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SUMMARY
Mowat-Wilson syndrome is caused bymutations in ZEB2, with patients exhibiting characteristics indicative of neural crest (NC) defects.

We examined the contribution of ZEB2 to humanNC formation using amodel based on human embryonic stem cells.We found ZEB2 to

be one of the earliest factors expressed in prospective human NC, and knockdown revealed a role for ZEB2 in establishing the NC state

while repressing pre-placodal and non-neural ectoderm genes. Examination of ZEB2 N-terminal mutant NC cells demonstrates its

requirement for the repression of enhancers in the NC gene network and proper NC cell terminal differentiation into osteoblasts and

peripheral neurons and neuroglia. This ZEB2 mutation causes early misexpression of BMP signaling ligands, which can be rescued by

the attenuation of BMP. Our findings suggest that ZEB2 regulates early human NC specification by modulating proper BMP signaling

and further elaborate the molecular defects underlying Mowat-Wilson syndrome.
INTRODUCTION

The neural crest (NC) is a multipotent cell population

unique to vertebrates that migrates extensively and con-

tributes to many cell types in the developing embryo

(Douarin and Kalcheim, 1999). Although NC cells are asso-

ciated with a large number of human health conditions,

including cleft lip and cleft palate, rare syndromes, and

cancers (Watt and Trainor, 2013; Charney et al., 2021),

comparatively little is understood regarding the formation

of human NC (hNC) cells. Mowat-Wilson syndrome

(MWS) is a neurocristopathy caused by heterozygousmuta-

tions in ZEB2 (ZFHX1B/SIP1) (Cacheux et al., 2001; Waka-

matsu et al., 2001; Mowat et al., 1998). MWS patients

exhibit a characteristic facial gestalt—which includes a

high forehead, broad nasal bridge, posteriorly rotated ears

with uplifted earlobes, hypertelorism, and an open mouth

(Adam et al., 2006; Ivanovski et al., 2018)—and intellectual

disability, and they frequently present with microcephaly,

congenital heart defects, and Hirschsprung’s disease,

among other anomalies (Ivanovski et al., 2018). This

phenotype is consistent with the role of ZEB2 as a major

developmental regulator of both the neural and NC

lineages.

ZEB2 is a multi-zinc finger transcriptional repressor that

recognizes and binds to consensus E-box binding motifs

(Verschueren et al., 1999) and can interact with the recep-

tor-activated SMADs of the BMP and TGF-b pathways to

inhibit the expression of downstream targets (Postigo,

2003; Verschueren et al., 1999). It is known for its role as

a regulator of the epithelial-to-mesenchymal transition
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(EMT) in both embryonic development and cancer and

functions extensively in the development of the central

nervous system (Fardi et al., 2019; Vandewalle, 2005). How-

ever, its precise function in NC cell specification, forma-

tion, and differentiation, particularly during human devel-

opment, is not well understood.

Recent advances in stem cell technologies have allowed

for the investigation of hNC cell formation and differenti-

ation in vitro (Lee et al., 2010; Menendez et al., 2011; Leung

et al., 2016; Gomez et al., 2019; Hackland et al., 2019). In

this study, we examined the role of ZEB2 in early hNC

development using a human embryonic stem cell (hESC)-

based model of cranial hNC induced through two days of

exogenous Wnt signaling (Gomez et al., 2019). This model

is consistent with the requirement for Wnt, BMP, and FGF

signals during NC induction, and a detailed assessment of

molecular markers reveals time points similar to develop-

mental stages seen in vivo such as a neural plate border

(NPB)-like and NC state characterized by expression of all

knownmarkers (Leung et al., 2016; Gomez et al., 2019; Pra-

sad et al., 2020a).

Using this model, we previously identified the early

expression of ZEB2 and suggested it was among the earliest

factors responsive to Wnt signaling during NC formation

(Leung et al., 2016). Here, we reveal the gene network regu-

lated by ZEB2 during hNC cell induction. We find that

ZEB2 is rapidly activated and continuously expressed dur-

ing hNC induction, and this expression is consistent with

early Zeb2 expression in the chick embryo. Knockdown

of ZEB2 results in significant changes in the expression of

genes associated with the NC cell state and the EMT, as
The Authors.
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Figure 1. Expression of ZEB2 in human neural crest and early
chick embryos
(A) qRT-PCR analysis of ZEB2 expression during hNC cell induction.
Data from 3 independent experiments with SEM. *p% 0.05, **p%
0.01, and ***p % 0.001.
(B) Whole-mount in situ hybridization revealing Zeb2 expression in
the early chick embryo. A representative image is shown. Scale bars,
1 mm.
well as the up-regulation of genes associated with the pre-

placodal and non-neural ectoderm. To gain insight into

the repressive mechanisms of ZEB2, we examined ZEB2

N-terminal mutant hNC cells and their derivatives. Mutant

ZEB2 lacking the nucleosome remodeling and deacetylase

(NuRD) complex interacting domain loses the ability to

interact with HDAC1, and chromatin accessibility analysis

revealed derepressed putative enhancers during hNC in-

duction. ZEB2 mutant hNC cells further displayed a

reduced ability to terminally differentiate into osteoblasts,

peripheral neurons, and neuroglia. Finally, we reveal that

the gene expression changes resulting from this mutation

can be rescued through the inhibition of BMP signaling,

indicating that ZEB2 plays a role in modulating the proper

levels of BMP signaling required for hNC formation. This
work sheds light on the role of ZEB2 during hNC formation

and provides a basis for further studies exploring themech-

anisms underlying MWS.
RESULTS

ZEB2 is rapidly expressed during NC induction

Zeb2 transcripts are expressed in the neural epithelium and

in the prospective and migrating NC cells in mouse, chick,

and frog (van Grunsven et al., 2000; Putte et al., 2003;

Rogers et al., 2013). Using qRT-PCR, in ourmodel of cranial

hNC (Gomez et al., 2019) we identified ZEB2 expression at

day 1 of hNC induction and a continued increase in expres-

sion over the course of 5 days (Figure 1A). RNA sequencing

(RNA-seq) analysis confirms this expression pattern, and

further reveals the onset of ZEB2 expression as early as

12 h (data not shown). These findings confirm and expand

upon our previously reported hNC expression patterns

(Leung et al., 2016) and indicate that ZEB2 is rapidly acti-

vated and maintained throughout hNC formation.

In the amniote chick embryo, Zeb2 has been observed in

the prospective neural plate (Hamburger-Hamilton stage 4

[HH4] and HH5), the NPB (HH7), and in the migrating NC

cells (HH9–HH13) (Acloque et al., 2017; Rogers et al.,

2013). Similar to the rapid expression of ZEB2 in hNC cells,

using in situ hybridization we observed Zeb2 expression

throughout the entire epiblast of the chick HH3 gastrula

embryo (Figure 1B), prior to the expression of earliest NC

specification marker Pax7 (Basch et al., 2006). Consistent

with previous reports, at HH4+, Zeb2 becomes restricted

to the prospective neural plate and NC, and by HH8 Zeb2

expression is observed in the neural folds (Figure 1B). In

the HH12 embryo, Zeb2 expressing cells are observed in

the neural tube and in streams of migrating NC (Figure 1B).

Together, these findings indicate that expression of ZEB2

transcripts begins at very early stages of amniote NC spec-

ification and is maintained throughout stages of NC

formation.
ZEB2 regulates the expression of NPB and NC genes

during hNC induction

To address the role of ZEB2 during early hNC induction, we

used a small interfering RNA (siRNA)-based knockdown of

ZEB2 in our hNC model (Figure 2A). Knockdown assessed

at day 2 of hNC induction revealed an �80% reduction

in ZEB2 protein expression (Figure S1A) and a�50% reduc-

tion in ZEB2 transcripts (Figure S1B). Using qRT-PCR, we

observed an increase in NPB gene expression at day 3 and

a decrease of NC-specifier gene expression at day 5 (Fig-

ure S1C). Consistent with previous reports (Putte et al.,

2003; Rogers et al., 2013; Vandewalle, 2005), CDH1 expres-

sion was increased.
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Figure 2. Knockdown of ZEB2 causes misregulation of NC, non-neural, and pre-placodal ectodermal genes
(A) Schematic of siRNA knockdown.
(B) Volcano plots representing RNA-seq differentially expressed genes measured between non-targeting control and ZEB2 knockdown at
day 3 and day 5. Blue, fold change R 1.5 and adjusted p % 0.05; red, fold change % �1.5 and adjusted p % 0.05; gray, �1.5 < fold
change < 1.5 and/or adjusted p > 0.05.
(C) Gene expression changes of select gene modules measured using RNA-seq following ZEB2 knockdown.
(D) Gene enrichment analysis of hNC day 5 differentially expressed genes.
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To examine the global gene expression changes, we per-

formed RNA-seq at hNC day 3 and day 5 following ZEB2

knockdown and compared it with the stage-matched

non-targeting control (NTC) (Figure 2A). At day 3, 341

genes were significantly differentially expressed, with 218

genes up-regulated and 123 genes down-regulated (Fig-

ure 2B, top; Table S1). Pathway enrichment analysis re-

vealed NC differentiation as the top enriched pathway in

up-regulated genes, with terms associated with TGF-b

signaling also enriched (Figure S1D). We observed the up-

regulation of NPB genes (e.g., PAX7, MSX1/2, DLX5), NC

specifiers (e.g., FOXD3, SOX9, SNAI2, ID factors), and li-

gands and signaling modulators associated with the BMP

and Wnt signaling pathways (Figures 2B and 2C). Of

note, the NPB/NC-specifier gene ZIC1 was among the 123

down-regulated genes following ZEB2 knockdown at day 3.

At day 5, the knockdown of ZEB2 resulted in significant

expression changes of 1,105 genes, with 802 genes up-regu-

lated and 303 genes down-regulated (Figure 2B, bottom;

Table S1). Although NPB and NC-specifier genes were up-

regulated at day 3, NPB and NC-specifier genes were

down-regulated at day 5 (Figures 2B and 2C) – indicating

a failure of proper NC cell formation. Components of the

Wnt signaling pathway including ligands WNT1,

WNT3A, and WNT7B, along with the Wnt effector SP5,

were also down-regulated at day 5. Consistent with this,

pathway enrichment analysis revealed NC differentiation

and Wnt signaling pathway at the top enriched terms

among the day 5 down-regulated genes (Figure 2D). Genes

up-regulated at day 5 were enriched for terms related to the

regulation of the extracellular matrix (Figure 2D), and we

observed changes in the expression of CDH1, CDH2, and

CDH3, as well as claudins and Eph receptors (Figure 2C).

Finally, at day 5, we observed the up-regulation of pre-pla-

codal and non-neural ectoderm markers (Figures 2B and

2C). The day 5 decrease of NC gene expression together

with the increase in expression of pre-placodal and non-

neural ectoderm markers suggests a requirement for ZEB2

in ectodermal cell fate patterning. Taken together, these

findings suggest a role for ZEB2 in the proper formation

of hNC cells where the misregulation of NPB factors and

signaling molecules at day 3 results in impaired formation

of NC cells at day 5.

The ZEB2 N terminus is required for hNC cell

formation and differentiation

ZEB2 is a transcriptional repressor which recruits the NuRD

complex through an N-terminal interaction domain (Ver-

stappen et al., 2008) (Figure 3A). The NuRD complex pro-

motes chromatin repression through the recruitment of

HDAC1/2 and ATP-dependent nucleosome remodeling

throughCHD3/4 (Ahringer, 2000). Importantly, frameshift

causing mutations in the ZEB2 N terminus have been re-
ported in MWS patients (Ivanovski et al., 2018). To gain

insight into the requirement of the ZEB2 N terminus dur-

ing hNC cell formation, we made use of CRISPR-Cas9

genome editing to generate an hESC line containing a ho-

mozygous N-terminal ZEB2 mutation (ZEB2 N-mutant)

(Figure 3A). In this cell line, a frameshift causing mutation

in exon 3 is predicted to result in the use of an alternative

start codon in exon 4 with the resulting truncated ZEB2

protein lacking the first 112 amino acids (Figures 3A and

S2A). This ZEB2N-mutant hESC line retains normal expres-

sion of pluripotency factors when cultured under

non-differentiating conditions as assessed by immunofluo-

rescence staining for POU5F1 and SOX2, and RNA-seq

transcriptomic analysis (Figures S2B and S2C). Western

blot analysis confirmed the expression of truncated ZEB2

N-mutant compared with wild-type (WT) ZEB2 in day 5

hNC cells, with the expression level of ZEB2 N-mutant

equal to full-length ZEB2 in the isogenic WT cells

(Figures 3B and S2D). Furthermore, endogenous co-immu-

noprecipitation revealed the loss of HDAC1 interaction in

the ZEB2 N-mutant compared with WT in day 5 hNC cells

(Figure 3C). This finding suggests that the NuRD-interact-

ing domain is required for ZEB2’s association with

HDAC1 during hNC cell formation.

We next used RNA-seq to assess the transcriptional

changes during NC induction resulting from the loss of

the N terminus (Figures 3D and S3A; Table S2). At day 3,

we identified 552 differentially enriched genes in ZEB2

mutant NC compared with WT, including the up-regula-

tion of genes encoding NPB markers, NC specifiers, and

BMP ligands and regulators. Pathway enrichment analysis

revealed the significant enrichment of terms associated

with NC cell differentiation (Figure S3B). At day 5, 865

genes exhibited significant expression changes, revealing

the down-regulation of NC specifiers andWnt signaling li-

gands, and the up-regulation of genes associated with

extracellular matrix organization and the non-neural and

pre-placodal ectoderm fates (Figure S3C). Finally, genes

associated with NC terminal derivatives, including

Schwann cell markersGAP43 and S100B, osteoblast marker

BGLAP, and peripheral neuron markers POU4F1 and TAC1

were also differentially enriched (Table S2).

MWS patients exhibit craniofacial and neurological

anomalies that appear associated with the NC lineage.

Hence, we assessed the role of ZEB2 in the formation of

NC derivatives including craniofacial bone and peripheral

neurons and glia. Osteoblast differentiation was severely

affected in ZEB2 N-mutant hNC cells compared with WT

as observed through calcification after a 30-day differentia-

tion (Figure 3E). We further identified an approximately

50% decrease in cell proliferation in the ZEB2 mutant

osteoblasts using BrdU staining (Figure S3D). Next, we as-

sessed the effect of ZEB2 N-mutant on Schwann cell
Stem Cell Reports j Vol. 18 j 2254–2267 j November 14, 2023 2257



Figure 3. N-terminal ZEB2 truncation inhibits neural crest cell formation and differentiation
(A) Schematic of the ZEB2 N-terminal mutant compared with WT ZEB2.
(B) Western blot analysis of ZEB2 protein from day 5 WT and ZEB2 N-mutant hNC cells.
(C) Co-immunoprecipitation of ZEB2 and HDAC1 in day 5 hNC cells. Total HDAC1 protein probed from input collected prior to immuno-
precipitation.

(legend continued on next page)
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differentiation. Through immunofluorescence and qRT-

PCR, we observed a marked decrease in Schwann cell

markers at the end of a 21-day differentiation of Schwann

cells from ZEB2 N-mutant hNC cells (Figures 3F and 3H).

We also observed the up-regulation of HEY2, a negative

regulator of Schwann cell maturation and a putative target

of ZEB2 (Quintes et al., 2016) (Figure 3H).

Finally, we examined peripheral neural differentiation in

the ZEB2 N-mutant background at day 10 (Figures 3G and

3I) and day 26 (Figures S3E and S3F). Peripheral neural

markerswere significantlymisregulated at both time points.

At day 10, markers including BRN3A, ISL1, NGN1, RUNX1,

and NTRK1 were up-regulated and PRPH, SLC15A3, and

SOX10were down-regulated, with the continued up-regula-

tion of BRN3A and NGN1 and down-regulation of PRPH, at

day 26. Interestingly, at day 26,NTRK1was down-regulated

(Figure S3E). Immunofluorescence further validated the

changes in PRPH and ISL1 protein expression as well as

reduced proliferation and axonal projections in the ZEB2

mutant cells compared with WT (Figure S3F). Together,

these findings indicate that the ZEB2 N terminus is required

for its proper function during hNC cell induction and sug-

gest a misregulation in the NC gene regulatory network in

MWS causing ZEB2 truncations.

ZEB2 N-mutant alters hNC chromatin accessibility

Asmutant ZEB2 loses interaction with HDAC1 (Figure 3C),

we hypothesized that it is unable to facilitate repression of

enhancers in the NC gene regulatory network. To explore

changes in the epigenetic landscape, we performed an

assay for transposase-accessible chromatin with sequ-

encing (ATAC-seq) on WT and ZEB2 mutant day 3 and

day 5 hNC. Correlation analysis of the ATAC-seq reads

in each condition revealed that the data clusters on the

basis of NC stage, not sample type (Figure S4). We identi-

fied differentially enriched peaks at each stage, including

691 peaks that were shared between day 3 and day 5 (Fig-

ure 4A; Table S3). Our finding that most differentially en-

riched peaks were derepressed supports the role of the
(D) Volcano plots representing RNA-seq differentially expressed genes
changeR 1.5 and adjusted p% 0.05; red, fold change % �1.5 and
p > 0.05.
(E) Osteoblasts differentiated from day 5 WT and ZEB2 N-mutant hNC c
red (scale bars, 100 mm) and Von Kossa staining (scale bars, 500 mm
(F) S100B and P75NTR immunostaining of day 21 Schwann cells differe
is shown. Scale bars, 50 mm.
(G) ISL1 and PRPH immunostaining of day 10 peripheral neurons diffe
is shown. Scale bars, 50 mm.
(H) qRT-PCR analysis of Schwann cell markers at day 21. Data from 3 ind
% 0.001.
(I) qRT-PCR analysis of markers of peripheral neurons at day 10. Data f
and ***p % 0.001.
NuRD complex and the canonical function of ZEB2 as a

repressor.

We associated, within 500 kb, the differentially enriched

regions at each day with 2,114 unique genes at day 3 and

8,206 unique genes at day 5 (Table S3), which include genes

associated with NC, NC derivatives, non-neural ectoderm,

and pre-placodal ectoderm. For example, at day 3, we

observed increased regions of accessibility associated with

BMP2 and BMP5 (Figure 4B), consistent with the day 3 up-

regulation of these transcripts. We also observed peaks at

both day 3 and day 5 that were differentially enriched in a

dynamic fashion, including peaks associated with PAX7

and the pre-placodal markers EYA1 and EYA2 (Figure 4B).

Finally, we identified differentially enriched peaks associ-

ated with NC cell derivatives, including GAP43 (Schwann

cells), MITF (melanocytes), COL2A1 (chondrocytes), ALPL

(osteoblasts), and POU4F1 (peripheral neurons) (Figure S5).

To explore the temporal dynamics of the differentially

enriched peaks, we generated heatmaps representing the

ATAC-seq signal over the day 3 and day 5 differentially en-

riched peaks, which were clustered using k-means (Fig-

ure 4C; Table S3). At both time points, we identified clusters

representing stage-specific derepression (e.g., day 3 clusters

1, 2, and 5 and day 5 clusters 3, 4, and 7) and repression

(day 3 cluster 3 and day 5 clusters 5 and 8), as well as clus-

ters containing prematurely derepressed peaks (day 3 clus-

ters 1 and 4). This analysis suggests that ZEB2’s regulation

of chromatin accessibility is highly stage specific.

These observed temporal dynamics of enhancer accessi-

bility suggest that perhaps ZEB2-regulated peaks are bound

by different transcription factors at different times during

NC formation. To examine the putative proteins that

bind to the differentially enriched regions, we performed

de novo motif analysis on the DNA sequences under the

differentially enriched peaks (Figure 4D; Table S4). Motif

analysis was carried out on ZEB2 N-mutant increased peaks

at day 3 and day 5 and day 5 ZEB2 N-mutant decreased

peaks. At both time points, we identified the enrichment

of ZEB2 and TFAP2 motifs underneath the ATAC-seq
between WT and ZEB2 N-mutant hNC at day 3 and day 5. Blue, fold
adjusted p% 0.05; gray, �1.5 < fold change < 1.5 and/or adjusted

ells. Calcification was assessed after 30 days of culture using Alizarin
). A representative image is shown.
ntiated fromWT and ZEB2 N-mutant NC cells. A representative image

rentiated from WT and ZEB2 mutant NC cells. A representative image

ependent experiments with SEM. *p% 0.05, **p% 0.01, and ***p

rom 4 independent experiments with SEM. *p% 0.05, **p% 0.01,
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Figure 4. ZEB2 truncation derepresses putative enhancers in the neural crest gene regulatory network
(A) ATAC-seq peaks differentially enriched between WT and ZEB2 N-mutant hNC cells.
(B) Integrated Genome Viewer tracks displaying ATAC-seq signal associated with select genes. Differentially enriched peaks are marked
in red.
(C) Heatmaps displaying day 3 (left) and day 5 (right) ATAC-seq signal centered on the differentially enriched peaks at the indicated stage.
Heatmaps were k-means clustered with 7 clusters for day 3 and 10 clusters for day 5.
(D) De novo motif analysis of genomic sequences (150 bp) centered on the summits of differentially enriched ATAC-seq peaks. Top motifs
are shown in the table and full motif output is reported in Table S5.
increased peaks. At day 5, binding motifs for the nuclear

hormone receptor superfamily and the SOX family were

found within the increased accessibility peaks, while en-

riched motifs found under the ZEB2 N-mutant decreased

accessibility peaks include those for homeobox containing

transcription factors and RFX transcription factors. Our de

novomotif analysis did not identify the ZEB2-bindingmotif

as enriched under the peaks with decreased ATAC-seq

accessibility, suggesting that the observed decrease in

gene expression, including the down-regulation of NC
2260 Stem Cell Reports j Vol. 18 j 2254–2267 j November 14, 2023
genes, in most cases is likely to be an indirect result of per-

turbations in the gene regulatory network.

ZEB2N terminus is required tomodulate levels of BMP

signaling during hNC cell formation

Transcriptomic analysis of ZEB2 knockdown and ZEB2

N-mutant hNC both revealed the up-regulation of BMP li-

gands, regulators, and targets, particularly at the NPB-like

state day 3 (Figure 5A). Studies in animal models suggest

that attenuated levels of BMP signaling is required to



Figure 5. Inhibition of BMP signaling during neural crest induction rescues the ZEB2 truncation phenotype
(A) Gene expression changes of BMP ligands and BMP-responsive genes at day 3 observed in ZEB2 mutant NC RNA-seq. See also Figure 3D.
(B) Expression levels of BMP ligands during hNC cell induction. Mean of 2 independent experiments.
(C) Schematic of BMP inhibition experiment. Indicated concentrations of DMH1 was added to the hNC media beginning at day 1.
(D) qRT-PCR analysis of DLX5, MSX2, and PAX7 under isogenic WT, ZEB2 mutant, and DMH1 rescue conditions at day 3. Data from 3
independent experiments with SEM. p values calculated to ZEB2 mutant: *p % 0.1 and **p % 0.05.
(E) qRT-PCR analysis of FOXD3, PAX7 (left), and CDH1 (right) at day 5. Data from 3 independent experiments with SEM. p values calculated
to ZEB2 mutant: *p % 0.1, **p % 0.05, ***p % 0.01, and ****p % 0.001.
properly induce NC at the NPB, which is subsequently fol-

lowed by a reactivation of BMP signaling to promote the

expression of NC specifiers (LaBonne and Bronner-Fraser,

1998; Marchant et al., 1998; Steventon et al., 2009). Inter-

estingly, transcriptomic analysis over the time course of

hNC induction revealed low expression of BMP ligands

through day 3, increasing at day 5 (Figure 5B). ZEB2 is a

known Smad binding partner with the ability to inhibit

BMP signaling (Postigo, 2003; Verschueren et al., 1999).

Although the role of ZEB2 has been well documented to

inhibit BMP signaling during neural development (Nitta

et al., 2004), its role in modulating BMP signaling during

NC cell formation is unknown. To address this, we used

the small molecule BMP inhibitor DMH1 to rescue the
gene expression changes observed in ZEB2 N-mutant

hNC (Figure 5C). Through careful titration, we found that

concentrations of less than 100 nM were sufficient to

rescue the gene expression changes observed in the ZEB2

N-mutant hNC at both day 3 and day 5 (Figures 5D and

5E). Gene expression rescue was observed in a dose depen-

dent manner. Although 12 nM DMH1 is significant to

rescue the NPB/NC markers assayed, we noted that higher

doses (50–100 nM) were needed to rescue the non-neural

ectoderm markers DLX5 (day 3) and CDH1 (day 5).

Together, these findings support the notion that the pre-

mature up-regulation of BMP signaling is a hallmark of

ZEB2 loss of function and that the modulation of BMP

signaling during early hNC is a critical function of ZEB2.
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DISCUSSION

MWS is a rare disorder caused by heterozygousmutations in

ZEB2 and marked by characteristic facial features, intellec-

tual defects, and other anomalies. Our study interrogated

the role of the ZEB2 repressor during hNC cell formation

and suggests a role for ZEB2 in promoting the NC lineage

and repressing the non-neural and pre-placodal ectoderm

fates. Furthermore, our work using an N-terminal mutant

of ZEB2 reveals the importance of the NuRD-interacting

domain in ZEB2 regulation ofNCcell development and sug-

gests that ZEB2 functions in part to modulate the proper

levels of BMP signaling during prospective NC stages.

We identified ZEB2 expression starting at 12 h post-in-

duction of hNC from hESCs and significantly increasing

at day 1 and day 2 prior to the expression of NPB genes at

day 3. In agreement with this, we observed Zeb2 transcripts

at stage HH3 of chick epiblast. Our findings indicate that

Zeb2 is expressed broadly in the upper layer of the gastrulat-

ing chick embryo including the territory shown to corre-

spond to specified NC (Basch et al., 2006; Prasad et al.,

2020b) and precedes expression of Pax7 in the NPB. This

is consistent with the early gastrula stage expression of

zeb2 in Xenopus, with transcripts first detectable in NF at

stage 10 of early gastrula (van Grunsven et al., 2000). How-

ever, the regulatory network governing ZEB2 expression in

the early chick gastrula and its latermodulation and restric-

tion to the prospective neural plate and NPB remain un-

known and should be the focus of future studies.

We explored the function of ZEB2 in hNC cell induction

through both siRNA-mediated knockdown of ZEB2 during

hNC induction and the generation of a hESC line contain-

ing an N-terminal ZEB2 mutant which lacks the repressive

NuRD-interacting domain. Consistent with the role of

ZEB2 as a EMT regulator (Comijn et al., 2001; Vandewalle,

2005) during development (DaSilva-Arnold et al., 2018;

Kerosuo and Bronner-Fraser, 2012; Putte et al., 2003;

2007; Rogers et al., 2013; van den Berghe et al., 2013) and

invasive cancer (Rosivatz et al., 2002; Elloul et al., 2005; Im-

amichi et al., 2007; Xia et al., 2010), the loss of ZEB2 in hNC

resulted in changes in the expression of genes associated

with EMT, such as cadherins. In addition, ZEB2 has been

implicated in lineage specification (Chng et al., 2010; Stry-

jewska et al., 2016) and cell differentiation including

corticogenesis (Seuntjens et al., 2009) and melanogenesis

(Denecker et al., 2014), among others. We find that ZEB2

is required for the proper expression of NPB and NC-speci-

fier genes, as well as WNT and BMP signaling pathway

components. We further observed the up-regulation of

pre-placodal and non-neural ectoderm genes at both day

3 and day 5 upon loss of ZEB2 expression. These findings

suggest a model whereby ZEB2 is required early to promote
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proper NC specification and inhibition of the pre-placodal

and non-neural ectoderm fates. Consistent with this, a lack

of boundary between the neural and non-neural ectoderm

has been observed in ZEB2-null mice (Putte et al., 2003).

We observed a global increase in DNA accessibility in

ZEB2 N-mutant hNC, including differentially enriched

peaks within or nearby NPB, NC, and PPE genes. This sug-

gests that the loss of functional ZEB2 relieves repression of

nearby putative enhancers. Importantly, motif analysis on

the DNA sequence under the differentially enriched peaks

revealed the enrichment of the ZEB2-binding motif under

the regions of increased accessibility, suggesting that

many of these regions are likely to be directly bound and

repressed by ZEB2 via the NuRD complex. The generation

of ZEB2 occupancy maps during hNC induction will be

important to confirm ZEB2 binding to putative enhancers.

Our motif analysis also revealed the enrichment of

additional motifs including the pioneer factor TFAP2,

which functions during NPB and NC cell specification

(Rothstein and Simoes-Costa, 2019). This raises the

intriguing possibility that TFAP2A pioneers ZEB2-modu-

lated enhancers during hNC cell specification, and future

analysis of TFAP2 occupancy of ZEB2-regulated regions

will be necessary.

ZEB2 is known to modulate TGF-b signaling through in-

teractions with receptor-activated Smads (Nitta et al., 2004;

Postigo, 2003; Verschueren et al., 1999), as well as regulate

BMP4 through direct enhancer binding (van Grunsven

et al., 2007). Our finding that that suppression of BMP

signaling using a small molecule inhibitor can rescue the

ZEB2mutant NC phenotype suggests that amajor function

of ZEB2 during early NC specification is to modulate the

appropriate levels of BMP signaling. This finding, together

with our transcriptomic and epigenetic analyses, leads us to

speculate that ZEB2 regulates the expression of at least

BMP2 and BMP5 during early hNC specification. Impor-

tantly, the misregulation of BMP signaling during the pro-

spective NC stage would suggest a mechanism for our

observation of increased PPE/NNE gene expression, as

these factors respond to increased levels of BMP signaling

(Saint-Jeannet and Moody, 2014). Although the SMAD

binding motif was not identified as enriched in our de

novo motif analysis, a targeted scan for the 5 bp GC motif

(Martin-Malpartida et al., 2017) revealed an approximately

70% co-occurrence between the ZEB2 and SMAD motifs at

both day 3 and day 5. It remains to be seen how ZEB2 inter-

acts with R-SMADs in the downstream regulation of BMP

signaling. Importantly, the derepression of putative en-

hancers near NPB genes in ZEB2 mutant cells, coupled

with the day 3 increase in gene expression, suggests that

ZEB2 is involved in the direct repression of these genes. It

will be crucial to investigate whether R-SMADs are also



involved in target gene regulation through these

enhancers.

Most ZEB2 mutations in MWS patients identified to date

are nonsense or frameshift mutations which are generally

expected to result in the nonsense-mediated decay of tran-

scripts or in non-functional protein products. As awareness

of the syndrome has increased, however, genotypes

including missense, in-frame deletions, and splice-site mu-

tations have been identified (Ivanovski et al., 2018), and

the potential role of gain-of-function or dominant-nega-

tive mutations has been suggested (Heinritz et al., 2006).

Given the variable clinicalmanifestations ofMWS, it is crit-

ical to assess the functional effects of ZEB2 mutations.

Here, we examined the NC defects arising from the loss

of the ZEB2N terminus, which includes theNuRD-interact-

ing domain. Mutations affecting the NuRD-interacting

domain have been described in MWS patients (Ivanovski

et al., 2018; Zweier et al., 2006). Although these patients

were reported to have a mild clinical phenotype, Zweier

et al. noted the presence of the characteristic MWS facial

features, suggesting that the N terminus might be impor-

tant for the cranial NC cell lineage. Our analysis supports

the requirement for the N terminus during hNC cell forma-

tion, as ZEB2 N-mutant NC cells displayed defects in oste-

oblast formation. This is in line with the NC-specific abla-

tion of ZEB2 in mice, which demonstrated incomplete

bone ossification (Putte et al., 2007). Although bone ossifi-

cation has not been thoroughly studied in MWS patients,

delayed bone age has been reported in a subset of patients

(Ivanovski et al., 2018). We note that our results might

represent a stronger osteoblast phenotype because of the

homozygous ZEB2 mutation in our hESC line, compared

with the heterozygous mutations observed in MWS pa-

tients, and future interrogation of heterozygous ZEB2

mutant hNC cells will be important. Furthermore, cranio-

facial bone is also derived from the mesoderm. Although

not a focus of this study, it is interesting to note that the

mesoderm-specific loss of ZEB2 results in craniofacial and

dental defects inmice (Teraishi et al., 2017). Detailed inves-

tigations into the role of ZEB2 in both NC and mesoderm-

derived craniofacial bone is warranted.

MWS patients have been reported to experience an un-

der-reaction to pain (Evans et al., 2012), and ZEB2 has

been shown to play a role in the formation of sensory dor-

sal root ganglia neurons in mice (Pradier et al., 2013;

Ohayon et al., 2015). Our results indicate significant tran-

scriptional changes in peripheral neurons derived from

ZEB2 mutant hNC. ZEB2 has also been implicated in pro-

moting Schwann cell differentiation, in particular by re-

pressing inhibitors of differentiation (Quintes et al., 2016;

Wu et al., 2016). Differentiation of our ZEB2 N-mutant

NC cells into Schwann cells revealed a decrease in markers

of Schwann cell precursors andmyelination, and furthered
revealed an increase in the expression of the Notch effector

and Schwann cell differentiation inhibitor HEY2. The

importance of ZEB2’s NuRD-interacting domain has been

reported in Schwann cell differentiation (Wu et al., 2016).

We also observed the misregulation of SOX2 expression

in the Schwann cell lineage, which could be further attrib-

uted to the decreased expression of SOX2 in ZEB2 mutant

NC cells.

Our findings suggest that ZEB2 plays an early role in hNC

specification by modulating BMP signaling to repress pre-

placodal and non-neural ectodermal cell fates and promote

the NC lineage.We find that truncated ZEB2 fails to repress

putative enhancers during NC cell formation and leads to

NC differentiation defects, providing a better understand-

ing of the mechanisms underscoring the MWS phenotype.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Requests should be directed to Rebekah Charney (rmcharney@

gmail.com).

Materials availability

All unique reagents generated in this study are available with a

completed Materials Transfer Agreement.

Data and code availability

All high-throughput sequencing data reported in this paper have

been deposited in the database of Genotypes and Phenotypes

(dbGaP: phs002701.v1.p1).
hESC culture
H1 hESCs (WA01; WiCell Institute) of passages 24–35 were main-

tained on plastic surfaces coated with Matrigel (Corning) in

mTeSR1 (STEMCELL Technologies). Cultures were passaged every

4–5 days using Versene (Gibco) when approximately 80% conflu-

ency was reached. Cells were routinely tested for mycoplasma

contamination using Lonza Bioscience’s MycoAlert detection kit.

The cell line was validated using STR analysis as per WiCell certif-

icate of analysis.
NC cell induction and terminal differentiation
Cranial hNC induction was performed according to Gomez et al.

(2019). Terminal differentiation of hNC cells was performed by

treating day 5 hNC cells with Accutase and plating cells into

respective differentiationmedia onMatrigel-coated surfaces. Addi-

tional details can be found in the supplemental experimental

procedures.
siRNA knockdown of ZEB2
ZEB2 siRNA knockdown was performed according to Prasad et al.,

2020a using SMART Pool siRNA (Dharmacon L-006914-02) and

NTC siRNA (Thermo Fisher Scientific AM4611). Knockdown effi-

ciency was assessed using qRT-PCR and western blot analysis at

NC day 2.
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Generation of H1 ZEB2 N-terminal mutant line
Guide RNA (gRNA) sequences targeting ZEB2 exon 3were designed

using Synthego CRISPR Design Tool and cloned into the AAVS-T2

gRNA backbone (Mali et al., 2013) upstream of the gRNA scaffold

sequence.We used a dual gRNA approachwith gRNA target regions

separated by 190 bp. gRNA sequences were as follows: GGTGAACT

ATGACAATGTAG and GAATCTCGTTGTTGTGCCAG. To generate

the mutant hESC line, H1 hESCs of passage 23 were nucleofected

with gRNA plasmids and plasmid expressing hCas9 (Mali et al.,

2013) using a Lonza 4D-Nucleofector. Transfected cells were

cultured as single cells inCloneR (STEMCELLTechnologies) and re-

sulting colonies were expanded and screened using PCR followed

by gel electrophoresis to visualize putative positive clones with

�200 bp deletions. Genotypes of putative homozygous mutant

clones were determined by TA cloning (pGEM-T Easy Vector Sys-

tem; Promega) followed by Sanger sequencing to resolve com-

pound heterozygous clones from true homozygotes. The mutant

line reported is homozygous for a 199 bp deletion.

Gene expression analysis
Total RNA was extracted at indicated time points during hNC cell

formation and terminal differentiation using TRIzol reagent and

purified using the Direct-zol RNA kit (Zymo Research). For qRT-

PCR analysis, 0.5–1 mg RNA was reverse transcribed using the

PrimeScript RT Reagent Kit (Takara). qPCR was performed using

SYBR Premix Ex Taq II (Takara) with a primer concentration of

300 nM. Primer sequences are listed in Table S5. Relative gene

expression was calculated between the siRNA and NTC samples

and normalized to the reference gene RPL13 using at least three

biological replicates. For RNA-seq, RNA extracted from hNC cells

was used with the NEBNext Poly(A) mRNA Magnetic Isolation

Module (NEB) and the NEBNext Ultra II Directional RNA Library

Prep Kit (NEB). RNA-seq experiments were performed in duplicate.

Additional details can be found in the supplemental experimental

procedures.

Chromatin accessibility and de novo motif analysis
ATAC-seq was performed on day 3 and day 5 hNC cells induced

from the H1 N-terminal ZEB2mutant and the isogenicWT line us-

ing the ATAC-Seq Kit from Active Motif with an input of 100,000

cells per reaction. Library quality was assessed using Agilent Bio-

analyzer and libraries were sequenced on a NovaSeq6000. Addi-

tional details can be found in the supplemental experimental pro-

cedures. For de novo motif analysis, MEME was used with

regions ±75 bp surrounding the peak center in differential enrich-

ment mode. Peak sets representing up- and down-regulated peaks

were analyzed independently with total peaks used as background.

Putative binding proteins were identified using TOMTOM.

Chick in situ hybridization
Whole-mount chick in situ hybridization was performed as previ-

ously described (Basch et al., 2006). ZEB2 antisense RNA probe

was generated using T7 reverse transcriptase from template ampli-

fied from total chicken cDNA. Images were acquired using a SPOT

SE camera and software using a Nikon Eclipse 80i microscope.

Expression at each stage was assessed in at least 3 embryos, and a

representative image is shown.
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Protein analysis
Co-immunoprecipitation of ZEB2 and HDAC1 was performed by

lysing day 5 hNC at 4�C for 1 h with rotation in lysis buffer

(10 mM Tris-HCl [pH 7.4], 137 mM NaCl, 0.5% NP-40, and

1 mM EDTA) supplemented with protease inhibitor and PMSF,

followed by centrifugation. ZEB2 was immunoprecipitated using

1.5 mg ZEB2 antibody (Santa Cruz Biotechnology) with over-

night incubation at 4�C, followed by incubation with Dyna-

beads Protein G (Invitrogen) for 4 h. Protein was eluted in Lam-

meli buffer with b-mercaptoethanol. Immunoprecipitated and

input protein was separated using SDS-PAGE followed by west-

ern blot analysis for HDAC1. HDAC1 was detected using HRP-

conjugated secondary antibody, and the membrane subse-

quently stripped and probed for ZEB2. Western blotting to

detect ZEB2 truncation was performed as previously described

(Prasad et al., 2020a) using anti-ZEB2 and anti-GAPDH (Thermo

Fisher Scientific).
Statistics
qRT-PCR graphs were generated and statistical analyses was per-

formed using Prism. p values were determined using two-tailed

unpaired t tests. RNA-seq and ATAC-seq were performed in dupli-

cate, and 3 or more experiments were used for all others. RNA-seq

differentially expressed genes were identified using DESeq2

(adjusted p % 0.05 and fold change R 1.5). Differentially en-

riched ATAC-seq peaks were determined using Homer (fold-

change cutoff of 2 and replicate false discovery rate [FDR] cutoff

of 0.05).
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Rintala, R., Boissier, B., Wilson, M., Mowat, D., and Goossens, M.

(2001). Loss-of-function mutations in SIP1 Smad interacting pro-

tein 1 result in a syndromic Hirschsprung disease. Hum. Mol.

Genet. 10, 1503–1510.

Charney, R.M., Prasad, M.S., and Garcı́a-Castro, M.I. (2021). Diag-

nosis, Management and Modeling of Neurodevelopmental Disor-

ders. In Diagnosis, Management and Modeling of Neurodevelop-

mental Disorders, C.R. Martin, V.R. Preedy, and R. Rajendram,

eds., pp. 127–137.

Chng, Z., Teo, A., Pedersen, R.A., and Vallier, L. (2010). SIP1 Medi-

ates Cell-Fate Decisions between Neuroectoderm and Mesendo-

derm in Human Pluripotent Stem Cells. Stem Cell 6, 59–70.

Comijn, J., Berx, G., Vermassen, P., Verschueren, K., vanGrunsven,

L., van Roy, F., Bruyneel, E., Mareel, M., Huylebroeck, D., and Roy,

F.V. (2001). The Two-Handed E Box Binding Zinc Finger Protein

SIP1 Downregulates E-Cadherin and Induces Invasion. Mol. Cell

7, 1267–1278.

DaSilva-Arnold, S.C., Kuo, C.-Y., Davra, V., Remache, Y., Kim,

P.C.W., Fisher, J.P., Zamudio, S., Al-Khan, A., Birge, R.B., and Illsley,

N.P. (2018). ZEB2, a master regulator of the epithelial–

mesenchymal transition, mediates trophoblast differentiation.

Mol. Hum. Reprod. 25, 61–75.

Denecker, G., Vandamme, N., Akay, O., Koludrovic, D., Taminau,

J., Lemeire, K., Gheldof, A., De Craene, B., Van Gele, M., Brochez,

L., et al. (2014). Identification of a ZEB2-MITF-ZEB1 transcriptional

network that controls melanogenesis and melanoma progression.

Cell Death Differ. 21, 1250–1261.

Douarin, N.L., and Kalcheim, C. (1999). The Neural Crest (Cam-

bridge University Press).

Elloul, S., Elstrand, M.B., Nesland, J.M., Tropé, C.G., Kvalheim, G.,
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