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CHD3 is a component of the NuRD chromatin remodeling complex. Pathogenic CHD3 variants cause

Snijders Blok-Campeau Syndrome, a neurodevelopmental disorder with variable features including

developmental delays, intellectual disability, speech/language difficulties, and craniofacial

anomalies. To unveil the role of CHD3 in craniofacial development, we differentiated CHD3-KO

induced pluripotent stem cells into cranial neural crest cells (CNCCs). CHD3 expression is low in

wild-type iPSCs and neuroectoderm, but upregulated during CNCC specification, where it opens the

chromatin at BMP-responsive enhancers, to allow binding of DLX5 and other factors. CHD3 loss

leads to repression of BMP target genes and an imbalance between BMP and Wnt signalling,

ultimately resulting in aberrant mesodermal fate. Consequently, CNCC specification fails, replaced

by early-mesoderm identity, which can be partially rescued by titrating Wnt levels. Our findings

highlight a novel role for CHD3 as a pivotal regulator of BMP signalling, essential for proper neural

crest specification and craniofacial development.

Corresponding author: Marco Trizzino, m.trizzino@imperial.ac.uk

Introduction

Human development is a highly complex process which depends upon the precise regulation of gene

expression to determine cell fates. This regulation relies on a series of epigenetic mechanisms,
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including histone modifications, DNA methylation, and chromatin remodeling[1][2].  One key

chromatin regulator is the nucleosome remodeling and deacetylase (NuRD) complex. The NuRD

complex is an ATP-dependent complex which possesses both histone deacetylation and nucleosome

remodeling activity[3][4][5][6][7].  While NuRD was initially thought to act as a repressor of gene

expression[3][4][5], recent evidence has demonstrated that this complex is able to both repress and

activate transcription of target genes through the reorganisation of nucleosome structure[8][9]

[10]. NuRD mediated regulation of gene expression is thought to play a key role during development[11]

[12] and is driven by the nucleosome remodeling activity of the complex, which is provided by one of

three mutually exclusive CHD subunits: CHD3, CHD4 or CHD5[10].

The CHD proteins contain an ATPase/helicase domain and a chromodomain motif, which enable the

alteration of chromatin structure[13].  Each NuRD complex only harbours a single CHD protein, with

different CHD-NuRD complexes displaying distinct functions and targeting distinct sets of

genes[14].  It has further been suggested that different NuRD configurations may provide time-,

tissue- and context-dependent function[15][16][17].  For example, a study on mouse cortical

development showed that different CHDs were incorporated in the NuRD complex at different

developmental stages, with each stage-specific NuRD complex displaying distinct functions[18]. Given

their unique roles, it is perhaps unsurprising that loss or mutation of each one of the CHD proteins

results in specific neurodevelopmental disorders.

One example is Snijders Blok-Campeau syndrome, a rare, autosomal dominant, neurodevelopmental

disorder resulting exclusively from pathogenic variants within CHD3[19], with affected individuals

presenting with a variety of variants, including heterozygous missense variants within the

ATPase/helicase domain, and, less frequently, heterozygous loss of function variants.[19][20][21] It has

been hypothesized that the missense variants may alter the chromatin remodeling ability of CHD3,

which could represent a potential pathogenic mechanism behind Snijders Blok-Campeau syndrome.

[19]

Affected individuals present with a broad and variable phenotype including different degrees of

intellectual disability, impaired speech and language, and macrocephaly[19][20][21], along with distinct

facial anomalies including a broad, bossed forehead, widely spaced and deep-set eyes, narrow

palpebral fissures, midface hypoplasia and low-set ears.[19][20][21]  So far, only two individuals have

been identified with a potential pathogenic CHD3 variant in both copies of the gene; a homozygous in
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frame insertion (c.5384_5389dup; p.Arg1796_Phe1797insTrpArg).[22]  These individuals were

reported to display a more severe phenotype than cases carrying heterozygous variants, including

more distinct facial dysmorphism and severe intellectual disability.[22] The distinct facial phenotype

observed in individuals with pathogenic CHD3 variants suggests that this NuRD subunit may play an

important role in craniofacial development, but this has not been investigated so far.

Craniofacial development is underpinned by the cranial neural crest cells (CNCCs), which constitute an

embryonic multipotent cell type from which the bones, cartilage and connective tissues of the face are

formed.[23]  CNCCs are generated in the dorsal portion of the neural tube, at the border between the

neural plate and the non-neural ectoderm.[24] Following neural crest induction, these cells undergo

epithelial-to-mesenchymal transition (EMT) and subsequently migrate and populate the relevant

regions of the developing embryo, where they differentiate into different derivatives, including the

craniofacial bones and cartilage.[25]

The process of CNCC specification and formation is complex, and requires the coordinated activity of

multiple signalling pathways, key among which are the BMP, and Wnt pathways[26].  The BMP

proteins bind BMP receptors to activate SMAD proteins, which enter the nucleus to trigger specific

gene expression programs[27].  This is mediated by specific BMP-responsive transcription factors,

including paralogs of the DLX and MSX families during patterning of the facial mesenchyme[28][29]

[30].  On the other hand, Wnt signalling is required at multiple stages, with roles in neural crest

induction, specification, and subsequent migration and differentiation. Wnt ligands bind to Frizzled

receptors, allowing β-catenin to enter the nucleus and activate transcription[31]. A finely tuned

balance of Wnt, BMP, and FGF signalling is required throughout craniofacial development to enable

neural crest induction, specification, migration and subsequent cell fate determination[26][32][33][34]

[35][36][37][38][39]. We hypothesise that factors such as CHD3 establish appropriate CNCC-chromatin

state allowing synchronisation of signalling pathways during lineage specification.

The craniofacial anomalies seen in individuals with Snijders Blok-Campeau syndrome suggest that

CHD3 is essential for the specification and/or differentiation of CNCCs. In this study, we therefore

sought to establish the role of CHD3 in craniofacial development using human iPSC models with either

heterozygous or homozygous frameshift variants that result in loss of expression of the allele/gene.

Importantly, established protocols are available to differentiate iPSCs into migratory CNCCs[40][41]

[42].  With this approach we found that CHD3 is required to allow response to BMP during the
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specification of the CNCCs. Namely, CHD3 regulates accessibility at enhancers bound by BMP

responsive transcription factors, including DLX and MSX families, as well as the expression of these

factors. In the absence of CHD3, BMP response is not effective, and this leads to a Wnt/BMP imbalance.

Thus, CNCC specification fails, replaced by mesodermal identity, which can be partially rescued by

titrating Wnt levels.

Results

CHD3 is not required for the pluripotent identity of the iPSCs

To investigate the role of CHD3 in CNCC specification, we used heterozygous and homozygous CHD3

knock-out IPSC lines (and isogenic controls) generated in a companion study[43]  by means of

CRISPR/Cas9 gene-editing in the BIONi010-A iPSC line (Fig. 1A). Specifically, for this study, we used

two different homozygous clones (hereafter CHD3-KO clones 1 and 2) in which Cas9 independently

targeted the third exon of the CHD3 gene, producing a 1-base deletion (c.298delG), which generated a

premature stop codon downstream (Fig. 1B).[43]  Moreover, we used two heterozygous clones

(hereafter CHD3-HET- KO clones 1 and 2) that were generated using c.298insA and c.298insT

respectively.[43]
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Figure 1. CHD3-KO lines are pluripotent. (A) A graphical illustration of the experimental pipeline. Made

with biorender.com. (B) A schematic of the CHD3 gene indicating the site targeted by CRISPR-Cas9.

Human CHD3 isoform 1, NM_001005273.2, 2000 aa, 40 exons (canonical). Made with biorender.com. (C

and D) RT-qPCR quantifying the relative expression levels of (C) pluripotency markers and (D) CHD3 in

CHD3-WT and CHD3-KO iPSCs. Differences between lines were assessed using unpaired student’s t-test
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with significant p-values displayed. (E) Western blot for CHD3 in CHD3-WT clone 1 (CHD3-WT 1) and

CHD3-KO clone 1 (CHD3-KO 1) and clone 2 (CHD3-KO 2) iPSCs. GAPDH is used as a loading control. (F)

Immunofluorescence for key pluripotency markers in CHD3-WT and CHD3-KO iPSCs. Scale bar: 50 μm. (G)

Flow cytometry for pluripotency surface markers in CHD3-WT and CHD3-KO iPSCs. (H) Example iPSC

colonies from CHD3-KO and CHD3-WT lines. Scale bar: 50 μm.

In the original paper in which these CRISPR lines were generated[43], it was already established that

neither the CHD3-KO nor the CHD3-HET-KO affect the pluripotency of the iPSCs. We further

corroborated this finding in the present study with additional experiments. Specifically, RT-qPCR

revealed no significant difference in the expression of the main pluripotency markers (NANOG, OCT4

and SOX2) when comparing the CHD3-KO and CHD3-WT iPSCs (Fig. 1C). As expected, expression of

CHD3 was significantly lower in CHD3-KO iPSCs compared to CHD3-WT (Fig. 1D). Furthermore, loss of

CHD3 at the protein level in the CHD3-KO iPSCs was also observed, confirming the success of the

CRISPR knockout (Fig. 1E).[43]  RNA-seq performed at the iPSC stage found only 25 genes to be

differentially expressed between CHD3-WT and CHD3-HET-KO iPSCs, and 62 genes to be differentially

expressed between CHD3-WT and CHD3-KO iPSCs (FDR <5%; logFC > 1.5 or < -1.5). None of the known

pluripotency factors were differentially expressed (Supplementary File S1). Immunofluorescence and

flow cytometry analysis of several key pluripotency markers confirmed that protein levels of

pluripotency factors are not affected by CHD3 loss (Fig. 1F, G). Overall, these data suggest that CHD3

loss has a modest impact on the iPSC transcriptome, and it does not affect the pluripotent gene and

protein network. Consistent with this, CHD3-KO iPSCs exhibited regular morphology, forming tightly

packed colonies with well-defined edges (Fig. 1H).

To further corroborate the pluripotent state of the CHD3-KO iPSCs, we performed trilineage

differentiation and found that CHD3-KO iPSCs were able to successfully differentiate into all the three

germ layers (Supplementary Figure S1).

In summary, these data confirm that the CRISPR knockout of CHD3 was successful and that loss of

CHD3 has no impact on iPSC pluripotent identity.

Loss of CHD3 impairs CNCC specification

Next, we investigated whether CHD3-KO affects CNCC specification. To achieve this, we leveraged an

established protocol[40][44], which has been previously adapted by our lab[41][42]. With this protocol,
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fully specified, migratory CNCCs are generated in 18 days.

We first tested the CNCC specification protocol on the CHD3-WT clones. At the endpoint of the

differentiation (day-18), the cells expressed genes typical of CNCC identity (e.g. SOX9, TFAP2A, TWIST1,

NR2F1, SNAI1/2; Fig. 2A), along with markers of EMT and mesenchymal state (e.g. VIM, ZEB2, SNAI1/2,

CDH2; Fig. 2A). Conversely, epithelial and pluripotency markers were downregulated (e.g. CDH1,

POU5F1, NANOG, SOX2; Fig. 2A). Overall, these data confirmed that both clones of CHD3-WT iPSCs were

able to successfully differentiate into migratory CNCCs.
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Figure 2. Loss of CHD3 impairs CNCC specification. (A) Heatmap displaying expression of key

pluripotency markers and CNCC markers in CHD3-WT iPSCs and CHD3-WT Day-18 CNCCs. (B) Volcano plot

of differentially expressed genes in CHD3-KO relative to CHD3-WT in Day-18 CNCCs. Blue dots represent

downregulated genes with p-adj < 0.05 and log2FoldChange < -1.5. Red dots represent upregulated genes

with p-adj < 0.05 and log2FoldChange > 1.5. (C) Violin plots produced from RNA-seq data generated in D18

CHD3-WT and CHD3-KO CNCCs. Log2(TPM) for the key CNCC markers (TFAP2A, NR2F1, SOX9 and TWIST1)

are displayed. P-values were obtained using a two-tailed unpaired t-test. *=p<0.05, **=p<0.01,

***=p<0.001. (D) Immunofluorescence for CNCC marker TFAP2A, pluripotency marker OCT4, and CHD3 in
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CHD3-WT and CHD3-KO D18 CNCCs. Scale bar: 50 μm. (E) Time-course western blot for CHD3 in CHD3-WT

during the course of differentiation from iPSCs to CNCCs. GAPDH was used as a loading control.

We went on to investigate whether CHD3 loss had an impact on CNCC specification. To this end, we

differentiated the CHD3-WT, CHD3-HET-KO, and CHD3-KO clones into CNCCs and conducted RNA-

seq, paired with immunofluorescence for CNCC and iPSC markers. The cells were collected at the

endpoint of the protocol (day-18). Comparing the two CHD3-WT clones with the CHD3-HET-KO

counterparts, we found that heterozygous loss of CHD3 did not have a major impact on CNCC

specification. In fact, only 36 genes were differentially expressed in CHD3-HET-KO CNCCs relative to

the CHD3-WT lines (FDR <5%; logFC > 1.5 or < -1.5; Supplementary Fig. S2; Supplementary File S2).

This could potentially be due to compensation from the wild-type allele.

In stark contrast to the subtle effects of a heterozygous loss of CHD3, 1,516 genes were differentially

expressed when comparing CHD3-KO and CHD3-WT CNCCs (FDR <5%; logFC > 1.5 or < -1.5; Fig. 2B).

Of these, 862 genes were upregulated in the CHD3-KO CNCCs, while 654 were downregulated. Many

CNCC markers were downregulated in CHD3-KO, including TFAP2A, TWIST1, SOX9 and NR2F1 (Fig. 2C).

On the other hand, pluripotency genes such as POU5F1 (OCT4) and NANOG were upregulated (Fig. 2C;

Supplementary File S3). TFAP2A downregulation and OCT4 upregulation in CHD3-KO CNCCs were

detected also at the protein level (Fig. 2D). Moreover, epithelial genes (e.g. EPCAM and CDH1) were

upregulated in the CHD3-KO cells, while mesenchymal genes (VIM, CDH2) were downregulated. These

findings suggest that the CHD3-KO cells failed to induce the cadherin switch (from high CDH1/low

CDH2 to low CDH1/high CDH2) which usually correlates with successful EMT in CNCCs. Finally, we

noted that the two other NuRD paralogs CHD4 and CHD5 were not upregulated in CHD3-KO CNCCs,

potentially excluding compensatory mechanisms between NuRD subunits.

Together, these data suggest that CHD3 has an important role in CNCC specification. This role is

reflected by the gradual upregulation of this protein, from relatively low levels in iPSCs and during

neuroectoderm formation (∼days 1-8; Fig. 2E), to higher levels in pre-migratory and migratory

CNCCs (days 10-18; Fig. 2E). The CHD3 protein upregulation reflects a progressive upregulation in

CHD3 gene expression as suggested by RNA-seq performed in iPSCs (CHD3 median TPM = 3.4), early

CNCCs (day-14, median TPM = 11.5) and late, fully specified CNCCs (median TPM = 18.8). Interestingly,

a slightly shorter isoform of CHD3 (ENST00000358181.8), lacking the original exons 1 (replaced with

an alternative exon 1) and 33 is expressed at relatively low levels in fully specified CNCCs (day-18
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median TPM = 3.3), while it is not expressed at the previous time points. The expression of the shorter

isoform at the day-18 is observable also at the protein level (Fig. 2E).

CHD3-KO cells undergo mesodermal fate

To shed light on the function of CHD3 in CNCC specification, we performed Gene Ontology (GO)

analysis on the 1,516 genes differentially expressed in CHD3-KO CNCCs on day-18. GO terms

downregulated in the CHD3-KO CNCCs were mainly associated with development, morphogenesis,

patterning, and cell motility (Fig. 3A). Conversely, the upregulated genes were enriched for cell-cell

junction and ion channel terms, potentially explaining the impaired EMT process and the persistent

epithelial state of the CHD3-KO cells (Fig. 3B). Importantly, the CHD3-KO cells also exhibited

upregulation of genes typically expressed in the primitive streak and in the early pre-migratory

mesoderm, such as EOMES, TBXT, TBX3, TBX6, and MIXL1, paired with downregulation of BMP

responsive transcription factors, including several paralogs of the DLX and MSX families (Figs. 3C–E)

[30][45][46].
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Figure 3. CHD3-KO CNCCs display aberrant expression of early mesodermal markers. (A and B) GO term

analysis of (A) significantly downregulated and (B) significantly upregulated genes in D18 CHD3-KO

CNCCs as determined using WebGestalt pathway analysis. (C) Heatmap displaying expression of

mesodermal markers and genes involved in BMP signalling in CHD3-WT (WT) and CHD3-KO (KO) D18

CNCCs. (D) Violin plots produced from RNA-seq data obtained from D18 CHD3-WT and CHD3-KO CNCCs.

Log2(TPM) for key mesodermal markers (EOMES, TBXT, TBX3 and TBX6) and BMP responsive transcription

factors (DLX5 and MSX2) are displayed. P-values were obtained using a two-tailed unpaired t-test.

**=p<0.01. (E) Immunofluorescence for the mesodermal marker brachyury in CHD3-WT and CHD3-KO

D18 CNCCs. Scale bar: 50 μm.
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Chromatin accessibility is impaired at BMP responsive enhancers

Our results so far indicate that the CHD3-KO cells display an aberrant early mesoderm signature, while

failing to upregulate genes associated with BMP signalling, developmental patterning and CNCC

identity. Next, we sought to elucidate the underlying molecular mechanism.

CHD3 is part of the NuRD chromatin remodeling complex, therefore we reasoned that the observed

phenotypes could be caused by dysregulation of chromatin accessibility. To test this, we performed

ATAC-seq on CHD3-WT and CHD3-KO clones at the endpoint of the CNCC specification protocol (day-

18). We identified 23,121 ATAC-seq peaks which were conserved between all CHD3-WT and CHD3-KO

clones (FDR <5%; Fig. 4A–C). On the other hand, 17,543 peaks were found exclusively in the CHD3-WT

CNCCs but not in CHD3-KO counterparts (hereafter, CHD3-WT specific peaks), while 3,350 peaks were

found to be exclusive to the CHD3-KO CNCCs (hereafter CHD3-KO specific peaks; Fig. 4A–C).
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Figure 4. CHD3 loss alters chromatin accessibility in D18 CNCCs. (A) Venn diagram showing the number

of CHD3-KO specific ATAC-seq peaks, CHD3-WT specific ATAC-seq peaks and conserved (peaks present in

both CHD3-WT and CHD3-KO) ATAC-seq peaks in Day-18 CNCCs. (B) Heatmaps showing ATAC-seq peaks

present in individual CHD3-WT and CHD3-KO replicates which are CHD3-WT or CHD3-KO specific. (C)
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Example of CHD3-WT specific and CHD3-KO specific ATAC-seq peaks visualised in UCSC genome browser.

(D) Tables of motifs enriched in either CHD3-KO specific Day-18 ATAC-seq peaks or CHD3-WT specific D18

ATAC-seq peaks identified using HOMER.

Overall, 90% of the CHD3-WT specific and 97% of the CHD3-KO specific ATAC-seq peaks were distal

from the nearest Transcription Start Site (TSS; i.e. distance > 1 Kb), suggesting that most of these

regions are putative enhancers. Hence, these results indicate that loss of CHD3 had a significant

impact on chromatin accessibility at enhancers.

Notably, 382 of the 654 genes downregulated in CHD3-KO cells (58%) were also the nearest gene to an

enhancer that lost accessibility in these cells (i.e. CHD3-WT specific ATAC-seq peak), while 226 of the

862 upregulated genes (26%) were also the closest gene to an enhancer that gained accessibility. This

pattern suggests that CHD3 regulates a significant number of genes through direct regulation of

chromatin accessibility at their enhancers, acting both as activator and repressor, consistent with

recent studies that suggested that the NuRD complex can both activate and repress gene expression in

a context specific manner[8][9][10]. Motif analysis of the enhancers aberrantly active in CHD3-KO cells

showed enrichment for binding motifs of several primitive streak and early mesoderm transcription

factors, including EOMES, TBXT (BRACHYURY), TBX3/6, and GATA (Fig. 4D).[47][48][49][50]  On the

other hand, the enhancers aberrantly repressed in CHD3-KO cells were enriched for motifs of

transcription factors implicated in CNCC specification (TFAP2A/C, NR2F2/6), BMP response, and

patterning (DLX/MSX families and OTX2) [28][29][30][45][51].

In summary, both the RNA-seq and the ATAC-seq consistently demonstrated that the CHD3-deficient

cells induced an aberrant mesodermal program, while failing to activate CNCC specification possibly

due to impaired response to BMP signalling.

CHD3 primes BMP response in the developing CNCCs

Our experiments conducted in terminally specified CNCCs (day-18) indicated that BMP signalling

response might be dysregulated in CHD3-KO conditions and that the cells acquire an unexpected

mesodermal signature. It has previously been established that a combination of Wnt and FGF

promotes the differentiation of iPSCs into mesodermal lineages[52][53][54][55][56] Consistent with this,

in our protocol, the iPSCs are initially treated with FGF alone, while a Wnt agonist (CHIR99021,

hereafter CHIRON) is added together with BMP2 at day-14 of differentiation (i.e. after 2-3 passages
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from the emergence of the first CNCCs). As aforementioned, BMP signalling is crucial to enable CNCC

specification and differentiation[26][30][35][36][37][38][39][57]  In particular, a fine-tuned balance

between Wnt and BMP pathways is essential for proper CNCC specification[53][58][59]

Based on this premise, we surmised that the mesodermal signature observed in the CHD3-KO cells

might be caused by exposure to the Wnt agonist paired with the inability of the cells to properly

respond to BMP2 stimuli, leading to a Wnt/BMP imbalance. Consistent with this, RNA-seq performed

at day-14 of the CNCC specification protocol (i.e. right before exposure to CHIRON) revealed that the

mesodermal markers are not yet expressed in the CHD3-KO cells before Wnt exposure (Fig. 5A). This

finding supports the hypothesis that the primitive streak and mesodermal genes are eventually

induced by the Wnt pulse.
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Figure 5. The effects of CHD3 loss on gene expression and chromatin accessibility in D14 CNCCs. (A)

Heatmap displaying expression of CNCC markers (TFAP2A, NR2F1, SOX9), genes involved in BMP

signalling (DLX3, DLX5, MSX2) and mesodermal specification (EOMES, TBXT, TBX3, TBX6) in CHD3-WT

(WT) and CHD3-KO (KO) D14 CNCCs. (B) Volcano plot of differentially expressed genes in CHD3-KO relative
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to CHD3-WT in Day-14 CNCCs. Blue dots represent downregulated genes with p-adj < 0.05 and

log2FoldChange < -1.5. Red dots represent upregulated genes with p-adj < 0.05 and log2FoldChange > 1.5.

(C and D) GO term analysis of (C) significantly downregulated and (D) significantly upregulated genes in

D14 CHD3-KO CNCCs as determined using WebGestalt pathway analysis. (E) Venn diagram showing the

number of CHD3-KO specific ATAC-seq peaks, CHD3-WT specific ATAC-seq peaks and conserved (peaks

present in both CHD3-WT and CHD3-KO) ATAC-seq peaks in Day-14 CNCCs. (F and G) Tables of motifs

enriched in either (F) CHD3-KO specific Day-14 ATAC-seq peaks or (G) CHD3-WT specific Day-14 ATAC-

seq peaks identified using HOMER.

Genome-wide analysis of the transcriptome at the day-14 timepoint identified 1,411 differentially

expressed genes (FDR <5% and fold change >1.5 or <-1.5; Supplementary File S4), with 569 being

upregulated in the CHD3-KO and 842 downregulated (Fig. 5B). GO term analysis of the 842

downregulated genes revealed significant enrichment for BMP signalling response, morphogenesis,

and patterning (Fig. 5C, D).

We next performed ATAC-seq at the same timepoint (day-14). Similar to day-18, at day-14 thousands

of chromatin regions were either aberrantly open or aberrantly closed in the CHD3-KO cells (14,039

and 5,493 regions respectively, FDR < 5%; Fig. 5E). Strikingly, the homeobox motif associated to the

DLX/MSX BMP-responsive factors was the only motif enriched in the 5,493 aberrantly closed regions

at day-14 (i.e. day-14 CHD3-KO specific peaks; Figs. 5F, G; regions whose accessibility was not affected

by CHD3 loss were used as control for the differential motif analysis).

Overall, the experiments conducted at day-14 suggest that CHD3 may have the role of priming the

developing CNCCs to respond to BMP by opening the chromatin at the BMP responsive enhancers,

facilitating the binding of homeodomain factors.

CHD3 binds the BMP responsive enhancers

Next, we set out to investigate if CHD3 binds directly at the enhancers that either lose or gain

chromatin accessibility in the CHD3-KO cells, both at day-14 (before Wnt and BMP exposure) and day-

18 (after Wnt and BMP exposure). We thus performed ChIP-seq for CHD3 at these two time points in

CHD3-WT cells and detected CHD3 binding at nearly all the CHD3-WT- specific and CHD3-KO-specific

ATAC-seq peaks at both time points (Fig. 6 A–E).
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Figure 6. CHD3 binding in CNCCs correlates with regions where chromatin accessibility is altered upon

CHD3 loss. (A and B) Heatmap of CHD3 binding at cis-regulatory elements (CREs) which either (A) lose

accessibility or (B) gain accessibility in Day-14 CHD3-KO CNCCs. (C) An example of an enhancer bound by

CHD3 in Day-14 CNCCs which loses accessibility in CHD3-KO. (D and E) Heatmap of CHD3 binding at cis-

regulatory elements (CREs) which either (D) lose accessibility or (E) gain accessibility in D18 CHD3-KO

CNCCs. (F) Heatmap of DLX5 binding at cis-regulatory elements (CREs) which lose accessibility in Day-14

CHD3-KO CNCCs.

Given that most of the sites that are aberrantly closed at both day-14 and day-18 are enriched for the

binding motif of the DLX/MSX factors, we performed ChIP-seq for DLX5 at day-14 in CHD3-WT and

qeios.com doi.org/10.32388/TL3EBK 18

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


CHD3-KO cells. We specifically selected DLX5 because it is highly expressed in our cell model at this

timepoint and it has been previously associated with BMP response, CNCC specification and

craniofacial development[45][60][61][62] This experiment confirmed that DLX5 normally binds at these

sites at day-14 and that loss of CHD3 results in depletion of DLX5 binding from these sites (Fig. 6F),

possibly because of the significantly reduced chromatin accessibility, paired with downregulation of

the DLX5 gene.

In summary, our data indicate that CHD3 directly binds at important BMP responsive enhancers, and

that loss of CHD3 binding from these regulatory elements attenuates their accessibility, ultimately

affecting the ability of crucial transcription factors to bind. This leads to impairment in BMP response,

which triggers an imbalance between signalling pathways.

Titration of Wnt levels attenuates the aberrant mesodermal signature

Finally, we investigated whether attenuating Wnt signalling could rescue the aberrant phenotypes

observed in CHD3-KO conditions. To achieve this, we differentiated CHD3-WT and CHD3-KO cells into

CNCCs using different CHIRON concentrations: 3, 2 and 1 μM. At 3 μM (original protocol), the CHD3-KO

cells displayed high expression of mesodermal markers both at gene and protein levels, paired with

significantly reduced expression of CNCC markers (Fig. 7 A, B). Notably, decreasing CHIRON (2 μM and

1 μM respectively) was sufficient to significantly lower the activation of the mesodermal genes (e.g.

EOMES and TBX3; Fig. 7 A, B) but it was ineffective in restoring the expression of the CNCC markers

(Fig. 7 A, B).
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Figure 7. CHD3-KO aberrant mesodermal phenotype is rescued by attenuated Wnt signalling. (A) RT-

qPCR assessing the relative expression levels of CNCC markers (TFAP2A, SOX9, NR2F1 and TWIST) and

mesodermal marker (EOMES) between CHD3-WT and CHD3-KO Day-18 CNCCs provided with either the
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standard 3μM or a reduced concentration (2μM or 1μM) of CHIRON. Differences between conditions were

assessed using unpaired student’s t-test. **=p<0.01, ***=p<0.001, ****=p<0.0001, ns=not significant.

(B) Immunofluorescence for the mesodermal marker TBX3 in CHD3-WT and CHD3-KO Day-18 CNCCs

provided with either the standard 3μM or a reduced concentration (2μM or 1μM) of CHIRON. Scale bar: 50

μm. (C) Graphical summary of the effect of CHD3 loss on CNCC specification. Loss of CHD3 in CH3-KO

disrupts the BMP signalling response leading to an imbalance between Wnt and BMP signalling, ultimately

resulting in adoption of an aberrant mesodermal fate. Made with biorender.com.

Next, we tried to rescue the expression of the CNCC markers in CHD3-KO cells by simultaneously

decreasing Wnt (1 μM of CHIRON) and increasing BMP (BMP2 concentration raised from 50 to 150

pg/ml). However, even subjecting the cells to three times more BMP2 was not effective in restoring the

expression of the CNCC genes (Supplementary Fig. S3), suggesting that the response to BMP is

permanently impaired by the loss of CHD3.

Overall, these data support a model in which the aberrant primitive streak/early mesoderm signature

observed in CHD3-KO cells is caused by a Wnt/BMP imbalance (Fig. 7C) which can be overcome by

attenuating Wnt levels. On the other hand, the impaired CNCC specification is the result of ineffective

BMP response, which cannot be rescued by simply increasing the amount of BMP ligand.

Discussion

CHD3, a chromodomain helicase DNA-binding protein, is a core component of the NuRD complex,

which modulates chromatin structure to regulate transcription[63][64]. The NuRD complex is essential

for developmental processes as it coordinates histone deacetylation and nucleosome remodeling to

ensure precise gene expression patterns[7][65].  Heterozygous pathogenic variants in CHD3 cause

Snijders Blok-Campeau syndrome, a rare autosomal dominant neurodevelopmental syndrome

characterized by a complex array of phnotypes that vary in severity between different affected

individuals, including variable degrees of intellectual disability, impaired speech, macrocephaly, and

distinct craniofacial features[19][20].  Many of the known pathogenic variants occur in the ATPase

domain, which likely compromises chromatin remodeling and disrupts developmental gene

expression programs, and loss-of-function alleles have also been reported[19][20]. The observations of

distinctive craniofacial dysmorphisms in individuals with Snijders Blok-Campeau syndrome suggest

that CHD3 plays a pivotal role in cranial neural crest cell (CNCC) development[19][20]. Although CHD3
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has been implicated in neuronal migration and synapsis formation during brain development[18][43],

its potential roles in CNCC specification and differentiation had never been investigated prior to the

present study.

In this study, we demonstrate that CHD3 is indispensable for the proper specification of human

CNCCs. Using CRISPR-Cas9-based knockout models, we showed that iPSCs with homozygous CHD3

knockout retain pluripotent identity but exhibit severe defects in CNCC specification. Transcriptomic

analysis revealed significant downregulation of CNCC markers such as TFAP2A, SOX9, and TWIST1 in

CHD3-KO cells, paired with upregulation of mesodermal markers like TBXT, EOMES and several others.

These findings were corroborated by chromatin accessibility assays, which showed that a complete

lack of CHD3 protein leads to the loss of open chromatin at enhancers bound by BMP-responsive

transcription factors, such as the DLX and MSX families, essential for CNCC specification[45]

[46]. Furthermore, our data indicate that CHD3-KO cells fail to execute the epithelial-to-mesenchymal

transition (EMT), as evidenced by the persistent expression of epithelial markers and failure to

upregulate mesenchymal markers. These results suggest that CHD3 might be essential also for

chromatin remodeling at loci regulating EMT and mesoderm-ectoderm fate decisions[51][66].

Our findings provide critical insights into the Wnt/BMP balance, a key regulatory axis during

embryogenesis. BMP signalling is crucial for CNCC specification, acting through SMAD-dependent

transcriptional programs to induce patterning genes such as MSX1 and DLX5.[29][30][35]  The specific

role of BMP during the different stages of CNCC specification, migration and differentiation has been

debated. Studies in Xenopus and zebrafish have suggested that BMP gradients are required to produce a

specific level of BMP signalling which is permissive for neural crest formation.[67][68][69]  However,

there also other studies in Xenopus, zebrafish, and chicks which suggest that cranial neural crest

induction is dependent on an initial inhibition of BMP signalling, followed by BMP activation.[70][71]

[72]  In particular, BMP4 and BMP7 have been implicated in early cranial neural crest specification.

[26]  BMP signalling continues to play a key role in CNCC formation, enabling migration and later

differentiation into derivative cells.[36]  Here, BMP2 appears to have an essential function in

establishing migratory CNCCs[37][38], while BMP2, BMP4 and BMP7 are critical in enabling the

subsequent formation of craniofacial structures.[39]  In our study, CHD3-KO cells exhibited a marked

reduction in BMP-responsive gene expression and chromatin accessibility, indicating that CHD3 is

required for the transcriptional activation of BMP target genes.
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Wnt signalling promotes mesodermal differentiation by stabilizing beta-catenin, which activates

mesoderm-specific transcription factors such as EOMES, TBXT and GATA3.[48][52]  In CHD3-KO cells,

elevated Wnt signalling led to the aberrant upregulation of mesodermal markers, suggesting that

CHD3 modulates the interplay between Wnt and BMP to ensure proper CNCC fate determination. FGF

signalling, which synergizes with Wnt to promote mesodermal differentiation, also appeared to

contribute to the aberrant mesodermal fate of CHD3-KO cells.[58]  Notably, reducing Wnt levels

attenuated the mesodermal signature, supporting the hypothesis that CHD3-deficient cells are unable

to balance the Wnt signalling in the absence of BMP response. However, this experiment failed to

restore the expression of the CNCC markers, emphasizing that CHD3 is indispensable for BMP signal

transduction, independently from the relative contributions of the other signalling pathways.

This study establishes CHD3 as a pivotal chromatin remodeler that integrates BMP and Wnt signalling

to regulate CNCC fate decisions. By modulating chromatin accessibility at BMP-responsive enhancers,

CHD3 ensures the proper transcriptional activation of key developmental genes. Dysregulation of this

balance, as seen in CHD3-KO cells, leads to anomalous mesodermal differentiation, providing a

potential mechanistic explanation for the craniofacial defects observed in individuals with Snijders

Blok-Campeau syndrome.

Importantly, the companion study where the CRISPR-iPSC lines were generated[43]  investigated the

role of CHD3 in cortical development, and found that CHD3 is highly expressed in mature neurons,

where it regulates synaptic development and function, suggesting that CHD3 may have different roles

in different developmental processes.

Our work also suggests that the contributions of CHD3 to embryonic stem cell pluripotency are

negligible, likely reflecting its relatively low expression levels in this cell type, where the paralog

CHD4 has been demonstrated to be dominant and essential[73][74][75].  Importantly, we did not find

evidence of compensation to CHD3 loss by upregulation of other CHD paralogs such as CHD4 or CHD5,

suggesting that the function of mediating BMP response might be exclusive of CHD3.

Future research should explore the interactions between CHD3-NuRD and other chromatin

remodeling complexes, as well as its potential role in fine-tuning Wnt/FGF signaling during other

steps of craniofacial development. In particular, given the importance of BMP in craniofacial

osteogenesis, future studies should also explore the function of CHD3 in the formation of CNCC-
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derived craniofacial bones and cartilage. Additionally, in vivo studies using model organisms could

further elucidate the developmental contexts in which CHD3 operates.

Limitations of the study

This study was conducted using CHD3 CRISPR-KO models and showed that CHD3 heterozygous KO has

no effect on CNCC specification, while CHD3 homozygous KO has dramatic consequences on the same

developmental process. However, it is important to highlight that a significant fraction of the

individuals with Snijders Blok-Campeau syndrome present with heterozygous CHD3 missense

variants. We speculate that these heterozygous missense variants could have a dominant negative

effect, which is recapitulated in vitro by complete (homozygous) loss of CHD3, as in our system.

Therefore, the present study would ideally be complemented by future research that employs cells

from affected individuals carrying the specific heterozygous missense variants in the CHD3 gene, or

isogenic lines engineered to carry those same variants.

Finally, the “TAATTA” sequence, whose chromatin accessibility in CNCCs is regulated by CHD3, is

recognised as a binding motif by most homeodomain factors, and not just DLX5. It is part of the CNCC

“coordinator motif”[40]  and consequently we cannot exclude that other homeodomain factors (e.g.

ALX family[76]) could also be implicated in CHD3-mediated BMP response.

Methods

Generation of the CRISPR iPSC lines

Heterozygous and homozygous CHD3 knock-out IPSC lines were generated via CRISPR/Cas9 gene-

editing in a companion paper[43].  Specifically, for this study, we used two different homozygous

clones (CHD3-KO) in which Cas9 targeted the third exon of the CHD3 gene in the established

BIONi010-A iPSC line, producing a 1-base deletion (c.298delG) which generated a premature stop

codon downstream (Fig. 1B).[43]  Similarly, two heterozygous clones (CHD3-HET-KO) were instead

generated using c.298insA and c.298insT respectively[43], using the same BIONi010-A iPSC line.

Culturing of human iPSCs and differentiation into CNCCs

CHD3-WT, CHD3-HET-KO and CHD3-KO lines were expanded through culturing of the iPSCs on

geltrex (Thermo Fisher Scientific, A1413302) coated wells in mTesR plus medium (Stem Cell

qeios.com doi.org/10.32388/TL3EBK 24

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


Technologies, 100-0276) containing 1% penicillin-streptomycin (Gibco, 15070063). The iPSCs were

subsequently differentiated into CNCCs following the method developed by Prescott et al.[40] Briefly,

cells were cultured in CNCC differentiation media (table 1) for 6 days. On day 7-10, CNCC early

maintenance media (table 1) was introduced and the cells were cultured in this up to day 14. On day 15,

CNCC late maintenance media (table 1) was added, and cells were maintained in this up to day 18.

Throughout differentiation, media was changed every other day and cells were passaged using

StemPro accutase (Gibco, A1110501) each time 80% confluency was reached.

Table 1. Media used for differentiation of iPSCs into CNCCs.
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Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Cells were pelleted and RNA was extracted using the Monarch Total RNA Miniprep Kit (NEB, T2010).

600ng of the extracted RNA was then converted to cDNA using the Thermo Scientific Maxima First

Stand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, K1641). The qPCR reactions were prepared

in a 96-well plate with each well containing 7.5ng cDNA, 5ul PowerUp SYBR Green Master Mix for

qPCR (Applied Biosystems, A25778), 0.5uM each of forward and reverse primers (table 2) and 1.5ul of

water for a total reaction volume of 10ul. The qPCR was carried out using a Bio-rad Connect qPCR

machine with the following conditions: 3 minutes at 95°C, followed by 40 cycles of 10 seconds at 95°C,

20 seconds at 63°C and 30 seconds at 72°C, with a final melt curve of 65°C to 95°C for 5 minutes.

Technical and biological replicates were carried out for each sample and 18S rRNA was used to

normalise samples.

Table 2. A list of the primers used for RT-qPCR

Flow cytometry

Cells were treated with StemPro accutase (Gibco, A1110501) for 5 minutes in order to produce a single-

cell suspension. Cells were washed in cold PBS containing 2% fetal bovine serum (FBS) (Gibco,
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A4736201) and counted using a countess automated cell counter. For each sample and time point,

1×10[6] cells were resuspended in 100ul PBS-2% FBS and stained with 4ul PE anti-human TRA-1-60-

R Antibody (BioLegend, 330609), 2ul APC anti-human SSEA-4 Antibody (BioLegend, 330417) and 500

ng/ml DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) (BioLegend, 422801). Cells were then

incubated protected from light on ice for 15 minutes. Subsequently, cells were filtered into FACS tubes

containing 300ul of PBS-2% FBS and flow cytometry was performed using the Agilent NovoCyte

Penteon Flow Cytometer at the Sir Alexander Fleming building flow cytometry facility at Imperial

College London. The resulting data were analysed using FlowJo software version 10.9.0.

Immunofluorescence

Cells were plated onto geltrex coated coverslips and fixed using 4% formaldehyde (Fisher Scientific,

10532955) for 15 minutes at 37°C. Samples were then permeabilised with 0.1% Triton-X100 (Merck,

648463) in PBS for 10 minutes at room temperature, before blocking for 1 hour at room temperature in

10% donkey serum (Abcam, AB7475). Samples were incubated overnight at 4°C on a rocker with

primary antibodies of interest (table 3) diluted in PBS. Negative controls with only PBS were also set

up for each different secondary antibody. Samples were then washed in 0.1% tween 20 (Promega,

H5152) in PBS before being stained with the relevant secondary antibodies (table 3) diluted in PBS for 1

hour at 37°C. Samples were washed again in 0.1% tween 20 and stained with 1 ug/ml DAPI (BioLegend,

422801) for 15 minutes at room temperature. Coverslips were mounted using fluorescence mounting

medium (Agilent, S302380-2). Stained cells were visualised using the Zeiss Axio Observer inverted

microscope in the Facility for Imaging by Light Microscopy (FILM) at Imperial College London.
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Table 3. Antibodies used for immunofluorescence.

Western blot

For the western blot, cells were harvested and washed 3 times in 1X phosphate buffered saline (PBS)

and pelleted. Protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Thermo

Scientific, 10230544) with protease inhibitor (PI) and was quantified using the Pierce BCA Protein

Assay Kit (Thermo Scientific, 23225). 30ug of each protein sample were loaded onto a Novex Tris-

Glycine Mini Protein Gel (Invitrogen, XP04122BOX). Proteins were separated using gel electrophoresis

in 1X SDS running buffer and were then transferred to nitrocellulose membrane. The membrane was

blocked in Intercept (PBS) Blocking Buffer (LI-COR, 927-70001) for 1 hour. Primary antibodies (table

4) were diluted 1:1000 in Intercept (PBS) Blocking Buffer containing 0.2% Tween 20. The membrane

was incubated in the primary antibody dilution on rollers overnight at 4°C. The membrane was then

washed 4 times for 5 minutes in 1X PBS containing 0.1% Tween 20 (PBST) on a rocker. The secondary

antibody (table 4) was diluted 1:15000 in Intercept (PBS) Blocking Buffer containing 0.2% Tween 20.

The membrane was incubated in the secondary antibody protected from light at room temperature for

1 hour on a rocker. The membrane was then washed again in PBST 4 times for 5 minutes on a rocker

before being imaged using the LI-COR Odyssey XF imaging system.

qeios.com doi.org/10.32388/TL3EBK 28

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


Table 4. A list of the antibodies used for western blots.

RNA-sequencing

Cells were pelleted and RNA extraction was performed using the Monarch Total RNA Miniprep Kit

(NEB, T2010). RNA was quantified with a nanodrop and the quality was assessed using TapeStation

2200 (Agilent Technologies). Only RNA with a RIN score above 8 was used. RNA libraries were

prepared from 1ug of RNA input using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB,

E7490) and NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB, E7760). Sequencing

was carried out by the Wistar Institute to generate 60 bp paired-end reads. Two replicates of clone 1

and one replicate of clone 2 were used at each specified timepoint for all of the three conditions

(CHD3-WT, CHD3-HET-KO and CHD3-KO). This corresponded to two biological replicates and a total

of three technical replicates per condition.

RNA-sequencing analysis

First, adapters were removed using TrimGalore!, then reads were mapped and quantified using

Kallisto[77]. Differential gene expression was analysed using DESeq2[78]. Gene set enrichment analysis

was performed using WebGestalt 2019[79].  Additional statistical analysis was carried out using R

(version 4.2.2) and GraphPad Prism (version 10.1.1).

ATAC-sequencing

ATAC-seq was performed using 50,000 cells per sample. Libraries were prepared using the ATAC-seq

Kit (Active Motif, 53150) following the manufacturer’s instructions. Sequencing was carried out by the

Wistar Institute to generate 60 bp paired-end reads. One replicate of clone 1 and one replicate of clone

2 were used at each specified timepoint for both conditions (CHD3-WT and CHD3-KO). This

corresponded to two biological replicates per condition.
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ATAC-sequencing analysis

Adapters were removed using TrimGalore! and the reads were then aligned to the hg19 human

reference genome using the Burrows-Wheeler Alignment (BWA) tool with the MEM

algorithm[80]. SAMTools[81]. was then used to filter for high quality (MAPQ > 10) reads and to remove

PCR duplicates. Peaks were then called using MACS2[82]. with 5% FDR. Consensus peaks (peaks found

in all replicates) were identified for each cell line using BEDTools[83].  and these were used for

subsequent analyses. ATAC-seq peaks were visualised using UCSC Genome Browser[84]. Motif anaylsis

was performed using HOMER[85].  All further downstream analysis was performed using

BEDTools[83]. and deepTools[86].

ChIP-sequencing

Two replicates were performed for each condition. For each replicate, 11 million cells were cross-

linked using 1% formaldehyde for 5 minutes at room temperature. Cells were then quenched with 125

mM glycine for 5 minutes at room temperature before being washed twice with 1X PBS. The fixed cells

were then resuspended in ChIP buffer (150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 10 mM Tris-HCl,

0.5 mM DTT, 0.3% SDS, protease inhibitor) and incubated on ice for 10 minutes. Chromatin was

sheared to an average length of 100-1000bp using a Covaris M220 Focused-Ultrasonicator at 5% duty

factor for 7 minutes. The chromatin lysate was diluted in SDS-free ChIP buffer. 10ug of antibody was

used for both CHD3 (Bethyl Laboratories, A301-220A) and DLX5 (Abcam, AB109737). The antibody

was added to at least 5ug of sonicated chromatin along with Dynabeads Protein A (Invitrogen, 10002D)

and incubated overnight at 4°C with rotation. The beads were then washed twice with each of the

following buffers: Mixed Micelle Buffer (150 mM NaCl, 1% Triton X-100, 0.2% SDS, 20 mM Tris-HCl, 5

mM EDTA, 65% sucrose), Buffer 200 (200 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 25

mM HEPES, 1 mM EDTA), LiCl detergent wash (250 mM LiCl, 0.5% sodium deoxycholate, 0.5% NP-40,

10 mM Tris-HCl, 1 mM EDTA) and a final wash was performed with cold 0.1X TE. Finally, beads were

resuspended in 1X TE containing 1% SDS and incubated at 65°C for 10 min to elute immunocomplexes.

The elution was repeated twice, and the samples were incubated overnight at 65°C to reverse cross-

linking, along with the input (5% of the starting material). The DNA was digested with 0.5 mg/ml

Proteinase K for 1 hour at 65°C and then purified using the ChIP DNA Clean & Concentrator kit (Zymo,

D5205) and quantified with the QuantiFluor ONE dsDNA system (Promega, E4871). Barcoded libraries

were made with NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB, E7645L) using NEBNext
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Multiplex Oligos Dual Index Primers for Illumina (NEB, E7600S). Sequencing was carried out by the

Wistar Institute to generate 60 bp paired-end reads or by Novogene to generate 150 bp paired-end

reads. Clones 1 and 2 were used as biological replicates.

ChIP-sequencing analysis

Adapters were removed with TrimGalore! and the sequences were aligned to the reference genome

hg19, using Burrows-Wheeler Alignment tool, with the MEM algorithm[80]. Uniquely mapping aligned

reads were filtered based on mapping quality (MAPQ > 10) to restrict our analysis to higher quality and

uniquely mapped reads, and PCR duplicates were removed. HOMER[85]  was used to call peaks using

the default parameters at 5% FDR. All statistical analyses were performed using BEDTools[83],

deepTools[86], R (version 4.2.2) and GraphPad Prism (version 10.1.1).

Trilineage differentiation

iPSCs were differentiated into the three germ layers (endoderm, ectoderm and mesoderm) using the

Human Pluripotent Stem Cell Functional Identification Kit (R&D Systems, SC027B). Expression of

relevant markers was then assessed using immunofluorescence with 10 ug/ml of the antibodies

provided in the kit (Goat anti-human SOX17, Goat anti-human Otx2 and Goat anti-human Brachyury).

Table 5. Antibodies used for trilineage immunofluorescence.

Statements and Declarations

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled

by the lead contact, Marco Trizzino (m.trizzino{at} imperial.ac.uk).

qeios.com doi.org/10.32388/TL3EBK 31

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


Materials availability

Inquiries on CRISPR cell lines used in this study should be directed to Dr. Simon E. Fisher.

Data and code availability

RNA-seq, ATAC-seq, and ChIP-seq data have been deposited in the Gene Expression Omnibus (GEO)

under accession code GEO: GSE288669 and are publicly available as of the date of manuscript

submission. Any additional information required to re-analyze the data reported in this paper is

available from the lead contact upon request.

Author Contributions

MT, SEF and PC designed the project. ZHM performed most of the experiments. JdH and WC generated

and performed validations of the CRISPR iPSC lines. MD and LD contributed to some of the

experiments. ZHM and MT analyzed the data and wrote the manuscript. KL contributed to data

analysis and offered critical support. All the authors read and approved the manuscript.

Conflicts of Interest

The authors declare no competing interests.

Acknowledgments

We thank Dr. Samantha Barnada (Thomas Jefferson University) and Prof. Brian Hendrich (University

of Cambridge) for insightful discussions on the data. The authors thank the Genomic Facility at The

Wistar Institute (Philadelphia, PA) for the Next Generation Sequencing. For this work, MT was funded

by the G. Harold and Leila Y. Mathers Foundation and by BBSRC.

References

1. ^Jaenisch R, Bird A (2003). "Epigenetic regulation of gene expression: how the genome integrates intrin

sic and environmental signals". Nat Genet. 33: 245–254. doi:10.1038/ng1089.

2. ^Yadav T, Quivy J-P, Almouzni G (2018). "Chromatin plasticity: A versatile landscape that underlies cell

fate and identity". Science. 361: 1332–1336. doi:10.1126/science.aat8950.

qeios.com doi.org/10.32388/TL3EBK 32

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


3. a, bZhang Y, LeRoy G, Seelig H-P, Lane WS, Reinberg D (1998). "The Dermatomyositis-Specific Autoanti

gen Mi2 Is a Component of a Complex Containing Histone Deacetylase and Nucleosome Remodeling Act

ivities". Cell. 95: 279–289. doi:10.1016/S0092-8674(00)81758-4.

4. a, bXue Y, Wong J, Moreno GT, Young MK, Côté J, Wang W (1998). "NURD, a Novel Complex with Both A

TP-Dependent Chromatin-Remodeling and Histone Deacetylase Activities". Mol Cell. 2: 851–861. doi:1

0.1016/S1097-2765(00)80299-3.

5. a, bTong JK, Hassig CA, Schnitzler GR, Kingston RE, Schreiber SL (1998). "Chromatin deacetylation by a

n ATP-dependent nucleosome remodelling complex". Nature. 395: 917–921. doi:10.1038/27699.

6. a, bLow JKK, Webb SR, Silva APG, Saathoff H, Ryan DP, Torrado M, Brofelth M, Parker BL, Shepherd NE,

Mackay JP (2016). "CHD4 Is a Peripheral Component of the Nucleosome Remodeling and Deacetylase C

omplex". Journal of Biological Chemistry. 291: 15853–15866. doi:10.1074/jbc.M115.707018.

7. a, bZhang W, Aubert A, Gomez de Segura JM, Karuppasamy M, Basu S, Murthy AS, Diamante A, Drury T

A, Balmer J, Cramard J, et al. (2016). "The Nucleosome Remodeling and Deacetylase Complex NuRD Is B

uilt from Preformed Catalytically Active Sub-modules". J Mol Biol. 428: 2931–2942. doi:10.1016/j.jmb.2

016.04.025.

8. a, bZhang J, Jackson AF, Naito T, Dose M, Seavitt J, Liu F, Heller EJ, Kashiwagi M, Yoshida T, Gounari F, e

t al. (2012). "Harnessing of the nucleosome-remodeling-deacetylase complex controls lymphocyte deve

lopment and prevents leukemogenesis". Nat Immunol. 13: 86–94. doi:10.1038/ni.2150.

9. a, bMiccio A, Wang Y, Hong W, Gregory GD, Wang H, Yu X, Choi JK, Shelat S, Tong W, Poncz M, et al. (201

0). "NuRD mediates activating and repressive functions of GATA-1 and FOG-1 during blood developme

nt". EMBO J. 29: 442–456. doi:10.1038/emboj.2009.336.

10. a, b, cBornelöv S, Reynolds N, Xenophontos M, Gharbi S, Johnstone E, Floyd R, Ralser M, Signolet J, Loos

R, Dietmann S, et al. (2018). "The Nucleosome Remodeling and Deacetylation Complex Modulates Chro

matin Structure at Sites of Active Transcription to Fine-Tune Gene Expression". Mol Cell. 71: 56–72.e4. d

oi:10.1016/j.molcel.2018.06.003.

11. ^Kaji K, Caballero IM, MacLeod R, Nichols J, Wilson VA, Hendrich B (2006). "The NuRD component Mbd

3 is required for pluripotency of embryonic stem cells". Nat Cell Biol. 8: 285–292. doi:10.1038/ncb1372.

12. ^Hoffmann A, Spengler D (2019). "Chromatin Remodeling Complex NuRD in Neurodevelopment and Ne

urodevelopmental Disorders". Front Genet. 10. doi:10.3389/fgene.2019.00682.

13. ^Woodage T, Basrai MA, Baxevanis AD, Hieter P, Collins FS (1997). "Characterization of the CHD family

of proteins". Proceedings of the National Academy of Sciences. 94: 11472–11477. doi:10.1073/pnas.94.21.

qeios.com doi.org/10.32388/TL3EBK 33

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


11472.

14. ^Hoffmeister H, Fuchs A, Erdel F, Pinz S, Gröbner-Ferreira R, Bruckmann A, Deutzmann R, Schwartz U,

Maldonado R, Huber C, et al. (2017). "CHD3 and CHD4 form distinct NuRD complexes with different yet

overlapping functionality". Nucleic Acids Res. 45: 10534–10554. doi:10.1093/nar/gkx711.

15. ^Basta J, Rauchman M (2015). "The nucleosome remodeling and deacetylase complex in development a

nd disease". Translational Research. 165: 36–47. doi:10.1016/j.trsl.2014.05.003.

16. ^Thompson PM, Gotoh T, Kok M, White PS, Brodeur GM (2003). "CHD5, a new member of the chromod

omain gene family, is preferentially expressed in the nervous system". Oncogene. 22: 1002–1011. doi:10.

1038/sj.onc.1206211.

17. ^Zhuang T, Hess RA, Kolla V, Higashi M, Raabe TD, Brodeur GM (2014). "CHD5 is required for spermiog

enesis and chromatin condensation". Mech Dev. 131: 35–46. doi:10.1016/j.mod.2013.10.005.

18. a, bNitarska J, Smith JG, Sherlock WT, Hillege MMG, Nott A, Barshop WD, Vashisht AA, Wohlschlegel JA,

Mitter R, Riccio A (2016). "A Functional Switch of NuRD Chromatin Remodeling Complex Subunits Regu

lates Mouse Cortical Development". Cell Rep. 17: 1683–1698. doi:10.1016/j.celrep.2016.10.022.

19. a, b, c, d, e, f, g, hSnijders Blok L, Rousseau J, Twist J, Ehresmann S, Takaku M, Venselaar H, Rodan LH, No

wak CB, Douglas J, Swoboda KJ, et al. (2018). "CHD3 helicase domain mutations cause a neurodevelopm

ental syndrome with macrocephaly and impaired speech and language". Nat Commun. 9: 4619. doi:10.1

038/s41467-018-06014-6.

20. a, b, c, d, e, fDrivas TG, Li D, Nair D, Alaimo JT, Alders M, Altmüller J, Barakat TS, Bebin EM, Bertsch NL, B

lackburn PR, et al. (2020). "A second cohort of CHD3 patients expands the molecular mechanisms know

n to cause Snijders Blok-Campeau syndrome". European Journal of Human Genetics. 28: 1422–1431. do

i:10.1038/s41431-020-0654-4.

21. a, b, cvan der Spek J, den Hoed J, Snijders Blok L, Dingemans AJM, Schijven D, Nellaker C, Venselaar H, As

tuti GDN, Barakat TS, Bebin EM, et al. (2022). "Inherited variants in CHD3 show variable expressivity in

Snijders Blok-Campeau syndrome". Genetics in Medicine. 24: 1283–1296. doi:10.1016/j.gim.2022.02.01

4.

22. a, bGoldfarb Yaacobi R, Sukenik Halevy R (2024). "A severe neurocognitive phenotype caused by bialleli

c CHD3 variants in two siblings". Am J Med Genet A. 194. doi:10.1002/ajmg.a.63503.

23. ^Vega-Lopez GA, Cerrizuela S, Tribulo C, Aybar MJ (2018). "Neurocristopathies: New insights 150 years

after the neural crest discovery". Dev Biol. 444: S110–S143. doi:10.1016/j.ydbio.2018.05.013.

qeios.com doi.org/10.32388/TL3EBK 34

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


24. ^Ruffins S, Bronner-Fraser M (2000). "A Critical Period for Conversion of Ectodermal Cells to a Neural

Crest Fate". Dev Biol. 218: 13–20. doi:10.1006/dbio.1999.9555.

25. ^Cordero DR, Brugmann S, Chu Y, Bajpai R, Jame M, Helms JA (2011). "Cranial neural crest cells on the

move: Their roles in craniofacial development". Am J Med Genet A. 155: 270–279. doi:10.1002/ajmg.a.3

3702.

26. a, b, c, dStuhlmiller TJ, García-Castro MI (2012). "Current perspectives of the signaling pathways directi

ng neural crest induction". Cellular and Molecular Life Sciences. 69: 3715–3737. doi:10.1007/s00018-01

2-0991-8.

27. ^Kishigami S, Mishina Y (2005). "BMP signaling and early embryonic patterning". Cytokine Growth Fa

ctor Rev. 16: 265–278. doi:10.1016/j.cytogfr.2005.04.002.

28. a, bNishimura R, Hata K, Matsubara T, Wakabayashi M, Yoneda T (2012). "Regulation of bone and carti

lage development by network between BMP signalling and transcription factors". J Biochem. 151: 247–2

54. doi:10.1093/jb/mvs004.

29. a, b, cRahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM (2015). "TGF-β/BMP signaling and

other molecular events: regulation of osteoblastogenesis and bone formation". Bone Res. 3: 15005. doi:1

0.1038/boneres.2015.5.

30. a, b, c, d, eMishina Y, Snider TN (2014). "Neural crest cell signaling pathways critical to cranial bone dev

elopment and pathology". Exp Cell Res. 325: 138–147. doi:10.1016/j.yexcr.2014.01.019.

31. ^Logan CY, Nusse R (2004). "THE WNT SIGNALING PATHWAY IN DEVELOPMENT AND DISEASE". Annu

Rev Cell Dev Biol. 20: 781–810. doi:10.1146/annurev.cellbio.20.010403.113126.

32. ^García-Castro MI, Marcelle C, Bronner-Fraser M (2002). "Ectodermal Wnt Function as a Neural Crest I

nducer". Science. 297: 848–851. doi:10.1126/science.1070824.

33. ^Maj E, Künneke L, Loresch E, Grund A, Melchert J, Pieler T, Aspelmeier T, Borchers A (2016). "Controlle

d levels of canonical Wnt signaling are required for neural crest migration". Dev Biol. 417: 77–90. doi:1

0.1016/j.ydbio.2016.06.022.

34. ^Lee H-Y, Kléber M, Hari L, Brault V, Suter U, Taketo MM, Kemler R, Sommer L (2004). "Instructive Rol

e of Wnt/ß-Catenin in Sensory Fate Specification in Neural Crest Stem Cells". Science. 303: 1020–1023.

doi:10.1126/science.1091611.

35. a, b, cRoth DM, Bayona F, Baddam P, Graf D (2021). "Craniofacial Development: Neural Crest in Molecul

ar Embryology". Head Neck Pathol. 15: 1–15. doi:10.1007/s12105-021-01301-z.

qeios.com doi.org/10.32388/TL3EBK 35

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


36. a, b, cLiao J, Huang Y, Wang Q, Chen S, Zhang C, Wang D, Lv Z, Zhang X, Wu M, Chen G (2022). "Gene re

gulatory network from cranial neural crest cells to osteoblast differentiation and calvarial bone develop

ment". Cellular and Molecular Life Sciences. 79: 158. doi:10.1007/s00018-022-04208-2.

37. a, b, cCorreia AC, Costa M, Moraes F, Bom J, Nóvoa A, Mallo M (2007). "Bmp2 is required for migration b

ut not for induction of neural crest cells in the mouse". Developmental Dynamics. 236: 2493–2501. doi:1

0.1002/dvdy.21256.

38. a, b, cKanzler B, Foreman RK, Labosky PA, Mallo M (2000). "BMP signaling is essential for development

of skeletogenic and neurogenic cranial neural crest". Development. 127: 1095–1104. doi:10.1242/dev.12

7.5.1095.

39. a, b, cBonilla-Claudio M, Wang J, Bai Y, Klysik E, Selever J, Martin JF (2012). "Bmp signaling regulates a

dose-dependent transcriptional program to control facial skeletal development". Development. 139: 70

9–719. doi:10.1242/dev.073197.

40. a, b, c, dPrescott SL, Srinivasan R, Marchetto MC, Grishina I, Narvaiza I, Selleri L, Gage FH, Swigut T, Wys

ocka J (2015). "Enhancer Divergence and cis-Regulatory Evolution in the Human and Chimp Neural Cre

st". Cell. 163: 68–83. doi:10.1016/j.cell.2015.08.036.

41. a, bPagliaroli L, Porazzi P, Curtis AT, Scopa C, Mikkers HMM, Freund C, Daxinger L, Deliard S, Welsh SA,

Offley S, et al. (2021). "Inability to switch from ARID1A-BAF to ARID1B-BAF impairs exit from pluripote

ncy and commitment towards neural crest formation in ARID1B-related neurodevelopmental disorder

s". Nat Commun. 12: 6469. doi:10.1038/s41467-021-26810-x.

42. a, bBarnada SM, Giner de Gracia A, Morenilla-Palao C, López-Cascales MT, Scopa C, Waltrich FJ, Mikker

s HMM, Cicardi ME, Karlin J, Trotti D, et al. (2024). "ARID1A-BAF coordinates ZIC2 genomic occupancy

for epithelial-to-mesenchymal transition in cranial neural crest specification". The American Journal o

f Human Genetics. 111: 2232–2252. doi:10.1016/j.ajhg.2024.07.022.

43. a, b, c, d, e, f, g, h, i, jden Hoed J, Wong MMK, Claassen WJJ, de Hoyos L, Lütje L, Heide M, Huttner WB, Fis

her SE (2024). "The chromatin remodeler CHD3 is highly expressed in mature neurons and regulates ge

nes involved in synaptic development and function". bioRxiv, 2024.04.29.591720. doi:10.1101/2024.04.

29.591720.

44. ^Bajpai R, Chen DA, Rada-Iglesias A, Zhang J, Xiong Y, Helms J, Chang C-P, Zhao Y, Swigut T, Wysocka

J (2010). "CHD7 cooperates with PBAF to control multipotent neural crest formation". Nature. 463: 958

–962. doi:10.1038/nature08733.

qeios.com doi.org/10.32388/TL3EBK 36

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


45. a, b, c, dLuo T, Matsuo-Takasaki M, Lim JH, Sargent TD (2001). "Differential regulation of Dlx gene expr

ession by a BMP morphogenetic gradient". Int J Dev Biol. 45: 681–684.

46. a, bZhu K, Spaink HP, Durston AJ (2023). "Patterning of the Vertebrate Head in Time and Space by BMP

Signaling". J Dev Biol. 11: 31. doi:10.3390/jdb11030031.

47. ^Sadahiro T, Isomi M, Muraoka N, Kojima H, Haginiwa S, Kurotsu S, Tamura F, Tani H, Tohyama S, Fuj

ita J, et al. (2018). "Tbx6 Induces Nascent Mesoderm from Pluripotent Stem Cells and Temporally Contr

ols Cardiac versus Somite Lineage Diversification". Cell Stem Cell. 23: 382–395.e5. doi:10.1016/j.stem.20

18.07.001.

48. a, bFaial T, Bernardo AS, Mendjan S, Diamanti E, Ortmann D, Gentsch GE, Mascetti VL, Trotter MWB, Sm

ith JC, Pedersen RA (2015). "Brachyury and SMAD signalling collaboratively orchestrate distinct mesode

rm and endoderm gene regulatory networks in differentiating human embryonic stem cells". Developm

ent. 142: 2121–2135. doi:10.1242/dev.117838.

49. ^Costello I, Pimeisl I-M, Dräger S, Bikoff EK, Robertson EJ, Arnold SJ (2011). "The T-box transcription fa

ctor Eomesodermin acts upstream of Mesp1 to specify cardiac mesoderm during mouse gastrulation". N

at Cell Biol. 13: 1084–1091. doi:10.1038/ncb2304.

50. ^Lentjes MHFM, Niessen HEC, Akiyama Y, de Bruïne AP, Melotte V, van Engeland M (2016). "The emerg

ing role of GATA transcription factors in development and disease". Expert Rev Mol Med. 18: e3. doi:10.1

017/erm.2016.2.

51. a, bGammill LS, Sive H (2000). "Coincidence of otx2 and BMP4 signaling correlates with Xenopus ceme

nt gland formation". Mech Dev. 92: 217–226. doi:10.1016/S0925-4773(99)00342-1.

52. a, bTurner DA, Hayward PC, Baillie-Johnson P, Rué P, Broome R, Faunes F, Martinez Arias A (2014). "W

nt/β-catenin and FGF signalling direct the specification and maintenance of a neuromesodermal axial

progenitor in ensembles of mouse embryonic stem cells". Development. 141: 4243–4253. doi:10.1242/de

v.112979.

53. a, bAmel A, Rabeling A, Rossouw S, Goolam M (2023). "Wnt and BMP signalling direct anterior–posteri

or differentiation in aggregates of mouse embryonic stem cells". Biol Open. 12. doi:10.1242/bio.059981.

54. ^Sudheer S, Liu J, Marks M, Koch F, Anurin A, Scholze M, Senft AD, Wittler L, Macura K, Grote P, et al. (2

016). "Different Concentrations of FGF Ligands, FGF2 or FGF8 Determine Distinct States of WNT-Induce

d Presomitic Mesoderm". Stem Cells. 34: 1790–1800. doi:10.1002/stem.2371.

55. ^Lindsley RC, Gill JG, Kyba M, Murphy TL, Murphy KM (2006). "Canonical Wnt signaling is required for

development of embryonic stem cell-derived mesoderm". Development. 133: 3787–3796. doi:10.1242/d

qeios.com doi.org/10.32388/TL3EBK 37

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


ev.02551.

56. ^Chidiac R, Angers S (2023). "Wnt signaling in stem cells during development and cell lineage specificat

ion". In, pp. 121–143. doi:10.1016/bs.ctdb.2023.01.005.

57. ^Graf D, Malik Z, Hayano S, Mishina Y (2016). "Common mechanisms in development and disease: BM

P signaling in craniofacial development". Cytokine Growth Factor Rev. 27: 129–139. doi:10.1016/j.cytogf

r.2015.11.004.

58. a, bMartik ML, Bronner ME (2017). "Regulatory Logic Underlying Diversification of the Neural Crest". Tr

ends in Genetics. 33: 715–727. doi:10.1016/j.tig.2017.07.015.

59. ^Simões-Costa M, Bronner ME (2015). "Establishing neural crest identity: a gene regulatory recipe". De

velopment. 142: 242–257. doi:10.1242/dev.105445.

60. ^Vu TH, Takechi M, Shimizu M, Kitazawa T, Higashiyama H, Iwase A, Kurihara H, Iseki S (2021). "Dlx5

-augmentation in neural crest cells reveals early development and differentiation potential of mouse ap

ical head mesenchyme". Sci Rep. 11: 2092. doi:10.1038/s41598-021-81434-x.

61. ^Chung I, Han J, Iwata J, Chai Y (2010). "Msx1 and Dlx5 function synergistically to regulate frontal bone

development". genesis. 48: 645–655. doi:10.1002/dvg.20671.

62. ^Dash S, Trainor PA (2020). "The development, patterning and evolution of neural crest cell differentiat

ion into cartilage and bone". Bone. 137: 115409. doi:10.1016/j.bone.2020.115409.

63. ^Bowen NJ, Fujita N, Kajita M, Wade PA (2004). "Mi-2/NuRD: multiple complexes for many purposes".

Biochimica et Biophysica Acta (BBA) - Gene Structure and Expression. 1677: 52–57. doi:10.1016/j.bbaex

p.2003.10.010.

64. ^Xue Y, Wong J, Moreno GT, Young MK, Côté J, Wang W (1998). "NURD, a Novel Complex with Both ATP

-Dependent Chromatin-Remodeling and Histone Deacetylase Activities". Mol Cell. 2: 851–861. doi:10.1

016/S1097-2765(00)80299-3.

65. ^Denslow SA, Wade PA (2007). "The human Mi-2/NuRD complex and gene regulation". Oncogene. 26:

5433–5438. doi:10.1038/sj.onc.1210611.

66. ^Nieto MA, Huang RY-J, Jackson RA, Thiery JP (2016). "EMT: 2016". Cell. 166: 21–45. doi:10.1016/j.cell.

2016.06.028.

67. ^Marchant L, Linker C, Ruiz P, Guerrero N, Mayor R (1998). "The inductive properties of mesoderm sug

gest that the neural crest cells are specified by a BMP gradient". Dev Biol. 198: 319–329. doi:10.1016/S00

12-1606(98)80008-0.

qeios.com doi.org/10.32388/TL3EBK 38

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


68. ^Tríbulo C, Aybar MJ, Nguyen VH, Mullins MC, Mayor R (2003). "Regulation of Msx genes by a Bmp gra

dient is essential for neural crest specification". Development. 130: 6441–6452. doi:10.1242/dev.00878.

69. ^Nguyen VH, Schmid B, Trout J, Connors SA, Ekker M, Mullins MC (1998). "Ventral and Lateral Regions

of the Zebrafish Gastrula, Including the Neural Crest Progenitors, Are Established by abmp2b/swirlPath

way of Genes". Dev Biol. 199: 93–110. doi:10.1006/dbio.1998.8927.

70. ^Patthey C, Edlund T, Gunhaga L (2009). "Wnt-regulated temporal control of BMP exposure directs the

choice between neural plate border and epidermal fate". Development. 136: 73–83. doi:10.1242/dev.025

890.

71. ^Ragland JW, Raible DW (2004). "Signals derived from the underlying mesoderm are dispensable for ze

brafish neural crest induction". Dev Biol. 276: 16–30. doi:10.1016/j.ydbio.2004.08.017.

72. ^Steventon B, Araya C, Linker C, Kuriyama S, Mayor R (2009). "Differential requirements of BMP and W

nt signalling during gastrulation and neurulation define two steps in neural crest induction". Developm

ent. 136: 771–779. doi:10.1242/dev.029017.

73. ^Han S, Lee H, Lee AJ, Kim S-K, Jung I, Koh GY, Kim T-K, Lee D (2021). "CHD4 Conceals Aberrant CTCF

-Binding Sites at TAD Interiors by Regulating Chromatin Accessibility in Mouse Embryonic Stem Cells".

Mol Cells. 44: 805–829. doi:10.14348/molcells.2021.0224.

74. ^Hirota A, Nakajima-Koyama M, Ashida Y, Nishida E (2019). "The nucleosome remodeling and deacety

lase complex protein CHD4 regulates neural differentiation of mouse embryonic stem cells by down-reg

ulating p53". Journal of Biological Chemistry. 294: 195–209. doi:10.1074/jbc.RA118.004086.

75. ^Zhao H, Han Z, Liu X, Gu J, Tang F, Wei G, Jin Y (2017). "The chromatin remodeler Chd4 maintains em

bryonic stem cell identity by controlling pluripotency- and differentiation-associated genes". Journal of

Biological Chemistry. 292: 8507–8519. doi:10.1074/jbc.M116.770248.

76. ^Kim S, Morgunova E, Naqvi S, Goovaerts S, Bader M, Koska M, Popov A, Luong C, Pogson A, Swigut T, e

t al. (2024). "DNA-guided transcription factor cooperativity shapes face and limb mesenchyme". Cell. 1

87: 692–711.e26. doi:10.1016/j.cell.2023.12.032.

77. ^Bray NL, Pimentel H, Melsted P, Pachter L (2016). "Near-optimal probabilistic RNA-seq quantificatio

n". Nat Biotechnol. 34: 525–527. doi:10.1038/nbt.3519.

78. ^Love MI, Huber W, Anders S (2014). "Moderated estimation of fold change and dispersion for RNA-seq

data with DESeq2". Genome Biol. 15: 550. doi:10.1186/s13059-014-0550-8.

79. ^Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B (2019). "WebGestalt 2019: gene set analysis toolkit with reva

mped UIs and APIs". Nucleic Acids Res. 47: W199–W205. doi:10.1093/nar/gkz401.

qeios.com doi.org/10.32388/TL3EBK 39

https://www.qeios.com/
https://doi.org/10.32388/TL3EBK


80. a, bLi H, Durbin R (2009). "Fast and accurate short read alignment with Burrows–Wheeler transform".

Bioinformatics. 25: 1754–1760. doi:10.1093/bioinformatics/btp324.

81. ^Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R (2009). "The

Sequence Alignment/Map format and SAMtools". Bioinformatics. 25: 2078–2079. doi:10.1093/bioinfor

matics/btp352.

82. ^Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers RM, Brown M, Li

W, et al. (2008). "Model-based Analysis of ChIP-Seq (MACS)". Genome Biol. 9: R137. doi:10.1186/gb-20

08-9-9-r137.

83. a, b, cQuinlan AR, Hall IM (2010). "BEDTools: a flexible suite of utilities for comparing genomic feature

s". Bioinformatics. 26: 841–842. doi:10.1093/bioinformatics/btq033.

84. ^Nassar LR, Barber GP, Benet-Pagès A, Casper J, Clawson H, Diekhans M, Fischer C, Gonzalez JN, Hinric

hs AS, Lee BT, et al. (2023). "The UCSC Genome Browser database: 2023 update". Nucleic Acids Res. 51:

D1188–D1195. doi:10.1093/nar/gkac1072.

85. a, bHeinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK (201

0). "Simple Combinations of Lineage-Determining Transcription Factors Prime cis-Regulatory Elemen

ts Required for Macrophage and B Cell Identities". Mol Cell. 38: 576–589. doi:10.1016/j.molcel.2010.05.0

04.

86. a, bRamírez F, Dündar F, Diehl S, Grüning BA, Manke T (2014). "deepTools: a flexible platform for explor

ing deep-sequencing data". Nucleic Acids Res. 42: W187–W191. doi:10.1093/nar/gku365.

Supplementary data: available at https://doi.org/10.32388/TL3EBK

Declarations

Funding: No specific funding was received for this work.

Potential competing interests: No potential competing interests to declare.

qeios.com doi.org/10.32388/TL3EBK 40

https://doi.org/10.32388/TL3EBK
https://www.qeios.com/
https://doi.org/10.32388/TL3EBK

