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Summary
Point mutations and structural variants that directly disrupt the coding sequence of MEF2C have been associated with a spectrum of

neurodevelopmental disorders (NDDs). However, the impact of MEF2C haploinsufficiency on neurodevelopmental pathways and syn-

aptic processes is not well understood, nor are the complex mechanisms that govern its regulation. To explore the functional changes

associated with structural variants that alter MEF2C expression and/or regulation, we generated an allelic series of 204 isogenic human

induced pluripotent stem cell (hiPSC)-derived neural stem cells and glutamatergic induced neurons. These neuronal models harbored

CRISPR-engineered mutations that involved direct deletion of MEF2C or deletion of the boundary points for topologically associating

domains (TADs) and chromatin loops encompassing MEF2C. Systematic profiling of mutation-specific alterations, contrasted to uned-

ited controls that were exposed to the same guide RNAs for each edit, revealed that deletion of MEF2C caused differential expression of

genes associated with neurodevelopmental pathways and synaptic function. We also discovered significant reduction in synaptic activ-

ity measured by multielectrode arrays (MEAs) in neuronal cells. By contrast, we observed robust buffering against MEF2C regulatory

disruption following deletion of a distal 5q14.3 TAD and loop boundary, whereas homozygous loss of a proximal loop boundary resulted

in down-regulation of MEF2C expression and reduced electrophysiological activity on MEA that was comparable to direct gene disrup-

tion. Collectively, these studies highlight the considerable functional impact of MEF2C deletion in neuronal cells and systematically

characterize the complex interactions that challenge a priori predictions of regulatory consequences from structural variants that disrupt

three-dimensional genome organization.
Introduction

Over the last decade, genetic studies have established

haploinsufficiency of MEF2C (MIM: 600662) as a cause of

neurodevelopmental disorders (NDDs).1 Microarray and

sequencing studies have repeatedly implicated loss-of-

function (LoF) mutations in MEF2C etiological factors

across numerous syndromic and isolated NDD pheno-

types.2–7 To date, these mutational mechanisms have

included protein-truncating variants (PTVs), structural var-

iants (SVs) involving deletions and balanced chromosomal

abnormalities (BCAs), and broader microdeletion of the

5q14.3 locus.2,8–10 Mouse models with conditionally

modulated Mef2c expression1,3–5,11,12 in neural tissue also

display fundamentally altered brain development and

neuronal activity.13–17 The extensive complementary
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data from human affected individuals and mouse models

suggests thatMEF2C LoF mutations underlie aberrant neu-

rodevelopment with varied consequences that include

developmental delay, intellectual disability, autism spec-

trum disorder (ASD), hypotonia, and epilepsy.1,6,11,18–22

To date, the mechanisms associated with haploinsuffi-

ciency of MEF2C that contribute to these phenotypic pre-

sentations have not been explored in human neuronal

models, which can provide insights into signatures of

MEF2C-specific changes as well as evidence of transcrip-

tional or functional convergence across NDDs.

In contrast to the abundant molecular studies of direct

gene disruption in NDDs, functional interpretation

of noncoding variation remains a considerable chal-

lenge.23,24 Multiple recent studies have described highly

penetrant noncoding mutations across rare NDDs
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and Mendelian disorders,25–27 and one emerging muta-

tional mechanism not captured by exome and genome

sequencing is regulatory changes associated with three-

dimensional (3D) genome reorganization.28–30 Early

glimpses into the intricacies of 3D genome architecture

demonstrated the partitioning of chromatin into topolog-

ically associating domains (TADs) and the smaller loops

within them. It is presently understood that TADs demar-

cate neighborhoods of long-range regulatory interaction,

while loops facilitate punctate enhancer and promoter

connections.31,32 Some prior studies have discovered path-

ogenic consequences from positional effects through the

disruption of TADs and loops,31,33–35 while others suggest

an uncoupling of topological rewiring and gene expres-

sion.29,32,36,37 These studies collectively underscore the

complexity of long-range regulatory mechanisms and sug-

gest that functional alterations associated with structural

variants of 3D organization are likely to be context specific

and require extensive experimental modeling to dissect

the diverse regulatory mechanisms of individual loci.

We previously demonstrated through whole-genome

sequencing of NDD cases that chromosome 5q14.3

harbored an unusual and genome-wide significant excess

of noncoding BCA breakpoints that did not directly

disrupt MEF2C but that all occurred within the TAD

boundaries encompassing MEF2C.38 This distribution of

breakpoints in proximity to MEF2C was further supported

by microdeletions in NDD cases reported in DECIPHER

that apparently did not directly alter the locus (at the

available resolution of chromosomal microarray).39 In

considering the landscape of de novo SVs across the

5q14.3 locus in NDD cases, the unifying thread appears

to be recurrent distal boundary disruption. Taken

together, these data suggest that direct disruption of

MEF2C and alterations to its 3D regulatory architecture

may result in comparable molecular mechanisms in

NDD cases. Motivated by these findings, we performed

a systematic molecular dissection of the 5q14.3 locus to

quantify the transcriptomic and electrophysiological ef-

fects of MEF2C LoF in human neural derivatives. Through

the generation of an allelic series of CRISPR-engineered

human induced pluripotent stem cell (hiPSC)-derived

neural stem cells (NSCs) and glutamatergic induced neu-

rons (iNs), we interrogated the impact of enhancer, TAD

boundary, and loop boundary deletion on local genome

organization, local expression effects on MEF2C, and

global transcriptional signatures. Our analyses revealed

that direct MEF2C alteration results in both transcrip-

tional and functional changes to the synapse. These

studies further revealed that disruption of the distal

boundary of the MEF2C-containing loop was insufficient

to produce indirect dysregulation of MEF2C expression,

whereas disruption of the proximal boundary of the

same 3D structure resulted in reduced expression of

MEF2C with functional consequences that were compara-

ble to direct gene deletion. Overall, these data suggest

that the effects of direct and indirect disruption of
2 The American Journal of Human Genetics 109, 1–19, November 3,
MEF2C contributes to cell-type-specific alterations on

neuronal functions that converge on synaptic deficits in

neurodevelopment.
Material and methods

hiPSC culture
All studies involved secondary use of publicly available cell lines

and/or data and were approved by the Institutional Review Board

of Mass General Brigham. The GM08330 hiPSCs were grown in

feeder-free culture via Matrigel with Essential 8 media. Cells were

passaged with ReLeS. mFreSR was used for cryopreservation.

Y-27632 dihydrochloride was added to media at 1 mg/mL for up

to 24 h for initial plating and at various points in the engineering

protocol as indicated below.
In silico CRISPR guide selection
Dual guides were designed with multiple considerations to maxi-

mize on-target cutting efficiency for deletion generation while

minimizing both off-target effects. Guides with NGG PAM for

Cas9 were identified with theMIT CRISPR design tool.40 Off-target

characterization was conducted per guide with Off-Spotter.41 We

restricted to guides without identified coding, long noncoding

RNAs (lncRNAs), ribosomal RNA (rRNA), or transfer RNA (tRNA)

off-target hits with %4 mismatches between the guide and the

off-target position (Table S1).
CRISPR-Cas9 transfection
To generate CRISPR-edited lines, hiPSCs were transiently trans-

fected with breakpoint targeting guides and SpCas9 ribonuclear

protein as ribonuclear proteins (RNP). Alt-R SpCas9 Nuclease was

diluted to 25 mM in 20 mM HEPES Buffer and 150 mM KCl. We

diluted custom designed Alt-R CRISPR RNAs (crRNAs; IDT) and

Alt-R trans-activating CRISPR RNA (tracrRNA; IDT, 1072532) to

25 mM and annealed them by using manufacturer recommenda-

tions to create crRNA::tracrRNA duplexes. We generated single-

cell hiPSC suspension of Y-27632 dihydrochloride-treated cells

by using and filtering them through a 40 mM mesh (1 mg), and

we combined annealed guides (37.5 mM total) with 1 mg pmaxGFP

plasmid and nucleofected them into hiPSCs (5 3 105 cells per

transfection). Nucleofections were conducted with an Amaxa Nu-

cleofector II, program A-033, with Human Stem Cell Nucleofector

Kit 1 following manufacturer’s instructions. Nucleofected cells

were plated onto Matrigel-coated 12-well plates and maintained

in E8 media supplemented with Y-27632 dihydrochloride at

1 mg/mL for 24 h. Cell-containing wells were replenished with

E8 media daily with subsequent fluorescence-activated cell sorting

(FACS) 36–48 h after transfection. The transfected cells were FACS

sorted and consolidated for clonal isolates.

Genotyping was conducted with custom designed PCR primers

(IDT) with Taq polymerase. PCR products were run on 2% Agarose

96-well E-Gels for visualization. Positive products were cleaned up

with ExoSAP-IT and submitted for Sanger sequencing (Table S2).

As an orthogonal method of genotyping and for confirmation of

clonality, edited lines and a subset of wild-type lines identified

by Sanger were also genotyped with droplet digital PCR (ddPCR)

with DNA copy number probes.When possible, we required six in-

dependent clonal lines per genotype at each target locus in the in-

terest of maximizing the number of biological replicates in each

experiment. We were unable to generate homozygous deletions
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for some target regions, and in some instances when CRISPR edit-

ing did not yield the desired number of independent clonal repli-

cates, we split single lines in two to differentiate six lines per geno-

type and capture technical variation attributable to differentiation

as outlined in Table S7.

Selection of TRA-1-60-positive hiPSC CRISPR lines
3–5 passages following FACS, hiPSC lines selected for differentia-

tion underwent magnetic-activated cell sorting (MACS) for expres-

sion of the TRA-1-60 cell surface marker to select pluripotent cells

for differentiation. Cells were separated with MiniMACS Separator

with Anti-TRA-1-60 microbeads following manufacturer instruc-

tions (�2 3 106 cells per line). TRA-1-60-positive cells were plated

with Y-27632 dihydrochloride (1 mg/mL), expanded, and cryopre-

served with mFreSR. Cells within three passages of TRA-1-60 selec-

tion were used for differentiation.

Differentiation of hiPSCs into iNs
All cell preparations for lentiviral transduction and subsequent iN

differentiation were conducted in parallel in a single batch for all

lines representing a given locus. To minimize technical artifacts,

TRA-1-60 positive hiPSCs were plated as single cells at 80% conflu-

ence on aMatrigel-coated 6-well plate with Y-27632 dihydrochlor-

ide (1 mg/mL). Polybrene was added at 8 mg/mL 1 h after

re-plating. Cells were incubated with polybrene for 10–15 min

prior to the addition of lentivirus. Lentiviral constructs for

directed differentiation of hiPSCs into iNs were made as described

previously.42

Differentiation of hiPSCs into neural stem cells
We conducted all preparations for NSC differentiation with all

lines for a given locus in the same batch to minimize technical ar-

tifacts. 12–18 lines per batch were differentiated, depending on

the locus. TRA-1-60-positive lines were differentiated into NSCs

with the protocol detailed by Thermo Fisher (MAN0008031). For

all target regions, passage 7 (P7) stage NSCs were harvested for

RNA extraction, conformation capture crosslinking, or fixation

for staining, as described below.

RNA extraction
iNs were harvested on day 24 of differentiation, 5 3 105 cells per

1 mL TRIzol Reagent. NSCs were harvested at the completion of

differentiation at P7. Media was aspirated completely from cells

with subsequent direct addition of TRIzol Reagent. We had TRI-

zol-extracted RNA from iNs undergo subsequent RNeasy cleanup

with on-column digest to ensure removal of residual DNA that

we often observe carrying over in phenol-chloroform-extracted

RNA from this cell type. RNA concentration and quality was as-

sessed by TapeStation with RNA integrity number (RIN) R 8

required for downstream use for RNA sequencing (RNA-seq) or

qPCR.

RNA-seq library preparation
RNA-seq libraries were prepared by the Genomic and Technology

Core (GTC) of Massachusetts General Hospital (MGH) with TruSeq

Stranded mRNA Library Kit and prepared according to manufac-

turer’s instructions. In brief, RNA sample quality (based on RIN)

and quantity was determined on the basis of TapeStation, and be-

tween 100 and 500 ng of total RNA was used to prepare libraries.

PolyA bead capture was used to enrich for mRNA, followed by

stranded reverse transcription and chemical shearing to make
The Am
appropriate stranded cDNA inserts for library construction. Li-

braries are finished by adding sample-specific, dual-barcoded

adapters for Illumina sequencing followed by 15 rounds of PCR

amplification. Final concentration and size distribution of libraries

were evaluated by TapeStation and qPCR with Library Quantifica-

tion Kit. Libraries were sequenced on an Illumina NovaSeq to an

average depth of 30 M paired-end (PE, 60 M total) 150 base-pair

(bp) reads.

RNA-seq data processing
We used FastQC to determine the data quality of the sequencing

data. The read pairs were then aligned to the human reference

genome (GRCh37, Ensembl release 75, v ¼ 47) by STAR 2.5.343

with the following parameters ‘‘–outFilterMultimapNmax 1 –out-

FilterMismatchNoverLmax 0.1 –alignEndsType local.’’ We also

used STAR aligner to quantify gene-level read counts on the basis

of gene annotations inhuman reference genome (GRCh37, En-

sembl release 75). Picard (http://broadinstitute.github.io/picard/)

and RNAseqQC44 were used for quality control of the data. Sam-

ples with less than 20M estimated library size as annotated by Pic-

ard were removed. We tested a set of neuronal marker genes to

confirm the cellular stage of the cell cultures. Samples with failed

quality control (QC) were removed from subsequent analyses.

Genes with 0.5 counts per million (CPM) cut-off in 50% of sam-

ples in at least one condition in a particular comparison were

analyzed in differential expression and correlation analyses.

Differential gene expression
Differential expression (DE) analysis was performed with R pack-

age DESeq2 version 1.16.1.45 DE was performed within each cell

and edit type and edited samples (heterozygous [DELhet] and ho-

mozygous [DELhom]) were compared to corresponding wild-type

(WT) samples. To account for unknown sources of variation in

the expression data, surrogate variables (SVs) were estimated

with surrogate variable analysis (SVAseq)46 package with � geno-

type as full model and �1 as reduced model. We incorporated

the estimated SVs into the DESeq2 model as � genotype þ SVs

to identify differentially expressed genes (DEGs) on the basis of

the Wald test and corrected p values for multiple testing by using

Benjamini-Hochberg-adjusted p values (false discovery rate; FDR).

The significant DEGs were identified at FDR < 0.1.

Co-expression analysis
We performed co-expression network analysis by using R package

weighted gene co-expression network analysis (WGCNA)47 for

each cell type separately with the signed network type for which

we used log-transformed CPM-filtered and SVA-corrected counts.

Soft power was selected such that the scale-free topology fit

R2 > 0.8. and the smallest module size was set to 50. Merge of

the modules with similar eigengene profiles was performed

(similarity> 70%). Module membership for each gene was re-eval-

uated on the basis of the module membership p value; genes with

p value > 0.01 were marked as unassigned (module 0).

Functional enrichment analysis
We tested enrichments of DEGs and co-expression module genes

by using one-tailed Fisher’s exact test for the curated lists of

Gene Ontology terms, canonical pathways, Human Phenotype

Ontology terms, and transcription factor targets from mSigDB

(v7.4)48,49 and phenotype-informed literature data including

gene sets and modules previously published with functional
erican Journal of Human Genetics 109, 1–19, November 3, 2022 3
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associations with neurological phenotype, synaptic activity, and

MEF2C function. These gene sets are mouse model RNA-seq DEG

validation;50 Synaptic genes: Syngo v1.1;51 MEF2C targets:

ENCODE LCLs ChIP-seq;52 DNA-binding and transcription mod-

ules;53 synaptic activity modules;53 and neuroepithelial precursor

and neuron expressionmodules.54 The resulting p values were cor-

rected for multiple tests with Benjamini-Hochberg correction. The

protein-protein interactions (PPIs) network was generated and an-

notated for functional association with stringApp55 in Cytoscape.

ATAC-seq sample and library preparation from WT iNs

and NSCs
ATAC-seq was applied toWTNSC clones (n¼ 6) andWT iN clones

(n ¼ 6), and cell lines were independently differentiated for each

cell type as described above. ATAC-seq was performed as previ-

ously described withminor modifications (details in supplemental

methods).56 The size-selected libraries were run on the Agilent

TapeStation tape to determine fragment size profile. Libraries

were multiplexed, pooled, and sequenced on an Illumina

NovaSeq, generating an average depth of 100 M PE 150 bp reads.

ATAC-seq peak calling from WT NSCs and iNs
ATAC-seq peak calling followed ENCODE guidance.52 The paired-

end reads were aligned to the human reference genome GRCh38

with Bowtie2 version 2.3.1,57 allowing up to four multiple maps.

Alignments were first de-duplicated and the coordinates were

adjusted according to TN5 transposase cut. Pseudo-replicates are

pooled replicates were generated. Narrow peaks were called by

MACS2 version 2.2.7.1,58 with shift size of 75, smooth window

size of 150, and p value < 0.01. Only the top 300,000 peaks

were kept for the downstream analyses. We then used the IDR

package59 to cross validate samples and generate conservative

and optimal peaks. The genomic coordinates of peak regions

were then transferred to the coordinates against GRCh37 with

the UCSC tool LiftOver.60 It is worth noting that all peak regions

were successfully transferred to GRCh37 with the same peak

length.

Multi-electrode array analysis
48-well multi-electrode array (MEA) plates (Axion Biosystems)

were prepared by coating wells with 50 mL 0.1% polyethylenimine

(PEI) dissolved in Borate Buffer and sterile filtered with a 0.2 mm

filter prior to use. Coated wells were incubated at 37�C for 1 h, fol-

lowed by a wash to remove PEI and left on room temperature (RT)

overnight to dry out. To prepare iNs for electrophysiology read-

ings, we largely followed manufacturer protocol with a few modi-

fications. Briefly, TRA1þ hiPSC lines underwent one post-thaw

passage prior to further manipulation. All hiPSC lines for MEA un-

derwent Ngn2 transduction as a single batch to eliminate viral

transduction batch effect with the same transduction and selec-

tion steps described in ‘‘differentiation of hiPSCs into iNs’’ above.

The neurons (27–60 days) continued to undergo half media

change every 3 days, but media was changed to BrainPhys to pro-

mote spiking activity on the basis of the manufacturer protocol

(Axion Biosystems protocol: Culturing Human hiPSC-derived

Excitatory Neurons on Microelectrode Arrays: Maestro Pro MEA).

MEA plate readings were conducted every 3 days, 18–24 h

following each media change. Readings were conducted at 37�C
with 0% CO2 for 15 min with an Axion Biosystems Maestro Pro.

Manufacturer-set thresholds for spike and network burst calling

were used.
4 The American Journal of Human Genetics 109, 1–19, November 3,
UMI-4C sample preparation, library preparation, and

sequencing
We performed UMI-4C according to the protocol by Schwartzman

et al.61 In brief, cells were detached with Accutase, neutralized

with PBS and pelleted, resuspended in a PBS/10% FBS solution,

and crosslinked using formaldehyde. After centrifugation, pellets

were washed, snap-frozen in liquid nitrogen, and stored at

�80�C until further processing.

Frozen pellets were resuspended in a 500 mL pre-diluted DpnII

buffer, 15 mL pre-heated 10% SDS and incubated on a thermo-

mixer for 1 h at 37�C, shaking at 900 RPM. After adding 150 mL

10% Triton X-100, the solution was incubated again (1 h, 37�C,
900 RPM). We digested the chromatin by using 600 U in three

stages (200 U for 2 h, 200 U overnight, 200 U for 2 h) at 37�C
and 900 RPM. We incubated the solution at 65�C for 20 min to

inactivate the restriction enzyme and put it on ice. Next, we

ligated the chromatin by adding 4,000 U of T4 DNA and 103 T4

DNA ligase buffer to a total volume of 1,300 mL and incubating

the solution overnight at 16�C and 300 RPM. Ligated chromatin

was de-crosslinked by incubation with 8 mL proteinase K

(20 mg/mL) (overnight, 65�C, 300 RPM). A 3C template was

then purified with 13 Ampure XP beads. Up to 4 mg 3C template

per sample was sheared with Covaris to an average fragment

length of 300 bp. UMI-4C sequencing libraries were generated

with the NEBNext Ultra II library prep kit. For each sample, library

included a size selection targeting fragments with a length of 300–

400 bp and 4–8 cycles of PCR enrichment. Next, we performed two

nested PCR reactions to enrich for fragments captured by the view-

point of interest, both by using 2 mL 10 mM Illumina enrichment

primer 2 and either a viewpoint-specific ‘‘upstream’’ (reaction 1,

2 mL 10 mM) or ‘‘downstream’’ (reaction 2, 2 mL 10 mM) primer.

For each sample, we performed up to eight nested PCR reactions

in parallel. Between PCR reactions, the product was cleaned up

with 13 AmpureXP beads and eluted in 21 mL. The final PCR prod-

uct was cleaned up with 0.73 AmpureXP beads and eluted in

25 mL. Reactions per sample were pooled and library concentration

was quantified via qPCR with the KAPA SYBR FAST qPCR Master

Mix. UMI-4C libraries were pooled and sequenced on an Illumina

HiSeq or NovaSeq (paired-end, 2 3 150 cycles).
UMI-4C data processing—Delta map generation
Reads were mapped to the GRCh37 human reference genome and

filtered on the basis of the presence of the downstream primer

sequence (20% mismatch allowed). We used two primer se-

quences/viewpoints within the MEF2C promoter to capture the

phasing SNP (details in supplemental methods). We split the

sequenced fastq files on the basis of the presence of this SNP

and analyzed them separately, and we used them as input to the

UMI-4C R package62 to generate genomic interaction tracks repre-

senting UMI counts (i.e., unique interactions) per genomic restric-

tion fragment. We then used the package to generate smoothed,

viewpoint-specific interaction profiles for the region of interest.

For each profile, interaction counts were normalized to the total

UMI count within the profile and the adaptive smoothing param-

eter (win_cov) was scaled to this statistic as well (with a minimum

of 10 and maximum of 180).
UMI-4C data processing—FDR-corrected differential

contact annotation
Differential contacts were investigated within chr5: 86,750,000–

90,25,0000. A sliding window with size of 5,000 bp and step of
2022
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200 bp were applied to this region, which quantified the 4C sig-

nals in the sub-regions from each contact track. Generalized linear

regressionwas fit under a negative binomial (NB) distribution with

DESeq2 v1.24.0,45 and Wald test was applied to examine whether

there was a significant difference between WT samples and each

type of CRISPR samples. The subregions with FDR < 0.1 were

considered as significantly differential contacts (details in supple-

mental methods).
Results

Haploinsufficiency of MEF2C is associated with altered

expression of highly constrained genes in NSCs and

synaptic genes in iNs

There is strong evidence for association between microde-

letions and LoF point mutations that disrupt MEF2C and a

spectrum of NDDs. We therefore first sought to determine

the transcriptional changes in early neuronal development

stem cells and fully differentiated neurons caused by direct

disruption of MEF2C. We generated targeted DELhet and

DELhom deletions of MEF2C in hiPSCs by using dual-guide

CRISPR-Cas9 genome editing. Following single-cell isola-

tion and screening, we retained both edited clones and

matched controls, clones that were exposed to all experi-

mental conditions but did not demonstrate evidence of

on-target editing. Six replicates per genotype then under-

went differentiation to NSCs and iNs for transcriptional

profiling with RNA-seq (Figure 1A). MEF2C protein accu-

mulation was confirmed to be commensurate with

zygosity via immunoblot quantification (supplemental

methods, section 1; Figures S1–S4).

We performed differential expression analysis by using

DESeq2 and SVAseq to account for unknown sources of vari-

ation in expression data. In this analysis, differentially

expressed genes (DEGs) were selected at Benjamini-

Hochberg-corrected p values (FDR) < 0.1. In NSCs, we

observed a strong zygosity-dependent transcriptional

response toMEF2C disruption with 371 and 2,196 DEGs in

DELhet and DELhom, respectively (Figure 1B). By contrast,

in iNs we observed 742 DEGs following DELhet that were

notable for a predominance of upregulated genes and 292

DEGs in DELhom cells. Nonetheless, we found highly signif-

icant overlap and directionally concordant DEGs between

DELhet and DELhom genotypes in both NSCs (p ¼
1.313 10�39) and iNs (p ¼ 3.693 10�36) (Figure 1C).

Gene set enrichment analysis highlighted differential

molecular consequences to MEF2C deletion in NSCs and

iNs. Haploinsufficiency of MEF2C in NSCs led to dysregu-

lation of genes involved in developmental processes

including developmental pattern specification, organ

morphogenesis, neurogenesis, and neuron differentiation

(Figure 1D). Additionally, DEGs resulting from homozy-

gous loss of MEF2C in NSCs were enriched for LoF-con-

strained genes and gene sets associated with NDDs from

exome sequencing.22 These LoF and NDD-associated genes

are heavily weighted toward genes that display high levels

of expression during early neurodevelopment and experi-
The Am
ence strong negative selection against gene disruptive mu-

tations (Figure 1D). In contrast to NSCs, DEGs identified in

iNs were significantly enriched for DEGs observed in fore-

brain excitatory neurons of an Mef2c knockout mouse

model published by Harrington et al.50 (Figure 1D). Addi-

tionally, DEGs observed in DELhet iNs were enriched for

functional terms such as neurogenesis and neuronal

differentiation. Homozygous loss of MEF2C in iNs also

yielded DEGs that were enriched for synaptic genes

(Figure 1D). When comparing these results to data from

the BrainSpan project,53 which identified neural-activity-

defining gene co-expression modules with 146 samples

from 21 fetal to infant developing brains, iN DEGs were en-

riched for BrainSpan modules associated with synaptic

transmission, synaptic maturation, and genes defined

as MEF2C-binding targets53 (modules M13 and M17;

Figure 1D). These findings replicated with co-expression

modules from amore recent and larger study of 1,230 sam-

ples from 48 brains in psychENCODE.54 We observed the

module from Li et al.54 (ME37), which includes MEF2C,

was enriched for DEGs from DELhet iNs (Figure 1D). This

module from the psychENCODE study demonstrated

expression patterns associated with neuron development

and was enriched for genes that converged on associations

with neurodevelopmental and neuropsychiatric disorders.

Overall, the biological pathways and processes shared

across DEGs from NSCs and iNs were strongly enriched

for neuronal terms including neurogenesis, neuron differ-

entiation, and regulation of cell differentiation and specif-

ically neuron differentiation (FDR < 0.1). Intriguingly, we

also observed that DEGs identified in both NSCs and iNs

were enriched for AACTTT- and FOXJ2-binding motifs

(FDR < 0.1). The AACTTT-binding motif has previously

been associated with the promoter of MEF2C and en-

riched at the promoters of genes involved in neuro-

development and muscle development.65,66 The FOXJ2-

binding motif has similarly been shown to recruit

transcriptional activators that function in early develop-

mental stages.67 Taken together, these data suggest that

the expression signatures associated with LoF mutations

of MEF2C are consistent with perturbations to highly con-

strained genes broadly involved in transcriptional regula-

tion during early neural development as well as genes that

display distinct expression patterns in later developmental

time points and impact neuronal communication and

synaptic functions.

Altered co-expression of genes in neurodevelopmental

and synaptic pathways associated with deletion of

MEF2C

We next established modules of co-expressed genes in

NSCs and iNs by using WGCNA (Figure 2). In NSCs, four

co-expression modules had an eigengene that correlated

significantly with MEF2C dosage: violet (p ¼ 2.4 3 10�7),

bisque4 (p ¼ 1.4 3 10�6), yellow4 (p ¼ 2.1 3 10�4), and

darkslateblue (p¼ 2.93 10�5) (Figures 2A, 2B, and 2E). Yel-

low4 genes, which showed increased expression with
erican Journal of Human Genetics 109, 1–19, November 3, 2022 5



Figure 1. MEF2C deletion results in differential expression of genes enriched for neurodevelopmental and synaptic processes
(A) Schematic representation ofMEF2C transcripts and location of CRISPR guide RNAs that introduced two independent deletions (type
I and type II) into human induced pluripotent stem cells (hiPSCs). Fluorescence-activated cell sorting (FACS) was performed, followed by
screening of individual clones that identified both heterozygous (DELhet) and homozygous (DELhom) deletions of MEF2C and unedited
wild-type (WT) clones that were exposed to identical CRISPR targeting. Neural differentiation was then conducted followed by RNA-seq.
CRISPR deletion breakpoints of MEF2C are shown relative to transcripts with >1TPM expression in R1 GTEx tissue. Arrows represent
positions of canonical transcription start sites of MEF2C.
(B) Differentially expressed genes (DEGs) per cell type and genotype.
(C) DEG concordance analysis by cell type and genotype group with statistical significance (p value) of shared directionality calculated
with Fisher’s exact test.
(D) DEG enrichment for gene sets andmodules associated with neurological phenotypes, synaptic activity, andMEF2C function in prior
studies. Mouse model RNA-seq DEG validation from Harrington et al.;50 biological processes gene sets and TF-binding motif gene sets
from GSEA msigDB;48,63 synaptic genes from Syngo v1.1;51 MEF2C targets from ENCODE project (ChIPseq in Epstein-Barr virus [EBV]-
transformed lymphoblastoid B-cell lines [LCLs]);52 LoF-constrained genes from gnomAD;64 genes associated with neurodevelopmental
disorders (NDDs) from analyses in Fu et al.;22 DNA-binding and transcription modules and synaptic activity modules from Parikshak
et al.53 (z); neuroepithelial precursor and neuron expression modules (x) from Li et al.54
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MEF2C loss, were notably enriched for processes of heart

morphogenesis13,68–70 and RHO GTPase activation71

(FDR < 0.1), both of which have been described previously
6 The American Journal of Human Genetics 109, 1–19, November 3,
in relation to MEF2C function. Furthermore, we also

considered co-expression modules with an eigengene

that correlated with DELhet MEF2C loss alone. Module
2022



Figure 2. Co-expression modules enriched for constrained genes and synaptic activity are correlated with MEF2C disruption in
neuronal cells
(A–F) Dendrogram displaying all modules identified from weighted gene co-expression network analysis (WGCNA). Modules demon-
strating statistically significant correlation with MEF2C genotype (i.e., allelic dosage) are bolded for neural stem cells (NSCs; A) and
glutamatergic induced neurons (iNs; C), respectively, with p value of correlation significance indicated by color shade. Boxplots

(legend continued on next page)
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navajowhite2 (p ¼ 5.30 3 10�1) contained genes signifi-

cantly up-regulated only in DELhet NSCs and was enriched

for terms related to synapse assembly and organization.

Co-expression analysis in iNs isolated two modules

whose eigengenes significantly correlated with MEF2C

dosage, lightcyan1 (p ¼ 1.5 3 10�7) and magenta (p ¼
1.9 3 10�3), and one module, turquoise, with neuronal

function and only affected by single copy edit of MEF2C

(p ¼ 7.9 3 10�1) (Figures 2B, 2C, and 2E). Genes within

module lightcyan1 were enriched for DNA damage

repair-associated nucleotide patch replacement (FDR <

0.1). In addition to having an essential role in cardiac

and neurodevelopment, previous reports have also

describedMEF2C as serving lineage-specific roles in regula-

tion of DNA damage repair.72,73 The genes co-expressed in

the magenta module revealed a far greater emphasis on al-

terations to synaptic functions, being enriched for synap-

tic membrane adhesion, synaptic signaling, and PPI at

the synapse (FDR < 0.1). The encoded proteins (n ¼ 513)

were mapped to a PPI network via StringDB74,75 in Cyto-

scape,76–78 resulting in a network with 150 members (con-

fidence score> 0.7, evidence¼ experimental/database, PPI

enrichment p < 1 3 10�16). The proteins from 76 genes

contained within module magenta formed a network asso-

ciated with neuronal and synaptic terms (Figure 2F). Mod-

ule magenta also included genes associated with mono-

genic forms of epilepsy and other NDDs, such as

GRIN2A, SCN2A, and GRIA2, providing evidence of molec-

ular convergence for these genotypically distinct but

strongly synaptic-activity-associated disease genes.79–81

MEF2C direct disruption yields changes to synaptic firing

and synchrony in human neural models as measured

by MEA

Given the strong transcriptional changes associated with

deletion of MEF2C in hiPSC-derived neurons that

converged on synaptic activity, we sought to functionally

validate this association by defining electrophysiological

changes in neurons via MEA (Figure 3; supplemental

methods, section 2.6; Figures S5–S7). We differentiated

heterozygous and homozygous MEF2C lines and matched

controls to iNs and observed a statistically significant (on

the basis of t test) down-regulation of synaptic activity

in iNs. We observed statistically significant reductions in

firing rate relative to wild type for both DELhet (26%, p ¼
1.4 3 10�5) and DELhom (31%, p ¼ 1.3 3 10�2)

(Figure 3A). We also observed statistically significant re-

ductions to spike count relative to wild type for both

DELhet (17%, p ¼ 6.7 3 10�3) and DELhom (48%, p ¼
5.1 3 10�5) (Figure 3B). Additionally, we observed statisti-

cally significant reductions to synchrony, a measure of

uniformity of neuronal firing bursts, relative to wild type
demonstrating each eigengene’s coefficient of correlation per genotyp
for NSCs (B) and iNs (D). (E) Associated terms with significant enrich
nected genes (n ¼ 76) of the magenta module with functional annota
tein and the edge represents interaction.
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for both DELhet (32%, p ¼ 7.1 3 10�3) and DELhom

(73%, p¼ 9.63 10�9) (Figure 3C). While we observed clear

changes in firing rate, neither DELhet (p ¼ 0.68) nor

DELhom (p ¼ 0.30) loss of MEF2C resulted in significant

changes to network burst oscillation (Figure 3D). These

data provided a complementary measure of MEF2C direct

disruption resulting in altered synaptic activity.

Dissecting 3D chromatin topology and regulatory

interactions within the 5q14.3 locus

Our prior analyses fromwhole-genome sequencing of indi-

viduals with NDDs harboring BCAs,38 and other recent

studies,3,82–87 have suggested that cis-regulatory disruption

by noncoding SVs may underlie NDD phenotype associa-

tion within the 5q14.3 locus beyond direct LoF MEF2C

mutation. Collectively, these seven studies have reported

CNV and BCA breakpoints 200–500 kb distal to MEF2C

in 13 distinct cases presenting with phenotypes consistent

with MEF2C haploinsufficiency such as NDD, epilepsy,

and hypotonia. As a result, enhancer-promoter decoupling

by disruption to 3D chromatin organization has emerged

as a mechanistic hypothesis for indirectMEF2C disruption.

We therefore performed a comprehensive and systematic

dissection of the TAD and loop organization of the

5q14.3 region in human neural models. From analyses of

existing 2D enhancer elements,MEF2C chromatin interac-

tions in NSC and iN models as determined via UMI-4C,88

as well as 3D elements such as boundaries and structural

protein ChIP annotations (CTCF and SMC3) from pub-

lished datasets,31,89 we defined both 2D and 3D elements

with evidence for a role in MEF2C regulation (supple-

mental methods, section 3.1; Figures S8 and S9). We then

sought to determine the overarching 3D chromatin archi-

tecture responsible for orchestrating gene-enhancer inter-

actions by generating an allelic series of deletions targeting

2D and 3D functional elements within the 5q14.3 locus

(Figure 4).

We annotated topological structures from Epstein-Barr

virus (EBV)-transformed lymphoblastoid B-cell lines

(LCLs) by using Hi-C data and integrated CTCF- and

SMC3-binding sites indicated by LCL ChIP-seq.31,89 We

confirmed the presence of MEF2C in the loop structure

identified in LCLs in our NSC and iN models by profiling

interactions from the MEF2C promoter by using UMI-4C

(Figures 4 and S11). Dual guide CRISPR-Cas9-based

genome editing guides were then designed to engineer a

series of deletions of the candidate 3D elements as outlined

in Figure 4. We targeted deletion of four genomic sites,

including the proximal and distal boundaries of the

MEF2C-containing loop as the key experimental edits

(referred to as ‘‘proximal boundary’’ and ‘‘distal boundary,’’

respectively), and two ‘‘negative control’’ edits, namely the
e per co-expression module, and corresponding heatmaps, shown
ment per highlighted module. (F) The PPI network of highly con-
tions. The node colors indicate the functional classes for each pro-
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Figure 3. Reduced synaptic activity and synchrony in heterozygous (DELhet) and homozygous (DELhom) deletions of MEF2C in neu-
rons via multi-electrode array
Each datapoint represents a single replicate well. Each resultant measurement was normalized per well against the wild-type (WT) mean
per plate and normalized data points from two replicate plates plotted.
(A) Normalized weighted mean firing rate (Hz) (firing rate).
(B) Normalized number of spikes (spike count).
(C) Normalized area under cross correlation (synchrony).
(D) Normalized ISI (interspike interval) coefficient of variation (oscillation). p values were calculated via t test against normalized wells
per genotype.
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boundary of the TAD adjacent toMEF2C (‘‘adjacent TAD’’),

and the genomic sequence spanning the MEF2C-contain-

ing and adjacent TAD with no occupied CTCF-binding

sites in 133 cell/tissue samples from ENCODE (‘‘sepa-

rator’’). We focused on this MEF2C loop structure as

opposed to the larger TAD given that it was largely cell

type invariant in both the above resources and additional

cell types as well as the strength of contact with MEF2C

and its higher resolution map of the 3D organization en-

compassing the MEF2C-relevant enhancers (supplemental
The Am
methods, section 3.1; Figures S8–S10). Differentiated

hiPSC-derived iN and NSC CRISPR models were generated

for each of these four deletion models with six replicates

per DELhet and DELhom genotype as well as six control

clones that were exposed to the CRISPR conditions but

not edited (as described in material and methods). Differ-

entiation of these hiPSCs established 204 individual

neuronal lines representing systematic disruption to func-

tional elements within the 5q14.3 locus (supplemental

methods, section 3; Figures S15–S22).
erican Journal of Human Genetics 109, 1–19, November 3, 2022 9



Figure 4. Design of CRISPR deletion allelic series
(A) Depiction of CRISPR targets relative to MEF2C and local 3D structures.
(B) Knight-Ruiz normalized Hi-C map from GM12878 wild-type EBV-transformed lymphoblastoid B-cell lines (LCLs) shown.31 Local to-
pologically associating domain (TAD) annotations89 and putative MEF2C enhancers88 denoted as grey and purple bars, respectively.
Black arrow within the Hi-C map and vertical grey lines highlight the MEF2C-housing loop of focus targeted in this study.
(C) Open chromatin regions identified by ATAC-seq in wild-type neural stem cells (NSCs) and glutamatergic induced neurons (iNs).
(D) Aggregate contacts from UMI-4C in wild-type NSCs and iNs shown relative to the viewpoint within the MEF2C promoter.
(E) Deletion positions of 3D topology boundaries guided by ChIP-seq for structural proteins CTCF and SMC3 in GM12878 LCLs.
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Distal boundary deletion does not result in marked

change to MEF2C expression

We observed that DELhet and DELhom of the separator and

adjacent TAD boundary deletions resulted in no substantial
10 The American Journal of Human Genetics 109, 1–19, November 3
changes in MEF2C expression or to contacts between the

MEF2C promoter and published enhancers of MEF2C88

based on UMI-4C, as expected (Figure 5; supplemental

methods, section 3.8; Figures S23, S24, S27, and S28).
, 2022



Figure 5. MEF2C expression and long-range contact changes following CRISPR allelic series
(A–E) In (A)–(E), the Yaxis displays log2 fold change of differential expression forMEF2C.We also show 15 genes with detectable expres-
sion that are localized to either the topologically associating domain (TAD) encompassingMEF2C or one of the proximal or distal TADs.
The significantly differentially expressed genes (locally corrected false discovery rate [FDR] < 0.1) in neural stem cells (NSCs) and gluta-
matergic induced neurons (iNs) are shown in red and the genes that are not differentially expressed are outlined in grey. Differential
expression of each gene is annotated by a circle for heterozygous deletions (DELhet) and a diamond for homozygous deletions (DELhom).
Position of CRISPR deletion annotated by vertical line. Differential contacts with the MEF2C promoter in each CRISPR line relative to
matched wild type indicated by curved lines (Figures S26–S31). Lines included for significant contact changes with FDR< 0.1 based on a
sliding window of 5 kb with 200 bp step. (A)–(E) represent individual CRISPR edits as labeled in the figure.
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The distal boundary deletion served to directly test the

necessity of 3D chromatin topology for robust expression

of MEF2C.3,38,82–85 Surprisingly, deletion of this site re-

sulted in no change in MEF2C protein accumulation and

a slight increase (25% compared to wild type) in mRNA

expression for DELhet in NSCs (log2FC ¼ 0.33; FDR < 0.1

when correcting for multiple testing within the TAD, Fig-

ures 5 and S24). Aside from MEF2C, we also considered

expression of genes expressed in NSCs or iNs that were

located within either the MEF2C-containing TAD, the

TAD directly proximal, or the TAD directly distal, which

we refer to herein as ‘‘local genes,’’ by using TADs as

defined by Dixon et al.89 Fifteen genes (not including

MEF2C) met this criterion for local gene inclusion in

NSCs, while 14 were considered in iNs given that

MEF2C-AS1 was not expressed in this cell type. We

observed no altered expression of any local genes aside

from MEF2C in distal boundary deletion NSCs. To further

explore this finding, we employed allele-specific UMI-4C

anchored at the MEF2C promoter (Figure 5; supplemental

methods, Section 3.8; Figure S30). These analyses identi-

fied an increase in significant (FDR< 0.1) contacts between

the MEF2C promoter and two separate 6 kb windows

harboring CTCF-binding sites immediately distal to the

deletion position, suggesting CTCF motif redundancy

may buffer deletions to canonical 3D boundary elements,

preventing strong dysregulatory effects. In DELhet-

matched iNs with distal boundary deletions, no significant

expression or contact changes were observed for MEF2C

or any other local genes. We note that we only considered

DELhet disruption of the distal boundary given that

DELhom lines were not recovered from our editing

workflow.

To further evaluate this largely negative result, we tested

the hypothesis of regulatory element redundancy buff-

ering against pronounced expression effects on MEF2C.

We did so by deleting what we referred to as the distal clus-

ter, a 354 kb region that includes six annotated enhancers

(e11–e16), five directly oriented CTCF-binding site motifs,

the distal boundary, and one local gene, CETN3 (Figure 4).

We note that the generation of this large CRISPR deletion

was performed directly in NSCs (by comparison to the

hiPSC stage prior to differentiation for all other models)

and is thus a technically distinct validation experiment

rather than directly comparable to the models in the

initial hypothesis test. Nonetheless, in these analyses we

observed no significant differential expression of MEF2C

upon DELhet deletion of the distal cluster region when

compared to matched wild types in either NSCs or NSC-

derived iNs (Figures S24 and S25). Considering UMI-4C

data from the viewpoint of the MEF2C promoter in these

lines, we observed a significant (FDR< 0.1) increase in con-

tacts with four sites within 5q14.3 alongside a contiguous

increase with the 320 kb region immediately distal to the

deleted region in NSCs (Figures 5 and S31). Considering

local genes not directly disrupted by the deletion, we

observed a cascade of significant (FDR < 0.1) dysregulation
12 The American Journal of Human Genetics 109, 1–19, November 3
of 8/15 genes in 5q14.3 locus in iNs, with no genes signif-

icantly dysregulated in matched NSCs. Together, these an-

alyses suggest that deletion of the distal boundary of the

MEF2C-encompassing loop is insufficient to indirectly dys-

regulate this NDD-associated gene.

Proximal boundary deletion yields reduction of MEF2C

expression and synaptic activity in iNs

In contrast to the weak or largely negative results observed

for deletion of the distal boundary, deletion of the prox-

imal boundary, which is located in an intron of MEF2C,

had marked effects on the gene’s expression that appeared

to be genotype and cell type dependent. NSCs harboring

DELhet or DELhom of the proximal boundary did not

display differential expression of MEF2C, though protein

accumulation was significantly reduced in DELhom (49%

relative to controls; p ¼ 5.7 3 10�4, Figures S23 and S24).

These DELhom NSCs also displayed differential contacts

with the MEF2C promoter at four sites, three of which

were significantly increased and one significantly

decreased (locally corrected FDR < 0.1) (Figures 5 and

S29). Moreover, homozygous deletion of the proximal

boundary in iNs resulted in pronounced down-regulation

of MEF2C, five genes localized to the MEF2C-containing

TAD, and three genes within the TAD proximal to the

MEF2C-containing TAD (locally corrected FDR < 0.1;

Figure 5). This consistent down-regulation thus extended

up to 3 Mb from the site of the deletion and was also

dosage dependent, as DELhom deletion resulted in signifi-

cantly reduced expression compared to unedited and

DELhet cells (Figure 5). These positional effects were partic-

ularly strong forMEF2C, and DELhom deletion largely reca-

pitulated the reduction observed with heterozygous direct

gene deletion (i.e., 45% reduction, locally corrected FDR ¼
1.9 3 10�9, genome-wide FDR ¼ 6.3 3 10�8) (Figure 5).

We next explored transcriptional and functional com-

monalities between direct MEF2C disruption and indirect

expression reduction by proximal boundary deletion. We

observed shared DEGs from direct MEF2C disruption in

both NSCs and iNs with proximal boundary deletion

(Figure 6). We also observed shared functional pathways

in iNs related to synaptic activity, neurodevelopment,

and neural differentiation between these distinct coding

and noncoding functional mutations (Figure 6). The prox-

imal boundary DELhom and direct MEF2C deletion iN

DEGs also shared significant enrichment of terms such as

axon development alongside sharing an enrichment for

genes with promoter containing the sequence motif

AACTTT, a binding motif in genes involved in neurodevel-

opment and muscle development.65,66 Given our demon-

stration of shared neuronal pathways between direct

MEF2C deletion and proximal boundary deletion lines,

we next tested whether this noncoding regulatory prox-

imal boundary deletion replicated the synaptic deficits

observed with MEF2C deletions. From these analyses, we

observed a similarly strong reduction in synaptic activity

for both DELhet and DELhom iNs when compared to
, 2022



Figure 6. Proximal boundary disruption yields disruption of genes involved in neuron differentiation and alters synaptic activity
(A) Differentially expressed genes (DEGs) comparison between lines harboring deletion of MEF2C and the proximal boundary deletion
in neural stem cells (NSCs) and glutamatergic induced neurons (iNs)(top: both NSCs and iNs, bottom: iNs only).
(B) Functional enrichment of proximal boundary DEGs. Terms that are shared in iNs andNSCs harboring heterozygous and homozygous
MEF2C deletions are also noted. Normalized weighted mean firing rate over time as measured by multi-electrode array (MEA) shown for
iNs harboring MEF2C deletions (C) and iNs with proximal boundary deletions (D), respectively. The p values were calculated via t test
against the wild types (WTs).
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matched wild-type clones over the differentiation time

course measurements (Figure 6; Day 31–day 43). The

pattern and significance detected for spike number and

number of bursts over time was also consistent with the

MEF2C deletion MEA time course experiment, suggesting

a reproducible synaptic phenotype associated with both

direct deletion and noncoding regulatory alterations to

the MEF2C locus (supplemental methods, section 3.8;

Figures S32–S34).
Discussion

We present an initial survey of the transcriptional and elec-

trophysiological consequences ofMEF2C gene deletion and

indirect regulatory changes introduced by alterations to

5q14.3 TAD and chromatin loop topology in human-

derived in vitro neural models. Direct LoF mutations

(PTVs, deletions, translocations) withinMEF2C have repeat-

edly been associated with NDD risk.1,2,6,8,9,83,84,90–93 A vari-

ety of murine knockout models, including conditional

knockout of MEF2C in varying neural cell types and devel-

opmental time points, have collectively suggested a role

for MEF2C in neuronal function,13,14,16,50 but no studies

have evaluated MEF2C LoF mutations in human-derived

cell lineages. In the study presented here, we engineered

an allelic series of CRISPR-generated mutations within

MEF2C and its putatively regulatory 3D functional elements

and demonstrated that both direct and indirect alterations

to MEF2C expression converge on themes related to neuro-

development and synaptic activity.

Recently, specific studies that have focused on the

knockout of SMC3 in human cell models,29 genome rear-

rangements in Drosophila,36 and TAD disruption at the

Shh locus94 have demonstrated the uncoupling of regulato-

ry changes associated with gene expression and alterations

to long-range chromatin contacts. Our data further support

those studies, as we observed alterations to 3D topological

organization that occur without concomitant changes in

gene expression. These demonstrations are in contrast to

thehallmark examples of TADdisruption underlying dysre-

gulation of a gene associated with a human disease pheno-

type.31,33–35 Most of the CRISPR models targeting 2D and

3D noncoding element deletions generated in this study

demonstrated modest or no functional impact on expres-

sion ofMEF2C and genes encompassed within the adjacent

TADs. Furthermore,most CRISPRmodels also did not result

in major changes to long-range contacts with the MEF2C

promoter.We did note some robust changes in contact pat-

terns fromUMI-4C conducted in ourNSCCRISPR lines, but

most observed differential contacts did not engage previ-

ously validated enhancers ofMEF2C. These findings further

illustrate the complexity associatedwith thedynamic inter-

actions that result from SV alterations of 3D topology and

regulation of gene function.

Our approach weighted elements contributing to 3D

genome organization given the previous reports high-
14 The American Journal of Human Genetics 109, 1–19, November 3
lighting TAD disruption as a putative indirect cause of

MEF2C haploinsufficiency.38,83 In our most recent WGS

study of 406 individuals with developmental disorders

that harbored a BCA, as well as 304 BCAs from control in-

dividuals, the 5q14.3 locus continues to display a genome-

wide significant enrichment of noncoding SV breakpoints

that localize distal to MEF2C. The homozygous proximal

boundary deletion caused a 2-fold reduction of MEF2C

expression that was comparable to haploinsufficiency re-

sulting from heterozygous deletion. The absence of a cod-

ing SNP within MEF2C prevented the determination of

whether up-regulation of MEF2C on the wild-type allele

prevented observed differential expression in heterozy-

gous deletion of proximal boundary lines. This region

has been recently reported as a cis-regulatory site that

was demonstrated to reduce MEF2C expression following

CRISPR interference (CRISPRi) in K562 cells.95 The shared

enrichment of gene sets related to neurogenesis and

neuronal differentiation between both proximal boundary

and MEF2C DEGs demonstrates transcriptome dysregula-

tion by both direct and indirect MEF2C disruption that

converge upon biological processes of relevance to

NDDs. We also observe significant overlap between indi-

rect disruption of MEF2C by proximal boundary deletion

in NSCs and direct MEF2C disruption in iNs, suggesting

dysregulatory effects may involve temporal or cell-type-

specific dysregulation. Furthermore, the shared enrich-

ment of genes with AATCCC-binding motifs within their

promoters, which was previously associated with genes

involved in neuronal differentiation, including MEF2C,

alongside the comparable reductions in synaptic activity

as measured by MEA, suggest shared functional conse-

quences from direct and indirect MEF2C disruption. How-

ever, the deletion of the distal boundary did not recapitu-

late these results. While the data are therefore

unambiguous of a localized enrichment of disease-associ-

ated noncoding SV breakpoints spanning the MEF2C-con-

taining 3D organization, the models that displayed the

greatest transcriptional and functional consequences

were not those that were predicted a priori on the basis

of the localization of the SV breakpoints alone. The non-

coding regulatory mechanisms that govern NDD risk in

this region thus remain elusive and appear to be cell

type and genotype specific. The deletions introduced

here do not result in the same degree of genome topolog-

ical rewiring as would be predicted from the translocations

and inversions observed in the BCA cases, and the func-

tional changes observed are not consistent across cell

types. Similarly, in an NDD-affected individual with a de

novo inversion upstream of MEF2C, the TAD structure is

disrupted in LCL without any expression change for

MEF2C.96 These analyses illustrate the highly complex reg-

ulatory architecture of alterations to chromatin topology

and emphasize the significant challenges for computa-

tional prediction of the regulatory features of SVs.97–99

We present a comprehensive CRISPR-engineered isogenic

allelic series of MEF2C disruption in human-derived in vitro
, 2022
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models and functional characterization of resultant tran-

scriptional and electrophysiological effects. These studies

also uniquely dissect the parallel consequences of direct

and indirect alterations to MEF2C by cis-regulatory disrup-

tion, revealing that some noncoding mutations can

recapitulate synaptic deficits and transcriptional signatures

observed from direct deletion of this gene underlying the

well-established 5q14.3 microdeletion syndrome. While

direct deletion ofMEF2C revealed functional changes in hu-

man neurons that were consistent with previous studies in

mouse models,14–17,50 our results following SV alteration to

3D organization of 5q14.3 underscore the complexity of

regulatory interactions at this locus and more broadly in

defining the features associated with the functional impact

of noncoding SVs genome wide. These data clearly demon-

strate that alteration to annotated boundaries of 3D regula-

tory architecture encompassing established human disease

genes is insufficient evidence to presume alterations to

gene regulation or phenotypic impact. Future in silico,

in vitro, and in vivo studies targeting more loci and classes

of SVs with designs that either recapitulate case rearrange-

ments or are agnostic to regulatory element type will be

necessary to further expand these findings into systematic

analysis of the features associated with 3D genome architec-

ture and noncoding disease association.
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