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ARTICLE

Heterozygous deletion of the autism-associated gene CHD8
impairs synaptic function through widespread changes
in gene expression and chromatin compaction

Xi Shi, 123411 Congyi Lu,>611 Alba Corman,>¢11 Alexandra Nikish,!23 Yang Zhou,”® Randy J. Platt,”
Ivan lossifov,>10 Feng Zhang,'.23 Jen Q. Pan,** and Neville E. Sanjana®¢*

Summary

Whole-exome sequencing of autism spectrum disorder (ASD) probands and unaffected family members has identified many genes
harboring de novo variants suspected to play a causal role in the disorder. Of these, chromodomain helicase DNA-binding protein 8
(CHDS,) is the most recurrently mutated. Despite the prevalence of CHD8 mutations, we have little insight into how CHDS loss affects
genome organization or the functional consequences of these molecular alterations in neurons. Here, we engineered two isogenic hu-
man embryonic stem cell lines with CHDS loss-of-function mutations and characterized differences in differentiated human cortical
neurons. We identified hundreds of genes with altered expression, including many involved in neural development and excitatory syn-
aptic transmission. Field recordings and single-cell electrophysiology revealed a 3-fold decrease in firing rates and synaptic activity in
CHD8*'~ neurons, as well as a similar firing-rate deficit in primary cortical neurons from Chd8*/~ mice. These alterations in neuron
and synapse function can be reversed by CHD8 overexpression. Moreover, CHD8"/~ neurons displayed a large increase in open chro-
matin across the genome, where the greatest change in compaction was near autism susceptibility candidate 2 (AUTS2), which encodes
a transcriptional regulator implicated in ASD. Genes with changes in chromatin accessibility and expression in CHD8*/~ neurons have
significant overlap with genes mutated in probands for ASD, intellectual disability, and schizophrenia but not with genes mutated in
healthy controls or other disease cohorts. Overall, this study characterizes key molecular alterations in genome structure and expression

in CHD8"~ neurons and links these changes to impaired neuronal and synaptic function.

Introduction

Autism spectrum disorder (ASD) is a common neurodeve-
lopmental disorder—around 1 in 59 births in the United
States—with significant phenotypic heterogeneity.! ASD
is characterized by a wide range of symptoms that include,
but are not restricted to, impairments in social interaction,
communication and language, repetitive patterns of be-
havior, anxiety, and sleeping and eating disorders. Despite
this heterogeneity, there is a strong genetic basis to ASD
incidence: recent studies estimate heritability at ~80%.”
Whole-exome and whole-genome sequencing of ASD pro-
bands have identified ~100 ASD risk genes carrying single
de novo alterations.”* Together, rare de novo coding and
copy-number variants contribute to 20%-30% of individ-
uals with autism, and the most recurrently affected gene is
chromodomain helicase DNA-binding protein 8 (CHDS).®

CHDS8 was initially suggested as a likely causal factor in
ASD when three unrelated probands with similar pheno-
types were found to have large genomic deletions that al-
ways included the CHDS locus.® Recent targeted, whole-
exome, and whole-genome sequencing studies have
shown that de novo likely gene-disrupting mutations of

CHDS8 account for ~0.4% of all ASD cases.”’ '? Even
though the loss of CHDS8 function accounts for more cases
of ASD than any other single de novo risk gene, our mech-
anistic understanding of how this gene drives ASD pheno-
types is limited.

CHDS is a broadly expressed ATP-dependent chromatin
remodeler that regulates the expression of many genes.'?
Individuals with CHDS8 mutations have distinct pheno-
types such as macrocephaly, hypertelorism, intellectual
disability, sleep problems, and gastrointestinal issues.”"'*
As a chromatin-remodeling enzyme, CHD8 most likely re-
gulates multiple developmental pathways, which several
groups have tried to dissect by using mouse models. Com-
plete loss of Chd8 causes embryonic lethality in mice as a
result of p53-mediated apoptosis.'> However, heterozy-
gotes are fertile and have been reported by several gr-
oups.'®' In all of these studies, Chd8"/~ mice have inc-
reased brain volume, which is consistent with human
CHDS probands.'* However, few typical ASD-like behav-
iors are seen in Chd8*/~ mice,'®?"?! making it challenging
to design mouse models to capture the human disease
phenotype. Recent studies profiled the transcriptional
and some epigenetic changes driven by CHDS loss in
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human neurons,”**° yet only a few studies have reported

neuronal phenotypes.”’

In this study, we developed two isogenic CHD8*/~ human
embryonic stem cells (hESCs) that we differentiated into
neurons (iNs) where we profiled CHDS8-loss-driven changes
in synaptic development and activity, chromatin accessi-
bility, and gene expression. These iNs provide an in vitro
cell model for studying ASD because they recapitulate
many features of cortical excitatory neurons,”* " a key cell
type implicated in ASD by prior studies.”'** Our work con-
nects changes in chromatin accessibility in CHD8"~ neu-
rons to differences in expression of genes that encode synap-
tic structural proteins and ion channels that regulate
neuronal excitability. Furthermore, we find that this altered
transcriptional state is associated with defects in synapse
and network activity.

Many of the genes with changes in chromatin accessi-
bility and/or expression overlap genes often mutated in
ASD probands but not with genes mutated in three control
cohorts (epilepsy, congenital heart disease, and unaffected
individuals). With transgene rescue, we also show that
these defects in neuronal function can be reversed if
CHDS levels are restored, highlighting a potential gene-
therapy strategy for probands with CHD8 mutations. Us-
ing a combination of genome engineering, human neuron
differentiation, multielectrode and high-resolution single-
cell electrophysiology, high-throughput synaptic imaging,
chromatin accessibility, gene expression, and population
genetics, we present an integrative, deep characterization
of this important de novo mutation in ASD.

Material and methods

hESC culture

HUES66 hESCs were maintained according to the feeder-free
enhanced culture platform, which is more robust and less prone
to spontaneous differentiation than the feeder-dependent stan-
dard culture platform and aids in culturing hESCs as single cells
for selection after genome engineering.>*~*° In brief, hESCs were
cultured on LDEV-free Geltrex-coated plates (Thermo Fisher Scien-
tific, A1413201) in mTeSR media (STEMCELL, 85850). Media were
supplemented with 10 pM Y-27632 Rho-kinase inhibitor (Tocris,
1254) for 24 h after passaging and then removed.

Design of guide RNA and hESC transfection

We cloned a U6-driven single-guide RNA (sgRNA) cassette into the
multicloning site of the pUC19 plasmid to yield the pU6 vector.
We designed guide RNAs targeting CHDS by using the Massachu-
setts Institute of Technology (MIT) CRISPR design tool and then
cloned them individually into the pU6 vector.*® We co-transfected
guide-RNA plasmids with EFS-Cas9-P2A-EGFP (Addgene, 63592)
by using FuGENE HD (Promega, E2311). HUES66 cells were plated
the day before transfection into 6-well dishes and transfected with
6 ng plasmid (5 pg Cas9 and 1 pg pU6, which is an approximately
equal molar ratio) and 18 pL FuGENE HD. We diluted the plasmids
into 300 pL OptiMEM (Thermo Fisher Scientific, 31985088) before
adding the FugeneHD reagent. After vortexing and waiting
10 min, we added the mixture directly to the well.

Generation of iNs from hESCs

Constitutive rtTA3 expression driven by a human EF1« promoter
and doxycycline-inducible human NEUROG2/1 expression driven
by a TRE promoter were introduced into hESCs by lentiviral deliv-
ery as previously reported.***” A puromycin resistance gene was
linked with NEUROGZ2/1 by a P2A linker (Figure 1A) for selecting
cells expressing NEUROG2/1.

Lentivirally transduced hESCs were plated on a Geltrex-coated
12-well Axion multielectrode array (MEA) plate (Axion Bio-
systems, Atlanta, GA, USA) at 1 x 10%/well for MEA recording or
on a 6-well cell-culture plate at 1 x 10%/well for gPCR, immunocy-
tochemistry (ICC), and patch-clamp recording. Geltrex-coated
glass coverslips (Corning, 354087) were included in the 6-well
cell-culture plate for ICC and patch-clamp recording. Doxycycline
(2 pg/mL; Sigma-Aldrich, D3447) was applied for induction at day
0 of neuron differentiation. Puromycin (1 pg/mL) was applied
from day 1 to day 4 for selection.

On days 1-3, we used a blended medium of mTeSR and neuron me-
dia (Neurobasal; Thermo Fisher Scientific, 21103049) supplemented
with 1x B27 (Thermo Fisher Scientific, 17504044) to gently transi-
tion the induced neurons. Media were changed daily as follows:
75% mTeSR and 25% neuron media on day 1, 50% mTeSR and
50% neuron media on day 2, and 25% mTeSR and 75% neuron me-
dia on day 3. On day 4, we removed puromycin by exchanging the
day 3 culture medium with 100% neuron media. Mouse glial cells
were added on day 5 at 4 x 10* cells/well in one well of a 12-well
MEA plate or at 4 x 10°/well in one well of a 6-well cell-culture plate
for ICC and patch-clamp recording. Primary mouse glial cells were
cultured from the cortex of wild-type (WT) B6/C57 postnatal day
0 (PO) mice (Charles River, 027) and were subcultured for at least
three passages before being used for co-culture experiments with
iNs. On day 7, we added Ara-C (1 uM; Sigma-Aldrich, C1768) to con-
trol the growth of glia. From day 5 onward, we replaced 25% of the
medium every 2-3 days to maintain the iN culture.

Chd8"/~ mouse cortical neuron cell culture

Primary dissociated cortical neurons were prepared from PO WT and
Chd8*~'® littermates according to a protocol similar to that
described elsewhere.*® All of the animal work was conducted under
the guidelines of the MIT Division of Comparative Medicine, and
protocols (0414-024-17, 0414-027-17, and 0513-044-16) were
approved by the MIT Committee for Animal Care, consistent with
the 1996 Guide for Care and Use of Laboratory Animals from the Na-
tional Research Council (institutional animal welfare assurance no.
A-3125-01). In brief, cortical tissue was proteolyzed for 40 min at
37°C, triturated, and washed. The digestion solution consisted of
dissection solution plus 20 U/mL papain (Worthington, 3126),
0.5 mM EDTA, 1.5 mM CaCl,, 1 mM L-cysteine, and 1 ug/mL DNase.
For MEA recordings, dissociated neurons were plated onto substrate-
embedded electrodes that had been pre-coated with 0.1% polyethy-
leneimine (Sigma) plus 20 pg/mL laminin (Thermo Fisher Scientific)
at a density of 3 x 10° cells per mm?. For biochemical experiments,
3 x 10° cells were plated into one well of a 24-well plate that had been
pre-coated with 20 ng/mL poly-p-lysine (Sigma) and 4 pg/mL lami-
nin (Thermo Fisher Scientific). The cultures were treated with
1 pg/mL AraC (Sigma) on day S in vitro.

qPCR

RNA was extracted with the RNAeasy Mini Kit (Qiagen) and
reverse transcribed with qScript cDNA SuperMix (Quanta). Tran-
script-specific primer pairs were designed with PrimerBLAST
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Figure 1. Generation of two isogenic CHD8"/~ hESCs via CRISPR editing

(A) ASD-associated mutations have been identified throughout the CHDS8 coding sequence.

(B) Fluorescence-assisted cell-sorting strategy for isolating clonal isogenic hESCs with distinct heterozygous loss-of-function CHD8 mu-
tations, termed CHD8-A and CHDS8-B (resulting in premature stop codons at amino acid positions 1248 and 1247, respectively). These
mutations are in CHDS8 positions similar to the stop-gain mutations found in (A).

(C) CHD8'~ and an isogenic control hESCs retain pluripotency markers NANOG and OCT4 after genome engineering.

(D) gPCR in hESCs for CHDS8"~ and isogenic control lines using primers that detect the indicated isoform or all isoforms of CHDS.
(E and F) CHDS detection via western blot in CHD8"~ and isogenic control hESCs (E) and quantification (F).

All experiments were performed with three biological replicates. Statistical analyses were done with one-way ANOVA tests: ****p < 10~*,

Error bars indicate SEM.

software (NCBI) using the following parameters: PCR product
size = 90-200, exon junction span = “primer must span an
exon-exon junction,” intron inclusion = “primer pair must be
separated by at least one intron on the corresponding genomic
DNA,” allow splice variants = “allow primer to amplify mRNA
splice variants,” and max primer pairs to screen = 1,000. A version
of PrimerBlast preconfigured with these design parameters is avail-
able at http://bit.ly/ns_qpcr. Primers were synthesized as standard
desalted oligonucleotides (Integrated DNA Technologies), and
qPCR was performed with Fast SYBR Green Master Mix (Thermo
Fisher Scientific) according to the manufacturer’s protocol on a
StepOnePlus qPCR thermocycler (Applied Biosystems).

Western blots

Samples for western blot were washed with ice-cold PBS and then
lysed on ice in ice-cold cell-lysis buffer (Cell Signaling, 9803) with
freshly added protease inhibitor cocktail (Sigma P8340). After
scraping plates, we sonicated the samples for 5 min in a Bioruptor
waterbath sonicator (Diagenode) with a 30 s on-off duty cycle.
The soluble fraction of the lysate was isolated by centrifugation
for 20 min at 13,000 rcf. We used the bicinchoninic acid assay to
quantify protein concentrations (Thermo Fisher Scientific,
23225). For each blot, 20-100 pg protein was loaded onto a Bis-
Tris precast gel (Thermo Fisher Scientific) in reducing conditions
and run in MES buffer at 200 V. Proteins were transferred onto a
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nitrocellulose membrane at 60 V overnight at 4°C in a 20% meth-
anol transfer buffer. The antibodies used included anti-CHD8
(1:1,000; Bethyl, A301-2214A), anti-FOXG1 (1:1,000; Abcam,
ab18259), SV2 (1:1,000; DSHB), synaptophysin (SYP) (1:1,000; In-
vitrogen, 18-0130), PSD95 (1:1,000; Invitrogen, MA1-045), GRIA1
(GlIuR1) (1:1,000; Sigma, AB1504), and anti-GAPDH (1:5,000; Cell
Signaling, 3683S). Membranes were developed by SuperSignal
West Femto ECL (Thermo Fisher Scientific) and imaged with a
BioRad ChemiDoc MP imaging system.

RNA sequencing and differential gene expression

RNA was extracted from iNs after 9 days of differentiation with the
Quick-RNA Mini Kit (Zymo) and prepared for 3’ digital gene expres-
sion (3'-DGE) RNA sequencing (RNA-seq) with unique molecular
identifiers as previously described.’” Sequencing was performed
with 37-bp paired-end reads on a NextSeq (Illumina). Each sample
was prepared with three independently differentiated biological
replicates and analyzed with the DEseq2 package in RStudio.*’

MEA electrophysiology

For multielectrode recordings from iNs, we used an Axion Maestro
MEA system with 12-well MEA dishes (Axion Biosystems, M768-
GLx). Each MEA well contained 64 gold microelectrodes (30 pm
diameter) arranged over an 8 X 8 square grid with 200 um cen-
ter-to-center spacing in each well. The Maestro recording chamber
was set to 35°C and supplied with a continuous perfusion of 5%
carbon dioxide (with the balance air) (Airgas) throughout rec-
ording. All recordings were performed in neuron media and were
started 5 min after the MEA plates had been placed on the reco-
rding chamber for a duration of 15 min.

Electrophysiology raw signals were acquired at 10 kHz and
analyzed offline with Axion’s Integrated Studio software. Raw
MEA data were filtered, and spikes were detected with a thr-
eshold-based detector as described previously.** No spike sorting
was performed. Timestamps of the spikes were collected and
used for data analysis. In our analysis of the mean spike rate, we
excluded electrodes that detected no spikes over the entire
recording period. Spike raster plots were created in Neuroexplorer
(Nex Technologies). We performed cross-correlation analyses in
MATLAB (MathWorks) by comparing time-series data collected
from different electrodes in the same MEA well.

Patch-clamp electrophysiology
For patch-clamp recordings, we used an inverted microscope (Zeiss
Axiovert.Al) equipped with phase-contrast optics and a
MultiClamp 700B Amplifier (Molecular Devices). We used a horizon-
tal P-1000 pipette puller (Sutter Instrument) to pull borosilicate glass
micropipettes. The extracellular solution (ECS) for patch-clamp re-
cordings contained 145 mM NacCl, 5 mM KCl, 1 mM MgCl,, 2 mM
CaClp, 5 mM HEPES, and 5 mM glucose, and the pH was adjusted
to 7.4 with NaOH (all from Sigma). To isolate miniature synaptic
events, we added 0.5 uM tetrodotoxin (Tocris, 1078) to the ECS.
We used current-clamp whole-cell configuration to record mem-
brane potentials with pipettes filled with K-gluconate recording solu-
tion containing 131 mM K-gluconate, 17.5 mM KCl, 1 mM MgCl,,
10 mM HEPES, 1 mM EGTA, 2 mM MgATP, and 0.2 mM Na3GTP,
and the pH was adjusted to 7.4 with KOH (all from Sigma). The
same internal recording solution was also used for whole-cell
recording of sodium-potassium currents in the voltage-clamp config-
uration. The ECS for recording Ca®>" current contained 130 mM
NaCl, 10 mM BaCl,, 10 mM HEPES, and 0.5 mM uM tetrodotoxin

(TTX) (for blocking Na* currents), and the pH was adjusted to 7.3
with NaOH. The internal solution for recording Ca** current con-
tained 126 mM CsCl, 10 mM EGTA, 1 mM EDTA, 10 mM HEPES,
and 4 mM Mg-ATP, and the pH was adjusted to 7.3 with CsOH. Junc-
tion potentials (4-6 mV) were corrected for CsCl/NaCl solutions.
Excitatory synaptic transmissions were recorded in the whole-cell
patch-clamp mode with pipettes filled with K-gluconate recording
solution as described above. Whole-cell voltage-clamp recordings
were made at —70 mV in gap-free mode for at least 5 min for each
cell, and access resistance was monitored throughout the recordings.
All recordings were performed at room temperature (24°C-26°C).
Data were digitized at 10 kHz with a 2 kHz low-pass filter (Molecular
Devices). Data were analyzed offline with Clampfit 10.02 (Molecular
Devices) and Mini Analysis Program (Synaptosoft).

ICC and image analysis

Cells were fixed by incubation with 4% paraformaldehyde and 4% su-
crose in phosphate-buffered saline (PBS). Fixed cells were permeabi-
lized with 0.1% Triton X-100 in PBS and stained with the following
primary antibodies at 4°C: NANOG (1:500; Abcam, ab80892), OCT-
3/4 (1:500; Santa Cruz, sc-5279), FOXG1 (1:1,000; Abcam,
ab18259), MAP2 (1:500; Sigma, M1406; Synaptic Systems, 188004),
NeuN (1:1,000; Millipore, MAB377), GAD2/65 (1:500; Sigma,
AMAD91048), SV2 (1:1,000; DSHB), and SYP (1:1,000; Invitrogen,
18-0130). After the cells were washed three times with PBS, they
were incubated with secondary antibody of goat anti-mouse, Alexa
Fluor 555 (1:1,000; Thermo Fisher Scientific, A28180); goat anti-rab-
bit, Alexa Fluor 555 (1:1,000; Thermo Fisher Scientific, A21428); goat
anti-mouse, Alexa Fluor 488 (1:1,000; Thermo Fisher Scientific,
A32723); goat anti-rabbit, Alexa Fluor 488 (1:1,000; Thermo Fisher
Scientific, A11034); or donkey anti-guinea pig, Alexa Fluor 647
(1:1,000; Jackson ImmunoResearch, 706-605-148). Nuclei were
stained with 1 pg/mL DAPI (Sigma, D9542) for 15 min in the dark.
The images were taken with an Axio Cam MRm (Zeiss) and a BZ-
X800 automated microscope (Keyence).

We analyzed images with CellProfiler*! (https://cellprofiler.org/)
by using custom-made pipelines and machine-learning-based classi-
fication with CellProfiler Analyst** (https://cellprofileranalyst.org/).
All image processing and analysis measurements were normalized to
the WT controls. In brief, to count cells expressing the markers NeuN
and GADG6S, the image analysis pipeline identified the nuclei on the
basis of DAPI signal and identified the neuronal body on the basis
of GADG6S signal, allowing for classification of cells as positive or
negative for the expression of these markers when using the ma-
chine-learning-based classifier function of CellProfiler Analyst.
These analyses were done from images from three wells from three
independent experiments. To measure changes in the cell area and
neurite extension, the analysis pipeline uses the nucleus of the cell
as a seed, which expands a defined number of pixels to the cytoplasm
on the basis of the intensity of MAP2 signal. The analysis of the neu-
rite length was done for >1,000 cells per condition.

To quantify changes in the density of pre- and post-synaptic
markers in iNs, the pipeline identified puncta on the basis of their
shape and higher intensity than background staining. These syn-
aptic puncta were defined within a neurite territory determined by
MAP?2 staining. Next, the pipeline measured changes in the area
and integrated intensity of puncta. For synaptic puncta in mouse
neurons, we used an alternative quantification approach that uses
changes in the integrated intensity. For each condition, 20 images
containing a median of 30 cells each were analyzed per triplicate
experiment.
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CHD8 rescue and GFP mock lentiviruses

To create the CHDS lentiviral transfer plasmid, we PCR amplified
CHDS8 from a WT HUES66 cDNA library by using primers specific
to CHDS isoform GenBank: NM_001170629 (transcript variant 1)
and performed a Gibson ligation into lentiCas9-Blast (Addgene
52962) cut with Afel and BamHI. The EGFP control plasmid was
identical but included EGFP instead of CHDS. HUES66 WT and
CHD8*"/~ cells were transduced with either a CHDS or EGFP blastici-
din-selectable lentivirus (pLenti-EFS-CHD8-P2A-Bla or pLenti-EFS-
EGFP-P2A-Bla, respectively) as previously described.** We performed
two independent rescue experiments by using two independent
batches of lentivirus (rescues 1 and 2, each with three biological repli-
cate transductions).

ATAC-seq and analysis of differential open chromatin

We performed an assay of transposable and accessible chromatin
sequencing (ATAC-seq) as previously described** with an opti-
mized lysis buffer to lower mitochondrial contamination.®® In
brief, cell membranes were lysed in resuspension buffer (RSB)
(10 mM Tris-HCL [pH 7.4], 3 mM MgCl,, and 10 mM NaCl)
with freshly added 0.1% Tween-20. After pipetting up and
down, we isolated nuclei by centrifuging at 500 rcf for 10 min at
4°C. After discarding the supernatant, we resuspended the nuclei
in tagmentation DNA (TD) buffer with 2.5 uL Nextera enzyme (Il-
lumina) and incubated them at 37°C for 30 min. After purification
on a MinElute column (Qiagen), the purified, tagmented DNA was
PCR amplified with Q5 enzyme (NEB) and barcoded primers for
ten cycles (with an initial 72°C, 5 min step for Nextera end filling).
The PCR product was purified via a 1.5x SPRI cleanup (Agencourt)
and checked for a characteristic nucleosome banding pattern with
a TapeStation (Agilent). Samples were sequenced with paired-end
37 bp reads on a NextSeq (Illumina). All three samples (WT,
CHDS8-A, and CHD8-B) were processed with two biological repli-
cates that were separated cultured, tagmented, and analyzed.

The mitochondrial read rate was consistently low for all samples
(<5%), as expected given our optimized lysis buffer.*> We used bow-
tie to align reads to the genome (hg19) and allowed for up to one
mismatch. We removed duplicates (Picard MarkDuplicates) and
mitochondrial reads (bowtie). All samples were downsampled to
the same number of aligned reads per sample (14 M). We performed
peak detection by using MACS2 software with the parameters
“--nomodel --shift -100 --extsize 200.” After peak detection, we com-
bined biological replicates by using bedtools merge. Unique peaks to
each CHD8"/~ cell line were identified with bedtools subtract. Peak-
to-gene assignment was done with the bedtools closest function
with parameter “-t first.”

Toinfer the overlap between ATAC-seq peaks and ENCODE3 candi-
date cis-regulatory elements (CCREs)*® (https://screen.encodeproject.
org/), we used bedtools to intersect the concordant open-chromatin
peaks with ENCODE cCREs (all human CREs [hg38], Registry V3,
2021). Then, using bedtools and bioMart, we mapped the peaks to
their closest protein-coding genes from the UCSC Genome Browser
(knowngene, hg38).*’

Gene-set enrichment and analyses with whole-exome
sequencing cohorts

We performed enrichment analyses by using WebGestalt (Web-
Based Gene Set Analysis Toolkit).*® Specifically, we analyzed the
set of 153 genes (RNA and ATAC) by using over-representation
analysis against the Gene Ontology (GO)**°° and Reactome data-
bases.”! The background set for these analyses included all genes

in the genome with false-discovery rate (FDR) correction. For the
genes with changes in open chromatin and expression, we tested
for enrichment of missense and likely gene-disrupting mutations
in various disease (and healthy) patient cohorts.® We performed
all enrichment analyses by using the Genotypes and Phenotypes
in Families (GPF) software: https://gpf.sfari.org/. This database in-
cludes de novo variants in unaffected children and children diag-
nosed with autism, epilepsy, intellectual disability, schizophrenia,
developmental disorders, and congenital heart disease.

Results

Derivation of isogenic CHD8 heterozygous hESC lines by
CRISPR mutagenesis

Over a decade ago, Zahir et al. found that a submicroscopic
deletion in 14q11.2 led to serious neurodevelopmental
symptoms and suggested that CHD8 was most likely the
causal gene.® Using whole-exome sequencing of probands
in the Simons Simplex Collection, several groups have
shown that CHDS is the most recurrently mutated gene in
de novo ASD.**?'! These studies found individuals with
likely gene-disrupting mutations throughout CHDS (Fig-
ure 1A). To characterize the effects of CHD8 haploinsuffi-
ciency in human excitatory cortical neurons, we designed a
CRISPR-Cas9 sgRNA that targets near residue 1210. This
sgRNA targets the same exon that harbors multiple de novo
loss-of-function mutations in probands and is estimated
to create loss-of-function alleles for 88% of repair out-
comes.'”'? We co-transfected an EFS-Cas9-2A-EGFP
plasmid and a U6-driven guide-RNA plasmid into HUES66
hESCs.>*>* Cells expressing GFP were purified by fluores-
cence-activated cell sorting and collected for single-cell-de-
rived colony isolation (Figure 1B). Using Sanger sequencing,
we isolated two colonies with premature stop codons. We
termed these colonies CHD8-A, which had a 13-nt heterozy-
gous deletion (resulting in p.Argl210Leufs*39 [GenBank:
NP_001164100] on the modified allele), and CHDS8-B, which
had a 16-nt heterozygous deletion (resulting in p.Cy-
s1208Aspfs*40 [GenBank: NP_001164100] on the modified
allele). The chosen guide RNA was optimized to have a min-
imal chance of off-target modification such that the closest
off-target site had three mismatches, including one in the
critical seed region for Cas9 binding, which makes any off-
target activity highly unlikely (Figures S1A and S1B). To verify
thelack of off-target genome modification, we sequenced the
top predicted off-targets in both of the engineered lines and
found no editing at these loci (Figure S1C). Consistent with
the lethality reported for Chd8 biallelic knockout in mice, '
we were able to recover only cells with monoallelic premature
stop codons and no clones with biallelic premature stop co-
dons (n = 216 colonies sequenced).

The pluripotency of CHD8-A and CHD8-B hESCs after
genome editing was confirmed by ICC staining for the plu-
ripotency markers NANOG and OCT3/4 (Figure 1C). We
performed gRT-PCR for CHD8 mRNA and found that
both isoforms of CHD8 (GenBank: NM_001170629.2 and
NM_020920.4) were reduced to 40%-45% of WT levels
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(Figure 1D). Using western blotting, we found a similar
decrease in CHDS protein in CHD8-A and CHDS8-B, as ex-
pected given the genotype and mRNA expression
(Figure 1E). After confirming the successful engineering
of CHDS8 heterozygous isogenic hESCs, we sought to derive
mature neurons for further molecular and functional
studies.

Loss of CHD8 leads to widespread changes in neuronal
gene expression

Previously, we showed that overexpression of NEUROG2
and NEUROG1 (NEUROGZ2/1) in hESCs rapidly produces
functional induced neurons, and we used these neurons
to measure electrophysiological changes after the loss of
a voltage-gated sodium channel.***” To investigate the ef-
fects of CHDS8 loss on neuronal function, we introduced
doxycycline-inducible expression of NEUROG2/1 into
CHDS8-A, CHDS8-B, and WT control HUES66 hESCs and
used the same differentiation method to convert them to
NEUROGZ2/1-induced neurons (Figure 2A). 4 days after
doxycycline induction, all cells from both CHD8"/~ lines
and from the isogenic control line expressed the pan-
neuronal marker MAP2 and FOXG1, a key driver of fore-
brain development®® (Figure 2B), and were identified as
neurons on the basis of the expression of the neuron-spe-
cific nuclear protein NeuN (Figures S2ZA and S2B). Across
all genotypes, inhibitory neurons (GAD6S5 positive) consti-
tuted between 10% and 15% of the cell population (Fig-
ure S2C). This proportion of inhibitory cells remained un-
changed in the CHD8"~ mutant cell lines. We also
observed that CHDS loss resulted in smaller cells, indicated
by a reduction of the cellular area (MAP2) and nuclear area
(DAPI) (Figures S2D and S2E). The nuclear area and cell
area tend to be correlated in eukaryotic cells independently
of growth conditions or exposure to physical environ-
ments.”® % In addition, CHD8 mutants presented shorter
neurites, defined by MAP2 extension, than did WT cells;
this phenotype was apparent after 2 days of differentiation
and became more significant with time (Figures S2F and
S2G). After 1 week of differentiation, western blot analysis
showed that CHD8-A and CHD8-B lines continued to ex-
press lower levels of CHDS8 than did the isogenic control
(Figure 2C).

Given that CHDS is a chromatin-remodeling protein, we
hypothesized that global changes in CHDS8 expression
might lead to altered gene expression in NEUROGZ2/1 neu-
rons. We used a 3-DGE RNA-seq protocol with unique mo-
lecular identifiers (UMIs) to prepare sequencing libraries
from CHDS8-A, CHDS8-B, and the isogenic control after
9 days of neuronal differentiation.*” These UMIs served
to minimize any PCR bias during library amplification
given that duplicate reads bearing the same UMI were
eliminated from our analysis. To avoid amplifying genes
from mouse glial cells, we differentiated NEUROG2/1 neu-
rons in the absence of astrocyte co-culture for RNA-seq.
Overall, both isogenic CHD8"/~ cell lines produced highly
correlated transcriptomes (Figure 2D). By modeling the

count data by using a negative binomial distribution, we
identified 475 genes with increased expression and 694
genes with decreased expression in CHD8'/~ neurons
(FDR g value < 0.1 for 15,574 genes detected) (Figure 2E;
Table S1). For several genes with significant changes in
gene expression, we performed an independent differenti-
ation and validated the changes in their gene expression
relative to that of the isogenic control by qRT-PCR
(Figure 2F). We selected a handful of genes with the highest
differential expression compared with that of isogenic con-
trol neurons and found increased expression in CHD8"/~
neurons for the transcription initiation factor TAF9B
and the long noncoding RNA PAX8-ASI. We found
decreased expression in Rho GTPase-activating protein
29 (ARHGAP29) and alpha-2-macroglobulin pseudogene
1 (A2MP1). To further reinforce that these differences are
due to CHDS loss and not differential integration of Neuro-
genin lentivirus, we note that we found no change in NEU-
ROG2 expression between CHD8"/~ neurons and isogenic
control neurons.

Given the hundreds of genes with significant changes in
expression, we performed a GO***? analysis on differen-
tially expressed genes and found that the top two enriched
molecular processes involved synapse function: chemical
synapse transduction and trans-synaptic signaling
(Figure 2G). Enriched GO components included both pre-
synaptic (axonal) and postsynaptic (dendritic) proteins
and categories, suggesting possible widespread changes
in synapse structure or function. Other significantly en-
riched GO terms for differentially expressed genes
included focal adhesion, the cell cycle, and ubiquitin pro-
teasome pathways, in agreement with other reports of
CHDS knockdown or heterozygous neurons.”**® We next
sought to understand how these alterations in expression
of synapse-related genes might affect synaptic transmis-
sion between CHDS8 heterozygous neurons.

CHD8 heterozygous neurons have lower spontaneous
firing rates as a result of fewer functional synapses
Despite the strong enrichment of differential expression of
synapse-associated genes, it is difficult to predict changes
in neuronal spiking and synapse function on the basis of
gene expression alone. Toward this end, we also differenti-
ated CHDS8-A, CHDS8-B, and the parental (isogenic) control
neurons on 64-channel MEAs and examined their sponta-
neous firing activities with repeated measurements over a
post-induction period of 60 days. Consistent with our pre-
vious reports of WT stem cells,**>’ these directly differen-
tiated neurons formed synapses and exhibited action po-
tentials starting at approximately 2 weeks. We monitored
network activity every 4-6 days from day 15 onward.
Both CHD8-A and CHDS8-B neurons had lower firing activ-
ity than the controls at all timepoints (Figures 3A and 3B).
To examine changes in synchronized firing, we computed
the correlation coefficient between all 64 electrodes in
each dish. Between day 20 and day 25, the increase in syn-
chronized firing activity seen in isogenic controls was not

The American Journal of Human Genetics 170, 1750-1768, October 5, 2023

1755



% Day 0 w Day 1-4 Day 5
+ Dox O + Puro + Glia
——» ¥ o e
NEUROG2/1 ° Remove
differentiation non-neurons
hES cells {:&
B
CHD8-A CHD8-B WT CHD8-A CHD8-B
CHD8 | — e |
x
o
GAPDH | - e g |
— % 1.5
<
> g
Q, '5 1.0
e}
3 S
a '&; 0.5 *kokk *kokk
+ a ’—_L‘ —_
I
©,
’ WT  CHD8-A CHD8-B
D
40] ® FDR <5% L PPP1R17 .
z'° ® FDR>5% TS
5 . BCAT!
8 NKAIN4 .TAFQB
= y 30 SPARC
910 ° * , PRDX1
g‘ = «A2MP1 HES6, j—
= g 0 FSTLY .Sl;ﬂ scas
o a o .
% ° TxNDC16 NEUROD4 XAoR s, *pAXE-AST
<5 8’ > [N .
b4 - o . -l.' y o o .
T %4 .
m 10 .
@ .
[a]
T 0
(6]
. 0
0 5 10 15 -3 -2 -1 0 1 3
CHD8-A RNA-seq (reg. log, counts) Fold change (log,[CHD8*/ WT])
F LA 3 G
67 * owr
L [ CHD8-A Chemical ransmissi
4 [ CHD8-B " emical synapse transmission
@
(9]
2+ @
. 8 Trans-synaptic signaling
& | T T — i o3
5’ 04-I11 | -& -1 |- ] r T o
° (O]
-2+ 3 Nervous system development
ol * * <
5 £
o] &
2 w0 Cell projection organization
6 g
'_
-87 X% kK Organ system process
. . . . o —
NEUROG2 TAF9B PAX8-AS1  ARHGAP29 A2MP1 0 2 4 6 8 10
Gene -log,, (FDR)

Figure 2. Differentiation of isogenic CHD8"/~ neurons and RNA-seq of neurons at post-differentiation day 9
(A) Cortical neuron differentiation via overexpression of NEUROG2 and NEUROG]1.

(B) ICC of FOXG1 and MAP?2 after 4 days of differentiation.
(C) Western blot of CHD8 and FOXG1 and quantification of CHDS after 4 days of differentiation.

(D) Quantification of gene expression in CHDS8-A and CHD8-B isogenic cell lines after 9 days of differentiation.

(E) Volcano plot of differential gene expression between CHDS™/~ neurons and isogenic control neurons.

(F) qPCR of several differentially expressed genes between CHDS8"~ and isogenic control neurons (and also NEUROG2).
(G) Top five enriched GO processes in CHD8"/~ neurons according to differential gene expression after 9 days of differentiation.

All experiments were performed with three biological replicates. Statistical analyses were done with one-way ANOVA tests:

**p < 0.01, ****p < 10~*. Error bars indicates SEM.

*p < 0.05,
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Figure 3. Characterization of electrophysiological and synaptic changes in human isogenic CHD8"/~ neurons
(A) Example of field potential recording using MEAs.
(B) Average spike rate of human cortical neurons recorded every 5 days from post-differentiation day 15 to day 60.

(C) Average correlation coefficient between all pairs of electrodes. *Significant differences at a single time point. {Significant differences
for a single cell line between neighboring time points.

(D) Voltage-clamp recordings of sEPSCs and quantification of sSEPSC amplitude and frequency.
(E) Voltage-clamp recordings of mEPSCs using TTX and quantification of mEPSC amplitude and frequency.

(legend continued on next page)
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found in CHD8'~ neurons (Figure 3C). Although
CHDS8''~ neurons achieved synchronized firing similar to
that of isogenic controls by day 60, there was a significant
delay in synchronized activity in CHD8"/~ neurons (days
20-25: isogenic control, p < 0.0001, t = 20.82, df =
1,178; CHDS-A, p = 0.19; CHDS8-B, p = 0.17). The delayed
development of synchronized firing suggests that CHD8
loss could result in a synaptic deficit.

To test this directly, we performed high-resolution,
whole-cell patch-clamp electrophysiology on post-differen-
tiation day 30 and measured spontaneous excitatory post-
synaptic currents (SEPSCs). We found that the amplitude
of sEPSCs remained unchanged between CHD8*/~ neurons
and isogenic controls (Figure 3D). However, the frequency
of spontaneous EPSCs recorded from CHDS8"/~ neurons
was significantly lower than that recorded from isogenic
controls (2.4 = 0.71 hz in CHDS8-A, 2.1 = 0.40 hz in
CHDS-B, 5.9 = 0.86 hz in controls; CHD8-A: p = 0.004,
t=3.03, df = 51; CHDS8-B: p < 0.0002, t = 3.99, df = 56).
To identify the cause of the reduced sEPSCs, we measured
the membrane properties of CHD8'/~ induced neurons,
such as resting membrane potential, membrane capaci-
tance, neuronal excitability, and voltage-dependent Na™*
and K* currents (Figures S3A-S3I). Other than reduced
membrane capacitance, which is in agreement with our
earlier finding of smaller cells, no other significant differ-
ences were found between CHD8 mutant and control hu-
man neurons (Figure S3D). Given that most membrane
properties were unaltered, we hypothesized that the change
in SEPSCs might be due to a change in functional synapses.

To test this, we measured miniature excitatory postsyn-
aptic currents (mEPSCs) by blocking voltage-gated sodium
channels with TTX. We found that both lines of CHDS"/~
neurons (CHD8-A and CHDS8-B) had a more than 2-fold
decrease in the frequency of mESPCs without altering the
mEPSC amplitude (Figure 3E). Because the change in the fre-
quency of mESPCs suggests an alteration in the number of
functional synapses, we performed ICC to detect two presyn-
aptic vesicle proteins, SV2 and SYP (synaptophysin), in den-
drites delimited by the somato-dendritic cytoskeletal marker
MAP2 (Figure 3F). High-content microscopy images showed
an apparent reduction in the overall intensity of both presyn-
aptic markers, particularly at focal points (synapses). Using
automated image-analysis pipelines, we measured the area
occupied by the focal accumulation of SV2 and SYP as a sur-
rogate readout for functional synapses. The analysis revealed
a 60%-80% decrease in SV2 area and a 40%-50% decrease in
SYP area, supporting the reduction in functional synapses in
CHD8''~ neurons. To understand whether the reduction
in SV2 and SYP dendritic area resulted from changes in their

expression levels, we performed western blotting (Figure 3G).
We found significant (30%—40%) reductions in SV2 area in
CHDS8*''~ neurons and smaller, non-significant (8%-19%) re-
ductions in SYP area. To explore whether these changes were
specific to the presynaptic compartment, we examined the
expression levels of two postsynaptic proteins (GRIA1
[GluR1] and DLG4 [PSD95]), which were not affected by
CHDS loss.

Cortical neurons cultured from Chd8 heterozygous mice
have similar alterations in firing rates and synapse
density

To test whether the synaptic deficits and impaired synchro-
nization of the neuronal network are specific to human
neurons or whether they might be general cross-species fea-
tures triggered by haploinsufficiency of CHDS8, we also
cultured postnatal cortical neurons from Chd8"/~ mice
and WT littermate controls.'® After culturing these murine
neurons on MEAs, we found a similar reduction in the over-
all firing rate at day in vitro (DIV) 21 (2.9 = 0.45 Hz in
Chd8*'~ mice; 4.6 + 0.69 Hz in WT littermate controls)
(Figures 4A and 4B). We performed ICC on these mouse
neuron cultures at DIV 14 and 21 for SYP, PSD95, and
MAP2 (Figure 4C). Given that changes in the dendritic
area occupied by synaptic markers were already apparent
from their intensity in human induced neurons, we used
a simplified pipeline to measure changes in the intensity
of synaptic markers in dendritic areas defined by MAP2.
At DIV 21, we observed a 54% decrease in SYP and a 33%
decrease in PSD95 in CHD8''~ neurons (Figures 4D and
4F). To confirm that the reduced spike rate and synaptic
density were not due to a difference in the number of neu-
rons, we measured neuronal density by using NeuN stain-
ing and found no change in neuronal density between
Chd8"'~ neuron cultures and WT controls (Figure 4F).
Similar to hESC-derived human cortical neurons, we found
large changes in neuron firing rates and in synaptic puncta
in Chd8"'~ mouse neurons. Altogether, our analysis of
hESC-derived human cortical neurons and culture mouse
neurons identified common deficits in synaptic transmis-
sion caused by CHDS8 haploinsufficiency.

CHD8 overexpression in CHD8 heterozygous neurons
rescues firing rate and synaptic defects

Given the observed defects in neuronal firing rates in both
human and mouse CHD8'/~ neurons, we further tested
whether restoration of CHD8 expression via a transgene
could rescue these defects. Using a blasticidin-selectable len-
tiviral vector, we introduced CHDS8 under the control of the
elongation factor la-short (EFS) promoter into one of the

(F) ICC for MAP2, SYP, and SV2 and quantification of the fold change over the isogenic control cell line in SYP and SV2 puncta area per

unit dendrite (MAP2) area.

(G) Protein expression via western blot for both presynaptic proteins SYP and SV2 and postsynaptic proteins PSD95 and GRIA1 (GluR1)
(top) and quantification relative to GAPDH (bottom) after 32 days of differentiation.
All experiments were performed with three biological replicates. Statistical analyses were done with one-way ANOVA tests: **p < 0.01,

***p < 1073, #***p < 10~*. Error bars indicate SEM.
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Figure 4. Multielectrode array recordings and synaptic puncta in cortical neurons from Chd8 heterozygous mice

(A) Spike raster plot from mouse cortical neurons at DIV 14 and 21.

(B) Spike rate for cortical neurons recorded at DIV 14 and 21.
(C) ICC for MAP2, SYP, and PSD95 at DIV 21.

(D) Integrated PSD95 intensity per unit dendrite (MAP2) area.
(E) Integrated SYP intensity per unit dendrite (MAP2) area.

(F) Neuron density per unit area (mm?) by NeuN identification of neuronal nuclei.
All experiments were performed with three biological replicates. Statistical analyses were done with unpaired t tests: *p < 0.05, **p < 0.01.

Error bars indicate SEM.

CHD8''~ hESCs (Figure SA). To control for effects of lentivi-
ral integration, we transduced the same lentivirus but with
EGFP substituted for the CHDS8 open reading frame into
the same CHDS8"/~ hESC line and the isogenic control line
(Figure 5A). After blasticidin selection, we isolated two clones
from the polyclonal population and differentiated these into
neurons as before via Neurogenin overexpression.

By western blot, we found that both CHDS rescue lines dis-
played higher levels of CHD8 than did neurons from the mock
(GFP-transduced) parental CHDS8-B line and the isogenic con-
trol line (Figure 5B). On post-differentiation day 60, we found
that both CHD8 rescue lines had nearly the same firing rate as

the mock-transduced isogenic control (Figure 5C). In contrast,
the mock-transduced CHDS8 heterozygous line displayed an
approximately 80% reduction in firing, similar to what we
had observed before in CHD8*/~ human and mouse neurons
(Figures 3B, 4B, and 5C). We also performed ICC on CHDS8
rescue and mock-transduced lines to examine the expression
levels of SYP, SV2, and MAP2 (Figure 5D). Overexpression of
CHDS8 was able to rescue SYP expression in both lines
(Figure SE) and SV2 expression in one of the lines
(Figure SF). Supporting these findings, the work from Durak
et al.?® overexpressed a shRNA-resistant human CHDS
construct, which reduced cell-cycle exit and restored patterns
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Figure 5. Lentiviral rescue of CHD8 in human isogenic cells

(A) Lentiviral constructs for rescue experiments delivering CHDS8 or EGFP coupled to a blasticidin selection gene. The transgenes are

ubiquitously expressed by the EFS promoter.

(B) Transduction of CHD8-B cells with the CHDS8 rescue lentivirus restores WT CHDS levels.
(C) Spike rates from multielectrode array recording of CHD8-B cells with CHDS8 rescue lentivirus in comparison with those of WT or

CHDS8-B cells with mock transduction (mean *+ SD).

(D) ICC for MAP2, SYP, and SV2 at day 53 in WT cells with mock transduction, CHDS8-B cells with mock transduction, and CHD8-B cells

with CHDS8 rescue lentivirus.

(Eand F) Integrated SYP (E) and SV2 (F) intensity per unit dendrite (MAP2) area normalized to WT cells with mock transduction (mean + SD).
All experiments were performed with three biological replicates. Statistical analyses were done with one-way ANOVA tests: **p < 0.01,
***p < 1073, ***p < 10~*. Error bars indicate SEM unless otherwise stated.

of neuronal differentiation and cortical layering in mouse
brains. These results hold promise for the genetic rescue of
synaptic deficits and altered firing caused by CHDS loss but
also highlight the need for further development of strategies
for optimal control of CHDS8 expression. Specifically, our
approach relies on constitutive CHDS8 expression; however,
we know from in vivo studies that CHDS is dynamically regu-
lated across development and in different brain regions,'®®
and thus it is likely that precise control over CHDS expression
will be important for future therapeutic strategies.

CHDB8 loss increases open chromatin in introns and
intergenic regions

Given the prominent role in chromatin remodeling of
CHDS8 and its previously established interactions with

the linker histone H1,>” we tested whether CHD8*/~ hESCs
and neurons have alterations in open and closed regions of
chromatin with ATAC-seq.** Using paired-end sequencing,
we mapped transposon insertions, which tend to accumu-
late in genomic regions with more open chromatin and
greater accessibility to transcription factor binding. In all
samples, we found that the ATAC-seq fragments and seq-
uenced libraries captured histone nucleosome spacing
(~146 bp) with clear mono-, di-, and multinucleosome
bands (Figures S4A and S4B).

To compare open-chromatin regions, we initially binned
all reads into 100-kb windows spanning the entire genome.
We found a high degree of overlap between ATAC-seq bio-
logical replicates (Figure 6A). Specifically, in day 9 neurons,
biological replicates of each cell line (CHD8-A, CHDS8-B,
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and control) clustered together, and both CHD8"/~ lines
had greater similarity with each other than with the
isogenic control line. One striking difference was that the
CHDS8''~ neurons had approximately 2-fold more open-
chromatin peaks than isogenic controls (Figure 6B). Be-
cause peak calling can be influenced by read depth, we
were careful to perform peak calling on the same number
of aligned reads for each sample. To better understand
where this increase in open chromatin was occurring across
the genome, we mapped each ATAC-seq peak in all three
lines to the nearest gene and ranked genes by differential
ATAC-seq peaks. There was a good correlation between
the genes that gained ATAC-seq peaks in CHDS8-A and
CHDS8-B heterozygous neurons (Figure 6C; Table S2) (r =
0.70, p = 2 x 10 '®). Autism susceptibility candidate 2
(AUTS2) had the largest change in ATAC-seq peaks after
CHDS loss: AUTS2 had 27 more peaks in CHD8-A neurons
and 26 more peaks in CHD8-B neurons than in the isogenic
controls. AUTS2 is a key subunit of the Polycomb PRC1
complex and is itself a chromatin modifier that is involved
in regulating the expression of genes important for neural
development (Figure 6D).°° Within AUTS2, we found large
changes in open chromatin within the introns of the gene
(Figure 6E). Previous work has shown that open-chromatin
regions associate with more transcriptionally active
genes.”* Concordant with the change in open chromatin,
we found a nearly 2-fold increase in expression of AUTS2
in CHD8"/~ hESCs (Table S1). Although we identified
AUTS2 via its large gain in ATAC-seq peaks, other studies
have shown that AUTS2 has an important neurodevelop-
mental function and acts as a master regulator of genes
implicated in ASD-related pathways.®’

Given these increases in intronic open chromatin at this lo-
cus and several other genes (Figure 6C), we wanted to more
precisely map altered chromatin accessibility genome-wide.
For this purpose, we examined increases in ATAC-seq peaks
in different genomicregions, including the coding sequences
(CDSs), 5’ untranslated regions (UTRs), 3' UTRs, transcription
start sites (TSSs), introns, and intergenic regions. In all cate-
gories, we found significantly more open chromatin in
CHDS"'~ neurons than in isogenic control neurons (Fig-
ure 6F). Of these genomic regions, we saw the greatest
changes in open chromatin in CHD8*/~ neurons in intronic
and intergenic regions (2.7-fold + 0.04 for introns and 3.4-
fold = 0.0S for intergenic regions in CHD8-A). Our analysis
extends the regulatory landscape defined by CHD8 beyond
TSSs, as previously identified by chromatin immunoprecipi-
tation and sequencing (ChIP-seq).°> As with AUTS2, we
compared changes in open chromatin with our earlier mea-
surements of differential gene expression. We found that
genes that are significantly upregulated in CHD8 "/~ neurons
have, on average, 1.8-fold more ATAC-seq peaks than down-
regulated genes (n = 603 genes downregulated with ATAC-
seq peaks; m = 424 genes upregulated with ATAC-seq peaks)
(Figure 6G). This asymmetry was present when we restricted
the ATAC-seq data to novel peaks (1.5-fold more peaks in up-
regulated genes) and restricted the ATAC-seq data to novel

peaks found in gene bodies or promoters (1.1-fold more peaks
in upregulated genes).

Then, we compared differentially expressed genes
(Pagj < 0.05) with the genes closest to differentially accessible
genomic regions from the ATAC-seq in both CHD8"/~
mutant lines and isogenic controls. We identified 153 genes
with both differential expression and changes in chromatin
accessibility in CHDS"/~ mutant lines (Figure 6H). Using
pathway and GO analyses, we found an enrichment in genes
that regulate neurite growth and axon development, synapse
organization, vesicle-mediated transport at the synapse,
axon guidance, and cell-cell adhesion pathways (Figure S4C).

Given the large increase in open chromatin in intron and
intergenic regions, we hypothesized that changes in open
chromatin might affect not only promoter accessibility
but also the accessibility of cis-regulatory elements (CREs).
We tested this hypothesis by quantifying the overlap be-
tween ATAC-seq peaks in CHDS8 mutant neurons and
ENCODE CREs.*® We found that 39% of ATAC-seq peaks
gained in CHDS8-A neurons and 35% of ATAC-seq peaks
gained in CHDS8-B neurons overlapped ENCODE CREs
(Figure S4D). These ATAC-seq peaks overlapped both distal
enhancer-like elements (dELS) and proximal enhancer-like
elements (pELS). We mapped these ATAC-seq peaks over-
lapping dELS and pELS to their closest protein-coding
gene and examined whether any of the mapped genes
were differentially expressed in CHD8 mutants according
to our RNA-seq data. We found that these dELS and pELS
peaks were often nearby differentially expressed genes in
CHD8"~ neurons, such as DNM3, and were enriched in bio-
logical processes related to glutamatergic synaptic transmis-
sion and the cell cycle (Figure S4E; Table S3). We found cell-
cycle-related enriched GO categories; a recent CHDS study
from Ding et al. found small effects on the cell cycle and pro-
liferation upon CHDS loss®* and a similar enrichment in
related gene expression.

Changes in chromatin compaction and gene expression
specifically target genes that are often mutated in ASD
and intellectual disability

Given that CHDS8 was first identified through human
sequencing studies of ASD probands, we tested whether
the genes with significant changes in either expression or
open chromatin in CHD8"/~ neurons were also enriched
with germline mutations associated with ASD and similar
disorders. To quantify this, we analyzed whole-exome
sequencing data from unaffected individuals and those
with ASD, intellectual disability, schizophrenia, epilepsy,
and heart disease. In total, we analyzed whole-exome
data from 8,874 individuals, including 3,963 ASD pro-
bands. Genes with significant changes in expression
(either an increase or decrease, g < 0.01) were over-repre-
sented in likely gene-disrupting mutations in ASD, intel-
lectual disability, and schizophrenia probands (ASD:
observed [O] = 18, expected [E] = 11.08, p = 0.05; intellec-
tual disability: O = 1, E = 0.05, p = 0.04; schizophrenia:
O =6,E=225p=0.03, %2 test) (Figure 6]). In contrast,

The American Journal of Human Genetics 170, 1750-1768, October 5, 2023

1761



>
w
(9]

4x10° q
’J:‘ ’:L‘ AUTS2
2
2 s ®
g 3 3x10* | N § 20 ZNF608
pd < 5 AsIC2
3 = NRXN3
o o} - & DAB1
g 8 g
® 2 2x10° 4 £
> 3 i
3 3"
Q 2 a
= Q 1x10° g
PZ <
[T,
095 1 . . . 0
Ctrl CHD8-A CHD8-B 20
Cell line ATAC peaks gained in CHD8-A
PRC-AUTS2
|-> AUTS2
F + ++ + + b
CK2 100 kb
Ctrl
e CHD8 A
CHD8 B
RING1AB  PCGF5 N
Tkb °
F “1m cHDs-A G H @ crpea
[ CHD&-B N Upregulated genes } FDR<10% [ CHD8B
0.4 Downregulated genes
% 34 ATAC-peaks ATAC-peaks
g g
Q 3 0.3
s s
< 5
c 2 5
= °
8 Boe
o B
£ E
2] - SHE-Bm-AH -2
el
S 0.1
I
[ Y T i v v o T T v
CDS 5'UTR3'UTR TSS Intron Intergenic 0 10 20 30
Genomic region ATAC peaks gained in CHD8*
R
Regulation of neuron projection development Qs\ V‘S
13
8 Autism spectrum E ’\N;nsense
& |Synapse organization D lesen.sre1
g Intellectual disab. o enrichment
o]
g Axon development Schizophrenia
5
;E, Vesicle-mediated transport in synapse Heart disease
w
2 Epilepsy
= Vesicle localization
Unaffected
T T T T 1
0 2 4 6 8 10

-log,, (FDR)

Figure 6. Chromatin accessibility of isogenic CHD8"/~ neurons and comparison with genetic data from whole-exome sequencing of
probands

(A) Clustering of aligned reads from ATAC-seq using 100-kb genomic windows. The analysis was done with two biological replicates per
sample.

(B) MACS2-detected ATAC-seq peaks in human neurons at post-differentiation day 9 in CHD8"~ and isogenic controls.

(C) Mapping of novel peaks in CHD8"~ neurons to nearest gene for CHD8-A and CHDS-B lines.

(D) Schematic of PRC-AUTS2 complex.

(E) Examples of regions within AUTS2 with additional open-chromatin peaks.

(F) Fold change in ATAC-seq peaks across different types of genomic regions in CHD8"~ and isogenic control neurons.

(G) Changes in gene expression (upregulation or downregulation) for genes with gains in ATAC-seq peaks in CHD8"/~ neurons.

(H) Venn diagram showcasing the common differentially expressed genes (p,qj < 0.05) and mapped novel ATAC-seq peaks in CHD8-A
and CHDS-B cell lines.

(I) Top five enriched GO processes in CHDS8*/~ neurons of common genes identified in (H).

(J) Cohort analysis of whole-exome data shows that genes with significant changes in gene expression (RNA-seq) or chromatin compac-
tion (ATAC-seq) are enriched with nonsense and/or missense mutations in ASD (n = 3,963 exomes), intellectual disability (n =
151), or schizophrenia (n = 964) cohorts but not in heart disease (n = 1,229), epilepsy (n = 264), or unaffected control (n = 2,303)
cohorts.

Error bars indicate SEM.
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we found no enrichment for mutations in these genes
among three control cohorts: two with diseases of funda-
mentally different etiology (epilepsy and congenital heart
disease) and the unaffected individuals.

We also sought to understand whether ASD probands were
enriched with mutations in genes with altered chromatin
accessibility in CHDS8 ™/~ neurons. When we examined genes
with significant increases in the number of nearby ATAC-seq
peaks (p < 0.05), we found that this gene set was over-repre-
sented in ASD and intellectual disability cohorts in both
likely gene-disrupting and missense mutations but not in
any of the other cohorts tested (ASD: O = 31, E = 13.47,
p = 0.0008; intellectual disability: O = 2, E = 0.13, p =
0.006, > test) (Figure 6]). Together, these data suggest that
heterozygous CHDS loss causes widespread alterations in
open chromatin and gene expression and that the genes
affected by these changes are often disrupted in neurodeve-
lopmental disorders but not in other disorders, such as heart
disease or epilepsy, or in unaffected controls.

Discussion

Although CHDS loss accounts for more cases of ASD than
any other single de novo risk gene, there are few well-charac-
terized models of how CHDS is involved in neuronal func-
tion. Previous studies have focused on ASD-like behaviors
in mouse models but have not examined the molecular
function of CHDS8 as a chromatin-remodeling enzyme.'**®
In this work, we engineered isogenic CHD8"~ human
pluripotent stem cells by using Cas9 modification of
normal embryonic stem cells, and using a rapid neuron-dif-
ferentiation protocol, we derived human neurons carrying
this mutation. The two isoforms of CHDS8 (isoforms Gen-
Bank: NM_001170629 and NM_020920) are produced by
alternative splicing and differ in length. GenBank:
NM_020920 is shorter because it includes part of an intron
containing an in-frame stop codon.'® Importantly, muta-
tions in both isoforms correlate with increased risk of
ASD.”'17:6465 The CHD8"~ cell lines generated in our study
show equal depletion of both isoforms, yielding accurate
models of the monoallelic loss of both isoforms observed
in ASD probands. Loss of CHDS8 expression did not affect
the differentiation of hESCs into neurons. However, the
CHDS8"~ mutants showed reduced cellular size and neurite
length, suggesting that these neurons are less mature than
the isogenic controls. Supporting this observation, using
field recordings and single-cell patch-clamp electrophysi-
ology, we found that CHD8"~ cortical neurons exhibited
lower firing rates and a lower frequency of both miniature
and spontaneous EPSCs. We also observed a decrease in
the local accumulation of synaptic markers in dendrites
for presynaptic SV2 and SYP, which could be associated
with, but not exclusive of, a significant downregulation of
their protein levels (i.e., SV2) in CHDS8*/~ neurons. These
changes in firing rates and synaptic puncta were also seen
in a heterozygous Chd8 mouse model.

One limitation of this study is that cultured neurons do
not replicate the intricate three-dimensional organization
and cellular complexity found in the developing brain.”®
Other model systems, such as human brain organoids and
nonhuman primates, grant access to unique cell types and
developmental processes,®’ as highlighted in several recent
studies of CHD8°*° and our own work with brain organo-
ids.” Despite these limitations, this study provides a set of
molecular and functional approaches for the robust charac-
terization of ASD phenotypes in neuronal cells grown in
monolayer culture, as well as a suitable framework for
high-throughput characterization of ASD mutations.

Given CHDS's role in chromatin remodeling,”" we mea-
sured changes in chromatin accessibility genome-wide.
Gene regulation is highly dependent on both accessible
chromatin, which allows for transcription factor binding
and gene expression, and compacted chromatin, which
is less accessible for transcription. Compared with matched
isogenic controls, CHD8'~ neurons have sweeping large
increases in open chromatin across the entire genome,
including in intronic and intergenic regions. CHDS8 has
been previously found to bind these regions in studies us-
ing ChIP in neuronal and non-neuronal cell lines.”*”* In
agreement, we found that more than a third of newly
gained open-chromatin peaks in CHDS8"/~ neurons coin-
cide with dELS situated in intergenic regions, as well as
pELS located within introns. Notably, these regions with
increased chromatin accessibility are located near differen-
tially expressed genes in the CHDS lines, suggesting that
these changes in chromatin accessibility might drive
altered gene expression (although further mechanistic
work will need to demonstrate a causal relation). In total,
we identified 153 genes with altered expression and chro-
matin accessibility across the CHD8 mutant lines. These
genes were enriched in neurite and axon growth and devel-
opment and synaptic organization pathways.

One of the enriched pathways (L1CAM) regulates the in-
teractions between adhesion molecules and transmem-
brane receptors with the actin and microtubule cytoskel-
eton.”* LICAM genes are essential for the control of
neurite outgrowth and are associated with neurodevelop-
mental disorders, including autism.”*”® Several genes
related to the LICAM pathway, including DNM3, display
increases in chromatin accessibility and expression in
CHDS8"~ cells. DNM3 is a pivotal microtubule-associated
GTPase responsible for endocytosis and crucial for sus-
tained neurotransmission.”® Previous studies have re-
ported DNM3 upregulation in neuronal models of various
psychiatric disorders, such as schizophrenia,”” but its
exploration in autism has been lacking.

Another gene with significant changes in both open-chro-
matin peaks and gene expression in CHD8 mutants is
KCNQ2, which encodes a voltage-dependent potassium
channel with a key role in neuronal excitability.”® These
channels are predominantly expressed at the axon initial seg-
ment and nodes of Ranvier and at lower densities at the soma,
dendrites, and synaptic terminals of neurons. KCNQZ2 has

The American Journal of Human Genetics 170, 1750-1768, October 5, 2023

1763



been identified as an ASD risk gene in whole-exome se-
quencing studies,”” and mutations in KCNQ2 cause neonatal
epilepsy, characterized by severe early-onset seizures and
impaired neurodevelopment.®’ Depletion of KCNQ2 results
in abnormal neuronal activity and reduced sEPSC frequency
in induced pluripotent stem cells (iPSCs) differentiated to
neurons.”’ We found that KCNQ2 is significantly downregu-
lated in CHD8 mutant neurons (among the top 20 most
downregulated genes). Moreover, disruptive mutations in
the highly conserved coiled-coil domain of KCNQZ, essential
for protein interactions, lead to decreased neurite length (ac-
cording to MAP2 staining) and reduced presynaptic puncta
in neurons derived from the iPSCs of epileptic neonates,
which were compared with an isogenic mutation-corrected
control.”’ Given the observed changes in neuronal excit-
ability, our findings could nominate KCNQZ2 as a primary
mediator of the electrophysiological phenotypes that we
observed upon CHDS loss.

Of the 153 genes with changes in RNA expression and
chromatin accessibility, CNTNAP2 had a substantial in-
crease in open chromatin in both CHDS8"~ mutant lines.
CNTNAP2, which encodes the cell-adhesion glycoprotein
Caspr2, is itself an autism risk gene and governs crucial as-
pects of neuronal development, such as differentiation,
neurite growth, branching, and synapse formation.***?
Loss-of-function mutations in CNTNAPZ2 lead to synaptic
defects.®>*"® Contactins, such as Caspr2, interact with an-
kyrins, which are also dysregulated in ASD®® and are
required for the proper localization and clustering of
voltage-gated channels (e.g., KCNQZ2) and receptors at syn-
apses.”” Together, our multiomic molecular datasets (RNA-
seq and ATAC-seq) identify changes in both the structural
proteins required for proper synapse formation and the
channels that regulate neuronal excitability.

Remarkably, many of these differentially regulated genes
with mapped CREs are associated with synaptic structure
or activity, providing a mechanistic basis for the altered
synaptic activity that we observed via electrophysiology
and imaging. In addition to CRE-driven changes, differen-
tial splicing due to accessibility changes in introns might
also play a role, as shown in a recent study.””

Using large-scale exome sequencing datasets, we found
that these genes with altered expression are enriched
with mutations found in probands with ASD, intellectual
disability, and schizophrenia but not in unaffected con-
trols or probands with cardiovascular disease or epilepsy.
Furthermore, enrichment in ASD-risk genes regulated by
CHDS8 has been reported in brains from developing
mice”* and in human neuronal progenitor cells.”®

In order to assess whether CHDS8-loss-driven changes in
genome structure and gene expression are reversible, we
delivered a CHDS8 expression construct into CHDS"~ hu-
man pluripotent stem cells. Upon neuron differentiation,
we found that decreases in firing activity and presynaptic
proteins could be partially rescued by the CHDS transgene.
Similarly, ectopic overexpression of human CHDS8 in Chd8
knockdown mice restored neuronal differentiation defects

caused by CHDS loss, including replenishing the depleted
progenitor pool.”® There are several important caveats of
our gene-overexpression approach, such as uncontrolled
dosage of the EFS-driven CHDS transcript, which could
lead to supraphysiological levels of CHD8 and off-target
binding. However, despite these caveats, our study suggests
that restoring CHDS8 by using gene-therapy approaches,
including gene augmentation, has the potential to rescue
WT neuronal function and might offer a viable treatment
for CHDS loss. An important next step will be to see
whether restoring CHDS8 after differentiation and/or in
mature neurons can also provide a similar level of pheno-
typic rescue in human neurons.

Our approach also demonstrates the utility of isogenic
models using genome engineering in human pluripotent
stem cells and differentiated neurons. Compared with pa-
tient-derived iPSCs, the isogenic model can be produced effi-
ciently in any lab without the need for patient access. For rare
monogenic disorders, this kind of genetic model provides a
more controlled (isogenic) comparison, which is important
in phenotyping assays where there is greater biological noise,
such as organoid cultures. These studies provide an initial
view of the molecular, electrophysiological, and morpholog-
ical consequences of loss-of-function mutations in CHDS8 in
human and mouse neurons and implicate CHDS8 target
genes in ASD and other neurological disorders. Our demon-
stration that CHD8'/~ neurons display widespread changes
in genome organization and synapse function opens new av-
enues for future work and therapeutic interventions.
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