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CHD7 encodes an ATP-dependent chromatin remodeling factor. Mu-
tation of this gene causes multiple developmental disorders, including
CHARGE (Coloboma of the eye, Heart defects, Atresia of the choanae,
Retardation of growth/development, Genital abnormalities, and Ear
anomalies) syndrome, in which conotruncal anomalies are the most
prevalent form of heart defects. How CHD7 regulates conotruncal
development remains unclear. In this study, we establish that deletion
of Chd7 in neural crest cells (NCCs) causes severe conotruncal defects
and perinatal lethality, thus providing mouse genetic evidence dem-
onstrating that CHD7 cell-autonomously regulates cardiac NCC devel-
opment, thereby clarifying a long-standing controversy in the
literature. Using transcriptomic analyses, we show that CHD7 fine-
tunes the expression of a gene network that is critical for cardiac
NCC development. To gain further molecular insights into gene reg-
ulation by CHD7, we performed a protein–protein interaction screen
by incubating recombinant CHD7 on a protein array. We find that
CHD7 directly interacts with several developmental disorder-mutated
proteins includingWDR5, a core component of H3K4methyltransferase
complexes. This direct interaction suggested that CHD7 may re-
cruit histone-modifying enzymes to target loci independently of
its remodeling functions. We therefore generated a mouse model
that harbors an ATPase-deficient allele and demonstrates that mu-
tant CHD7 retains the ability to recruit H3K4 methyltransferase
activity to its targets. Thus, our data uncover that CHD7 regulates
cardiovascular development through ATP-dependent and -indepen-
dent activities, shedding light on the etiology of CHD7-related con-
genital disorders. Importantly, our data also imply that patients
carrying a premature stop codon versus missense mutations will
likely display different molecular alterations; these patients might
therefore require personalized therapeutic interventions.

CHARGE syndrome | cardiac neural crest cells | cardiovascular
development | nucleosome remodeling | CHD7

The ATP-dependent chromatin remodeling factors regulate ge-
nomic functions and numerous biological processes through

the modulation of chromatin structure. Mutations in these factors
are associated with a large number of pathologies (1–3). Based on
protein sequence features, chromatin remodelers are classified into
four major families: SWI/SNF, ISWI, CHD, and INO80 (1–3).
CHD7 belongs to the CHD (Chromodomain Helicase DNA-
binding) family of enzymes and heterozygous mutations of CHD7
account for ∼70% of CHARGE (Coloboma of the eye, Heart de-
fects, Atresia of the choanae, Retardation of growth/development,
Genital abnormalities, and Ear anomalies) syndrome cases (4–12).
In addition, CHD7mutations also have been identified in idiopathic
hypogonadotropic hypogonadism (IHH), Kallmann syndrome (KS),
autism spectrum disorders (ASD), DiGeorge syndrome, and non-
syndromic patients with congenital heart defects (13–18).
Congenital heart defects are a major factor contributing to the

high mortality rate of infants with CHARGE syndrome and
these malformations affect more than 75% of patients (4–12).
Among CHARGE patients with inborn heart anomalies, more

than 50% display conotruncal defects, which include pharyngeal
arch (PA) artery (PAA) patterning defects, tetralogy of Fallot
(TOF), double-outlet right ventricle (DORV), overriding aorta,
and interrupted aortic arch type B (IAA-B), among others (5, 6,
10). This spectrum of malformations highly resembles those
caused by abnormal development of cardiac neural crest cells
(cNCCs) in animals (19–24), consistent with the hypothesis that
the clinical features of CHARGE may result from abnormal
development of NCCs (25). NCCs are a group of multipotent
stem-like cells that arise from the dorsal neural tube through
epithelial-to-mesenchymal transition after the neural tube folds
(19–24). cNCCs are formed between the otic placode and the
posterior border of the third somite (19–24). In mouse embryos
between embryonic day (E) 9.0 to E10.5, cNCCs invade the
newly formed PAs 3, 4, and 6, where they populate and serve as
the primary source for PA mesenchyme. A large portion of PA
cNCCs differentiates into vessel smooth muscle cells (SMCs)
during remodeling of PAAs into aortic arch arteries. A subgroup
of PA NCCs continues to migrate into cardiac outflow tract
(OFT) cushions and participate in separating the common OFT
into the aorta and pulmonary trunk.
While CHARGE patients display conotruncal defects similar

to those caused by cNCC dysfunction in animal models, the func-
tion of CHD7 in cNCCs is still unclear and even controversial. On
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the one hand, the critical role of CHD7 in the regulation of
NCCs is well supported by studies using several model systems.
In murine Joma1.3 NC stem cells and human induced pluripo-
tent stem cells, CHD7 promotes the formation of migratory
NCCs (26, 27). Moreover, knocking-down CHD7 expression in
zebrafish and Xenopus leads to abnormalities in NCC-derived
structures (27–29). On the other hand, the importance of CHD7
in NCCs for cardiovascular development has been challenged
by two independent mouse studies. In a genetic rescue experi-
ment using a Chd7 gene-trap model (Chd7xk), restoring ex-
pression of CHD7 in NCCs failed to rescue the abnormal PAA
phenotype in Chd7xk/+ embryos (30). In a conditional gene
knockout study, in which Chd7 was specifically inactivated in
NCCs using the Wnt1-Cre driver (31), Wnt1-Cre;Chd7loxp/loxp

embryos showed severe craniofacial defects, confirming an es-
sential role for CHD7 in craniofacial NCCs. However, these
embryos did not show any heart or PAA defects (31). There-
fore, whether CHD7 has essential cell-autonomous roles in
mammalian cNCCs and whether cNCC dysfunction acts as a
major contributing factor to the cardiovascular defects in CHARGE
remains unknown.
In this study, we used an improved NCC Cre driver,Wnt1-Cre2

(32), to delete Chd7 in NCCs. Mutant embryos displayed severe
conotruncal defects resembling those observed in CHARGE
patients, providing mouse genetic evidence to support the es-
sential cell-autonomous role of Chd7 in cNCCs. We further show
that CHD7 regulates the epigenetic status of target loci through
both nucleosome remodeling-dependent and -independent ac-
tivities. This study greatly advances our knowledge of cNCC
development and provides a better understanding of the devel-
opmental and molecular basis of the cardiovascular defects as-
sociated with CHD7 mutations.

Results
Deletion of Chd7 in NCCs Led to Severe Conotruncal Defects and
Perinatal Lethality. To determine the role of CHD7 in cNCCs,
we used the Wnt1-Cre2 driver (32) to specifically delete Chd7 in
NCCs. To distinguish NCCs from other cell types, we used the
R26mTmG reporter allele, which expresses membrane-tethered
GFP in CRE-recombinase+ cells (33). At E9.5, ∼30% of GFP+

cells (NCCs) still expressed CHD7 (SI Appendix, Fig. S1 A and B).
However, by E10.5 and at E11.5, less than 5% of GFP+ cells were
CHD7+ (Fig. 1A and SI Appendix, Fig. S1 C–E), suggesting that
NCC-expression of CHD7 was efficiently inactivated starting from
E10.5. Notably, the deletion of Chd7 in NCCs led to perinatal
lethality (Fig. 1B and Dataset S1), demonstrating that the ex-
pression of Chd7 in NCCs is required for mammalian embryo
viability. Morphological examination of mutant embryos (Wnt1-
Cre2;Chd7loxp/loxp or Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) at E15.5
and E16.5 revealed that all mutant animals displayed the DORV
and ventricular septal defect (VSD) (Fig. 1 C–E). About 30% of
mutant embryos showed IAA-B and 5% showed a hypoplastic
pulmonary trunk. Given that these anomalies resemble the inborn
conotruncal defects observed in CHARGE patients (5, 6, 12,
34–37), our data support the idea that these patient malformations
arise, at least in part, as a result of impaired CHD7 function in
NCCs. In addition to assessing cardiovascular defects, we also
examined the craniofacial structure of E17.5 mutant embryos (SI
Appendix, Fig. S2). Consistent with a previous report (31), deletion
of Chd7 in NCCs led to smaller frontal bone, maxilla, and man-
dible (which are all derivatives of NCCs), thereby providing fur-
ther evidence to support a critical role for CHD7 in craniofacial
NCCs.

Chd7 Mutant Embryos Displayed Severe Defects in Postmigratory
cNCCs. To assess how Chd7-deletion affects cNCC function, we
performed a detailed examination of mutant embryos at E10.5.
Interestingly, we did not observe any morphological or cellular

defects at this stage (SI Appendix, Figs. S3 and S4), suggesting
that the conotruncal defects in mutant embryos are unlikely
caused by impaired migration of cNCCs into PAs. However, at
E11.5, the number of NCCs in the proximal OFT cushions was
dramatically reduced in mutants compared to controls (Fig. 2A).
We did not observe significantly reduced cell proliferation in the
dorsal neural tube, PA regions and OFT cushions of mutant
embryos at E11.5 (SI Appendix, Figs. S5–S7). We therefore ex-
amined whether this reduction in NCCs resulted from increased
apoptosis. No increased cell death was observed in dorsal neural
tube and OFT cushions of mutant embryos (SI Appendix, Figs.
S5–S7). In the PA region, we found that 30% of mutant embryos
showed increased cell death, as judged by cleaved-Caspase 3
(CASP3) staining (Fig. 2B). It is possible that, in these embryos,
expression of CHD7 was more efficiently inactivated than in
embryos showing no increase in apoptosis. Interestingly, all mu-
tant embryos examined (n = 5) displayed the same OFT cushion
defect, including three embryos with normal cell apoptosis. These
results suggest that the reduced number of cNCCs in mutant
proximal OFT cushions is due to impaired invasion of cNCCs,
rather than reduced cell proliferation or increased cell death.
We also observed a reduction in the expression of SM22, an SMC

marker, in mutant cNCCs (Fig. 2C), suggesting that Chd7-deletion
also impairs the differentiation of cNCCs into SMCs. To confirm
this phenotype more quantitatively, we isolated GFP+ cells from the
trunk regions (PA3–6) of E11.5 embryos and monitored the ex-
pression of three SMC differentiation markers—namely SM22,
Acta2, and Cnn1—using qRT-PCR (SI Appendix, Fig. S8). Ex-
pression of all these SMC markers was significantly reduced, con-
firming our SM22 immunostaining result. To further reveal how
deletion of Chd7 impacts NCC derivatives, we examined samples at
E12.5. We did not observe cell death in cNCC derivatives in aorta
and pulmonary trunk walls (Fig. 2D), while cell proliferation was
significantly decreased in mutant samples (Fig. 2E). Interestingly, at
this stage, expression of CHD7 was already undetectable in the
majority of NCC derivatives (GFP+) in control embryos (Fig. 2 D
and E and SI Appendix, Fig. S9). Therefore, the reduced cell pro-
liferation in mutant NCC derivatives at E12.5 is, most likely, an
epigenetically inherited defect resulting from earlier alterations in
PA cNCCs.

CHD7 Regulates a Complex Gene Network in cNCCs. To better un-
derstand the molecular basis for the conotruncal defects ob-
served in embryos after deletion of Chd7 in cNCCs, we
examined the gene-expression profile of cNCCs isolated from
control (Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (Wnt1-Cre2;
Chd7loxp/loxp;R26mtmg/+) embryos at E10.5, using mRNA-sequencing
(mRNA-seq) (Fig. 3 and SI Appendix, Fig. S10). Principal com-
ponent analysis (PCA) of these profiles showed a clear separation
of mutant and control groups, suggesting that deletion of Chd7 led
to significant changes in gene expression (Fig. 3A). Mutant sam-
ples did not appear to cluster as close as the control samples in
PCA, suggesting that their mRNA profiles were more variable.
This might reflect variations in Chd7-deletion efficacy by the Cre
recombinase in cNCC subpopulations. Alternatively, this might
simply reflect the significant variability seen between CHARGE
patients, including siblings with identical mutations (38, 39). This
could explain, at least in part, why only six genes reached the
threshold by the false-discovery rate (FDR < 0.05) (Dataset S2).
In addition, this might also result from the relatively “small”
number of replicates used (n = 4 for control and n = 3 for mu-
tants) in comparison to the number of transcripts examined
(∼20,000) and the relatively moderate effect of Chd7-deletion on
gene expression. Indeed, the expression of nearly 90% of these
genes was altered within 2.5-fold, suggesting that the primary role
of CHD7 in cNCCs is fine-tuning target gene expression rather
than switching genes on and off. We therefore pondered this
factor and used the P value to set the threshold (P < 0.05) for
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selection of candidate genes [as used by other groups examining
the impact of Chd7-deletion on transcriptomes (40–42)]. The ex-
pression of 316 genes was significantly altered by at least 50% in
mutant samples (Fig. 3B and Dataset S2). Among these, 177 were
down-regulated and 139 were up-regulated. We next performed
gene ontology (GO) term enrichment analysis using Metascape
(43) (Fig. 3C and Dataset S3). Strikingly, the deregulated genes
were predominantly associated with developmental GO terms,
such as “embryonic organ development” or “mesenchyme devel-
opment,” fully consistent with the idea that Chd7 is required for
normal development of NCC-derived mesenchymal cells in the PA
and OFT regions. For example, genes including Hand1, Hand2,
Sema3A, Sema3C, Twist1, and Foxc2 are all well-established critical
regulators of mesenchymal cell development. Furthermore, GO
terms involved in the development of the cardiovascular system and
other organs/tissues (such as digestive tract, cartilage, skeleton, and
connective tissue) were also highly enriched (Fig. 3C and Dataset
S3). Thus, these analyses provide a transcriptional explanation for
the NCC differentiation defects seen upon Chd7-deletion.
Indeed, among the 316 CHD7-regulated genes, 12 are known

to be important for NCC development (Fig. 3D). We confirmed
that their expression was significantly altered in mutant cNCCs
using qRT-PCR (Fig. 3E). Moreover, we validated that Hand2,
Foxc2, and Sema3C were reduced at the protein level in mutant
cNCCs (Fig. 3F). Therefore, these results suggest that CHD7

regulates a core gene network in cNCCs and that the abnormal
expression of these genes most likely contributes to the con-
otruncal defects observed in CHARGE patients.

CHD7 Directly Regulates Genes That Are Critical for cNCC Development.
To identify CHD7 direct target loci, we performed chromatin
immunoprecipitation followed by high-throughput sequencing
(ChIP-seq) using the PA3–6 regions (after removal of the primi-
tive heart chambers and neural tubes) of wild-type embryos
(E10.5). ChIPs against CHD7 and histone H3 Lysine 27 acetyla-
tion (H3K27ac), a mark for active enhancers/promoters (44), were
performed in parallel using biological duplicate samples. A total of
7,319 peaks and 36,964 peaks were associated with CHD7 and
H3K27ac, respectively (Datasets S4 and S5). The distribution of
CHD7-peaks in the genome of NCCs is shown in Fig. 4 A and B.
About 75% of CHD7-associated peaks overlapped with H3K27ac
(Fig. 4C and Dataset S6), suggesting that CHD7 preferentially lo-
calizes to active enhancer or promoter regions, as observed in other
cell types (45, 46); 5,418 CHD7-peaks were within 20 kb upstream
or downstream of transcription start sites (TSSs) of 5,144 genes
(Dataset S7). However, only 43 genes showed a significantly altered
expression upon Chd7-deletion, as judged from our mRNA-seq
data (Fig. 4D and Dataset S8), suggesting that these genes are di-
rect targets of CHD7.

Fig. 1. Deletion of Chd7 in NCCs led to severe conotruncal defects. (A) Immunostaining of control (Ctrl; Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (mut;
Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) embryos at E10.5 with antibodies against GFP (green) and CHD7 (red). Areas of the OFT and PA regions are shown. The
dashed lines outline the OFT. OFT cushions are indicated with an asterisk (*). Broader views of the same embryos are shown in SI Appendix, Fig. S1C. (B)
Percentage of live mutant (Wnt1-Cre2;Chd7loxp/loxp) animals, resulting from crossing Wnt1-Cre2;Chd7loxp/+ and Chd7loxp/loxp mice. Data were obtained from at
least four litters at each of the indicated developmental stages. *P < 0.05; ***P < 0.001, χ2 test. (C) Summary of heart defects observed in 18 mutant embryos
(Wnt1-Cre2;Chd7loxp/loxp) at E15.5. Pt, pulmonary trunk. (D) Whole-mount examination revealing conotruncal defects in mutant embryos at E15.5. AO, aorta;
LCA, left carotid artery; LSA, left subclavian artery. (E) Section examination showing the DORV defect in a mutant embryo at E15.5. LV, left ventricle; RV, right
ventricle.
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We verified the binding of CHD7 to several of the 43 genes
identified above. We focused on Gdf6 (Bmp13), Erbb3, and
Sema3C (Fig. 4E). The latter two genes are known to be important
for normal NCC development (47–49) and Gdf6 is a member of
the BMP cytokines, which are well-recognized for their roles in
regulating cNCC development (50). In addition, Gdf6 mutations
have been associated with inborn heart defects (51). Using qRT-
PCR, we first verified that the expression of Gdf6 was significantly
altered in Chd7 mutant cNCCs (SI Appendix, Fig. S11), as ob-
served for other genes examined in Fig. 3E. We next confirmed all
of the tested CHD7 peaks identified by ChIP-seq through ChIP-
qPCR using NCCs (GFP+) isolated from E10.5 wild-type (Wnt1-
Cre2;Chd7+/+;R26mTmG/+) embryos (Fig. 4F).
To test whether these CHD7-bound sites were indeed bona fide

enhancers, we cloned these fragments into a modified pREP4-luc
reporter vector (52) and performed reporter assays. All of the
tested elements significantly enhanced expression of the luciferase
reporter compared to the empty vector control, suggesting that
they indeed act as enhancers (SI Appendix, Fig. S12).

To complement these approaches, we also used cNCCs puri-
fied from wild-type embryos (E10.5) to directly examine the
potential association of CHD7 with the promoters of the 10
remaining CHD7-downstream genes listed in Fig. 3E. The use of
purified cNCCs allowed us to clearly detect association of CHD7
with the promoters of Foxc2 and Hand2 (Fig. 4G). Thus, our
data collectively establish that CHD7 directly regulates a set of
genes that are central to NCC development, thereby providing a
transcriptional basis for CHARGE patient heart malformations.
We also noticed that expression of Sox8, Sox10, and Sema6B
were all significantly increased in mutant samples, and yet these
genes could not be associated with any detectable CHD7-binding
peak. Therefore, this suggests that CHD7 likely impacts these
genes (and additional targets) indirectly.

CHD7 Interacts with Many Disease-Mutated Proteins, Including WDR5.
To gain further molecular insights into gene regulation by CHD7
and into the etiology of CHD7-related disorders, we used a
protein array to screen for CHD7 interactors and retrieved 303
nuclear proteins, including known interactors, such as POU5F1

Fig. 2. Chd7 mutant embryos showed severe cellular defects, starting from E11.0. (A) Sections covering the OFT region from control (Ctrl; Wnt1-
Cre2;Chd7+/+;R26mtmg/+) and mutant (mut; Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) embryos (E11.5) were immunostained with an anti-GFP antibody (green). To-
tal nuclei were visualized with DAPI (blue). The boxed regions show the proximal OFT cushions. Quantification of GFP+ cells (cNCCs) in control and mutant
embryos is shown (Right). All examined mutant embryos (n = 5) displayed a similar phenotype. (B) Sections of control and mutant embryos at E11.5 were
immunostained with an antibody against the apoptosis marker CASP3 (red). Sections covering the PA3–6 region are shown. Arrowheads indicate examples of
GFP and CASP3–double-positive nuclei. Quantification of CASP3+ (apoptotic) cells is shown on the right. In mutant samples, seven showed (“low”) apoptosis
levels (Middle) that were indistinguishable from control samples (Top). The remaining three mutant samples (circled in the quantification chart) showed in-
creased (“high”) cell death (Bottom). (C) Sections of control and mutant embryos at E11.0 were immunostained with antibodies against the smooth muscle cell
marker SM22 (red) and GFP (green). The same results were obtained from five pairs of control and mutant embryos. (D) Cross sections of pulmonary trunk (Pt) and
ascending aorta (aAo) from control and mutant hearts at E12.5 were immunostained with antibodies against GFP (green), cleaved CASP3 (white), and CHD7 (red).
No cell death was observed in either sample. (E) Same as D, except that samples were stained with an antiphospho histone H3 (pH3) to detect proliferating cells.
Arrowheads indicate examples of GFP and pH3–double-positive nuclei. As shown by the quantification of the immunostainings (Right), mutant embryos show
reduced cell proliferation in both the pulmonary trunk and ascending aorta regions. **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t test.
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(OCT4), RBPJ, and SUPT16H (53, 54) (Fig. 5A and Dataset
S9). Of note, this screen revealed that CHD7 interacts with
multiple factors encoded by disease genes that cause congenital
heart defects, such as WDR5 (Table 1 and Dataset S10). In ad-
dition, CHD7 interacts with NSD2 and NELFA, which are also
referred to as Wolf-Hirschhorn syndrome candidate genes. This
syndrome shares clinical features with CHARGE, such as congen-
ital heart defects and coloboma of the eye (55). We also identify the
Williams-Beuren syndrome-deleted GTF2I as a strong CHD7
interactor and confirmed this interaction using coimmunoprecipi-
tation (co-IP) (Fig. 5A and SI Appendix, Fig. S13). Interestingly,
Williams-Beuren syndrome patients also show partial phenotypical
overlaps with CHARGE patients, some of which also display TOF
and VSD (56). Hence, these findings suggest that many of these

interactions are specific while potentially implicating CHD7 in
previously unanticipated pathways and human disorders.

CHD7 Interacts with H3K4 Methyltransferase Complexes through WDR5
to Epigenetically Regulate Target Promoters/Enhancers in cNCCs. To
further shed light on the basic molecular mechanisms by which
CHD7 regulates transcription, we chose to focus on the histone
methyltransferase (HMTase) complex subunit WDR5 (Fig. 5A),
since CHD7 functions have previously been linked to histone
methylation (57, 58). WDR5 is a core component of H3K4
methyltransferase complexes (59–62) and it has been proposed
that CHD7 is recruited to its target loci through the binding of
methylated H3K4 (H3K4me), a histone modification associated
with active transcription (59–62). However, the detection of a

Fig. 3. CHD7 regulates a complex gene network in cNCCs. (A) PCA of mRNA-seq data obtained from cNCCs (GFP+) cells isolated from the PA3–6 regions of
control (Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) embryos (E10.5). (B) Hierarchical clustering of the 316 genes showing
significantly altered expression in mutant samples (P < 0.05, unpaired two-tailed Student’s t test). The z-normalized intensities (average = 0 and SD = 1) were
used to show changes in expression levels as a result of Chd7 deletion. Up-regulated genes are represented in red and down-regulated genes are represented
in green. The scale (expression level) indicates the range of color intensities used to represent the range of changes in gene expression. Changes of twofold
and above are represented by the darkest green tone, while changes of negative twofold and below are represented by the darkest red tone. (C) GO term
enrichment analysis of the above-mentioned 315 genes. The top 20 GO terms are shown (for full list, see Dataset S3). This chart shows that genes which were
deregulated upon Chd7 deletion are predominantly associated with developmental GO terms, including many pathways linked to cardiovascular develop-
ment. (D) Hierarchical clustering focusing on 12 genes that are both deregulated in Chd7 mutant cells and are known to be critical for NCC development. (E)
qRT-PCR validating the deregulation of these 12 genes and confirming Chd7 deletion, using total RNA from cNCCs of control and mutant embryos (E10.5). The
RNA samples used in qRT-PCR were prepared independently from those used for mRNA-seq. *P < 0.05; **P < 0.01; ***P < 0.001, unpaired two-tailed Student’s
t test. (F) Immunostaining was performed to verify reduced expression (at the protein level) of HAND2, FOXC2, and SEMA3C in the OFT of mutant (mut;Wnt1-
Cre2;Chd7loxp/loxp;R26mtmg/+) compared to control (ctrl; Wnt1-Cre2;Chd7+/+;R26mtmg/+) embryos at E10.5. Arrows indicate NCCs in the aortic sac region while
arrowheads indicate NCCs in OFT cushions.
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Fig. 4. CHD7 directly regulates genes that are critical for cNCC development. (A) Pie chart showing the distribution of CHD7 binding peaks in the genome.
UTR, untranslated region. (B) ChIP-seq density heat maps for CHD7 (Left) and H3K27ac (Right) within ±10 kb of TSSs of genes. The deepTools plotHeatmap
tool was used to create the heatmap for scores associated with the ChIP genomic regions. The red and white tiles indicate that a larger number of reads were
mapped to the TSS of the represented genes, whereas the blue tiles indicate no or a smaller number of reads were mapped to these genes. The numbers refer
to the relative signal intensity. (C) Venn diagram showing the number of overlapping and nonoverlapping CHD7 and H3K27ac ChIP-seq peaks. (D) Venn
diagram showing that 43 genes that are deregulated upon Chd7 deletion, also contain CHD7-ChIP peaks within ±20 kb of their TSSs. (E) The promoters of
Erbb3 and Sema3C, and the enhancer regions of Gdf6 are shown as examples of CHD7 and H3K27ac overlapping or nonoverlapping ChIP-seq peaks. Ar-
rowheads indicate peaks that were called by the HOMER software. (F) Validation of CHD7 binding to the cis-regulatory elements of Gdf6, Errb3, and Sema3C
shown in E, by ChIP-qPCR using GFP+ cells isolated from the PA3–6 regions of wild-type (Wnt1-Cre2;Chd7+/+;R26mtmg/+) embryos (E10.5). (G) Assessment of
CHD7 binding to the promoters of the remaining 10 NCC critical genes (identified in Fig. 3D) by ChIP-qPCR, as indicated. The positions of genomic elements
that were tested are shown in Dataset S11. **P < 0.01; ***P < 0.001, unpaired two-tailed Student’s t test.
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direct interaction between CHD7 and WDR5 in our screen sug-
gested that CHD7 itself might regulate H3K4 methylation at
CHD7-target loci. Therefore, we further examined the CHD7–
WDR5 interaction and its role in cNCCs. We confirmed the
CHD7–WDR5 interaction in COS cells, O9-1 NCCs, and mouse
embryos (Fig. 5 B–D). We mapped this interaction to the first pu-
tative SANT-SLIDE region (amino acids 1535–1852) of CHD7
using co-IP (SI Appendix, Fig. S14). Additional co-IP experiments
using the PA3–6 region of E10.5 embryos show that CHD7 asso-
ciates with the WDR5 partners ASH2L and RBBP5 (SI Appendix,

Fig. S15A), the other two core components of H3K4 methyl-
transferase complexes (59–62). However, knocking down WDR5
expression disrupted the interaction of CHD7 with ASH2L and
RBBP5, implying that WDR5 is required to bridge the interaction
of CHD7 with the two proteins (Fig. 5 E–G and SI Appendix, Fig.
S15B). Collectively, our data suggest that CHD7 interacts with
HMTase complexes through a direct interaction with WDR5.
To address the biological significance of this interaction at

CHD7-target genes, we purified cNCCs (GFP+) from the PA3–6
regions of control (Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant

Fig. 5. CHD7 interacts with and recruits WDR5 to CHD7-target loci. (A) Examples of positive CHD7 interactors from the protein–protein array screen, in-
cluding known (POU5F1 and RBPJ) and newly identified (including WDR5) direct interactors. (B) COS cells were transfected with different combinations of
plasmids encoding HA-CHD7 or WDR5-GST. CMV-GST was included as a control, as indicated on top. Transfections were followed by GST-pull down and
Western blot analyses. (C and D) Protein extracts from O9-1 cells (C) or from the trunk region of wild-type embryos at E10.5 (D) were subjected to IP using an
anti-CHD7 antibody or a control preimmune IgG. (E–G) Efficient knockdown of WDR5 expression in O9-1 cells (using two independent siRNAs) was assessed by
Western blot. Tubulin was used as a protein loading control (E). IP using an anti-CHD7 antibody or a control preimmune IgG were performed using protein
extracts from O9-1 cells treated with a scrambled siRNA control (F) or siRNA1 (G). IP of CHD7 and potential co-IP of ASH2L, RBBP5, and WDR5 were assessed by
Western blot. The same results were obtained when using siRNA2 (SI Appendix, Fig. S15B). (H and I) ChIP-qPCR was performed using GFP+ cells (cNCCs) isolated
from the PA3–6 regions of control (Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (cko, Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) embryos at E10.5 to examine associ-
ation of WDR5 with the indicated promoters/enhancers (H). In addition, H3K4me1 was examined for the enhancers of Gdf6, and H3K4me3 was examined for
the promoters of Foxc2, Hand2, and Sema3C (I). *P < 0.05; **P < 0.01, unpaired two-tailed Student’s t test.

Yan et al. PNAS | November 17, 2020 | vol. 117 | no. 46 | 28853

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 U

N
IV

 O
F

 A
LA

B
A

M
A

 B
IR

M
IN

G
H

A
M

 o
n 

Ju
ne

 1
6,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005222117/-/DCSupplemental


(Wnt1-Cre2;Chd7loxp/loxp;R26mtmg/+) embryos at E10.5 and per-
formed ChIP-qPCR using antibodies against WDR5 and H3K4
methylation marks that are catalyzed by WDR5-containing
complexes, namely H3K4 mono- and trimethylation (H3K4me1
and H3K4me3, respectively). Deletion of Chd7 significantly re-
duced association of WDR5 with the CHD7-target promoters/
enhancers tested (Fig. 5H), and we also observed a significant
decrease in H3K4 methylation at these sites (Fig. 5I). Therefore,
our data suggest that CHD7 is important for loading WDR5/
HMTase complexes onto its target promoters/enhancers and,
consequently, for the deposition of H3K4 methylation. These
results were unexpected since CHD7 had so far been thought to
function downstream of H3K4 methylation.

CHD7 Regulates cNCC and Embryo Development through Both ATP-
Dependent and -Independent Activities. Given that CHD7 is be-
lieved to function primarily as a nucleosome remodeling ATPase
(63), we tested whether we could separate its remodeling activity
from the regulation of H3K4 methylation. We therefore generated
a mouse line in which the S824F mutation was knocked into the
endogenous Chd7 allele using the CRISPR/Cas9 technique
(Fig. 6 A and B). The mouse S824F mutation corresponds to the
human S834F mutation, which is a pathological allele identified in
CHARGE, IHH, and KS patients (13, 64). This single point
mutation within the first chromodomain of CHD7 abolishes both
its ATPase and nucleosome remodeling activities (63). We first
examined the impact of this mutation on development. All
Chd7S824F/S824F embryos died between E10.5 and E12.5 (Fig. 6C).
Beginning at E10.5, mutant embryos displayed a gross develop-
mental delay and their growth was arrested at the ∼35 somite
stage at E11.5 (Fig. 6D). Interestingly, one-third of the mutant
embryos survived to E11.5, whereas no embryos with homozygous
Chd7-null alleles survived to this stage (30, 52, 65, 66). These
observations are consistent with the S824F allele being less severe
than a null allele, as it may still be able to carry out CHD7 ATP-
independent functions.
Prior to assessing the effect of the S824F mutation on histone

methylation, we investigated its impact on the expression of
CHD7 target genes in cNCCs. To this end, we crossed Wnt1-
Cre2;Chd7S824F/+ male mice with Chd7S824/+;R26mTmG/mTmG

female mice to obtain mutant (Wnt1-Cre2;Chd7S824f/S824F;
R26mTmG/+) and control (Wnt1-Cre2;Chd7+/+;R26mTmG/+) em-
bryos with 25 to 35 somites and isolated cNCCs (GFP+ cells)
from their trunk regions between PA3 and PA6. We then ana-
lyzed the expression of the 13 CHD7-regulated genes we tested
above (Fig. 3 and SI Appendix, Fig. S11). Expression of eight of

these genes was significantly impaired in Chd7S824f/S824F cNCCs
(Fig. 6E). Collectively, this set of data demonstrates that the nu-
cleosome remodeling activity of CHD7 is essential for mouse
embryo development, and in particular, for the regulation of genes
that are important for cNCC functions. Interestingly, the S824F
mutation did not significantly alter the expression of the five
remaining CHD7-regulated genes, suggesting that proper regula-
tion of these genes does not require CHD7 ATP-dependent ac-
tivities and that ATP-independent functions were sufficient.
Among the eight genes whose expression was altered by the S824F
mutation, the expression of Alx1, Hand2, Sema3a, and Sema3C in
Chd7S824f/S824F cNCCs was significantly different from the ex-
pression of these genes in Chd7 knockout cNCCs (comparing
Fig. 3E to Fig. 6E and SI Appendix, Fig. S16). This indicates that
the impact of the S824F mutation on expression of these genes
was less severe than that of Chd7-deletion. These data are fully
consistent with our observation that Chd7S824f/S824F embryos dis-
played weaker phenotypes than Chd7-null embryos. Collectively,
these data suggest that CHD7-regulated genes show different
requirements for CHD7 ATP-dependent and -independent func-
tions. In addition, these results further support the idea that pa-
tients with CHD7 mutations likely suffer from different molecular
alterations depending on the type of mutation they carry.
Finally, we tested whether the promotion of H3K4 methyl-

ation by CHD7 relies on its ATP-dependent activity. We exam-
ined whether CHD7 (S824F) could still recruit WDR5/HMTases
to CHD7 target loci. Importantly, we first confirmed that neither
CHD7 expression nor its interaction with WDR5 were reduced
by the S824F mutation (SI Appendix, Fig. S17). ChIP analysis
using cNCCs (GFP+) from mutant and control embryos dem-
onstrated that mutant CHD7 (S824F) still binds to its target
elements at levels identical to wild-type CHD7 (Fig. 6F). Fur-
thermore, the S824F mutant is still capable of targeting H3K4
methylation to CHD7-regulated loci (Fig. 6F). Thus, these data
uncover an ATP-independent function for CHD7.

Discussion
The present study provides mouse genetic evidence to support
essential cell-autonomous functions for CHD7 in the regulation of
mammalian cNCC development, thereby clarifying a long-standing
controversy in the literature. We characterized the morphological,
cellular, and molecular defects in the conotruncal regions of Chd7
mutant embryos through combined developmental, genetic, mo-
lecular, and biochemical approaches. Our data reveal that CHD7
regulates its target genes through both nucleosome remodeling and
recruiting H3K4 methyltransferase activity to its target loci.

Deletion of Chd7 in NCCs Led to Severe Cardiovascular Defects and
Perinatal Lethality. Previous studies have suggested that CHD7 is
critical for the proper development of NCCs (26–29), yet its
essential role in mammalian cNCCs was not supported by pub-
lished genetic rescue or conditional gene inactivation studies (30,
31). Notably, it has recently been shown that the widely utilized
Wnt1-Cre driver (67) [which was used in Chd7 genetic studies
mentioned above (30, 31)] leads to ectopic expression of WNT1
from the Wnt1-Cre transgene (32). While this study only exam-
ined ectopic expression in the brain region (32), it is likely that
WNT1 is also ectopically expressed in cNCCs (since the Wnt1-
Cre transgene is activated in nearly all NCCs). Our study using
the improved Wnt1-Cre2 line (32) suggests that in previous
studies, ectopically expressed WNT1 in NCCs (in Wnt1-Cre;
Chd7loxp/loxp embryos) may have rescued the conotruncal de-
fects caused by the Chd7-deletion. Interestingly, this implies a
potential interaction between WNT signaling and Chd7. This
hypothesis is further supported by bioinformatic Ingenuity
Pathway Analysis, which indicates that Wnt signaling is one of
the top potential upstream regulators of CHD7 target genes (SI
Appendix, Fig. S18), suggesting that CHD7may mediate the activity

Table 1. CHD7-interacting proteins that are mutated in patients
with syndromic and nonsyndromic congenital heart defects

CHD7-interacting
proteins Associated diseases

AFF4 CHOPS syndrome
DGCR8 Velocardiofacial and DiGeorge syndrome
GTF2I Williams-Beuren syndrome
NELFA Wolf-Hirschhorn syndrome
NSD2 Wolf-Hirschhorn syndrome
RPS6KA3 Coffin-Lowry syndrome
RXRA Congenital heart anomalies, dilated

cardiomyopathy, systemic lupus erythematosus
SMAD2 Congenital heart anomalies
SMC1A Cornelia de Lange syndrome; Wiedemann-Steiner

syndrome
UBE2B Congenital heart anomalies
WDR5 Congenital heart anomalies
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of WNT cytokines in cNCCs. However, the CHD7–WNT interac-
tion might be more central to cardiovascular than to craniofacial
development, since ectopic expression of WNT1 in NCCs was not
sufficient to rescue the craniofacial defects in Wnt1-Cre;Chd7loxp/loxp

embryos (31). Alternatively, CHD7 might simply carry out other
central WNT-independent functions in craniofacial development.
In addition to the potential involvement of the WNT–CHD7

interaction, there are several other possibilities that might also
account for the different cardiovascular phenotypes reported in
the present vs. the previous study (31). First, we cannot formally
rule out that Wnt1-Cre and Wnt1-Cre2 have subtle spatial or
temporal differences in recombination that cannot be detected
by reporter analysis. This might also result in delayed deletion of
Chd7 and these subtle differences might lead to the different car-
diovascular phenotype. Second, the two studies used two different
conditional Chd7 alleles. In the previous study (31), the second

exon of Chd7 was floxed, while in the present study the third exon
was floxed. Although we cannot fully exclude the possibility that
the two different alleles have caused the different results on car-
diovascular development, this explanation is highly unlikely, as
deletion of either exon leads to a null allele (31, 68). Third, the
difference might be due to using different mouse genetic back-
grounds. In the previously published study, mice were maintained
on C57bl6/129 hybrid background (31), while in this study we have
maintained our lines on the 129S6 congenic background. Under-
standing how WNT and CHD7 functions are linked in cNCCs and
whether the activity of CHD7 is modified by genetic/environmental
factors warrants further investigation.

Cellular Basis for the Conotruncal Defects Caused by Deletion of Chd7
in NCCs. Deletion of Chd7 in NCCs leads to severe conotruncal
defects, including the DORV, IAA-B, and hypoplastic

Fig. 6. CHD7 regulates embryo development and target genes through ATP-dependent and -independent activities. (A) The S824F allele was knocked into
the endogenous Chd7 locus through CRISPR/Cas9. Successful knockin was confirmed by genomic DNA sequencing of the founder mouse. The red arrow
indicates a silent mutation that generates an EcoRI site (introduced to facilitate genotyping), while the black arrow indicates the C-to-T mutation that
generates the S824F mutation. (B) PCR products from mice with different genotypes were digested with EcoRI. (C) Percentage of live mutant embryos
(Chd7S824F/S824F) from the self-cross of Chd7S824F/+ mice. **P < 0.01; ***P < 0.001, χ2 test. (D) Control (Ctrl, Chd7+/+) and mutant (mut, Chd7S824F/S824F) embryos
at E10.5 (Left) and 11.5 (Center) were subjected to whole mount and section examination (Right). (E) Total RNA was isolated from GFP+ cells of the PA3–6
regions of control (Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (Wnt1-Cre2;Chd7S824F/S824F;R26mtmg/+) embryos (25 to 35 somites). qRT-PCR was performed to
examine expression of the indicated genes. n.s., no significant difference; *P < 0.05; **P < 0.01; ***P < 0.001, unpaired two-tailed Student’s t test. (F) GFP+

cells were isolated from the PA3–6 regions of control (ctrl, Wnt1-Cre2;Chd7+/+;R26mtmg/+) and mutant (Wnt1-Cre2;Chd7S824f/S824F;R26mtmg/+) embryos followed
by ChIP-qPCR using antibodies against CHD7, WDR5, H3K4me1 (for Gdf6up and Gdf6-dn), and H3K4me3 (for Hand2, Sema3C, and Foxc2), as indicated. A
preimmune IgG was used as a control.
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pulmonary trunk (Fig. 1), all of which have been observed in
CHARGE patients (5, 6, 12, 34–37). Our observations support
the idea that abnormal development of NCCs significantly con-
tributes to the cardiovascular clinical features of CHARGE pa-
tients. Interestingly, inactivation of Chd7 in the anterior
mesoderm can result in similar defects (68), suggesting that me-
sodermal expression of CHD7 is also important for conotruncal
development. Therefore, the cardiovascular phenotypes of
CHARGE patients are likely determined by the combined defects
in multiple cell populations.
In contrast to the hypoplastic PAA4 defect observed in

Chd7xk/+ embryos (30), we found that the initial formation of
PAAs 4–6 was not impaired by deletion of Chd7 at E10.5 (SI
Appendix, Fig. S3). Therefore, the IAA-B observed in Wnt1-
Cre2;Chd7loxp/loxp mutants is unlikely caused by the abnormal
formation of PAAs at earlier stages. Instead, 30% of mutant
embryos displayed a significant increase in NCC apoptosis in the
PA regions (Fig. 2), and this percentage correlates well with 28%
of mutant embryos displaying an IAA-B at E15.5 (Fig. 1).
Therefore, we speculate that the IAA-B phenotype is primarily
caused by increased cell death in the PAs. Interestingly, in-
creased cell death and impaired SMC differentiation were ob-
served throughout PAAs 3–6 on both the left and right sides, and
yet IAA-B was the only defect identified in mutant great arteries.
Given that IAA-B is caused by abnormal development of the left
PAA4, our result is consistent with the idea that development of
left PAA4 is particularly sensitive to abnormalities in NCCs.
We did not observe reduced length of the OFT in mutant

embryos nor abnormal cardiac looping, suggesting that the eti-
ology of the DORV caused by deletion of Chd7 is different from
that resulting from NCC-ablation (69). Instead, only a few NCCs
are able to invade into the proximal OFT cushions in mutant
embryos at E11.5 (Fig. 2). NCCs in the proximal cushions are
critical for OFT septation and alignment with ventricles (19–24).
Therefore, the dramatically reduced invasion of cNCCs into
proximal OFT cushions likely acts as the major contributor to the
DORV and the VSD in mutant embryos. At the molecular level,
Sema3C is required for NCCs to invade proximal OFT cushions
(70) and Sema3C is a direct downstream target of CHD7.
Therefore, reduced expression of Sema3C may be a major mo-
lecular cause for the OFT alignment defect in Chd7-deletion
embryos and in CHARGE patients.
While CHD7 appears to directly regulate a rather small

number of genes in NCCs, a closer inspection reveals that many
CHD7 targets are in fact critical to NCC development (Fig. 4).
Nonetheless, it is also possible that this rather low number of
direct targets also reflects the difficulty of assigning which distant
CHD7-bound enhancer regulates a given promoter. For exam-
ple, CHD7 binds to the Sox9 enhancer that is ∼250 kb away from
its TSS (71).

CHD7 Regulates Target Genes through ATP-Dependent and -Independent
Functions. CHD7 is a SNF2-family ATPase that is highly conserved
among mammals, with mouse CHD7 being 95% identical and 97%
similar to human CHD7 (72). Through knocking the catalytically
inactive S824F allele into the Chd7 endogenous loci, we show that
the CHD7 ATP-dependent activity is essential for mammalian
embryo development. The deregulation of multiple CHD7 target
genes in these mutant embryos indicates that CHD7 regulates gene
expression, in part through its nucleosome remodeling activity.
We also noticed that Chd7S824F/S824F embryos displayed weaker

phenotypes compared to all reported Chd7-null embryos. Ap-
proximately 30% of Chd7S824F/S824F embryos survived to E11.5,
whereas no Chd7-null embryos survived beyond E10.5 (30, 52, 65,
66). The fact that a milder phenotype was observed with the S824F
allele is consistent with a weaker impact on the transcription of
some genes, since the mutated CHD7 protein is still capable of
performing ATP-independent functions. Of note, in humans the

corresponding S834F heterozygous mutation also leads to a mild
phenotype for a CHARGE patient (13), or “only” leads to re-
productive organ disorders (IHH and KS) in two other patients
(14). This hypothesis is consistent with the more general obser-
vation that truncating/stop codon mutations in CHD7 are typically
found in patients with CHARGE, while patients with IHH (who
displays less severe phenotypes) predominantly carry missense
mutations (73). Hence, our data provide a molecular explanation
for the phenotypical differences observed between patients with
CHD7 mutations.
The present study reveals a nucleosome-remodeling inde-

pendent function for CHD7, namely direct recruitment of H3K4
methyltransferase activity to target promoters/enhancers. H3K4
methylation is particularly relevant to congenital heart diseases;
in nonsyndromic patients with inborn heart defects, mutations in
genes involved in the modification of H3K4 are significantly
enriched (15). Furthermore, a mouse study confirmed that H3K4
methylation is essential for normal heart development (74).
While CHD7 has initially been proposed to bind the H3K4me
mark (59–62), our findings strongly suggest that CHD7 can also
directly recruit an H3K4me writer to target elements. The dual
activities of CHD7 may represent an efficient mechanism to
coordinate nucleosome remodeling and H3K4 methylation at
these target loci. The mutual interaction between the CHD7
nucleosome remodeler and histone methylation machinery could
form a positive feedback loop to stabilize epigenetic states at
target elements.
It has been hypothesized that CHD7 may interact with H3K4

methyltransferase complexes via CHD8 (58). However, through
an unbiased approach using purified proteins, we found that
CHD7 directly interacts with WDR5 in vitro (Fig. 5A). Consis-
tent with this, our co-IP data also indicate that this interaction
does not require CHD8 in cells (SI Appendix, Fig. S19). Hence,
our data point to a more direct link to explain the phenotypical
overlap between CHARGE and Kabuki syndromes. In addition
to WDR5, our screen revealed that CHD7 interacts with other
chromatin-modifying enzymes (Dataset S9). It is therefore likely
that CHD7 carries out additional ATP-independent functions
through the targeting of other chromatin-modifying activities to
specific genomic loci. This also implies that patients bearing
missense mutations (such as CHD7 S834F) will most likely ex-
hibit different molecular alterations compared to patients bear-
ing a truncation mutation. In addition, CHD8, one of the most
frequently mutated proteins in ASD, also interacts with H3K4
methyltransferase (58). We thus speculate that, contrary to what
was suggested by Chd8 knockout studies, ASD patients carrying
point mutations might not necessarily benefit from H3K4 de-
methylase inhibitors since point-mutated CHD8 proteins will
most likely still be able to recruit H3K4me. By extension, our
conclusions may apply to other disorders that are either caused
by stop codons or missense mutations, if the mutated protein
carries out other functions. In other words, our data suggest that
patients with the same syndrome may require personalized
therapeutic interventions based on the type of mutations they
carry, despite displaying similar phenotypes.

CHD7 Is Implicated in a Wider Range of Physiological Processes and
Diseases than Previously Anticipated.The discovery of CHD7 ATP-
independent functions is consistent with the observation that, in
patients, some mutations do not significantly impact the catalytic
functions of this remodeling ATPase (63). It is therefore likely
that, instead, some human disorders result from the disruption of
protein–protein interactions. In some cases, disruption of the in-
teraction between CHD7 and other proteins might not be the
consequence of mutations in CHD7 itself, but might result from
mutations in CHD7-interacting partners. Consistent with this hy-
pothesis, mutation in several genes encoding for CHD7-interaction
partners (such as NSD2, NELFA, and GTF2I) lead to syndromic
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diseases with phenotypes overlapping with CHARGE syndrome
(see discussion above). Given that 10 to 30% of CHARGE patients
do not display a mutation in CHD7 (4–11), sequencing the genes
encoding CHD7 candidate interactors identified here might be in-
formative for determining the etiology of CHARGE in these pa-
tients. Similarly, since our data unexpectedly link CHD7 to a wider
range of pathologies, it may also be informative to assess potential
mutations in CHD7 in idiopathic cases for these newly linked
pathologies.
In summary, our study provides mouse genetic evidence to

support an essential cell-autonomous role of CHD7 in cardiac
NCCs. Our study also demonstrates that a single point mutation
in the Chd7 gene is sufficient to cause severe developmental
defects and embryonic lethality in mammals. In addition, de-
termining the CHD7 interactome allowed us to identify WDR5
as a direct CHD7-interacting protein and to reveal that CHD7
also regulates mammalian cNCC development through recruit-
ing HMTase(s) to its target elements. This implies that patients
harboring a CHD7 mutation may require personalized thera-
peutic interventions, as a function of their mutation. Last but not
least, the CHD7 interactome also suggests that CHD7 is likely
implicated in an even wider range of physiological processes and
human diseases than previously anticipated. Importantly, we now
provide a molecular framework of direct candidate interactors to
investigate known or new CHD7 functions, as well as the mo-
lecular etiology of CHD7-associated diseases or phenotypes.

Materials and Methods
Detailed materials and methods are provided in SI Appendix, Detailed Ma-
terials and Methods.

Mouse Works. This study conforms to the Guide for the Care and Use of
Laboratory Animals (75). All protocols were approved by the Institutional
Animal Care and Use Committee in the University of Alabama at Birmingham.
Euthanasia of mice was achieved through inhalation of CO2 followed by cer-
vical dislocation. The S824F allele was knocked into the Chd7 endogenous
locus through CRISPR/Cas9 performed by the University of Alabama at Bir-
mingham Transgenic Core Facility.

Tissue Treatment, Immunostaining, and Biochemical Assays. Procedures for
tissue treatment and immunostaining were performed as previously

described (52, 76). Biochemical assays, including Western blot, GST-pull
down, and co-IP, were performed following standard protocols with modi-
fications detailed in SI Appendix, Detailed Materials and Methods.

Subcloning, Cell Culture, and Transfection. Subcloning was performed using
standard PCR amplification and cloning procedures. The O9-1 cells were
purchased from Millipore (SCC049) and cNCCs were isolated as described
previously (77, 78). Transfections were performed using Lipofectamine 2000
(ThermoFisher) or PureFection (System Biosciences).

mRNA-Seq, ChIP-qPCR, and ChIP-Seq. GFP+ cNCCs were isolated from E10.5
embryos. These cells were used for mRNA-seq, ChIP-qPCR, and ChIP-seq.

Protein–Protein Interaction Screen. The full-length CHD7 protein was purified
as previously described (63), subsequently labeled with Cy5 and incubated
with the “ProtoArray Human Protein Microarray” (ThermoFisher) according
the manufacturer’s instructions.

Statistic Tests. All statistic tests were performed using the Prism 8 software. A
χ2 test was performed in Fig. 1B. P < 0.05 was considered as significant. For
other datasets, Shapiro–Wilk (n = 3, 4) and Kolmogorov–Smirnov (n ≥ 5)
tests were used to determine the normality of data. All data followed nor-
mal distribution except for cell apoptosis data of mutant samples in Fig. 2B.
For data following normal distribution, an unpaired two-tailed Student’s
t test was used to compare control and mutant samples. Data are shown as
mean ± SE, with P < 0.05 considered as significant.

Data Availability. The data reported in this paper have been deposited in the
Gene Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/
geo (accession nos. GSE149855 and GSE149860) (79, 80).
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