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Epigenetic regulation plays a critical role in many neurodevelopmental disorders (NDDs), including autism spectrum disor-

der (ASD). In particular, many such disorders are the result of mutations in genes that encode chromatin-modifying pro-

teins. However, although these disorders share many features, it is unclear whether they also share gene expression

disruptions resulting from the aberrant regulation of chromatin. We examined five chromatin modifiers that are all linked

to ASD despite their different roles in regulating chromatin. Specifically, we depleted ASH1L, CHD8, CREBBP, EHMT1, and

NSD1 in parallel in a highly controlled neuronal culture system. We then identified sets of shared genes, or transcriptional

signatures, that are differentially expressed following loss of multiple ASD-linked chromatin modifiers. We examined the

functions of genes within the transcriptional signatures and found an enrichment in many neurotransmitter transport genes

and activity-dependent genes. In addition, these genes are enriched for specific chromatin features such as bivalent domains

that allow for highly dynamic regulation of gene expression. The down-regulated transcriptional signature is also observed

within multiple mouse models of NDDs that result in ASD, but not those only associated with intellectual disability. Finally,

the down-regulated transcriptional signature can distinguish between control and idiopathic ASD patient iPSC-derived neu-

rons as well as postmortem tissue, demonstrating that this gene set is relevant to the human disorder. This work identifies a

transcriptional signature that is found within many neurodevelopmental syndromes, helping to elucidate the link between

epigenetic regulation and the underlying cellular mechanisms that result in ASD.

[Supplemental material is available for this article.]

Neurodevelopmental disorders (NDDs) that result in autism spec-
trumdisorder (ASD) are caused by both environmental and genetic
factors. Evenwithin the subset of disorders that have a clear genet-
ic cause, each individual syndrome stems from a unique mutation
in an increasingly long list of ASD susceptibility genes. Such het-
erogeneity has made it difficult to develop a unifying model of
the disruptions that lead to shared phenotypes or to develop treat-
ments that address shared underlying causes. However, recent
studies demonstrated that a disproportionate number of ASD sus-
ceptibility genes encode epigenetic regulators (O’Roak et al. 2012;
Parikshak et al. 2013; De Rubeis et al. 2014; Iossifov et al. 2014). In
particular, many such mutations are found in proteins that regu-
late chromatin, the complex of DNA and histone proteins that
helps to regulate transcription.

Histones are regulated by numerous post-translational modi-
fications, such as acetylation and methylation, that ultimately af-
fect transcription. These modifications recruit transcriptional
regulators and allow chromatin to transition between open and
closed states that are permissive or repressive to transcription,
thus providing a complex code that regulates gene expression
(Strahl and Allis 2000; Turner 2000; Jenuwein and Allis 2001;
Berger 2007). The importance of this “histone code” is becoming
increasingly appreciated in neuroscience, from its function in
memory formation to its involvement in NDDs (Borrelli et al.
2008; Peixoto and Abel 2013; Rangasamy et al. 2013). However,
it remains unclear if different forms of syndromic ASD that result
from mutations in distinct chromatin regulators share transcrip-
tional disruptions.

Determiningwhether disruption ofmultiple syndromic ASD-
linked chromatin modifiers with disparate functions leads to over-
lapping gene expression changes presents multiple challenges.
Thus far, such chromatin modifiers have been analyzed individu-
ally in different systems but never in parallel in a controlled genet-
ic background. As a result, although our understanding of these
disorders has improved drastically in recent years, previous studies
were not designed to allow for a comparison between different
causes of ASD or to identify common pathways that underlie
shared phenotypes. Work examining the effects of loss of these
chromatin-modifying proteins in animals is also confounded by
the full body and lifelong loss of these proteins throughout devel-
opment. Thus, the complexity of the compensatory response and
other related health effects may occlude any relevant transcrip-
tional signature that could answer these outstanding questions.
Finally, many NDDs result in a range of phenotypes and often
cause both ASD and intellectual disability (ID), so identifying
which underlying epigenetic disruptions are associated with one
or both phenotypes pose additional hurdles. To overcome these
challenges, we examined the effects of depleting multiple ASD-
linked chromatin modifiers in parallel, in neurons in a controlled
genetic background, with the goal of defining the common gene
expression patterns shared across multiple forms of ASD.
Identifying such patterns has the potential to provide novel in-
sights into the cellular disruptions that contribute to ASD and
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how mutations in a diverse array of histone-modifying enzymes
can lead to common phenotypic outputs.

Results

Defining gene expression profiles of syndromic ASD-linked

chromatin modifiers

We sought to determine if the loss of different chromatin-modify-
ing enzymes linked to relatedNDDs results in a common transcrip-
tional signature. To define such a signature, we focused on five
chromatin modifiers, ASH1L, CHD8, CREBBP, EHMT1, and
NSD1, associated with syndromes that include ID and ASD traits
(Table 1). Of the many chromatin regulators linked to such disor-
ders (Neale et al. 2012; O’Roak et al. 2012; Sanders et al. 2012; De
Rubeis et al. 2014; Iossifov et al. 2014), we chose from the subset
that led to well-defined syndromes caused by loss-of-functionmu-
tations or deletions (Petrif et al. 1995; Tanaka et al. 1997; Bartsch
et al. 1999; Kurotaki et al. 2002; Douglas et al. 2003; Kleefstra
et al. 2006; Schorry et al. 2008; Abrahams et al. 2013; Okamoto
et al. 2017; Stessman et al. 2017). This ensured that we examined
proteins whose loss results in NDDswith high penetrance.We fur-
ther selected for chromatin regulators with mouse models that re-
capitulate the features of the associated disorder to ensure that
mouse neuronal models are an appropriate system in which to
study their function (Coupry et al. 2002; Kurotaki et al. 2002;
Niikawa 2004; Kleefstra et al. 2006, 2009; Neale et al. 2012;
Bernier et al. 2014; Eram et al. 2015; Benevento et al. 2016; Shen
et al. 2019; Gao et al. 2021). In addition, these five proteins are
among the top ASD risk genes as identified by TADA analysis (Fu
et al. 2021), with four of the five in the top 100 susceptibility genes
for idiopathic ASD. They also fall into the same gene expression
module (based on BrainSpan data), which contains the greatest en-
richment of ASD susceptibility genes (Miller et al. 2014; Ji et al.
2016). Finally, we selected a set of chromatin modifiers that have
a diverse array of functions in chromatin. These proteins target dif-
ferent substrates in chromatin, including modifying different his-
tone proteins and residues. They also perform a diverse array of
functions such as adding different types of modifications. For ex-
ample, CREBBP acetylates histones; EHMT1 methylates H3K9;
and ASH1L and NSD1 promote different methylation states of
H3K36 (Tachibana et al. 2008; Thompson et al. 2008; Jin et al.
2011; Qiao et al. 2011; Miyazaki et al. 2013). Further, some are as-
sociated with active gene expression (CREBBP, ASH1L, NSD1)
whereas others are associated with repressive gene expression

(EHMT1, CHD8). Thus, we would not expect these proteins to tar-
get the same set of genes or their loss to result in similar transcrip-
tional profiles solely based on having shared functions in
modulating chromatin. Instead, the major commonality between
these proteins is that their disruption leads to ID and ASD, so any
overlapping gene expression changes aremore likely to be relevant
to shared phenotypic output.

To study the effects of the loss of these chromatinmodifiers in
parallel, we used a primary neuronal culture system and lentiviral
shRNA knockdown of each chromatinmodifier (Fig. 1A). There are
several advantages to this approach: (1) This culture method
generates a purely neuronal population (Brockes et al. 1979;
Dotti et al. 1988; Korb et al. 2015) and thus avoids the heterogene-
ity of brain tissue and the compounding effects of a system-wide
knockout (KO); (2) neurons are cultured from embryonic mouse
brains (E16.5), which allows for the investigation of early neuronal
development time points that are relevant to the onset of NDDs
and ASD; (3) neurons are analyzed 5 d after knockdown, thus
avoiding long-term compensatory responses resulting from life-
long loss of function; (4) within each biological replicate derived
from separate litters, each candidate gene is knocked down simul-
taneously from neurons cultured from the same embryos (with
both male and female pups pooled), thereby controlling for both
genetic background (C57BL/6J), developmental time point, and
variation between animals; and (5) multiple replicates can be gen-
erated and processed in parallel to allow for a high degree of rigor
using true biological replicates (each coming from separate litters
of mice) while also minimizing technical variability. Although
ID and ASD can be caused by atypical brain region connectivity
that cannot be detected in our system, our goal is to define the un-
derlying cellular mechanisms within neurons that ultimately lead
to wider disruptions.

Primary cultured neuronswere infectedwith lentiviruses con-
taining shRNAs targeting each syndromic ASD-linked chromatin
modifier or with a nontargeting control shRNA at 5 d in culture.
Neurons were then collected 5 d after infection to allow for robust
depletion of target proteins. We used RT-qPCR to examine the de-
gree of knockdown achieved through lentiviral infection and con-
firmed depletion of all target transcripts (Supplemental Fig. 1A–E).
In most cases, both RT-qPCR and RNA sequencing (RNA-seq) data
(Fig. 1B–F; Supplemental Fig. 1A–J) demonstrated that depletion of
each chromatinmodifier specifically caused loss of only that target
without disrupting expression of the other four targets. This sug-
gests that these five chromatin modifiers do not directly target
each other. We further confirmed knockdown of the target

Table 1. Candidate proteins

Protein Function Target (mark) Associated syndrome ASD ID Ms

ASH1L Histone lysine
methyltransferase

H3K36 (me3) Emerging MCA/ID disorder X X X

CHD8 Chromodomain helicase Chromatin remodeler; recruitment of other
complexes

Autism 18; CHARGE syndrome X X X

CREBBP Histone acetyltransferase Promiscuous; H3 lysines (Ac) Rubinstein–Taybi syndrome X X X

EHMT1 Histone lysine
methyltransferase

H3K9 (me1/me2) Kleefstra syndrome X X X

NSD1 Histone lysine
methyltransferase

H3K36 (me2) Sotos syndrome; Beckwith–Wiedemann
syndrome

X X X

Functions and associated disorders of five chromatin modifiers chosen for analysis. All proteins have distinct functions in regulating histones. Mutation
or deletion of all candidates results in well-defined neurodevelopmental syndromes that include features such as intellectual disability (ID) and autism
spectrum disorder (ASD). Mouse (Ms) column indicates a mouse model shows expected phenotypes.
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proteins in all cases in which antibodies were available
(Supplemental Fig. 1K–O). In addition, knockdownof these targets
did not change the identity of cultured neurons (Supplemental
Fig. 1P,Q).

Having confirmed knockdown of all targets, we used RNA-seq
results to define gene expression changes resulting from knock-
down of all five chromatin-associated proteins. As expected, in
all cases knockdown resulted in robust gene expression changes,
with genes both increased and decreased in expression compared
with nontargeting control shRNA infection (Fig. 1G; Supplemen-
tal Fig. 2A–E; Supplemental Table 1).

Overlap of gene expression changes caused by loss of ASD-linked

chromatin modifiers

To examine potential overlap in the resulting gene expression
changes, we took several approaches. First, we examined the direct
overlap of each possible pairwise comparison and used a hypergeo-
metric test to determine the significance of the number of overlap-
ping genes. We found that direct comparison of every down-
regulated gene set was significant, and the same was true of each
up-regulated gene set overlap (Fig. 2A). Conversely, comparison
of each up-regulated gene set with each down-regulated gene set
yielded almost no significant overlaps. These findings indicate
that many of the same genes are differentially regulated by these
five ASD-linked chromatin modifiers. Given that these five chro-
matin modifiers were chosen specifically based on their divergent
functions in regulating chromatin, their depletion would not nec-
essarily be expected to have similar direct effects on gene expres-
sion. Instead, the significance of these overlaps indicates that
this subset of genes may be particularly sensitive to disruption of
ASD-linked chromatin modifiers in neurons.

Wenext sought to ensure that these overlapping gene sets did
not arise due to unintended changes occurring in neurons in re-
sponse to the nontargeting shRNA control lentivirus such that
knockdown of any other target would appear to produce a similar
disruption. Notably, very few genes were differentially expressed
when comparing the no infection condition to the nontargeting
control viral infection, suggesting that this virus did not cause
widespread changes in gene expression (Supplemental Fig. 2F).
To further rule out any possible confounding factor resulting
from the use of a nontargeting shRNA virus as a control condition,
we repeated all differential gene expression analysis using the non-
infected control condition as our baseline (Supplemental Fig. 3A,
B). We found that similar gene sets were identified regardless of
the control condition used, producing highly significant overlaps
in each case. Further, in all cases, fewer differentially expressed
genes were identified when the nontargeting shRNA lentivirus
was used as a control, indicating that this is a slightly more strin-
gent control and likely accounts for any modest gene expression
changes resulting from the cellular response to infection. We
therefore proceeded with this as the main control condition for
subsequent analysis.

We next examined all higher-order intersections between
these gene sets to determinewhich genes are commonly disrupted
in response to knockdown of multiple ID/ASD-linked chromatin
modifiers (Fig. 2B,C). Only six genes were common between all
data sets for both up-regulated (Trak2, Snap29, Prickle1, Ccnt1,
Ppig, and Fam214b) and down-regulated (Fcgrt, Dbp, Myorg,
Creb3l1, Ret, and Isoc1) genes. However, 209 down-regulated and
133 up-regulated genes were shared by knockdown of themajority
(at least three of the five) of the ASD-linked chromatin modifiers.
Notably, four of the 133 up-regulated genes were also found in
the comparison between noninfected neurons andneurons infect-
ed with nontargeting shRNA virus and were excluded from

A

D E F G

B C

Figure 1. System for comparison of gene expression profiles of chromatinmodifiers. (A) Primary neuronal culture systemused to analyze gene expression
changes after knockdown of ASD-linked chromatin modifiers. (B–F) Expression of chromatin modifiers following knockdown, from RNA sequencing data.
(G) Number of genes down- and up-regulated by knockdown of five ASD-linked chromatin-associated genes. N =3 replicates.
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subsequent analyses. Thus, although these ASD-linked chromatin
modifiers all have different functions in regulating chromatin and
target different histone residues and genomic regions, the gene ex-
pression changes resulting from their depletion converge on com-
mon subsets of genes, particularly for down-regulated genes.

Given these unexpected highly significant overlaps, we
sought to define commonly disrupted gene sets using an alterna-
tive statistical approach in addition to the direct overlap approach.
We compared all knockdown conditions to nontargeting shRNA
infected cells using limma voom differential expression analysis
(Law et al. 2014; Ritchie et al. 2015). We identified a set of 1197
genes that were commonly up-regulated and 1622 genes that
were commonly down-regulated (Fig. 2D). We then compared

these gene sets to those identified by
directly overlapping individual differen-
tially expressed gene sets. We found
that for both up- and down-regulated
genes, limma analysis gene sets encom-
passed the majority of the genes found
through overlap (Fig. 2E,F), indicating
that this approach identified the same
subset of commonly disrupted genes as
well as additional genes.

For simplicity,wewill refer to the sets
of genes that are up- or down-regulated in
response to the majority of these chroma-
tin modifiers as measured by direct over-
lap of single DEG lists as narrow
transcriptional signatures. Those genes
identified by limma analysis of themerged
data set will be identified as broad tran-
scriptional signatures (Supplemental Table
2). Given the greater number of down-reg-
ulated genes shared between the five chro-
matin modifiers in both statistical
approaches, here we will largely focus on
thedown-regulated gene signature and in-
clude all analyses of the up-regulated sig-
nature in the Supplemental Figures.

Functional enrichments in the

transcriptional signatures

We first sought to define the gene
functions encoded by the up and down
transcriptional signatures using Gene
Ontology (GO) analysis (Mi et al. 2021).
We found that the top enriched terms
for the broad down-regulated signature
included processes such as those
related to ion trafficking and neurotrans-
mitter transport (Fig. 3A; Supplemental
Table 3). Although the narrow transcrip-
tional down-regulated signature did not
yield significant GO terms through tradi-
tional GO analysis, we also performed
GeneWalk (Ietswaart et al. 2021), which
uses network representation learning
on a combined gene-regulatory and
GO-term network constructed from in-
put genes to elucidate significant gene
functions that are relevant to the bio-

logical context of a given experiment (Supplemental Table 4).
We then used REVIGO (Supek et al. 2011) to remove redundant
outputs and cluster related functions, and labeled each resulting
cluster with a descriptive identifier that encompassed the GO
terms included (Fig. 3B; Supplemental Table 7). The GeneWalk
output matched the standard GO analysis, demonstrating that
these functional groups are enriched in the down-regulated tran-
scriptional signature regardless of the methods used.

We next sought to define the specific genes within the tran-
scriptional signature responsible for driving these functional en-
richments. We identified the genes driving the enrichment
of the top GeneWalk GO terms and determined how many of
the five gene sets contained these gene drivers (Fig. 3C;

A

B

D E F

C

Figure 2. Overlap of genes that are differentially expressed following knockdown of ASD-linked chro-
matinmodifiers. (A) Significance of overlap of down- and up-regulated genes after knockdown. Heatmap
indicates significance level by hypergeometric testing. Numbers indicate odds ratio. (B,C) Overlap of
genes that are down-regulated (B) or up-regulated (C ) by multiple targets. Dark line indicates subset
of genes differentially expressed in at least three of five gene sets used to define a “narrow” transcriptional
signature. (D) Identification of commonly disrupted genes using limma voomdifferential expression anal-
ysis to generate a “broad” transcriptional signature. (E,F ) Overlap of broad and narrow down (E) and up
(F) signatures. Overlap significance; hypergeometric tests.
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Supplemental Fig. 4A).Multiplemembers of the solute carrier fam-
ily of genes, which regulate neurotransmitter transport, were pre-
sent in at least three of the five gene sets contributing to the
neurotransmitter and synaptic protein trafficking GO groups.
We also found that many of the genes detected within at least
three data sets for the “transcription” and “response to extracellu-
lar signal”GO groups identified throughGeneWalk arewell-estab-
lished activity-dependent genes (also found in the corresponding
standard GO terms “response to calcium ion” and “memory”).

To directly examine whether activity-dependent genes were
significantly enriched within the down-regulated transcriptional
signatures, we used a previously generated set of genes up-regulat-
ed in neurons upon stimulation by brain-derived neurotrophic fac-
tor (BDNF) for 10 min (Korb et al. 2015). Upon comparing these
lists, we found that both the narrow and broad down-regulated
transcriptional signatures were significantly enriched for these
genes, indicating that activity-dependent genes are among those
preferentially disrupted by loss of ASD-linked chromatinmodifiers
(Supplemental Fig. 4B,C). We then confirmed these findings in an
in vivo system by examining gene expression changes following a
recall event in activated neurons using the TRAP2 mouse model
(Supplemental Fig. 4D,E; Chen et al. 2020). Finally, we used RT-
qPCR to confirm down-regulation of genes of interest following
knockdown of the five ASD-associated chromatin modifiers, in-
cluding several activity-dependent genes (Fos and Nfil3), a solute
carrier family gene (Slc7a3), and a calcium channel gene
(Cacng1a) (Supplemental Fig. 4F). We found that each of these
genes was depleted in response to knockdown of at least four
ASD-linked chromatin modifiers.

We performed similar analyses to identify functional groups
enriched within the up-regulated transcriptional signatures.

Using standard GO, we found that the
top 10 functional groups within broad
signature genes largely included func-
tions relevant to cell division
(Supplemental Fig. 4G; Supplemental
Table 3). Although neurons are postmi-
totic, they use many cell cycle genes for
regulation of neuronal maturation and
migration (Ohnuma and Harris 2003;
Frank and Tsai 2009; Huang et al. 2010;
Lim and Kaldis 2013). GeneWalk and
REVIGO clustering of narrow up-regulat-
ed signature genes revealed enriched
clusters including neuronal maturation
that corresponded to the cell division
gene sets found by GO (Supplemental
Fig. 4H).

In addition to analyzing the tran-
scriptional signatures defined above, we
also examined the common functionally
enriched groups shared between the ID/
ASD-linked chromatin modifiers using a
converse approach. We first performed
GeneWalk on each of the five chromatin
modifiers’ up or down differentially ex-
pressed gene sets individually and then
overlapped the resulting GO terms to
define a set of ontology terms common
to all gene sets (Supplemental Fig. 5A;
Supplemental Tables 5–7). REVIGO was
used to cluster output terms, and we

identified each resulting cluster based on the GO terms included.
We found functional groups for down-regulated genes through
this approach that were equivalent to those found through GO
and GeneWalk analysis of the ASD down-regulated signature, in-
cluding responses to external signaling (containing activity-de-
pendent genes) and synaptic protein trafficking (containing
neurotransmitter transport genes) (Supplemental Fig. 5B). Similar-
ly, by this alternate approach, we foundmany analogous function-
al clusters present in the GO terms shared by all up-regulated gene
lists, such as cellmorphology and development (Supplemental Fig.
5C). However, signature genes did not overlap with defined sets of
ASD-risk genes (Supplemental Fig. 5D–G; Abrahams et al. 2013;
Zhao et al. 2018). This suggests that loss of ASD-linked chromatin
modifiers does not directly lead to depletion of other ASD-linked
genes and instead targets a different subset of synaptic proteins,
likely leading to synaptic dysfunction through independent
mechanisms. Together, these data indicate that gene expression
changes in response to loss of ID/ASD-linked chromatin modifiers
affect critical neuronal regulatory processes such as neuronal de-
velopment, synaptic trafficking, and activity-dependent gene reg-
ulation rather than by directly disrupting other known ASD-risk
genes.

Chromatin features of the transcriptional signature

Having defined the functional relevance of the transcriptional sig-
natures, wenext sought to understand the features thatmake these
genes particularly susceptible to disruption in response to knock-
down of ASD-linked chromatinmodifiers. We first examined their
expression within control conditions and found, as expected, that
they were all expressed within neurons but otherwise include a

A

C

B

Figure 3. Function of down-regulated transcriptional signature genes. (A) Gene Ontology (GO) anal-
ysis of down-regulated broad signature gene function. (B) GeneWalk analysis followed by REVIGO clus-
tering of down-regulated narrow signature genes. (C) Genes contributing to main GO clusters that are
differentially expressed after knockdown of three or more ASD-linked chromatin modifiers. Solute-carrier
family and activity-dependent genes are shown in orange.
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wide range of relative expression levels with no notable enrich-
ment for low or high expressed genes (Supplemental Fig. 6A–D).
Previous work has identified specific chromatin features that are
shared between genes that are disrupted in NDDs (Zhao et al.
2018). We therefore examined the chromatin features foundwith-
in these transcriptional signatures. We used ChromHMM (Ernst
and Kellis 2017) on well-validated ChIP-seq data from E12.5
mouse forebrain tissue to identify the chromatin states enriched
at the promoters of transcriptional signature genes (Fig. 4A,B;
Supplemental Table 8). We compared transcriptional signature
genes with the entire mouse genome, the genes expressed in neu-
rons based on RNA-seq data, and all mm10 genes. As expected, the
full genomewas depleted of defined chromatin states relative to all
gene sets examined. However, several features are distinct between
the promoters of the down-regulated transcriptional signature
genes compared with both the promoters of all genes and the pro-
moters of the subset of genes expressed within neurons. In partic-
ular, promoters of the down-regulated transcriptional signature
genes were enriched for a bivalent state. Bivalency refers to the
co-occurrence of histone modifications associated with opposing
functions and is typically defined by the presence of H3K4me3,

which is associated with active gene pro-
moters, and H3K27me3, which is associ-
ated with transcriptional repression. The
synchronous presence of functionally
opposing histone modifications allows
for genes to be maintained in a poised
state and rapidly activated in response
to external signals (Bernstein et al.
2006; Voigt et al. 2013). In addition,
the down-regulated transcriptional sig-
natures were enriched for chromatin
state corresponding to strong promoter-
proximal enhancers, further indicating
the presence of chromatin regulatory fea-
tures that allow for the robust and highly
regulated activation of target genes.

To ensure that the enrichment of
these chromatin features is not depen-
dent on the size of the region surround-
ing the TSS used to define the promoter
and that the analysis did not inappropri-
ately exclude features present in broader
regions, we repeated ChromHMM with
an expanded region upstream of the
TSS and again found similar enrichment
of these chromatin states (Supplemental
Fig. 6E,F). We further sought to confirm
that there is an enrichment of bivalent
genes within these gene signatures. We
found that a set of bivalent genes defined
in E14.5 neocortical neurons (Albert
et al. 2017) had a highly significant over-
lap with the down-regulated transcrip-
tional signatures (Supplemental Fig.
6G–J), confirming an enrichment of bi-
valent chromatin states within the genes
disrupted by depletion of ASD-linked
chromatin modifiers.

Next, we plotted specific gene tracks
of genes driving the functional GO en-
richments, specifically activity-depen-

dent genes and genes regulating neurotransmitter transport that
were present in down-regulated transcriptional signatures. These
genes contained bivalent domains with high H3K4me3 and
H3K27me3 relative to ubiquitously expressed genes such as
Gapdh (Fig. 4C–F). These genes also had low H3K36me3, which
can repress aberrant transcription in actively transcribed genes.
In genes containing proximal enhancers, such asNr4a1, strong en-
hancer domains were marked by H3K4me1 and H3K27ac.

We also examined chromatin states of up-regulated transcrip-
tional signature genes. Although down-regulated signature pro-
moter coordinates were highly enriched for bivalent domains,
we found that the opposite was true at the promoters of the up-reg-
ulated gene signatures; this was especially apparent in themore re-
strictive promoter region. Further, we saw robust enrichment of
the active promoter state, marked by strong signals of H3K4me3,
H3K9ac, andH3K27ac, in both the promoter regions of the up-reg-
ulated signature genes (Fig. 4A,B; Supplemental Fig. 6E,F).
Together, these findings suggest that genes found within the tran-
scriptional signaturesmay be particularly susceptible to disruption
owing to distinct chromatin features. Down-regulated genes in
particular have features of a poised chromatin state, such as

A B

C D

E F

Figure 4. Chromatin states in transcriptional signature genes. (A) ChromHMM analysis of promoter
(500 bp upstream of transcription start site [TSS]) of narrow transcriptional signature genes. (B)
ChromHMM analysis of promoter (500 bp upstream of TSS) of broad transcriptional signature genes.
(C) Gene track of a control gene, Gapdh, that is not regulated by ASD-linked chromatin modifiers. (D–
F ) Gene tracks of down-regulated transcriptional signature genes Fos (D), Slc7a3 (E), and Nr4a1 (F)
that have bivalent domains (high H3K4me3 and high H3K27me3), low H3K36me3, and strong proximal
enhancer sites (H3K4me1 and H3K27ac peaks upstream of Nr4a1) typical of down-regulated transcrip-
tional signature genes. Boxes highlight these chromatin states. Expressed indicates genes expressed in
neuronal culture system. Fold enrichments were calculated as the ratio of the fraction of bases in a given
chromatin state that were present in our input gene coordinates of interest to the fraction of the genome
described by the input gene coordinates. Displayed heatmaps represent overlap enrichment output val-
ues range-normalized by column.
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bivalent modifications at the promoter and modifications that
support strong proximal enhancer function, whereas up-regulated
genes have modifications that confer strong promoter activity.

Identification of transcriptional signatures in mouse models

of syndromic ASD

Although the neuronal cell culture model used here to define tran-
scriptional signatures provides a highly controlled system, its rele-
vance to ASDmay not translate to the physiological context of the
brain. Therefore, to determine if the transcriptional signatures de-
fined through a primary neuronal culture model are indicative of

gene expression changes occurring within
the brain, we compared these signatures to
gene expression changes in multiple
mouse models of NDDs. We first exam-
ined a mouse model used to study the
genes implicated inRubenstein–Taybi syn-
drome, which is characterized by short
stature, moderate to severe ID, features of
ASD, and additional abnormalities such
asheart and kidneydefects. It ismost often
caused by mutations in CREBBP or EP300
(also known as KAT3A and KAT3B, respec-
tively), which have overlapping functions
as histone acetyltransferases. CREBBP was
one of five chromatin modifiers targeted
in order to generate the transcriptional
signatures here, and thus we would hy-
pothesize that these signatures would be
present in this model if they are relevant
to an in vivo system. We used RNA-seq
of hippocampal tissue from a mouse
model containing a double KO of Crebbp
and Ep300 (Lipinski et al. 2020) and ex-
amined the direct overlap of differentially
expressed genes to the transcriptional sig-
natures. We found a highly significant
overlap between genes down-regulated
in this KO model and both the narrow
and broad down-regulated transcriptional
signatures. As an alternate approach, we
used gene set enrichment analysis
(GSEA) to map down-regulated transcrip-
tional signature genes onto a log2 fold
change ranked list of all gene expression
changes in Crebbp/Ep300 double KO
mice. Again, we found a highly signifi-
cant enrichment through this analysis
with down-regulated transcriptional sig-
nature genes present within highly
down-regulated genes in the Crebbp/
Ep300 double KO mouse (Fig. 5A,B).
These analyses indicate that transcription-
al signatures identified in cultured mouse
neurons are also detected in related ani-
mal models.

We next examined whether tran-
scriptional signatures are found in disor-
ders that include ASD features but that
are not directly caused by loss of one of
the five chromatin modifiers we exam-

ined here. We focused on Fragile X syndrome (FXS), a leading ge-
netic cause of both ID and ASD. FXS is typically caused by a
repeat expansion that results in loss of expression of the FMR1
gene (also known as FMRP). FMR1 protein has multiple functions
including regulating translation of target mRNAs that encode syn-
aptic proteins (Darnell et al. 2011; Niere et al. 2012) and chromatin
modifiers (Korb et al. 2017). We used an Fmr1 KO mouse model of
FXS that recapitulates many aspects of the human disorder (Korb
et al. 2017; Spencer et al. 2005, 2008).We found that both by direct
overlap and by GSEA analysis (Fig. 5C,D), down-regulated tran-
scriptional signature genes were significantly enriched in genes
down-regulated in FXS mouse cortices.

A C E G
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Figure 5. Identification of transcriptional signature in mouse models of ASD. (A,B) Overlap (top) and
GSEA (bottom) analysis of the narrow (A) and broad (B) down-regulated transcriptional signature com-
pared with differentially expressed genes in a Crebbp/Ep300 (also known as Kat3a/b) double knockout
(KO) mouse model. (C,D) Overlap and GSEA analysis of the narrow (C) and broad (D) down-regulated
transcriptional signature compared with differentially expressed genes in an Fmr1 KO mouse model of
FXS. (E,F ) Overlap and GSEA analysis of the narrow (E) and broad (F ) down-regulated transcriptional sig-
nature compared with differentially expressed genes in aMecp2 KO mouse model of Rett syndrome. (G,
H) Overlap and GSEA analysis of the narrow (G) and broad (H) down-regulated transcriptional signature
compared with differentially expressed genes in a Kmt2d KO mouse model of Kabuki syndrome. Overlap
significance based on hypergeometric tests. NES indicates normalized enrichment score.
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Lastly, we examined mouse models of Rett syndrome, which
results in global deficits including loss of speech, movement dis-
ruptions, and autistic features. It is typically caused by mutations
in the gene encoding MECP2, which binds methylated DNA and
recruits protein complexes to regulate gene expression (Good
et al. 2021). We examined high-quality RNA-seq data obtained
from several mouse models of Rett syndrome (Trostle et al. 2021),
including a full KO of Mecp2, a common Mecp2 patient mutation,
and a heterozygous deletion of Mecp2 (Pacheco et al. 2017; Jiang
et al. 2021). In all cases, we detected a significant overlap of
differentially down-regulated genes with the down-regulated
transcriptional signatures (Fig. 5E,F; Supplemental Fig. 7A–D).
However, genes down-regulated in themutantmodel were less sig-
nificantly enriched for the down-regulated signatures as theMecp2
KObyGSEA (Supplemental Fig. 7A,B). Together, thesedatademon-
strate that down-regulated transcriptional signature genes are dis-
rupted in multiple animal models of ASD, even beyond those
directly related to the chromatin modifiers used to define this sig-
nature in neuronal cultures.

Given these robust findings, we asked whether the transcrip-
tional signatures are detected in any animal model of an NDD in
which transcription is disrupted in neurons or whether these sig-
natures are more closely associated with specific phenotypic out-
comes such as ID or ASD. To this end, we examined mouse
models of Kabuki syndrome, which results in ID and multisystem
deficits, including distinct craniofacial features and growth delays,
but is not typically associated with ASD. It is caused by mutations
in genes encoding either KMT2D (also known as MLL4), which
methylates H3K4, or KDM6A, which demethylates H3K27 (Van

Laarhoven et al. 2015). We examined
RNA-seq data from a Kmt2d KO mouse
model (Dhar et al. 2018) and found no
significant overlaps or enrichments by
GSEA for both broad and narrow signa-
tures (Fig. 5G,H). We also examined a
Kdm6a KO mouse model and found sim-
ilarly nonsignificant overlaps, with the
exception of a modest overlap between
the narrow signature and Kdm6a down-
regulated genes, and no significant en-
richments by GSEA (Supplemental Fig.
7E,F).

To determine whether the lack of
enrichment of the transcriptional signa-
ture in Kabuki syndromemodels was spe-
cific to this syndrome, we also examined
a mouse model of Williams syndrome.
Williams syndrome is an NDD caused
by deletion of a region on Chromosome
7 that encompasses 26–28 genes.
Williams syndrome results in ID, but
rather than causing ASD, patients have
a hypersociability phenotype caused by
deletion of transcription factors Gtf2i
and Gtf2ird1. Loss of these genes leads
to both ID and hypersociability in ani-
mal models (Young et al. 2008; Dai
et al. 2009; Segura-Puimedon et al.
2014; Barak et al. 2019; Kopp et al.
2019). Using RNA-seq data from hippo-
campus of a Gtf2i/Gtf2ird1 double KO
mouse model (Kopp et al. 2019), we

foundno overlapping gene expression changeswith the down-reg-
ulated transcriptional signatures (Supplemental Fig. 8A,B). As an-
other control to ensure that any lack of overlap was not just
owing to the specific animal model of Williams syndrome chosen,
we repeated this analysis with the complete Williams syndrome
chromosomal deletion (Kopp et al. 2019). We again found no sig-
nificant overlap with any differentially expressed genes and found
no enrichment throughGSEA (Supplemental Fig. 8C,D). These ob-
servations demonstrate that the transcriptional signatures defined
here are also disrupted in multiple mouse models of ASD but are
not observed more broadly in models of other NDDs that only re-
sult in ID.

Finally, to interrogate the specificity of these signatures to
developmental disorders and as an additional negative control,
we repeated these analyses with several models of a neurodegener-
ative disorder. We examined RNA-seq data from multiple mouse
models of Huntington’s disease, which is caused by an expansion
of the polyglutamine track in the huntingtin (HTT) protein
(Langfelder et al. 2016; Yildirim et al. 2019). We used multiple
mouse models of Huntington’s disease and in most cases either
found nonsignificant overlaps and GSEA enrichments or, in
some cases, detected inverted enrichments in which the narrow
down-regulated gene signature overlapped was enriched in genes
up-regulated in the mouse model by GSEA and the narrow up-reg-
ulated signature was enriched in genes down-regulated in the
mouse model (Supplemental Fig. 9). Next, we repeated all other
mouse model comparisons with the up-regulated ASD gene signa-
tures.We found no significant overlap in any of themousemodels
used here and only a single significant enrichment by GSEA

A B

C D

Figure 6. Identification of transcriptional signature in human iPSC-derived neurons with idiopathic
ASD. (A,B) The eigengene of narrow (A) and broad (B) down-regulated gene signatures significantly sep-
arated idiopathic ASD patient iPSC-derived neurons from controls in work of Marchetto et al. (2017).
Linear regression for ASD: (A) P=2.2 × 10−3, (B) P=2.7 × 10−2. (C,D) Using data collected from postmor-
tem brain tissue, the eigengene of narrow (A) and broad (B) down-regulated gene signatures significantly
differentiated individuals diagnosed with ASD. Linear regression for ASD: (C) P=1.5 × 10−3, (D) P=2.2 ×
10−3. Control indicates neurons derived from neurotypical human iPSCs. (Adj) Adjusted.
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(Supplemental Fig. 10; Supplemental Table 9). These analyses sug-
gest the down-regulated gene set as being amore relevant signature
that is detected throughoutmultiple models of syndromic ASD. In
addition, these data indicate that the down-regulated transcrip-
tional signatures are disrupted in mouse models of NDDs that re-
sult in ASD, but not those that only result in ID, and are absent
or even reversed in neurodegenerative disorders. Conversely, the
up-regulated transcriptional signatures detected in neuronal cul-
tures are not found in animalmodels and thusmay bemore specif-
ic to downstream or compensatory changes that are unique to the
cell culture experimental model used.

Identification of the transcriptional signature in human

ASD iPSCs and tissue

Given that the down-regulated transcriptional signatures were pre-
sent in multiple animal models of ASD, we next asked whether
these signatures are expressed in the brain at times relevant to
the development of ASD. To this end, we examined the change
in expression of signature genes during early life in mouse neocor-
tical tissue (Fertuzinhos et al. 2014). Regardless of region, averaged
gene expression increased during early postnatal life for both up-
and down-regulated and both broad and narrow signature genes
(Supplemental Fig. 11A–D). In addition, male tissue showed a
more enhanced increase compared with female tissue for the
down-regulated signatures, suggesting sex-specific differences in
the regulation of signature genes. When narrow signature genes
are broken down to those specific to activators (CREBBP, ASH1L,
NSD1) and those specific to repressors (CHD8 and EHMT1), this
developmental increase appeared largely driven by genes regulated
by repressors (Supplemental Fig. 11E,F).

Given that human and mouse developmental trajectories
happen on different timescales, we also used genemodules identi-
fied from BrainSpan data that are expressed at similar levels
throughout the human lifespan (Miller et al. 2014; Ji et al. 2016).
We found that the transcriptional signatures were highly enriched
in several gene modules, including 7 and 36, which peak before
birth, as well as additional modules that continue to increase
throughout the lifespan (Supplemental Table 10).

Finally, we examined whether signature genes are also dis-
rupted in human patients with ASD. We examined RNA-seq data
from induced pluripotent stem cells (iPSCs) derived from idiopath-
ic ASD or neurotypical patients, differentiated into neurons
(Marchetto et al. 2017; DeRosa et al. 2018). Given the inherent var-
iability in iPSCs obtained from unrelated individuals, very few sig-
nificantly differentially expressed genes were detected in these
data sets. We therefore used principle component and linear re-
gression analysis to determine if the transcriptional signatures
can distinguish the disease state of control and patient samples
(Wright et al. 2017; Phan et al. 2020). We found that both the nar-
row and broad down-regulated transcriptional signatures were suf-
ficient to separate control and ASD iPSC-derived neurons based on
the expression of signature genes (Fig. 6A,B). Next, we examined
postmortempatients brain tissue from idiopathicASDorneurotyp-
ical patients (Wright et al. 2017).Weagain found that both thenar-
row and broad down-regulated transcriptional signatures were
sufficient to distinguish between conditions (Fig. 6C,D). Fitting
with findings from animal models of ASD, the up-regulated tran-
scriptional signatures were not able to distinguish between control
and ASD human iPSC-derived neurons or postmortem tissue
(Supplemental Fig. 12A,B). To confirm these findingswere not spe-
cific to the data set used, we repeated this analysis with additional

available data sets using iPSC-derived neurons fromcontrol or ASD
patients (DeRosa et al. 2018) or postmortem tissue (Parikshak et al.
2016; Velmeshev et al. 2019, 2020). In some cases, we observed
similar separations, although the significance of the results and
separation of signature eigengenes appeared highly dependent
on the sample size of the data set, with nonsignificant results
found in lower-powered analyses (Supplemental Fig. 12C–F).
Together, these data indicate that the down-regulated transcrip-
tional signatures, defined within primary cultured neurons, were
detected within human iPSC-derived neurons from idiopathic
ASD patients.

Given the relevanceof thedown-regulated transcriptional sig-
nature gene sets to both mouse and human models of ASD, we
sought to determinewhether this was a particular asset of the over-
lap approach we used by placing these analyses in the context of
other cross-model comparisons.We therefore examined the extent
towhich sets of differentially expressed genes identified in primary
cell cultures in response to knockdown of single targets were ob-
served in relevant mouse models and human iPSCs derived from
patients with mutations in those specific targets (Platt et al. 2017;
Deneault et al. 2018; Iacono et al. 2018; Calzari et al. 2020;
Lipinski et al. 2020; Fear et al. 2022).We foundmodest but variable
overlap through both direct comparisons of DEGs and linear re-
gression analysis for down-regulated (Supplemental Fig. 13) and
up-regulated (Supplemental Fig. 14) genes. In most cases, these di-
rect comparisons were less robust than those made using the tran-
scriptional signature genes. This suggests that the gene set
identified through the overlap of targets was more likely to be ob-
served in both mouse tissue and human cell and tissue models of
ASD than single-gene sets. In summary, the approaches used
here define transcriptional signatures that encode critical neuronal
developmental proteins, contain unique chromatin features, and
are present throughout multiple experimental models of ASD.

Discussion

Here we defined transcriptional signatures that are shared in re-
sponse to knockdown of five chromatin-associated proteins linked
toNDDs.Characterizationof the function of these signatures dem-
onstrated that these genes encoded proteins critical to neuronal
development and function, with a notable enrichment in neuro-
transmitter transport genes and activity-dependent genes. In addi-
tion, the chromatin features associated with these signatures were
enriched for specific histonemodifications such as those encoding
bivalent domains. Notably, both the broad and narrow down-reg-
ulated transcriptional signatures were significantly enriched in
several mouse models of ASD but not in mouse models of NDDs
that result in ID in the absence of ASD. Finally, these signatures
are sufficient to distinguish between control and idiopathic ASD
patient cases.

A major finding that emerged from the analyses described
here is that both the broad and narrow down-regulated transcrip-
tional signatures appear to be relevant to a wider range of models
of ASD than the up-regulated signatures.We found that the down-
regulated signature genes map onto mouse models of NDDs, and
both the narrow and broad down-regulated signature genes were
able to distinguish between control and ASD patient cells and tis-
sue. Moreover, the human iPSCs and tissue samples were obtained
frompatients with idiopathic ASD, rather than a disorder resulting
from loss of one of the five chromatin modifiers analyzed here.
This indicates that this down-regulated transcriptional signature
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is relevant to ASDmore broadly than the subset of ASD-related syn-
dromes with defined genetic causes.

Although the neuronal culture model used here allows for a
highly controlled comparison of the effects of depletion of multi-
ple chromatin modifiers in parallel, it also has several limitations.
By its nature, it does not allow for the examination of whether
these chromatin modifiers have distinct roles at different time
points. It also does not consider very early developmental defects
thatmay result frommutations in chromatinmodifiers before cells
differentiate into neurons. Further, this system focuses only on
neurons in isolation and thus does not capture the more complex
results of chromatin disruptions in multiple cell types in the brain
and throughout the body.However, these limitations are alsowhat
allows for the direct and precise comparison of the immediate
transcriptional effects of these chromatin modifiers without the
confounding factors of system-wide disruptions and lifelong
developmental deficits. This is supported by the finding that tran-
scriptional signatures identified in this system can be identified
within the brain of multiple mouse models of related NDDs.
This finding suggests that despite limitations, the data described
here still provide valuable insights into the link between chroma-
tin misregulation, transcriptional disruptions, and ASD.

The features that cause the disruption of the transcriptional
signature genes are not yet clear. It is possible that all five chroma-
tin proteins result in reduced synapse formation or basal firing
rate in neurons. This could then lead to transcription changes
that are common between all five targets and contribute to the
signatures we detected here. However, the enrichment of specific
chromatin states in these genes indicates that histone modifica-
tions may contribute to their sensitivity to the loss of chroma-
tin-modifying proteins. Similarly, past research has uncovered
unusual chromatin features that are found both in the genes
whose loss leads to ASD and in genes whose expression is disrupt-
ed in idiopathic ASD (Zhao et al. 2018). In our analysis, we found
several chromatin features of interest such as the presence of bi-
valent histone modifications. Because many of the enzymes
that control these modifications can be targeted by small-mole-
cule inhibitors, this finding raises the possibility of potentially
targeting such modifications to reverse gene expression changes
that ultimately lead to ASD. In summary, our data suggest the
presence of a transcriptional signature found in multiple models
of ASD, suggesting that common transcriptional disruptions may
underlie the neuronal dysfunction that ultimately results in ASD
and related NDDs.

Methods

Animals

All mice used were on the C57BL/6J background, housed in a 12-h
light–dark cycle, and fed a standard diet. All experiments were con-
ducted in accordance with and approval of the IUCAC.

Primary neuronal culture

Cortices were dissected from E16.5 C57BL/6J embryos and cul-
tured in supplemented neurobasal medium (Neurobasal [Gibco
21103-049], B27 [Gibco 17504044], GlutaMAX [Gibco 35050-
061], Pen-Strep [Gibco 15140-122]) in TC-treated six-well plates
coated with 0.05 mg/mL Poly-D-lysine (Sigma-Aldrich A-003-E).
At 3 DIV, neurons were treated with 0.5 µM AraC.

shRNA knockdown

At 5 DIV, neurons were transduced overnight with lentivirus con-
taining an shRNA sequence. Virus was removed the following day
(6 DIV), and neurons were cultured for four additional days.
shRNA sequences shown in Supplemental Table 12.

Lentivirus production

HEK293T cells were cultured in high-glucose DMEM growthmedi-
um (Corning 10-013-CV), 10% FBS (Sigma-Aldrich F2442-500ML),
and 1% Pen-Strep (Gibco 15140-122). Calcium phosphate trans-
fection was performed with Pax2 and VSVG packaging plasmids.
shRNAs in a pLKO.1-puro backbone were purchased from the
Sigma-Aldrich Mission shRNA library (SHCLNG). Viral media
was removed 12 h after transfection and collected at 24 and 48 h
later. Viral media was passed through a 0.45-μm filter and precipi-
tated overnight with PEG-it solution (40% PEG-8000 [Sigma-
Aldrich P2139-1KG], 1.2 M NaCl [Fisher Chemical S271-1]). Viral
particles were pelleted and resuspended in 200 μL PBS.

RNA isolation

Total RNAwas collected from each transduction at 11 DIV for both
RT-qPCR and RNA-seq. RNA for RT-qPCR was isolated from neu-
rons using a Qiagen RNeasy mini kit (74004) or a Zymo Quick-
RNA miniprep kit (R1054).

Western blotting

After 10 DIV, neurons were lysed in RIPA (25 mM Tris at pH 7.6,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS).
Protein was resolved by 4%–20% Tris-glycine or 3%–8% Tris-ace-
tate SDS-PAGE, followed by transfer to a 0.45-μmPVDFmembrane
(Sigma-Aldrich IPVH00010) for immunoblotting. For details, see
Supplemental Methods. Antibodies are shown in Supplemental
Table 13.

RT-qPCR

cDNA was prepared with a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems 4368813), and quantitative PCR was
performed with Power SYBR Green PCR master mix (Applied
Biosystems 4367659). Data was analyzed using the common base
method (Ganger et al. 2017). Reported statistics were calculated
by Student’s t-test (two-tailed, heteroscedastic) based on primer ef-
ficiency-weighted deltaCT values (ACLM- vs. luciferase-infected).
Reported bar graph values represent the square root of the relative
expression ratio for a given gene of interest. Primers are shown in
Supplemental Table 14.

Immunocytochemistry

For protocol and imaging details, see Supplemental Methods.
Antibodies are included in Supplemental Table 13. Cells were im-
aged on an upright Leica DM 6000, TCS SP8 laser scanning confo-
cal microscope with a 40× HC PL APO CS2 oil objective.
Quantification was performed blinded by first counting positively
stained cells in each channel. The proportion of excitatory neu-
rons was calculated to be one minus the fraction of total cells
that were positive for the GABAergic marker, GAD1.

RNA sequencing

Libraries were generated using the Illumina TruSeq stranded
mRNA library prep kit (Illumina 20040534). Libraries were se-
quenced on an Illumina NextSeq 500/550; reads (75-bp single-
end) were mapped to Mus Musculus genome build mm10 with
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salmon; and the R packages DESeq2 (v3.14) (Love et al. 2014) and
limma (v3.52.1) via edgeR (v3.38.1) (Robinson et al. 2010) were
used to perform differential gene expression analysis. We defined
genes as significant using an FDR cutoff of 0.05 and removed genes
without an official gene symbol. IGV tools (2.11.3) (Robinson et al.
2011) was used to generate genome browser views.

Statistical analyses

The up- and down-regulated narrow transcriptional signatures
were defined separately, using Python 3.9, as the genes that
appeared in greater than three of five significantly differentially
expressed gene lists. The up- and down-regulated broad transcrip-
tional signatures were defined as genes that were significantly dif-
ferentially expressed based on a pooled sample model in limma
(produced by the makeContrasts function as Ash1l +Chd8+
Crebbp+Ehmt1+Nsd1 vs. luciferase). Genes that were signifi-
cantly up- or down-regulated in the DESeq2 comparison of no
infection versus luciferase shRNA were removed from the
directionally appropriate narrow and broad transcriptional signa-
ture. Genes removed from each transcriptional signature can be
found in Supplemental Table 2. Additional analyses were per-
formed in R (R Core Team 2022). For details of additional analyses
performed, see Supplemental Methods.

Data access

All raw andprocessed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE193663. All external data sets used in this study can be found
in Supplemental Table 11.
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