks. The relatively small cohort size
may affect the results of novel ASD genes with de novo variants described in our findings. We did
not conduct functional experiments in this study. Because of the diversity and heterogeneity of ASD,
the primary purpose of this study was to investigate probable causative relationships between novel
de novo variants and known autism genes. Additionally, we based functional relationships with
known genes on network analysis rather than on statistical analysis. We identified new variants that
may underlie genetic factors contributing to ASD in Korean families using WES and genetic network
analyses. We observed novel de novo variants that might be functionally linked to ASD, of which the
variants interact with six genetic networks.
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1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized
by abnormalities in social interaction and communication, with the presence of restricted
interests and repetitive behaviors [1]. The estimated heritability of ASD is 64-91% [2]. Previ-
ous genetic etiology studies have analyzed families who have siblings with ASD, who are
associated with a 25-fold higher risk of developing ASD than the general population [3].
Identifying the risk genes of siblings in patients with ASD is important. The development of
ASD is influenced by both common and rare genetic variants. However, owing to extreme
genetic heterogeneity, as suggested by the fact that a single gene aberration does not account
for more than 1% of cases, identifying causal genes is challenging [4,5]. Furthermore, pa-
tients with ASD often present with other psychiatric, neurological, or physical co-occurring
disorders, which suggest more complex genetic etiologies [6].

The first strategy to find risk factors of ASD involved identifying a significant number
of common genetic variations in a large population. Recent genome-wide association
studies (GWAS) [7-9] have identified several potential susceptible genes; however, the ex-
treme innate heterogeneity of ASD limits the ability to identify most potential variants in
such association approaches. Syndromic ASD is typically associated with chromosomal
abnormalities or mutations in a single gene, and is known to be strongly associated with
more than 100 genetic disorders (or factors), such as Rett and Fragile X syndromes [10].
However, genetic susceptibility to ASD varies among individuals, and may be derived
from causative de novo rare variants. Recent studies on ASD have shown that rare variants
contribute to identifying potential genes that increase an individual’s risk for developing
ASD. Likewise, studies using next generation sequencing (NGS) have revealed several
genes or variants associated with ASD.

In terms of de novo rare variants, evaluating individuals with ASD based on familial
trio studies with relatively small sample sizes using NGS has been an excellent method
to uncover the unknown genetic basis of ASD etiology. Mutations in hundreds of known
genes, give rise to rare variants, that significantly increase the risk of ASD, and they are
estimated to account for approximately 10-30% of autism cases [11]. Among these rare
variants, some genes such as NLGN1 [12], VPS13B [13], GABRB3 [14], and PTCHD1 [15],
were found to increase ASD risk. Previous ASD research discovered that rare variants were
found to be a novel de novo variant [16]. These variants have been reported to work in
conjunction with common multi-gene risk variants [17] or to be associated with neuronal
development [18]. There is little consideration of racial differences in recent studies using
NGS [19]. While a panel sequencing study with 4503 target genes in Asians (Koreans)
investigated associations with comorbidities, they did not target the de novo mutation
nor analyzed the functional relationship of the identified genes [20]. Therefore, difficulties
persist in identifying rare variants among patients of specific races due to the lack of
consideration of the functional characteristics of the discovered variants in ASD.

This study aimed to examine rare de novo variants to identify the genetic risk factors of
ASD using whole exome sequencing (WES). We investigated the functional characterization,
genetic network analyses, and pathway profiling to understand the mechanism by which
the involved genetic variants interact with each other and contribute to ASD based on that
Korean familial dataset.

2. Methods
2.1. Subject Ascertainment and Ethnic Information

We recruited subjects with ASD and their biological parents. The best clinical diagnoses
of ASD were made for probands and their siblings by board-certified child psychiatrists
according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5™) [21].
Comprehensive diagnostic assessments, including the Korean versions of the Autism Diag-
nostic Interview—Revised [22] and the Autism Diagnostic Observation Schedule [23] were
used as diagnostic instruments. We used the Korean Educational Development Institute—
Wechsler Intelligence Scale for Children—Revised (KEDI—WISC—R) [24] to examine overall



Genes 2021,12,1

30f17

intelligence and administered the Korean-Leiter International Performance Scale—Revised
(K-Leiter—R) [25] to evaluate the probands’ nonverbal intelligence. Social ability was
assessed using the Social Communication Questionnaire (SCQ) [26] and the Social Respon-
siveness Scale 2nd Edition (SRS-2) [27]. Detailed family history, in addition to environmental
and social data, was collected from the parents of each proband. We excluded participants
who had known chromosomal anomalies or declared having non-Korean biological parents
from the study.

2.2. Study Design and Bioinformatics Analysis

We attempted to identify de novo mutations in patients with ASD at two separate
stages. In the first exploratory stage (2013, high sequencing price), we performed two
pooled sequencing from fathers” and mothers’ DNA. The identified de novo variants were
isolated and validated using Sanger sequencing. In the second stage (2016), we performed
trio exome sequencing to identify de novo mutations (Supplementary Table S1).

First stage: In the first stage of this project, we collected the exome data of 13 probands
and the pooled exome data of 13 fathers and 13 mothers (Figure 1A). In the pooled exome
data, we expected at least 10X coverage for each parent. Selecting only de novo mutations
of the 13 probands becomes feasible when all variants from the pooled exome data are
removed. The average number of reads for the 13 probands was 107 million, and additional
exome data were generated for the A5 and A9 probands. DNA samples from fathers and
mothers were pooled considering sex chromosomes, which results in 472 and 501 million
reads, respectively. DNA from parents of the A10 probands were not included in the
pooled exome and we excluded the proband for further analysis. We found 138 de novo
mutations (only for nonsynonymous, splice site, and coding INDELs) among 12 families.
GATK Best Practices™ was used for bioinformatics analysis. We carried out genome
alignments and annotation to the reference genome assembly GRCh37 (hg19) using dbSNP
137 build databases. In silico prediction software such as SIFT, Mutation Assessor, and
phyloP databases were also downloaded using the UCSC Genome Browser. All reads were
mapped onto the reference genome using BWA v0.6.1. A series of analysis steps were
performed on the BAM files, such as AddOrReplaceReadGroups, MarkDuplicate, and
FixMateInformation modules in picard v1.79, additional BQSR, and IndelRealigner mod-
ules in the GATK v2.1 software. We used GATK UnifiedGenotyper to identify SNPs and
INDELSs. Lastly, variants with following values were filtered; “MQ >= 4 & MQ/DP > 0.1,
“QUAL < 100”7, “QD < 5”7, “FS > 60”7, “MQ < 40”, “DP < 107, and “GQ < 13”. After identify-
ing of all de novo mutations by removing variants from the two pooled exome data, we
selected SNPs using nonsynonymous, splice site, and coding INDELs. We prioritized all
missense mutations if at least one of the following conditions were fulfilled: phyloP > 1.2,
deleterious, as determined by the SIFT prediction, and high and medium functional impact,
as determined by MutationAssessor.

Second stage: In the second stage, we collected exome data for the trio of 38 families,
including male and female parents (Figure 1B). Two families (six exome datasets) were
removed, since the family trio relationship was not met owing to mixed samples. An
average of 76 million reads were produced, varying from 59 to 121 million reads. We
identified de novo mutations by removing all variants from both parents. A total of 3946 de
novo mutations (all SNPs and INDELSs) were found in 38 families. We used the reference
genome assembly GRCh37 (hg19) and dbSNP 138 to build databases. We also used GATK
Best Practices in this step; however, the software versions were changed accordingly. We
used BWA v0.7.12, Picard v1.119, and GATK v3.6. We performed annotations using the
database available in ANNOVAR website (annovar.openbioinformatics.org). To use gVCF
functionality and increased accuracy, genotyping was performed using GATK Haplotype-
Caller, rather than UnifiedGenotyper. Variants with the following values were removed:
“ReadPosRankSum < -2.0”, “MQRankSum < -2.0”, “QUAL < 30.0”, “QD < 3.0”, “FS > 30.0”,
“MQ < 30.0”, “DP < 10”7, and “GQ <20.0".
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Figure 1. Design of a 51 Korean family trio cohort study. (A) First strategy: Variants from pooled parental exomes were

removed to identify de novo variants from 13 probands. (B) Second strategy: Variants from both parental exomes were

removed for each family.

2.3. Variant Discovery and Filtering

Overall, we found thousands of de novo mutations in the 51 Korean families. When
conducting the exome sequencing in the first stage (2012), not enough databases were
available to perform comparison at that time. Therefore, we used more stringent parameters
by in silico prediction, such as phyloP, SIFT, and MutationAssessor. Large-scale population
databases, such as dbSNP, 1000genomes, ESP6500, ExAc, GME, HRCR, and Kaviar, were
available at ANNOVAR website. Moreover, in silico prediction methods such as CADD,
M-CAP, REVEL, FATHMM, and EIGEN, are available. Some of these databases provide
scores for non-genic regions and coding regions. In the second stage, we used a series of
filtering steps to select the most promising variants. First, we removed common variants
at 1% frequency from all population databases, which were annotated within dbSNP
along with sex chromosome variants (Supplementary Table S2). Eighteen dbSNP variants
had small minor allele frequencies. Two known de novo mutations, rs778416774 and
rs267606749, were identified as likely pathogenic in Human Genome Mutation Database
(HGMD®) (dominant, proband; heterozygous) and pathogenic in ClinVar and HGMD®
(recessive, proband; heterozygous). Subsequently, we removed the variants from a list of
de novo variants: (1) MODIFIER effect in snpEff, (2) variants onto simple repeats and low
complexity regions, (3) low coverage area, and (4) LB and B classes in the InterVar database.
Considering the long research periods, we have converted genomic coordinates into the
GRCh38/hg38 genome and re-checked population frequencies using dbSNP, gnomAD
exome v2.1.1, genome v3.0, and variant pathogenicities provided with commercial HGMD
2019.1 release and ClinVar August 2020 updates in NCBI. These two databases demonstrate
an issue of false positives, as these records originate from various sources that are sometimes
not fully verified.

2.4. Gene Network Analysis

Genetic networks of the 36 genes with de novo variants with known ASD-related genes
were constructed with closely interacting gene neighbors using “variant effect” core analysis
in the Ingenuity Pathway Analysis software (IPA, Qiagen). The purpose of “Interaction
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Network Analysis” is to construct connectivity map among genes based on transcriptional
networks, microRNA-mRNA target networks, phosphorylation cascades, and protein—
protein/protein—-DNA interaction networks. The related networks were ranked according
to their biological relevance in the provided gene list. Six genetic networks were generated
using 36 genes with de novo variants with 49 known ASD-related genes. Significant associ-
ations between a gene set and canonical pathways were determined using the ratio of the
number of focus genes that mapped to a canonical pathway divided by the total number
of genes from the IPA that map to that pathway. The pathway analyses allow identify-
ing biologically relevant genes compared to a single variant or gene—disease association
tests. Furthermore, the software identifies top functions and diseases associated with each
network, thereby highlighting the biological significance of the results.

The topologically associating domain (TAD) between the genes in hippocampus tissue
were adopted from 3DIV website (http://3div.kr). It is derived from Hi-C sequencing
for chromatin interaction and usually smaller than linage disequilibrium (LD) block. The
statistically significant TADs are represented by red squares, while the low non-significant
TADs are represented by white squares. The associated genes are grouped into a blue block.

2.5. Genetic Validation using Sanger Sequencing

Genomic DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, USA).
We designed PCR primers to validate the selected 36 de novo variants for each candidate site
using the Primer3 program. Sanger sequencing was performed on an ABI 3730 sequencer
to validate new de novo mutation candidates. Others were assayed using the Sequenom
MassARRAY system following the manufacturer’s recommendations (Sequenom, Inc.,
San Diego, CA, USA). Finally, all candidates were validated using Sanger sequencing
(Supplementary Figure S1).

3. Results

A total of 12 family trios and one patient (37 individuals) participated in the first
stage, and 38 family trios (114 individuals) participated in the second stage. Four probands
were female, and the mean age of the probands was 70.16 months (SD 27.35), while their
mean full-scale IQ was 53.70 (SD 21.90). Table 1 summarized the clinical characteristics of
the probands.

Table 1. Clinical characteristics of probands.

First Stage Second Stage

Clinical Characteristics (n=13) (n =38)
Mean SD Mean SD
Age (months) 59.50 1241 73.53 29.94

Sex (number of females) 0 4

social interaction 24.33 3.65 22.05 5.67
communication: verbal 18.43 5.68 18.58 4.50
ADIR communication: nonverbal 12.00 2.73 11.71 2.34
repetitive behavior 6.50 2.71 5.74 2.58
Communication 6.67 1.23 6.05 1.23
social interaction 10.25 2.34 10.16 2.15
ADOS Play 2.92 124 2.34 1.17
repetitive behavior 3.00 1.65 2.50 1.39
KEDI-WISC-R 43.00 33.41 57.47 15.88
K-Leiter-R 78.86 25.60 62.56 25.64
SCQ 23.75 5.55 19.97 7.71
SRS 109.08 27.62 95.08 31.05

Abbreviations: ADI-R: Autism Diagnostic Interview—Revised; ADOS: Autism Diagnostic Obser-
vation Schedule; KEDI-WISC-R: Korean Educational Development Institute—Wechsler Intelligence
Scale for Children—Revised; K-Leiter-R: Korean-Leiter International Performance scale—Revised;
SCQ: Social Communication Questionnaire; SRS: Social Responsiveness Scale.
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We identified each de novo variant from patients with ASD that was not found in other
unrelated patients. In total, 36 de novo mutations in 26 probands were identified, with
27 missense, two silent, one nonsense, one splice region, one splice site, one 5’ UTR, one
intronic SNVs, and two frameshift deletions (Table 2). Seven probands—B25 four de novo
variants, B26 three de novo variants, and A12/B10/B21/B32/B5 two de novo variants—
have more than one de novo variant as described at the last column. Also, we could not find
any de novo variants in 27 probands. Five de novo variants (5" UTR in MTUS1, antisense
PITRM1-AS1/intronic PITRM1, silent in SYNM and MT-ND2, and splice region in SNF8)
are not usual protein-altering variants, but those were included in the analysis as they were
rare, with putative causal effects. MTUS1 variants (rs377560516) were in the 5" UTR region,
and featured histone acetylation (H3K27Ac) peaks (often found near active regulatory
elements), DNAsel hypersensitivity regions, and transcription factor POLR2A-binding
motifs. Variant chr10 g.3141725G>A was found in the intronic region of PITRM1, as well as
in the exonic region of PITRM1-AS1, which is an antisense gene. We found that the silent
mutation p.Ser1099Ser of SYNM is in the DN Aase I hypersensitivity region, which has
been found once previously without any special annotations according to the gnomAD
exome v2.1.1 database. The intronic variant of the SNF8 was found in the deep intronic
region near the 3’ donor site, but found no special features.

The 36 de novo variants discovered were confirmed using Sanger sequencing, and
the interaction networks of IPA identified the relationships between genes. Many of the
identified ASD-risk genes were related to gene networks. The canonical pathways have
shown many signaling interactions that contain two genes with de novo variants (ADCY7
and NFKB1) (Supplementary Table S3). These genes also exhibit several neurological func-
tions such as neurotransmission, memory, morphology of the nervous system, and neuronal
development. These genes were also related to developmental or neurological diseases such
as abnormal development of the central nervous system, brain cancer, abnormal develop-
ment of neurons, and brain morphology (Supplementary Table S4). In particular, ATXN1,
NFKB1, and CELSR3 were abundantly found in these categories. Associated diseases and
functions of these three genes involves developmental disorders, hereditary disorders, and
neurological diseases (Supplementary Table S5). Our extended gene network revealed more
gene interactions. The candidate causal ASD genes identified here are described by their
functions and relationships with neurological diseases and functions. The gene network of
discovered genes with de novo variants was constructed among the significant molecular
networks from commercial knowledge, which allows the connection of known neurological
functional genes, and thereby building strong evidence of the neurological roles within the
six gene networks (Figure 2).
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Table 2. De novo mutations observed in 51 Korean ASD trios.

Genomic Position

dbSNP RS ID

c.656G>A/p.Arg219GIn

(GRCh38/hg38) Gene Symbol Build 154 REAI;;:?:“T Sequence Variant Nomenclature ? Variant Type I’(r:glg:;lr(.i)s
chr1:109507558 AMIGO1 C>A . lESl;ISS 53%0/053519; 46542'5/611 Missense B34
were e

chr3:39112529 TTC21A C>A fég?gg%??%ﬂfggi Nonsense B16
chr3:45513187 LARS2 rs147745374 C>T clgll\;SCngS(}))Oergi%SSgys Missense Bl
chr3:48645607 CELSR3 15756781285 C>T c76E?f\31(S}£0A09§>0\1/2112052f5?\/[e t Missense Allsf
chr4:990079 SLC26A1 15748023701 C>T . 2?618121?92013%?;(2)217&15 Missense B27
chr4:102607251 NFKB1 rs934744465 G>A ng;%rfg(}?giié%irg Missense Blzsi
chr4:169602542 NEK1 rs200825809 T>C fgigg?goigggé;s Missense B11
chr5:146233644 RBM27 C>A c1%I:58CTBgO/0§%6r?311917"hr Missense Blzs?
chr5:179609380 RUFY1 A>G .. églirfgl/?ﬁifégrg Missense B29
chr6:16306637 ATXN1 C>T czfgéz(fgioitiﬁiisn Missense 1;r21(6:1
chr6:44282283 TCTE1 rs746423492 C>T . 111:2N38GTBgO /012.3511115??755'%}75 Missense A4
chr8:17697396 MTUS1 rs377560516 G>A Ef%?ggg??;%iilo 5UTR }:3333
chr8:25436242 KCTD9 rs1448423271 C>T ENST00000221200.9 Missense A9
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Table 2. Cont.

Genomic Position

dbSNP RS ID

(GRCh38/hg38) V) Gene Symbol Build 154 Rili:?j ' Sequence Variant Nomenclature Variant Type P(rglc)f::rd)s
e 1434206 AKNA pot ST Nissense A2
¢hr9:135939739 UBAC1 C>A . 591;22%0?5(217:2795 96'A3$p Missense Blls(’:
chr10:3141725 PITRM1-AS1 G>A EN%ggggggggigf 435§P51T(11511\T/[11{$15 1I’n‘?rr(‘)trilsi§)nse) Antisense,/Intronic Eii
ehe107370250 SEMBT2 — oot s S8 Splce St 3
chr11:499976 RNH1 C>T CI§9N65(;F>020/0£5G3§, 79997G?u Missense B33
chr12:113094062 DTX1 rs1232450939 G>A .. 1?%?323?f$§§7ém Missense B6
chr15:38516208 RASGRP1 rs1595848108 G>A C%?4?323%03Alr(;i()2?’2,}8p Missense B12
chr15:99131660 SYNM 15782771735 G>A . ggggg(f?g?fﬁ%éger Silent B18
chr16:377706 TMEMSA C>G Cgﬁ%?g??gii@%iip Missense }:3333
chr16:50293480 ADCY7 15199730202 G>A Cgﬁsgggo/os%;é?;zﬁe Missense grlfgl
GGCCGTGAC ENST00000301015.14
chr16:88738626 PIEZO1 rs1475582880 TCGGAAACGA ¢.551_575del TGGCCGCTCGTTTC Frameshift Deletion B3
GCGGCCA>G CGAGTCACGGC/p.Leul84fs
chr17:48937128 SNF8 C>T 245 4215123%(;()122?62;19()21;5Varian t Splice Region Iiﬁli
chr19:19637386 GMIP T>A .. 1%?5;3%(}0523&5 35 66531311 Missense Blﬁ
eioRs0  ANKRDZ G ST Nissense B2
chr19:50257343 MYH14 15778416774 G>A .. 1131;105 52?335819}?622458& Missense A3
chr19:54107093 TFPT TTGTC>T ENST00000391759.5 Frameshift Deletion B4

¢.715_718delGACA /p.Asp239fs
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Table 2. Cont.

(C:;ZI:;;T;Z:;(Z; Gene Symbol dbszll;lzif) Riliz?gj Sequence Variant Nomenclature @ Variant Type P(l;glc)call:f)s
chr20:32453760 NOL4L 15749152593 G>C ng?gg?gogigf 37 06 gys Missense B9
chr20:38902679 PPP1R16B G>A . ;E Slgéi(f?goéfgééfys Missense B7
chr21:46121590 COL6A2 rs267606749 G>A cligsérfgg?ffgj;;—hs Missense B37
ey HMOXBS e ESToo00sss Nissense 522

chrM:4943 MT-ND2 rs1603219681 A>G CE%?B&%?ZZ}_%;SSH Silent };ii

@ Variants discovered onto GRCh37 /hg19 assembly, but converted toGRCh38/hg38 assembly by liftOver software. @ Gene annotation is done by snpEff software using GENCODE v30 primary transcripts,
*: stop codon.
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Figure 2. Novel autism spectrum disorder (ASD) risk genes with de novo variants in the gene
network. Gene network (A-F) ASD risk genes with de novo variants in this study are circled in
red and positioned into six gene networks. A: DTX1, MTUS1, RASGRP1, and RUFY1. B: ADCY7,
ATXN1, IWS1, KCTD9, MT-ND2, NFKB1, and PPP1R16B. C: AMIGO1, HAX1, MYH14, RNH1, SNF8
and SYNM. D: AKNA, GMIP, LARS2, NEK1, and TFPT. E: CELSR3, COL6A2, HMIGXB4, PIEZO1,
RBM27, SEMBT?2, and UBACI. F: ANKRD27, TMEMS8A, and TTC21A.

3.1. Network A. DTX1, MTUS1, RASGRP1, and RUFY1

Four candidate genes interacting with 24 known ASD-related genes were included
in the gene network A (Figure 2A, Supplementary Table S5). Among these genes, a novel
de novo mutation in RUFY1 (RUN and FYVE Domain Containing 1) is believed to bind
with DYNC1H1 by protein—protein interactions. A de novo mutation of DYNC1H1 [28]
associated with epileptic encephalopathy [29] was found to be shared among different
neuropsychiatric disorders. RUFY1 is also related to metabolism and endocytosis pathways,
which is ubiquitously expressed in various tissues [30].

3.2. Network B. ADCY7, ATXN1, IWS1, KCTD9, MT-ND2, NFKB1, and PPP1R16B

In gene network B, the network was constructed using seven candidate genes and
nine known ASD-related genes (Figure 2B, Supplementary Table S5). The genes involved in
this network have protein—protein interactions that are connected with the NF-«B signaling
pathway. The key gene of this network is NFKBI, which is strongly associated with disease
related to immunodeficiency. Rett syndrome phenotypes presented in MECP2-null mice
indicate the key role of NF-«B signaling in RTT pathogenesis [31]. In addition, gastroin-
testinal dysfunction symptoms associated with autism include NFKB1 as a biomarker [32].
The interference of NFKB1 by siRNA decreases the expression of ANKRD1 in cultured
human aortic smooth muscle cells (HASMC). ANKRDI1 encodes a nuclear protein and
functions in global transcriptional regulation, and plays a role in the positioning and early
growth of neurons in the brain [33]. In particular, NFKB1 exhibited many connected canon-
ical pathways, indicating that the interactions are strongly connected to other proteins
related to the development and function of the nervous system (Supplementary Table S3).

ATXNT1 is associated with spinocerebellar ataxia 1 and spinocerebellar degeneration
by affecting AKT signaling and checkpoint regulation [34]. ATXNT1 is involved in the
transcriptional repression of the CIC (Capicu transcriptional repressor) protein, and de
novo mutations in CIC have been reported to occur in intellectual disabilities, attention
deficit/hyperactivity disorder (ADHD), and ASD [35]. Moreover, ATXN1 binds CIC to form
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a protein complex, and the disruption of this complex causes neurobehavioral phenotypes
in humans and mice [36]. ADCY?7 interacts with salivary secretion and DAG/IP3 signaling
pathways, and encodes a membrane-bound adenylate cyclase that catalyzes the formation
of cyclic AMP from ATP, which is inhibitable by calcium. Although DNMT3A is involved
in de novo DNA methylation and mutation processes that can cause overgrowth syndrome
with intellectual disabilities, the interference of mouse DNMT3A decreases the expression
of mouse ADCY7 in cardiomyocytes from embryonic mice, suggesting that interactions
exist between ADCY7 and DNMT3A [35]. In mouse oligodendrocyte progenitor cells,
knockout of TCFL2 decreases expression of PPP1R16B in the spinal cord, and de novo
mutations in TCF7L2 are involved in ASD [28]. Furthermore, PPP1R16B has a central role
in the integration of fast and slow neurotransmission in schizophrenia [37].

3.3. Network C. AMIGO1, HAX1, MYH14, RNH1, SNF8, and SYNM

The gene network C was constructed using six candidate genes and six known ASD-
related genes (Figure 2C, Supplementary Table S5). Among them, two genes showed
associations with neurological disorders. RNH1 binds to PTEN in the LN229 cell lysate,
while PTEN mutation is associated with ASD, as confirmed in an independent study [38,39].
Moreover, previous studies have reported that patients with 11p15.5 and 20q13.33 deletions,
which include mutations in RNH1, had conduct disorder (CD), ADHD, and intellectual dis-
abilities [40]. The HAX1 protein binds to CUL3, and de novo mutations of CUL3 have been
reported the relationship to WNT signaling and chromatin regulation [41]. Roberts et al.
reported that CMA (chromosomal microarray analysis) revealed an association between
ASD and a 1g21.3-q23.1 deletion, where the genomic position of HAX1 gene is [42].

3.4. Network D. AKNA, GMIP, LARS2, NEK1, and TFPT

The gene network D was constructed with five genes and five known ASD-related
genes (Figure 2D, Supplementary Table S5). GMIP, NEK1, and TFPT are involved in protein
interactions with XPO1. Previous research has shown that XPO1 (rs6735330) is significantly
associated with ASD in family-based studies [43]. This allele is significantly associated
with more severe deficits in social interaction, verbal communication, and repetitive be-
haviors. Therefore, such findings suggest that this allele is in high LD with a functional
polymorphism and a mutation in this gene may serve as a risk factor for ASD.

3.5. Network E. CELSR3, COL6A2, HMGXB4, PIEZO1, RBM27, SEFMBT2, and UBAC1

Seven candidate genes and three known ASD-related genes were included in the gene
network E (Figure 2E, Supplementary Table S5). Among these genes, CELSR3 is known
to be involved in childhood neurodevelopmental mental health issues [44]. Moreover,
mutations in CELSR3 were also identified in 51 patients with ASD and their families [45].
We discovered a total of 109 de novo variants, where 29 variants were found to be deleterious
or potentially causing deleterious effects, including CELSR3, which can affect the central
nervous system.

3.6. Network F. ANKRD27, TMEMS8A, and TTC21A

The gene network F was constructed using three genes and two known ASD-related
genes (Figure 2F, Supplementary Table S5). Rare copy number variations in ASD family
studies include genes that are primarily associated with ASD. The genetic association
analysis in the Korean subjects identified loss of heterozygosity (LOHs) with the risk of
Hirschsprung (HSCR) disease in TTC21A [46].

3.7. Evidence from Topologically Associating Domain (TAD) in TFPT and HAX1

Some of the de novo variants identified were associated with ASD or neurological
diseases within the TAD, which were associated with genes that significantly contribute to
ASD (Figure 3). TFPT, as observed in Figure 3A, was contained within CNOT3 in the same
TAD. A recent GWAS using whole genome sequencing in 5205 patients confirmed that
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Hippocampus.

18 candidate common genes, including CNOTS3, are associated with ASD [47]. As observed
in Figure 3B, HAX1 was contained within ASHIL in the same TAD, as well as the gene
network in Figure 2C. A total of 189 risk genes were sequenced using single-molecule
molecular inversion probes in 1543 Chinese ASD probands, and one of the prevalent genes
identified with recurrent de novo mutation was ASHIL. Furthermore, 208 candidate genes
from 11,730 cases were identified with ASHIL by clinical follow-up of the syndromic and
non-syndromic forms of the disease [48,49]. This result suggests that the two genes are
strongly associated with ASD, as supported by previous studies.

Hippocampus
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Figure 3. De novo variant genes associated with neurological functional genes in the TAD. (A) TFPT is associated with
CNOT3 in the same TAD. (B) HAX1 is associated with ASH1L in the same TAD.

4. Discussion

In this study, we performed exome sequencing to identify putative causal variants
of ASD in 51 Korean families, and identified 36 de novo variants. We identified putative
functional relationships with ASD by interaction network analysis, but our findings need
to be validated by further functional studies, possibly with other neurological diseases.
All variants were successfully validated using Sanger sequencing. Genetic network analyses
showed that the variants confirmed in this study are located in six different networks. Previ-
ous studies reported that these networks are functionally related to neuronal development
and various neurological or psychiatric conditions, including epileptic encephalopathy,
Rett syndrome, schizophrenia, intellectual disability, and ASD. For example, in network A,
RUFY1 showed interactions with the neuropsychiatric disorder-related gene DYNC1H1 [28].
RNHI1 from network C was associated with PTEN, which is a causative gene of ASD [50].
Other genes, such as GMIP, NEK1, TFPT, CELSR3, and TTC21A, also showed interactions
with ASD or other neurodevelopmental disorder-related genes in each gene network in the
previous studies [38—42]. We can infer that pathophysiological mechanisms derived from
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those genes or genetic networks is partially shared with ASD and other developmental
disturbances of central nervous system. Overall, interaction maps from the novel candidate
genes with known ASD-related genes suggested that our novel de novo variants are strong
candidates of risk genes for ASD.

We found novel de novo variants that might be functionally linked to ASD, which are
particularly related to functional genetic networks such as the NF-«B signaling pathway.
Among the interactions between the causal ASD de novo variants in this study, NF-«B
signaling-related genes are the most noteworthy, as those genes were commonly observed
in Network B (NFKB1) and F (NFKB1A and NFKBID) based on the IPA assay results
(Figure 2). Moreover, some individuals with ASD suffer from other neurological or physical
illnesses such as immune dysfunction, which may be induced by variable associated genes
related to several signal transduction such as NF-k{3 [51]. NF-«B is a transcription factor
involved in cellular immune and inflammatory responses, development, cell proliferation,
and apoptosis [52]. In addition, the NF-«B signaling pathway is an essential regulator
in the development and maturation of the nervous system [53]. During neurogenesis,
NEF-«B signaling mediates the effect of several biological factors such as cytokines and
growth factors, and facilitates crosstalk with other signaling pathways such as NOTCH,
SHH, and WNT/ 3-catenin [54]. Furthermore, several studies have reported that NF-«B
plays an important role in controlling axon and dendrite growth during development and
dendritic spine density in adults [55]. A previous study found that the NF-«B transcription
factor family is regulated by group I metabotropic glutamate receptors in the hippocampus
and the c-Rel transcription factor is necessary for long-term maintenance of long-term
depression (LTD) in the cells and formation of long-term memory [56]. It was recently
demonstrated that NF-«B is important in synaptic plasticity as well as in learning and
memory. Thus far, a relatively small number of NF-«kB target genes have been found in
neurons, including Ca?*-calmodulin-dependent protein kinase IT (CaMKII) §, brain-derived
neurotrophic factor, p-opioid receptors, neural cell adhesion molecule, inducible nitric
oxide synthetase, and amyloid precursor protein [57]. It is also well known that NF-«B is
a pro-inflammatory pathway and its activation is responsible for elevated inflammatory
cytokines. In the CNS, NF-kB-mediated transcriptional control regulates hundreds of
genes including the inflammatory responses such as microglia activation, which potentially
affects the brain homeostasis, neural connectivity, and thus behavior [58].

We can potentially attribute the complex clinical phenotypes that characterize ASD to
the NF-«B signaling, given the essential functions it plays in the mechanisms of brain devel-
opments. In studies with animal models, abnormal NF-«B signaling has been frequently
reported in valproic acid (VPA)-exposed models of ASD. These include elevated p65 expres-
sion after treatment with VPA in human neuroblastoma cell line SHSY-5Y, which provides
evidence that VPA affects the NF-«B pathway [59]. Another study reported that VPA inhibits
neural progenitor cell death by activating the NF-«B signaling pathway, which subsequently
enhances the expression of the antiapoptotic protein Bcl-XL [60]. Kishi et al. (2016) reported
that genetically reducing NF-«B signaling in Mecp2-null mice not only ameliorated cortical
callosal projection neurons and dendritic complexity, but also substantially extended their
normally shortened lifespan [31]. In studies with human samples, several reports indicate
that NF-kB concentrations were elevated in the serum of subjects with ASD and postmortem
samples of orbitofrontal cortex tissues [61,62].

With these findings, it is suggested that NF-«kB-related immune responses are altered
in the brain and periphery in the context of ASD [63]. Though more studies correlat-
ing neuroinflammation and immune cell function, within NF-kB and cytokine signaling,
are needed to broaden our understanding of ASD-related immunopathology, NF-xB may
be governing a broad range of neurological features such as neuronal development, home-
ostasis, as well as immune regulation in ASD [64]. Although it is unknown whether NF-«B
acts as a significant cause of ASD or regulates the onset of ASD as a cofactor, the evidence
generated in both human studies and animal models shows the influence NF-«kB in the
neurobiological basis of ASD [65].
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ASD is characterized by complex clinical phenotypes, it would be worth analyzing
the generic network according to the subjects” symptom profiles. Considering the relatively
high mean in the ADI-R domain scores and having ADOS modules 1 or 2 administered
to 98% of the subjects, it could be assumed that the NF-«B pathway might be associated
with a specific subset of ASD, especially those with typical, severe phenotypes. However,
the nine probands in our samples who have rare de novo variants in the genes interacting
with the NF-«B signaling pathway did not show significant differences in the algorithm
scores of ADI-R, as well as 1Q. Further replication studies would be needed to evaluate
quantitative relationships of NF-kB-related rare variants and specific phenotypes of ASD,
especially those with fluent language and/or normal range of 1Q.

Limitations

There are some limitations of this study. The relatively small size may affect the
results of novel ASD genes with de novo variants. We specifically searched for rare
variants in a small Korean cohort, and identifying variants using MAF filtering can result
in false negatives due to the small sample size. Moreover, we did not conduct a functional
experiment; therefore, distinguishing between rare nonfunctional and rare functional
variants is not feasible. In order to show a probable relationship with known autism-related
genes, we performed network analysis using IPA and demonstrated that some of the de
novo variants could be related. Due to the small sample size, we were unable to include
the subgroup analyses according to ASD symptom severity. Though we demonstrate a
possible signaling pathway (NF-«B) with the de novo variants in the Korean individuals
with ASD, we could not suggest the direct genetic causes by de novo variants. There is
recent speculation of genetic association between an SNP in NFKBILI and autism-like
traits [66]. However, there is still a lack of studies looking at the genetic association
between autism and NF-«kB related genes. Further genetic association studies with more
variants and populations are needed.

5. Conclusions

To identify putative causal rare genetic variants involved in ASD, we performed
exome sequencing in 51 Korean families with ASD. We identified 36 novel de novo genetic
variants. Interaction network analyses showed six different networks, possibly associated
with neurological development or functions, as well as various neurodevelopmental or
psychiatric conditions. The characterization of the network highlighted by the potential
role of NF-«kB signaling pathway in the pathogenesis of ASD.
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