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Abstract 
Genetic sequencing has identified high-confidence ASD risk genes with loss-of-function mutations. How the haploinsufficiency of 
distinct ASD risk genes causes ASD remains to be elucidated. In this study, we examined the role of four top-ranking ASD risk genes, 
ADNP, KDM6B, CHD2, and  MED13, in gene expression regulation. ChIP-seq analysis reveals that gene targets with the binding of these 
ASD risk genes at promoters are enriched in RNA processing and DNA repair. Many of these targets are found in ASD gene database 
(SFARI), and are involved in transcription regulation and chromatin remodeling. Common gene targets of these ASD risk genes include a 
network of high confidence ASD genes associated with gene expression regulation, such as CTNNB1 and SMARCA4. We further directly 
examined the transcriptional impact of the deficiency of these ASD risk genes. Our mRNA profiling with qPCR assays in cells with the 
knockdown of Adnp, Kdm6b, Chd2 or Med13 has revealed an intricate pattern of their cross-regulation, as well as their influence on the 
expression of other ASD genes. In addition, some synaptic genes, such as Snap25 and Nrxn1, are strongly regulated by deficiency of the 
four ASD risk genes, which could be through the direct binding at promoters or indirectly through the targets like Ctnnb1 or Smarca4. 
The identification of convergent and divergent gene targets that are regulated by multiple ASD risk genes will help to understand the 
molecular mechanisms underlying common and unique phenotypes associated with haploinsufficiency of ASD-associated genes. 
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Introduction 
Autism spectrum disorder (ASD) is a heterogenous neurodevelop-
mental disorder with the manifestation of core symptoms, such 
as social deficits and repetitive behaviors. Genetic sequencing 
has identified ∼100 high-confidence ASD risk genes with loss-
of-function mutations [1, 2]. Most of these ASD genes fall into 
two major functional groups: (1) gene expression regulation (GER), 
including chromatin regulators and transcription factors, (2) neu-
ronal communication (NC), including synaptic function [3]. While 
genetic studies have pointed to potential molecular mechanisms 
underlying ASD in general, we still do not know how the hap-
loinsufficiency of distinct ASD risk genes leads to a set of similar 
clinical outcomes. Many key questions remain to be investigated. 
For example, do ASD risk genes in GER group regulate each other? 
Do ASD risk genes in GER group have common or unique targets? 
Are there connections between the two groups (GER and NC) of 
ASD risk genes? In this study, we attempted to address these 
questions by focusing on four top-ranking ASD risk genes involved 
in chromatin and transcription regulation, ADNP, KDM6B, CHD2 
and MED13 [4]. 

ADNP, which encodes activity-dependent neuroprotective pro-
tein (ADNP), contains 9 N-terminal zinc-fingers and a C-terminal 
homeobox domain, suggesting transcription factor activity. It is 
involved in gene silencing through interacting with heterochro-
matin protein 1 (HP1) for H3K9me3 modification, establishing 
inaccessible chromatin around its DNA-binding sites, and 

counteracting chromatin looping at CTCF sites [5–7]. ADNP 
is also involved in the regulation of microtubules, autophagy, 
neural differentiation, synaptic function and cognitive behaviors 
[2, 8–11]. 

KDM6B encodes a histone demethylase that specifically 
demethylates the repressive epigenetic marks, di- or tri-methylated 
lysine 27 of histone H3 (H3K27me2/3). Through its demethylation 
activity, KDM6B influences Hox gene expression and animal 
body patterning, cellular differentiation and development, and 
inflammatory responses [12–14]. 

CHD2 encodes a member of the Chromodomain-helicase-DNA-
binding protein (CHD) family proteins characterized by the pres-
ence of chromo (chromatin organization modifier) domains and 
SNF2-related helicase/ATPase domains. CHD family proteins alter 
gene expression by binding to gene promoters, controlling access 
to DNA for the transcriptional apparatus via chromatin remod-
eling [15–17]. Chd2 haploinsufficiency leads to broad transcrip-
tional changes, aberrant cortical network function and impaired 
long-term memory [18]. 

MED13 encodes a component of the mediator complex, a 
transcriptional coactivator complex required for gene expression. 
Recruited by various transcriptional activators and nuclear recep-
tors, the mediator complex plays a key role in facilitating initial 
steps of gene expression by interacting with RNA polymerase II 
and promoting the formation of transcriptional pre-initiation 
complex [19, 20]. The biological role of MED13 in neuronal 
development and brain function is largely unknown.
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Figure 1. Enriched biological pathways of gene targets of four ASD risk genes. (A–D), Bar graphs showing the gene ontology (GO) pathways of gene targets 
of ADNP (A), KDM6B (B), CHD2 (C) and MED13 (D) identified from their binding at gene promoters in ChIPseq data. 

To better understand the role of ADNP, KDM6B, CHD2, and 
MED13 in ASD, we performed ChIP-seq analysis of their gene 
targets to reveal the enriched pathways and networks. Based on 
the bioinformatic data, we further examined the transcriptional 
impact of knockdown of each of the four ASD risk genes. Results 
from this work provide a framework of the convergent and diver-
gent targets that are directly or indirectly influenced by multiple 
ASD risk genes, which will help to understand the molecular 
mechanisms underlying common and unique phenotypes asso-
ciated with haploinsufficiency of these ASD genes. 

Results 
ChIP-seq analysis reveals convergent gene 
targets of four ASD risk genes 
To find out targets of the four ASD risk genes, we examined 
ChIP-seq data showing the occupancy of these transcriptional 
regulators at the promoter regions of genes across the whole 
genome. All the 2534 genes with ADNP binding at 5 Kb of TSS 
(transcription start site) and the top 2000 genes with KDM6B, 
CHD2, or MED13 binding at 1 Kb of TSS were selected for analyses 
(Supplementary Table 2). Gene Ontology (GO) enrichment assay 
(Supplementary Table 3) indicated that gene targets of ADNP 
(Fig. 1A) were enriched in protein ubiquitination, DNA repair, pro-
tein transport, and chromatin remodeling. Gene targets of KDM6B 
(Fig. 1B) were enriched in protein ubiquitination, protein trans-
port, DNA repair and mRNA processing. Gene targets of CHD2 
(Fig. 1C) were enriched in RNA processing and splicing, protein 
ubiquitination, and DNA repair. Gene targets of MED13 (Fig. 1D) 
were enriched in RNA processing and splicing, and DNA repair. 

These data suggest that the four ASD risk genes are commonly 
targeting genes involved in RNA/DNA regulation. 

Next, we compared gene targets of the four ASD risk genes 
with ASD gene database (SFARI) that contains 1128 genes in 4 
Categories (Syndromic, High Confidence, Strong Candidate, Sug-
gestive Evidence, Supplementary Tables 4 and 5). Among ADNP 
targets, 126 genes were found in ASD gene database (Fig. 2A), 
and they were enriched in transcription regulation and chro-
matin remodeling (Fig. 2B). Among KDM6B targets, 113 genes were 
found in ASD gene database (Fig. 2C), and they were enriched 
in transcription regulation and chemical synaptic transmission 
(Fig. 2D). Among CHD2 targets, 116 genes were found in ASD 
gene database (Fig. 2E), and they were enriched in transcription 
regulation, chromatin remodeling, and DNA damage response 
(Fig. 2F). Among MED13 targets, 98 genes were found in ASD 
gene database (Fig. 2G), and they were enriched in transcription 
regulation (Fig. 2H). These data suggest that the four ASD risk 
genes regulate many other ASD genes primarily in GER group. 

We further constructed protein–protein interaction (PPI) 
networks of gene targets of the four ASD risk genes that belong 
to the 232 High Confidence (HC) ASD genes (SFARI). Among 
the 37 ADNP targets of ASD genes (Fig. 3A), CTNNB1, which 
encodes β-catenin (a dual function protein involved in cell–cell 
adhesion and gene transcription), was a hub gene with direct or 
indirect connections to histone modifiers (KMT2A, KDM3B, SETD5), 
chromatin remodelers (CHD3, CHD2, POGZ) and mediator complex 
component (MED13L). Among the 23 KDM6B targets of ASD genes 
(Fig. 3B), SMARCA4, which encodes a member of the SWI/SNF 
family of chromatin remodeler and transcription activator BRG1, 
was a hub gene connecting to other epigenetic enzymes (KMT2C,

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddae058/7642151 by H

arish Sikka user on 09 April 2024

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae058#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae058#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae058#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae058#supplementary-data


Molecular regulation by multiple ASD high risk genes | 3

Figure 2. Overlapping of gene targets of four ASD risk genes with ASD genes. (A, C, E, and G) Venn diagrams showing the overlap of gene targets of ADNP 
(A), KDM6B (C), CHD2 (E) and MED13 (G) with ASD gene database (SFARI) that contains 1128 genes in all categories. (B, D, F, and H) Bar graphs showing 
the GO pathways of ASD-related gene targets of ADNP (B), KDM6B (D), CHD2 (F) and MED13 (H). 
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Figure 3. Protein–protein interaction (PPI) network of ASD-related gene targets of four ASD risk genes. (A–D) Networks of targets of ADNP (A), KDM6B 
(B), CHD2 (C) and MED13 (D) overlapped with high-confidence (HC) ASD genes (SFARI). Edges represent protein–protein associations based on known or 
predicted interactions. 

MECP2) and a set of synaptic genes, including NLGN2 (encoding 
Neuroligin-2, a neuronal surface protein at GABAergic inhibitory 
synapses), DLG4 (encoding PSD-95, a postsynaptic density protein 
at glutamatergic synapses), and SYN1 (encoding Synapsin I, a 
presynaptic vesicle protein). Among the 37 CHD2 targets of 
ASD genes, chromatin regulators (ADNP, POGZ, KMT5B, KDM5B, 
KDM5C) were predominant ( Fig. 3C). Among the 17 MED13 
targets of ASD genes (Fig. 3D), transcription regulators (CTNNB1, 
SMARCA4, DNMT3A) and synaptic proteins (SYN1, GRIA2) were  

present. These data suggest that the four ASD risk genes regulate 
a network of ASD genes mainly involved in chromatin and 
transcription regulation. 

To reveal the commonality of the four ASD risk genes, we exam-
ined the overlap of their gene targets that belong to ASD gene 
database (SFARI) (Supplementary Table 6). As shown in Fig. 4A, 
ADNP shared 26 ASD genes with CHD2, 24 ASD genes with KDM6B, 
and 16 ASD genes with MED13, while KDM6B shared 18 ASD genes 
with CHD2 and 19 ASD genes with MED13, and CHD2 shared 17
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Figure 4. Common ASD-related targets of four ASD risk genes. (A) Venn diagram showing the overlap of ASD-related targets of ADNP, KDM6B, CHD2 
and MED13. (B) Bar graphs of GO pathways of ASD-related targets that are common for at least two of the four ASD risk genes. (C) PPI network of the 
ASD-related common targets from B. Bold: hub proteins. Dark nodes: proteins involved in chromatin organization. (D) Human and mouse ChIP-seq data 
showing ADNP, KDM6B, CHD2 and MED13 enrichment at Ctnnb1 promoter (marked by H3K4me3 and H3K27ac peaks). 

ASD genes with MED13. GO analysis of common targets in ASD 
gene database that are shared by any two of the four ASD risk 
genes ( Fig. 4B) indicated that they were enriched in transcription 
regulation and chromatin remodeling. PPI of these common gene 
targets (Fig. 4C) showed that CTNNB1 and SMARCA4 were hubs 
connecting to other chromatin and transcription regulators, such 
as ADNP, POGZ, KDM4B, KDM3A, EP400, and NCOR1. Genome 
browser of ChIP-seq landscape also confirmed the enrichment 
of ADNP, KDM6B, CHD2 and MED13 at the promoter of CTNNB1 
(Fig. 4D). These data suggest that the four ASD risk genes converge 
on common ASD targets in GER group, such as CTNNB1 and 
SMARCA4, which could further regulate the transcription of more 
genes. 

Alteration of genes by the deficiency of four ASD 
risk genes 
To determine the transcriptional impact of haploinsufficiency 
of the four ASD risk genes, we designed shRNA against Adnp, 

Kdm6b, Chd2 and Med13, transfected each into N2A mouse cell 
line, followed by mRNA profiling with qPCR experiments. First, we 
examined whether these ASD risk genes regulate each other. As 
shown in Fig. 5A, Adnp knockdown induced a significant increase 
of Med13 without altering Kdm6b and Chd2. Kdm6b knockdown 
reduced Andp expression, but induced a significant increase of 
Chd2 and a modest increase of Med13 (Fig. 5B). Chd2 knockdown 
substantially increased Kdm6b, and slightly reduced Adnp (Fig. 5C). 
Similarly, Med13 knockdown significantly increased Kdm6b and 
decreased Adnp (Fig. 5D). These data have revealed an intricate 
cross-regulatory pattern of the four ASD risk genes: Adnp is 
reduced by deficiency of all the other three ASD risk genes; Kdm6b 
is elevated by deficiency of Chd2 or Med13; Chd2 is increased 
only by Kdm6b deficiency; and Med13 is increased mainly by 
deficiency of Adnp. 

Next, we examined whether these ASD risk genes regulate 
downstream targets identified in our ChIP-seq analysis. One of 
the common targets, Ctnnb1, was strongly increased by Adnp
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Figure 5. Cross regulation of four ASD risk genes. (A–D) Bar graphs showing the RT-qPCR data of Adnp, Kdm6b, Chd2 and Med13 mRNA levels in N2A cells 
transfected with shRNA against each of the four ASD risk genes. (A) Adnp, 49% knockdown, P = 0.0001, Med13, 40% increase, P = 0.0004; (B) Kdm6b, 57% 
knockdown, P = 0.0006; Adnp, 38% decrease, P = 5E-05; Chd2, 33% increase, P = 0.0007; Med13, 18% increase, P = 0.03; (C) Chd2, 50% knockdown, P = 6E-05; 
Adnp, 20% decrease, P = 0.05; Kdm6b, 97% increase, P = 3E-06; (D) Med13, 43% knockdown, P = 0.002; Adnp, 27% decrease, P = 0.008; Kdm6b, 65% increase, 
P = 0.0003, n = 6–9/group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, unpaired t-test. 

knockdown ( Fig. 6A), but was strongly decreased by Med13 knock-
down (Fig. 6D). Another common target, Smarca4, was  modestly  
but significantly increased by deficiency of each of the four ASD 
risk genes (Fig. 6A–D). Several ASD genes in GER group identified 
as targets of the four ASD risk genes were also altered by their defi-
ciency: Adnp knockdown significantly increased Pogz and Med13l, 
Kdm6b knockdown increased Kmt2c, Chd2 knockdown decreased 
Pten, and Med13 knockdown decreased Dnmt3a. 

To find out whether there are connections between the two 
groups (GER and NC) of ASD risk genes, we also examined the 
impact of the four ASD risk genes on synaptic genes. While a few 
ASD genes in NC group were found to have the occupancy of these 
ASD risk genes at their promoters (Fig. 3), only Dlg4 and Gria2 
were significantly elevated by Kdm6b knockdown (Fig. 6B). Since 
Ctnnb1 and Smarca4 are common targets of the four ASD risk genes 
(Fig. 4), we speculated that synaptic genes might be affected by 
these transcription regulators. To test this, we examined Snap25, 
which encodes a core component of SNARE complex that is essen-
tial for transmitter release, and Nrxn1, which encodes presynaptic 
cell adhesion protein Neurexin-1 that is important for synaptic 
assembly. ChIP-seq landscape at Snap25 promoter region showed 
no enrichment of ADNP, Kdm6b or Chd2, but prominent binding 
peaks of Med13, Ctnnb1 and Smarca4 (Fig. 7A). Our qPCR assays 

revealed that Snap25 and Nrxn1 were significantly decreased by 
knockdown of Adnp, but were strongly increased by knockdown 
of Kdm6b, Chd2 or Med13 (Fig. 7B–E). These data suggest that 
synaptic genes in NC group could be indirectly influenced by 
ASD risk genes probably via downstream targets in GER group 
(Fig. 7F). 

Discussion 
Given the predominance of chromatin and transcription regula-
tors in ASD risk genes [1, 3, 4], a main pathogenic mechanism for 
the disease is likely related to gene dysregulation [21–24]. In this 
study, we have revealed the gene targets of four top-ranking ASD 
risk genes that represent different categories, ADNP (a transcrip-
tion and chromatin regulator), KDM6B (a histone modifier), CHD2 
(a chromatin remodeler), and MED13 (a mediator complex sub-
unit). ADNP has been linked to gene silencing through multiple 
chromatin modifying mechanisms [5–7]. KDM6B removes repres-
sive H3K27me3, but also has a H3K27 demethylase-independent 
role in chromatin remodeling in terminally differentiated cells: 
it acts as a link between T-box factors and the SMARCA4-
containing SWI/SNF remodeling complex to regulate T-box family 
member-dependent gene expression [25]. Chd2 deficiency leads to
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Figure 6. Regulation of gene targets by deficiency of four ASD risk genes. (A–D) Bar graphs showing the RT-qPCR data of key gene targets in N2A cells 
transfected with shRNA against each of the four ASD risk genes. (A) Adnp KD: Ctnnb1, 53% increase, P = 0.001, Smarca4, 41% increase, P = 0.02, Pogz, 27% 
increase, P = 0.02, Med13l, 24% increase, P = 0.0008; (B) Kdm6b KD: Smarca4, 17% increase, P = 0.004, Kmtc2, 31% increase, P = 0.007, Dlg4, 46% increase, 
P = 0.0007, Gria2, 59% increase, P = 2E-05; (C) Chd2 KD: Smarca4, 23% increase, P = 0.02, Pten, 17% decrease, P = 0.02; D, Med13 KD: Ctnnb1, 51% decrease, 
P = 0.0002, Smarca4, 21% increase, P = 0.05, Dnmt3a, 20% decrease, P = 0.02, n = 6–9/group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, unpaired t-test. 

differential expression of transcription factors, epigenome 
regulators, synaptic molecules and Wnt pathway genes, which 
may contribute to the deficits in neural circuit development and 
long-term memory [ 18]. MED13 is a subunit in the mediator 
complex required for gene activation, but also forms a sub-
complex with MED12, CDK8 and cyclin C, which can exert negative 
control over the transcriptional activators and switch to repress 
gene expression [26, 27]. Thus, the four ASD risk genes could 
control gene networks in a complex manner. 

From ChIP-seq data, we have found that each of the four ASD 
risk genes binds to the promoter region of thousands of genes, 
and these targets are commonly enriched in RNA processing and 
DNA repair. Many of the target genes of the four ASD risk genes 
are transcription regulators found in ASD gene database (SFARI), 
suggesting that the four ASD risk genes can directly influence 
convergent networks of other ASD genes involved in gene expres-
sion regulation. Common gene targets of the four ASD risk genes 
are mostly transcription regulators and chromatin remodelers, 
such as CTNNB1 and SMARCA4, providing additional avenues for 
the regulation of more genes. 

While bioinformatic analyses have suggested the common 
and unique targets of the four ASD risk genes, we directly 

examined the transcriptional impact of their deficiency. First, 
we have revealed that the four ASD risk genes regulate each 
other. The convergent reduction of Adnp by knockdown of Kdm6b, 
Chd2 or Med13 suggests that Adnp deficiency may play a role in 
ASD caused by different risk genes. The increased expression 
of Med13 (by Adnp knockdown), Chd2 (by Kdm6b knockdown), 
and Kdm6b (by Chd2 or Med13 knockdown) provides a potential 
compensatory effect for the haploinsufficiency of a single ASD 
risk gene. 

Next, we have revealed that subsets of the high-confidence 
ASD genes in GER group with the occupancy of the four ASD risk 
genes at their promoters, including Ctnnb1, Smarca4, Pogz, Kmt2c, 
and Pten, are indeed transcriptionally regulated by deficiency of 
these ASD risk genes. Moreover, we have found that some synaptic 
genes, such as Snap25 and Nrxn1, are strongly regulated by defi-
ciency of the four ASD risk genes, which could be through the 
direct binding at promoters (e.g. for Med13) or indirectly through 
the targets like Ctnnb1 or Smarca4. 

The molecular network altered by multiple ASD risk genes 
could influence important biological processes. One of the 
convergent biological impact of the aberrant expression of 
ASD risk genes and their targets could be the dysregulation of
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Figure 7. Alteration of synaptic genes in cells with the deficiency of four ASD risk genes. (A) ChIP-seq data showing the enrichment of Med13, Ctnnb1 and 
Smarca4, but not Adnp, Kdm6b and Chd2, at Snap25 promoter. (B–E) Bar graphs showing the RT-qPCR data of Snap25 and Nrxn1 in N2A cells transfected 
with shRNA against the four ASD risk genes. (B) Adnp KD: Snap25, 22% decrease, P = 0.006, Nrxn1, 40% decrease, P = 0.001; (C) Kdm6b KD: Snap25, 153% 
increase, P = 2.99E-06, Nrxn1, 52% increase, P = 3.21E-5; (D) Chd2 KD: Snap25, 103% increase, P = 1.32E-08, Nrxn1, 102% increase, P = 1.44E-07; (E) Med13 
KD: Snap25, 528% increase, P = 0.0001, Nrxn1, 81% increase, P = 0.0001, n = 6–9/group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, unpaired t-test. (F) A schematic 
model illustrating the regulatory networks of four ASD high risk genes, ADNP, KDM6B, CHD2 and MED13. They not only regulate each other, but also 
influence the transcription of many other ASD genes involved in gene expression regulation, such as CTNNB1 and SMARCA4, which can further alter 
the expression of synaptic genes, such as SNAP25 and NRXN1. 

neuronal development. For example, ADNP, via the recruitment 
of HP1 and CHD4, regulates the expression of lineage-specifying 
genes, therefore governing cell fate plasticity [ 6]. ADNP also 
promotes neural induction and differentiation by enhancing 
Wnt signaling via stabilizing β-Catenin [10]. KDM6B regulates 
the differentiation of cerebellar granule neurons by inducing 
a mature neuronal gene expression program, which includes 
gene products required for functional synapse maturation [28]. 
CHD2 is required for differentiation of mouse embryonic stem 
cells [17] and neurogenesis in the developing cerebral cortex 
[29]. CHD2 deficiency leads to deficits in neuron proliferation 
[18]. Loss of SMARCA4 impairs cerebellar development, which 
is likely through an enhanced activity of Wnt/β-catenin sig-
naling [30]. Hence, ASD genes could profoundly influence the 
differentiation of neural progenitor cells into various types of 
neurons and glial cells by regulating the genes and pathways 
that determine the fate of neural stem cells in the developing 
brain. 

Another convergent biological impact of the aberrant expres-
sion of ASD risk genes and their targets could be the dysregulation 
of synaptic function. For example, ADNP deficiency reduces den-
dritic spine density and alters synaptic gene expression [2]. Con-
ditional knockout of KDM6B in excitatory neurons reduces spine 
density, synaptic vesicle number and synaptic activity by upregu-
lating VGLUT1/2 through demethylating H3K27me3 at their pro-
moters [31]. CTNNB1 regulates the coordinated changes in den-
dritic morphology and unitary excitatory synaptic strength [32]. 
The suppression of Snap25 and Nrxn1 by Adnp deficiency may 
contribute to the diminished synaptic structure and function in 
ADNP haploinsufficiency [2, 11]. On the other hand, the elevation 
of Snap25 and Nrxn1 by deficiency of Kdm6b, Chd2 or Med13 
may contribute to the impairment of synaptic homeostasis and 
excitation/inhibition balance in ASD [33, 34]. 

Taken together, this study has revealed a molecular network 
regulated by multiple ASD risk genes. Dysregulation of these 
genes could collectively contribute to the aberrant behavioral
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manifestations in ASD. Identification of convergent key genes and 
their connections could help develop more effective therapeutic 
targets for the complex brain disorder. 

Materials and methods 
Bioinformatic analysis of ChIP-seq data 
ADNP, KDM6B, CHD2 and MED13 ChIP-seq data were acquired 
from available datasets in ChIP-Atlas [http://chip-atlas.org/ 
target_gene]. ADNP ChIP-seq (GSE97945) was performed on 
mouse embryonic stem cells; KDM6B ChIP-seq (GSE36673, 
GSE38269) was performed on mouse embryonic brains; CHD2 
ChIP-seq (GSE136499) was performed on mouse embryonic stem 
cells; MED13 ChIP-seq (GSE170110) was performed on human 
liver cells. ChIP-seq landscapes were generated using BigWig files 
and Integrative Genomics Viewer (IGV) Web App [https://igv.org] 
[35]. 

EnrichR [https://maayanlab.cloud/Enrichr/] [36, 37] was used  
to identify enriched categories of the gene targets of ADNP, 
KDM6B, CHD2 and MED13. ASD genes were downloaded from 
SFARI GENE with all the 4 gene scores (Cat. S: Syndromic; Cat. 
1: High Confidence, Cat. 2: Strong Candidate, Cat. 3: Suggestive 
Evidence) on all chromosomes [https://gene.sfari.org/database/ 
human-gene/]. InteractiveVenn [http://www.interactivenn.net/] 
[38] was used to detect overlapping genes among gene sets. 
String database [https://string.db] [39] was used to create protein– 
protein interaction (PPI) network for genes. CytoHubba [40] app in 
Cytoscape (version 3.9.0) [41] was used to detect top ranking hub 
genes using the Maximal Clique Centrality algorithm. 

Gene knockdown and quantitative real-time 
RT-PCR 
Short-hairpin RNA (shRNA) against mouse Adnp, Kdm6b, 
Chd2 or Med13 was designed using Millipore Sigma Pre-
designed shRNA (https://www.sigmaaldrich.com/US/en/semi-
configurators/shrna?activeLink=productSearch). Adnp shRNA 
sequence was CCTACAGATACCCTACTCA. Kdm6b shRNA sequence 
was CCTCGTCATCTCAGTTCTCTA. Chd2 shRNA sequence was 
CAAGAACCATCACGATTTAAT. Med13 shRNA sequence was 
ACCGAAACTTTGTACGAATTG. The shRNA was cloned into a GFP-
tagged adeno-associated virus (AAV) vector under the control 
of U6 promotor (Addgene, Cat. # 85741). The shRNA plasmid 
was transfected into 65-70% confluent mouse N2a cells using 
Lipofectamine 3000 (Invitrogen). After 48 hr transfection, RNA 
was extracted for qPCR experiments. 

Total RNA was isolated from N2A cells using Trizol reagent 
(Invitrogen). Then iScriptTM cDNA synthesis Kit (Bio-Rad) was 
used to obtain cDNA from the mRNA. Quantitative real time PCR 
was carried out using the iCycler iQ™ RealTime PCR Detection 
System and iQ™ Supermix (Bio-Rad) according to manufacturer’s 
instructions. In brief, GAPDH was used as the housekeeping gene 
for quantitation of the expression of target genes in samples 
transfected with the shRNA plasmid for each of the four ASD 
risk genes or the GFP control AAV vector (Addgene, Cat. # 
85741). Fold changes in the target genes were determined by: 
Fold change = 2-�(�CT), where �CT = CT(target) - CT(GAPDH), and
�(�CT) = �CT(shRNA) - �CT(GFP). CT (threshold cycle) is defined 
as the fractional cycle number at which the fluorescence reaches 
10× of the standard deviation of the baseline. A total reaction 
mixture of 20 μl was amplified in a 96-well thin-wall PCR plate 
(Bio-Rad) using the following PCR cycling parameters: 95◦C for  
3 min with 39 cycles of 95◦C for 15 s, 60◦C for 45 s, and followed by 

melt curve analysis with 55–95◦C, 0.5◦C increment, and 5 s/step. 
Primers for all target genes are listed in Supplementary Table 1. 

Statistical analyses 
Statistical analyses were performed with GraphPad Prism. Data 
were tested for normality before parametric analysis. Experi-
ments with two groups were analyzed using two-tailed unpaired 
t-tests. All data points represent samples from distinct N2A cell 
cultures. All data are presented as the mean ± SEM. 
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