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Abstract
Background  CHD7 encodes an ATP-dependent chromodomain helicase DNA binding protein; mutations in this 
gene lead to multiple developmental disorders, including CHARGE (Coloboma, Heart defects, Atresia of the choanae, 
Retardation of growth and development, Genital hypoplasia, and Ear anomalies) syndrome. How the mutations cause 
multiple defects remains largely unclear. Embryonic definitive endoderm (DE) generates the epithelial compartment 
of vital organs such as the thymus, liver, pancreas, and intestine.

Methods  In this study, we used the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 
technique to delete the CHD7 gene in human embryonic stem cells (hESCs) to generate CHD7 homozygous mutant 
(CHD7−/−), heterozygous mutant (CHD7+/−), and control wild-type (CHD7+/+) cells. We then investigated the ability of 
the hESCs to develop into DE and the other two germ layers, mesoderm and ectoderm in vitro. We also compared 
global gene expression and chromatin accessibility among the hESC-DE cells by RNA sequencing (RNA-seq) and the 
assay for transposase-accessible chromatin with sequencing (ATAC-seq).

Results  We found that deletion of CHD7 led to reduced capacity to develop into DE and mesoderm in a dose-
dependent manner. Loss of CHD7 led to significant changes in the expression and chromatin accessibility of genes 
associated with several pathways. We identified 40 genes that were highly down-regulated in both the expression 
and chromatin accessibility in CHD7 deleted hESC-DE cells.

Conclusions  CHD7 is critical for DE and mesodermal development from hESCs. Our results provide new insights into 
the mechanisms by which CHD7 mutations cause multiple congenital anomalies.
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Background
CHARGE syndrome is a complex genetic disease with 
an occurrence of approximately 1 per 10,000 live births 
worldwide [1–3]. CHARGE represents an acronym for 
Coloboma, Heart defects, Atresia of the choanae, Retar-
dation of growth and development, Genital hypoplasia, 
and Ear anomalies. De novo mutations of chromodo-
main helicase DNA-binding 7 (CHD7) are a major cause 
of CHARGE syndrome [1, 2, 4–16]. The mutations are 
distributed along the coding region of CHD7, and most 
are nonsense, or frameshift mutations leading to the loss 
of function [4, 17]. CHD7 mutations are also associated 
with idiopathic hypogonadotropic hypogonadism, Kall-
mann syndrome, autism spectrum disorders, DiGeorge 
syndrome, and non-syndromic patients with congenital 
heart defects [18–21].

CHD7 is a chromatin remodeling factor that regu-
lates access to DNA by using the energy of ATP hydro-
lysis to alter nucleosome structure (22, 23). The human 
CHD7 spans approximately 189 kb at chromosome 8 and 
contains 38 exons encoding for a large protein (2997 aa, 
about 336 kD). CHD7 contains tandem N-terminal chro-
modomains that mediate binding to methylated histones, 
a central SNF2-like ATPase/helicase domain that may 
mediate chromatin remodeling, a histone/DNA-binding 
SANT domain, and two C-terminal BRK domains of 
unknown function [17]. CHD7 protein has a cell type-
specific and lineage stage-specific function in regulating 
the expression of other developmental genes [4, 14, 15, 
22, 23].

CHD7 is expressed widely during development and 
remains ubiquitous in later stages of fetal development 
[23, 24]. However, CHD7 has no effect on embryonic 
stem cell (ESC) pluripotency, self-renewal, or reprogram-
ming [4, 17]. Mice with homozygous loss-of-function 
mutation of CHD7 die at E10.5-E11.5; heterozygous 
CHD7 mutant mice display some features of human 
CHARGE syndrome including multisystem developmen-
tal defects [24–26].

It has been reported that CHARGE syndrome is more 
complex than the acronym describes, with other sys-
tems involved including the immune system [1, 7–13]. 
CHARGE patients usually experience recurrent infec-
tions and have T cell lymphopenia, which is due to thy-
mic hypo/aplasia [1, 13]. The thymus is the primary 
organ for T cell generation. T cell development in the 
thymus is dependent on the thymic microenvironment, 
in which thymic epithelial cells (TECs) are the major 
component [27–35]. Studies on thymus organogenesis in 
the murine embryo have indicated that TECs arise from 
thymic epithelial progenitors (TEPs) that originate from 
DE [36, 37]. It is unclear whether thymic hypo/aplasia in 
CHARGE syndrome is caused by a defect in DE and/or 

subsequent development. The CHD7 target genes in DE 
also remain unclear.

It is well known that hESCs can either propagate indefi-
nitely in vitro in an undifferentiated state or differenti-
ate into all three germ layers. In this study, we used the 
CRISPR/Cas9 technique to delete the CHD7 gene in 
hESCs to generate CHD7−/−, CHD7+/−, and control wild-
type CHD7+/+ cells. We then determined the capacity of 
the hESCs to develop into DE and compared global gene 
expression and chromatin accessibility among CHD7−/−, 
CHD7+/−, and CHD7+/+ hESC-DE by RNA-seq and 
ATAC-seq.

We found that loss of CHD7 led to reduced ability to 
develop into DE in a dose-dependent manner, which was 
related to alteration of expression and open chromatin 
structure of genes associated with several pathways. We 
identified 40 genes that had both highly reduced expres-
sion and chromatin accessibility in CHD7 deleted hESC-
DE cells; 13 of them were zinc finger proteins (ZNFs) in 
the generic transcription pathway and long intergenic 
non-coding RNA (lincRNA) genes.

Although CHARGE patients have multisystem devel-
opmental defects, how the CHD7 mutations lead to mul-
tiple defects remains largely unknown. Therefore, we 
also determined the ability of CHD7−/−, CHD7+/−, and 
CHD7+/+ hESCs to develop into mesoderm and ecto-
derm. We found that loss of CHD7 also led to reduced 
ability to develop into mesoderm in a dose-dependent 
manner. Our studies provide new insights into CHARGE 
pathogenesis.

Materials and methods
The deletion of the CHD7 gene in hESCs
Two guide RNAs (gRNAs) were chosen that flanked 
exon3 of the CHD7 gene using available guide RNA 
design tools (​h​t​t​p​​:​/​/​​w​w​w​.​​r​g​​e​n​o​​m​e​.​​n​e​t​/​​c​a​​s​-​d​e​s​i​g​n​e​r​/ 
and https://chopchop.cbu.uib.no/). The guide RNA was 
cloned into pSpCas9(BB)-2 A-Puro (PX459) V2.0 (a gift 
from Feng Zhang, Addgene plasmid # 62988) using plas-
mid digested with bbs1 to allow for ligation of the guide 
RNA insert. H9 hESCs (obtained from WiCell Research 
Institute, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​w​​i​c​e​​l​l​.​​o​r​g​/​​h​o​​m​e​/​​s​t​e​​m​-​c​e​​l​l​​s​/​c​​a​t​a​​l​
o​g​-​​o​f​​-​s​t​​e​m​-​​c​e​l​l​​-​l​​i​n​e​s​/​w​a​0​9​.​c​m​s​x) were grown on ​m​i​t​o​t​i​
c​a​l​l​y inactivated MEFs. Twenty-four hours prior to tar-
geting, cells were treated with ROCKi (Y-27632). The 
following day the cells were singleized with accutase and 
pelleted. Cells were resuspended according to the proto-
col provided in the LONZA 4D nucleofection Primary 
P3 kit. The CRISPR plasmids (2 ug each) were added 
to the nucleofection solution. The cells were nucleo-
fected and then plated on DR4 MEFs supplemented with 
ROCKi. The following day 0.5-1 ng/µl of puromycin and 
ROCKi was added to fresh media. This selection con-
tinued to select cells that were puromycin resistant and 

http://www.rgenome.net/cas-designer/
https://chopchop.cbu.uib.no/
https://www.wicell.org/home/stem-cells/catalog-of-stem-cell-lines/wa09.cmsx
https://www.wicell.org/home/stem-cells/catalog-of-stem-cell-lines/wa09.cmsx
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contained the plasmids. ROCKi was kept in the cells until 
small colonies were observed. After a total of 15 days 
colonies were transferred into 24 well plates. Four days 
later, a few colonies from each well were isolated and 
DNA extracted using the HOT SHOT method to pre-
pare template for PCR. PCR was performed across the 
deleted region. After several rounds of PCR screening, 
selected CHD7−/−, CHD7+/−, and CHD7+/+ clones were 
transferred to mTeSR™ Plus medium (STEMCELL Tech-
nologies, Vancouver, Canada) in culture plates coated 
Corning™ Matrigel™ hESC-Qualified Matrix (Corning, 
Tewksbury, MA).

Inducing the differentiation of hESCs into DE, mesoderm, 
and endoderm
hESCs were induced to generate DE by the PSC Defini-
tive Endoderm Induction Kit (Thermo Fisher Scientific, 
Rockford, IL) according to the manufacturer’s instruc-
tions. hESCs were induced to differentiate into ectoderm 
or mesoderm by the STEMdiff™ Trilineage Differentia-
tion Kit (STEMCELL Technologies).

Immunofluorescence
Immunofluorescent analysis of cells was performed as 
described [38, 39]. Briefly, cells were fixed with 4% para-
formaldehyde for 10  min, permeabilized with 0.1% Tri-
ton™ X-100 for 15 min and blocked with 2% BSA for 1 h 
at room temperature. The cells were stained with the 
Human Embryonic Stem Cell Marker Panel contain-
ing anti-OCT4, NANOG, TRA-1-60R, SSEA4 antibod-
ies (Abcam, Cambridge, UK), or DE markers including 
anti-FOXA2, SOX17 (Thermo Fisher), and anti-CXCR4 
antibodies (Abcam). Alexa Fluor® 488 or 546 labeled 
goat anti-rabbit and mouse IgG H&L (Thermo Fisher or 
Abcam) were used as the secondary antibody. DAPI was 
used as a counterstain. The cells were observed under 
a Nikon A1R Spectral Confocal microscope (Nikon, 
Kanagawa, Japan) or Keyence microscope (KEYENCE, 
USA).

Flow cytometry
Single-cell suspensions of cells were permeabilized with 
a Cytofix/Cytoperm solution at 4℃ (BD Biosciences, San 
Jose, CA). The cells were then stained with FITC-con-
jugated anti-Ki67 antibody (BioLegend) or anti-cleaved 
caspase-3 antibody (Cell Signaling, Danvers, MA), fol-
lowed by a fluorochrome-conjugated second antibody. 
The cells were analyzed on a LSR II flow cytometer (BD 
Biosciences); data analysis was done using FlowJo soft-
ware (Ashland, OR).

Real-time qualitative RT-PCR (qRT-PCR)
Total RNA from cells was isolated from cells, and cDNA 
was synthesized as described [40]. Equal amounts of 

cDNA were used for RT-PCR. qRT-PCRs were per-
formed with the Power SYBR green mastermix (Applied 
Biosystems, UK) using the 7500 real-time PCR system 
(Applied Biosystems, UK) [41]. After normalization to 
GAPDH, samples were plotted relative to control pro-
tein-treated group. Primers are summarized in Supple-
mental Table 1.

Alkaline phosphatase (AP) staining
hESCs were stained by AP Staining Kit (Red color) 
according to the manufacturer’s instructions (Abcam).

Western blot
Cells were washed with PBS, resuspended in a sample 
buffer, loaded on SDS-PAGE, transferred to a polyvinyli-
dene fluoride membrane that was incubated with rab-
bit anti-CHD7 antibody (Novus Biologicals, Centennial, 
CO), followed by HRP conjugated anti-rabbit IgG sec-
ondary antibody. The Western Blot was developed with 
Super Signal® West Pico chemiluminescent Substrate 
(Thermo Fisher).

RNA-seq
Total RNA was isolated from cells by the NucleoSpin 
RNA Mini kit (Macherey-Nagel, USA). RNA-seq librar-
ies were prepared using an RNA-seq preparation kit 
(Illumina, Inc.). An Illumina NovaSeq 6000 was used for 
sequencing. Quality control of raw reads was conducted 
using FastQC. The reads were trimmed using Trimmo-
matic. Afterward, the paired-end raw reads were aligned 
to the human reference genome (hg38) using HISAT2 
and sorted by Samtools. Mapped reads were performed 
using htseq-count. Differentially expressed genes 
between groups were analyzed using the “DEseq2” pack-
age in the R with the input data of count matrix. Visual-
izations of the principal component plot of the samples, 
volcano plot of the samples with log2FoldChange and 
-log10 adjusted P value (padj), heatmap of the gene 
expression with Z-Score were generated using the same 
package in the R. Genes with padj < 0.05 were selected 
as the criteria for significant differences. The significant 
differential genes were anlayzed for functional pathway 
analysis by Ingenuity pathway analysis (IPA).

ATAC-seq
hESC-DE cells were sorted from cultured cells and 
50,000 cells for each sample were lysed using an adjusted 
lysis buffer based on the Omni-ATAC protocol, followed 
by a transposition reaction with hyperactive Tn5 trans-
posase. The DNA fragments were purified using the 
MinElute Reaction Cleanup Kit (Qiagen, Germantown, 
MD). Library construction was performed according 
to the manufacturer’s recommendations of the Nextera 
DNA Prep Kit. Libraries were purified using AMPure 
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XP beads to remove primer dimers. The library quality 
was evaluated using the TapeStation D1000 ScreenTape. 
Libraries were sequenced on an Illumina platform with a 
read length configuration of 150 bp paired-end, generat-
ing 30 million paired-end reads per sample (30 million in 
each direction).

Raw sequencing data was first filtered by fastp, low-
quality reads were discarded, and the reads contaminated 
with adaptor sequences were trimmed. Clean Reads 
were further treated with MarkDuplicates to eliminate 
duplication bias introduced in library preparation and 
sequencing. Reads were first mapped to the reference 
genome of hg38 using Bowtie2 with default parameters. 
The MACS2 was used for peak calling. The ChIPseeker 
was used for peak annotation and peak distribution 
analysis. The differential binding peaks were identified 
by DiffBind; the peaks with false discovery rate (FDR) 
under 0.05 and absolute value of Log2 Fold Change > 1 
or <-1 were regarded as significant differential peaks. 
These significant differential peaks located genes were 
used for functional pathway analysis by IPA. Scatter plot 
for combing the RNA-seq and ATAC-seq with log2Fold-
Change was performed by ggplot2.

Statistical analysis
P-values for two groups were based on the two-sided Stu-
dent’s t test. For comparing means of multiple groups, 
significance was determined using one-way ANOVA 
with Dunnett test, or two-way ANOVA with Tukey test. 
A confidence level above 95% (p < 0.05) was determined 
to be significant.

Results
Generation and characterization of CHD7-/-, CHD7+/-, and 
CHD7+/+ hESCs
We knocked out the CHD7 gene in H9 hESCs by the 
CRISPR/Cas9 technique using two gRNAs that flanked 
the CHD7 exon 3 [exon 2 contains the ATG start codon 
[25]. We transfected hESCs with plasmids containing the 
CHD7 gRNAs and then selected positive cells with puro-
mycin (the plasmids contain puromycin N-acetyl-trans-
ferase). The positive clones were first screened by PCR 
with primers 1 F and 1R (Supplemental Fig. 1 and Sup-
plemental Table 1). The clones with a 600 bp PCR prod-
uct had at least one allele with exon 3 deleted and were 
CHD7+/− or CHD7−/− (Supplemental Fig. 2). The 1366 bp 
band in CHD7+/+ clones did not show up because the 
PCR extension was not long enough to amplify this size 
band. The clones with the 600 bp PCR product were fur-
ther screened with primers 2 F and 2R to identify clones 
with one allele intact. Supplemental Fig.  3 shows that 
clones 5, 6, 8, 11, 15, 18, 19, and 21 lacked exon 3 in the 
genome and were CHD7−/− and that clones 2, 20, and 22 
had an intact exon 3 and were CHD7+/−. Clones 5, 11, 15 

and 21 (CHD7−/−) and clones 2 and 20 (CHD7+/−) were 
further expanded and characterized. The DNA sequences 
of CHD7+/+, CHD7+/− (clone 2 with mutations in one 
allele) and CHD7−/− (clone 11 with mutations in two 
alleles) are shown in Fig. 1A. The mutations resulted in a 
frameshift of the CHD7 coding sequences, which created 
an early termination and truncation of the CHD7, lead-
ing to low or absent CHD7 protein in the CHD7+/−, or 
CHD7−/− hESCs as compared to CHD7+/+ hESCs (Fig. 1B 
and Supplemental Fig. 4).

No Significantly morphological differences were 
observed among the CHD7−/−, CHD7+/− and CHD7+/+ 
hESCs (Fig.  1C). We then examined the expression of 
pluripotent markers in these hESCs. All the CHD7−/−, 
CHD7+/− and CHD7+/+ hESCs expressed the pluripo-
tency marker alkaline phosphatase (AP) (Fig. 1D). Immu-
nofluorescence showed that they also expressed other 
pluripotency markers including SSEA4, OCT4 NANOG, 
and TRA-1-60R (Fig.  1E). The data indicate that the 
hESCs were undifferentiated.

We also determined whether the CHD7 deletion 
affected hESC proliferation and survival. The undiffer-
entiated hESCs were analyzed for Ki67+ or BrdU + pro-
liferating cells and there were no significant differences 
among the CHD7−/−, CHD7+/− and CHD7+/+ hESCs 
(Fig. 1F, G, and Supplemental Fig. 5A). Furthermore, the 
percentages of cleaved caspase-3+ and Annexin V+ apop-
totic cells among the hESCs were also not significantly 
different (Fig.  1H, I, and Supplemental Fig.  5B). Collec-
tively, our results suggest that CHD7 deficiency does not 
affect the pluripotency, self-renewal, survival and prolif-
eration of undifferentiated hESCs.

Deletion of CHD7 leads to reduced ability of hESCs to 
differentiate into DE cells in vitro
We then investigated the ability of CHD7+/− and CHD7−/− 
hESCs to develop into DE in vitro, as compared to 
CHD7+/+ hESCs. An equal number of CHD7+/−, CHD7−/− 
and CHD7+/+ hESCs were induced to differentiate into 
DE by the PSC definitive endoderm induction Kit. After 
differentiation, the cells were analyzed for the expres-
sion of the DE markers SOX17, CXCR4, and FOXA2 by 
immunofluorescence. We found that most of CHD7+/+ 
hESC-derived cells expressed SOX17, CXCR4 and 
FOXA2, indicating that the DE had been generated from 
CHD7+/+ hESCs (Fig. 2A). In contrast, the percentages of 
CHD7+/− hESC-derived cells expressing SOX17, CXCR4, 
and FOXA2 were lower than those of CHD7+/+ hESCs-
derived cells, and the percentages of CHD7−/− hESC-DE 
cells expressing these markers were lower than those of 
CHD7+/− hESC-derived cells (Fig.  2A-F). Because an 
antibody against goosecoid (GSC), another marker for 
DE, was not commercially available, we used real-time 
quantitative RT-PCR (qRT-PCR) to detect the mRNA 
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level. Similarly, the expression level of GSC in CHD7+/− 
hESC-DE cells was lower than in CHD7+/+ hESC-DE 
cells, and GSC expression in CHD7−/− hESC-DE cells was 
lower than in CHD7+/− hESC-DE cells (Fig.  2G). Taken 
together, our results suggest that CHD7 deficient hESCs 
have a defect in developing into DE which is dosage 
dependent.

We also investigated whether the defect in developing 
into DE was due to decreased cell survival and/or prolif-
eration of hESC-DE cells. For cell proliferation, Ki67+ or 
BrdU + proliferating cells among CHD7+/−, CHD7−/− and 
CHD7+/+ hESC-DE cells were analyzed. The percentage 

of Ki67+ or BrdU + proliferating cells among CHD7+/−, 
CHD7−/− and CHD7+/+ hESC-DE cells were not signifi-
cantly different (Fig.  2H, I, and Supplemental Fig.  5C), 
suggesting CHD7 deficiency did not affect the prolif-
erative ability of hESC-DE cells. In contrast, the per-
centage of caspase 3+ or annexin V+ apoptotic cells as 
well as propidium iodide (PI)+ dead cells in CHD7−/− 
and CHD7+/− hESC-DE were significantly higher than 
those in CHD7+/+ hESC-DE (Fig. 2J, K, and Supplemen-
tal Fig.  5D, E). In contrast, the percentage of Annexin 
V− PI− viable cells in CHD7−/− and CHD7+/− hESC-DE 
were significantly lower than that in CHD7+/+ hESC-DE 

Fig. 1  The generation and characterization of CHD7−/−, CHD7+/− and CHD7+/+ hESCs. (A) The exon 3 of CHD7 was PCR-amplified and sequenced. Se-
quences of WT (CHD7+/+), and both alleles from CHD7+/− (clone 2) and CHD7−/− (clone 11) are shown. (B) Western blot with an anti-CHD7 antibody 
showing CHD7 protein expression in CHD7+/+, CHD7+/−, and CHD7−/− hESCs. Lamin B was used as a loading control. Full-length blots are presented in 
Supplemental Fig. 4. (C) The morphology of the hESCs observed under a reversed microscope. (D, E) The undifferentiated state of the hESCs was con-
firmed by their expression of pluripotency markers (D) AP, (E) SSEA4, OCT4 NANOG, and TRA-1-60R detected by immunofluorescence. (F) Representative 
flow cytometric profiles and (G) statistical analysis for the percentages of Ki67+ proliferating cells. (H) Representative flow cytometric profiles and (I) 
statistical analysis for the percentages of caspase 3+ apoptotic cells among the hESCs. (G, I) The data are expressed as mean + SD from three independent 
experiments. ns: no significant difference
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(Supplemental Fig. 5F). The results suggest that CHD7−/− 
and CHD7+/− hESC-DE cells have a defect in cell sur-
vival. Although we only show the results from Clone 11 
for CHD7−/− and clone 2 for CHD7+/− cells, we obtained 
similar results with Clones 5, 15 and 21 for CHD7−/− and 
clone 20 for CHD7+/− hESCs. Collectively, our results 
suggest that CHD7 deficient hESCs have a defect in 
developing into DE, which is likely due to reduced sur-
vival of DE cells.

Deletion of CHD7 leads to significant changes in global 
gene expression in hESC-DE cells
To find the molecular basis of the defect in developing 
into DE from CHD7 deficient hESCs, we performed tran-
scriptome profiling and compared global gene expres-
sions among CHD7+/+, CHD7+/−, and CHD7−/− hESC-DE 
cells by RNA-seq.  The RNA-seq data confirmed a sig-
nificant decrease in CHD7 transcripts according to their 
genotypes in CHD7+/− and CHD7−/− hESC-DE, as 

compared to CHD7+/+ hESC-DE, consistent with the data 
for CHD7 protein expression levels detected by Western 
blot (Fig. 1B). Principal component (PC) analysis (PCA) 
of the RNA-seq data revealed a clear separation of gen-
otypes along PC1 and PC2, suggesting that deletion of 
CHD7 led to significant changes in global gene expres-
sion (Fig. 3A).

Among the differentially expressed genes between 
CHD7+/+ and CHD7−/− hESC-DE [1708 genes, 
Padj < 0.05], 182 genes were highly up-regulated, and 183 
genes were highly down-regulated in CHD7−/− hESC-
DE based on the criteria log2 fold change > 1 or <-1 and 
Padj < 0.05 (Fig.  3B). Among those between CHD7+/+ 
and CHD7+/− hESC-DE (668 genes, Padj < 0.05), 113 
genes were highly up-regulated, and 72 genes were highly 
down-regulated in CHD7−/− hESC-DE (Supplemental 
Fig.  6). Among those between CHD7+/− and CHD7−/− 
hESC-DE (751 genes, Padj < 0.05), 63 genes were highly 
up-regulated, and 79 genes were highly down-regulated 

Fig. 2  CHD7 deficient hESCs have a defect in developing into DE. CHD7+/+, CHD7+/−, and CHD7−/− hESCs (5 × 105 cells/well) were induced to differentiate 
into DE. On day 6, (A-F) the expression of SOX17, CXCR4, and FOXA2 in the hESC-DE cells was analyzed by immunofluorescence. (A, C, E) Representa-
tive immunofluorescent images and (B, D, F) statistical analysis for the percentages of SOX17, CXCR4, and FOXA2 positive cells in DE cells. (G) Relative 
expression levels of GSC in CHD7+/+, CHD7+/−, and CHD7−/− hESC-DE cells were analyzed by qRT-PCR. The expression level of GSC in CHD7+/+ hESC-DE 
was defined as 1. (H) Representative flow cytometric profiles and (I) statistical analysis for the percentages of Ki67+ proliferating cells. (J) Representative 
flow cytometric profiles and (K) statistical analysis for the percentages of caspase 3+ apoptotic cells among the hESC-DE cells. (B, D, F, G, I, K) The data are 
expressed as mean + SD from three independent experiments. * P < 0.05, compared with CHD7+/+group
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Fig. 3  CHD7 deletion in hESC-DE leads to significant changes in global gene expression. CHD7+/+, CHD7+/−, and CHD7−/− hESCs were induced to dif-
ferentiate into DE as in Fig. 2. On day 6, CXCR4+ DE cells were sorted from the cultures. RNAs were extracted from the sorted cells and analyzed for global 
gene expression by RNA-seq. (A) PCA of RNA-seq data showing PC1 and PC2 among CHD7+/+, CHD7+/−, and CHD7−/− hESC-DE groups. (B) Volcano plot 
showing gene expression changes between CHD7+/+ and CHD7−/− hESC-DE groups. Red color: up-regulated; blue color: down-regulated; gray color: not 
significant. (C) Heatmap showing significantly downregulated genes in CHD7−/− hESC-DE cells as compared to CHD7+/+ and CHD7+/−hESC-DE cells. The 
color scale is shown on the right. (D) IPA of significantly downregulated pathways in CHD7−/− hESC-DE cells as compared to CHD7+/+ hESC-DE cells. (E) 
Heatmap showing the expression levels of genes related to DE cells, CXCR4 signaling and generic transcriptional pathways among CHD7+/+, CHD7+/−, 
and CHD7−/− hESC-DE groups. n = 3 CHD7+/+, n = 3 CHD7+/−, and n = 3 CHD7−/− group
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in CHD7−/− hESC-DE based on the criteria above (Sup-
plemental Fig. 7). Our results are consistent with previ-
ous reports that CHD7 both positively and negatively 
regulates expression of other genes [42–44].

Heatmap revealed that the downregulated genes in 
CHD7+/− and CHD7−/− hESC-DE cells as compared 
with CHD7+/+ hESC-DE cells had a dose-dependence 
(Fig.  3C). IPA revealed that the down-regulated genes 
in CHD7−/− hESC-DE cells were involved in Gαi signal-
ing, CXCR4 signaling, signaling by Rho family GTPases, 
apelin endothelial signaling, generic transcription, GP6 
signaling, FAK signaling, sphingosine-1-phosphate sig-
naling, signaling by FGFR1 and integrin cell surface 
interaction pathways (Fig.  3D, E). Within the generic 
transcription pathway, 11 genes were down-regulated, 
and 3 genes were up-regulated (Fig.  3E); most of them 
were zinc finger proteins (ZNFs).

Deletion of CHD7 alters chromatin accessibility in hESC-DE 
cells in differentially expressed genes
Since CHD7 uses the energy of ATP hydrolysis to evict, 
slide, or rearrange nucleosomes on chromatin [42, 45], 
we used ATAC-seq to investigate genome wide mapping 
of chromatin accessibility among CHD7+/+, CHD7+/−, 
CHD7−/− DE cells and to compare peaks across geno-
types. ATAC-seq peaks corresponded to regions of open 
chromatin; each peak was annotated by the nearest gene. 
PCA of the ATAC-seq data also revealed a clear separa-
tion of genotypes along PC1 and PC2, suggesting that 
consistency was across replicates and deletion of CHD7 
significantly altered chromatin accessibility in hESC-DE 
(Fig. 4A).

Significantly differential peaks, also known as dif-
ferentially accessible regions, between CHD7+/+ and 
CHD7−/− DE cells, CHD7+/+ and CHD7+/−, CHD7+/− and 
CHD7−/−, and were 1,599, 642, and 385, respectively 
based on log2 fold change > 1 or <-1 and false discovery 
rate (FDR) < 0.05. Among the significantly differential 
peaks between CHD7+/+ and CHD7−/− hESC-DE, 826 
genes had reduced chromatin accessibility, and 773 genes 
had increased chromatin accessibility (Fig.  4B). Among 
the significantly differential peaks between CHD7+/+ 
and CHD7+/− hESC-DE, 318 genes had reduced chro-
matin accessibility, and 324 genes had increased chro-
matin accessibility (Supplemental Fig.  8). Among the 
significantly differential peaks between CHD7+/− and 
CHD7−/− hESC-DE, 154 genes had reduced chroma-
tin accessibility, and 231 genes had increased chromatin 
accessibility (Supplemental Fig.  9). Our results suggest 
that CHD7 can both increase and decrease chromatin 
accessibility in hESC-DE cells.

Peak differential analysis among CHD7+/+, CHD7+/−, 
and CHD7−/− hESC-DE cells showed that most of the dif-
ferential peaks fell into enhancer regions (distal intergenic 

and intronic regions) (Fig. 4C). Our results are consistent 
with the previous reports that CHD7 preferentially binds 
to enhancers in ESC and other cells [17, 18, 23, 44, 46, 
47]. Like the RNA-seq data (Fig.  3C), ATAC-seq heat-
map revealed that the reduced chromatin accessibility 
in CHD7+/− and CHD7−/− hESC-DE cells as compared 
to CHD7+/+ hESC-DE cells in a dose-dependent manner 
(Fig.  4D). IPA revealed that the pathways with reduced 
chromatin accessibility in CHD7−/− hESC-DE cells 
included generic transcription, Gαi signaling, and Rho 
family GTPases (Fig.  4E), which were overlapped with 
reduced gene expression pathways in the RNA-seq data 
(Fig. 3E). Among the generic transcription pathway, most 
of down-regulated genes were also ZNFs (Fig. 4F).

To identify misregulated genes whose enhancers were 
also differentially accessible in CHD7−/− hESC-DE cells, 
we integrated the RNA-seq and ATAC-seq data. We cre-
ated a scatterplot using log2 fold changes for all peak/
gene combinations from this combined analysis (Fig. 4G). 
We were particularly interested in the genes that had 
both downregulated expression and reduced chroma-
tin accessible in CHD7−/− hESC-DE cells. Overall, 40 
highly down-regulated genes in CHD7−/− DE cells ver-
sus CHD7+/+ DE cells also had highly reduced chromatin 
accessibility (Table 1). Among them, 8 were ZNFs and 5 
were long intergenic non-coding RNA (lincRNA) genes 
(Table 1).

The ZNF genes were further examined for gene expres-
sion and chromatin accessibility using the UCSC Genome 
Browser. Representative read tracks for ZNF626 highlight 
decreased gene expression and reduced chromatin acces-
sibility in CHD7−/+ and CHD7−/− hESC-DE cells as com-
pared to CHD7+/+ hESC-DE cells in a dose dependent 
manner (Fig. 4H). Differences in the gene expression and 
chromatin accessibility for some of the other ZNF genes 
are shown in Supplementary Figs. 10 and 11. Our results 
suggest that CHD7 regulates the chromatin landscape in 
hESC-DE cells by modifying chromatin accessibility at 
genes that are involved in generic transcription and other 
processes.

Among the genes that were highly down-regulated in 
both expression and chromatin accessibility in CHD7−/− 
hESC-DE cells, ZFPs have been reported to play a critical 
role in endoderm development [48–52]. STAG2 is also 
required for endoderm organ formation; STAG2-null 
embryos display developmental delay [53]. To confirm 
that STAG2 is required for DE development, we knocked 
down the STAG2 gene in hESCs by siRNA, which led to 
significantly reduced expression of STAG2 protein (Sup-
plemental Fig. 12A). We then induced the hESCs to dif-
ferentiate into DE and found that the generation of DE 
cells from STAG2 knockdown hESCs was reduced as 
compared to that from control hESCs (Supplemental 
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Fig. 12B, C). The results suggest that STAG2 is required 
for DE development.

Deletion of CHD7 leads to reduced ability of hESCs to 
differentiate into mesoderm in vitro
Since CHARGE patients have multisystem developmen-
tal defects, we determined whether deletion of CHD7 
also affected hESCs differentiation into mesoderm 

and ectoderm in vitro. An equal number of CHD7+/−, 
CHD7−/− and CHD7+/+ hESCs were induced to differ-
entiate into mesoderm or ectoderm by the STEMdiff™ 
Trilineage Differentiation Kit. After differentiating into 
mesoderm, the cells were analyzed for expression of the 
mesoderm markers NKX2.5 and Brachyury by qRT-PCR. 
We found that the expression levels of the genes were 
decreased in CHD7+/−and CHD7−/− hESC-derived cells 

Fig. 4  CHD7 deletion affects chromatin accessibility in hESC-DE cells. CHD7+/+, CHD7+/−, and CHD7−/− hESCs were induced to differentiate into DE as 
in Fig. 2. On day 6, CXCR4+ DE cells were sorted from the cultures and subjected to ATAC-seq analysis. (A) PCA of ATAC-seq data showing PC1 and PC2 
among CHD7+/+, CHD7+/−, and CHD7−/− hESC-DE groups. (B) Volcano plot showing chromatin accessibility changes between CHD7+/+ and CHD7−/− 
hESC-DE groups. (C) Pie chart showing the distribution of differential peaks between CHD7+/+ and CHD7−/− DE cells. (D) Heatmap showing significantly 
reduced chromatin accessibility in CHD7−/− and CHD7+/− hESC-DE cells as compared to CHD7+/+ hESC-DE cells. The top 300 genes with significantly 
reduced chromatin accessibility in CHD7−/− hESC-DE cells are presented. The color scale is shown on the right. (E) IPA of reduced chromatin accessibility 
pathways in CHD7−/− hESC-DE cells compared to CHD7+/+ hESC-DE cells. (F) Heatmap showing chromatin accessibility of genes related to the generic 
transcriptional pathway among CHD7+/+, CHD7+/−, and CHD7−/− hESC-DE groups. (G) Scatter plot showing genes/peaks from the combined analysis of 
the RNA-seq and ATAC-seq data. The x-axis is the log2 fold change in gene expression and the y-axis is the log2 fold change in peaks. Blue dot: RNA-seq; 
grey dot: ATAC-Seq; red dot: overlap genes. (H) Plot of RNA-seq and ATAC-seq read tracks along the gene body of ZNF626 using the UCSC Genome 
Bowser. The images show (left panel) decreased expression and (right panel) reduced chromatin accessibility of the enhancer region in CHD7−/− and 
CHD7+/− hESC-DE cells as compared to CHD7+/+ hESC-DE cells. n = 3 CHD7+/+, n = 4 CHD7+/−, and n = 3 CHD7−/− group
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as compared to CHD7+/+ hESCs in a dose-dependent 
manner (Fig. 5A, B). The data suggest that CHD7 is criti-
cal for mesoderm development from hESCs.

After the hESCs were induced to differentiate into 
ectoderm, we analyzed the cells for expression of the 
ectoderm markers Nestin and PAX6 by qRT-PCR. There 
were no significant differences in the expression levels of 
NESTIN and PAX6 among the CHD7+/−, CHD7−/− and 
CHD7+/+ hESC-derived cells (Fig. 5C, D). Our data sug-
gest that CHD7 is not critical for ectoderm development 
from hESCs.

Discussion
We show here that loss of CHD7 did not affect the mor-
phology, cell survival and proliferation of undifferentiated 
hESCs, which was consistent with other observations on 
mouse ESCs (mESCs) [17, 42]. We also did not observe 
significant changes in expression of hESC pluripotent 
markers, such as AP, SSEA4, OCT4 NANOG, and TRA-
1-60R among CHD7+/+, CHD7+/−, and CHD7−/− undif-
ferentiated hESCs, suggesting that CHD7 is not essential 
for the processes of hESC pluripotency and self-renewal. 
Our results are consistent with Schnetz’s report showing 

Table 1  Preeminent genes with different expression and chromatin accessibility in CHD7−/− hESC-DE cells
Gene ATAC-seq RNA-seq

Peak start position log2 FC FDR log2 FC padj
ZNF90 20,068,765 -1.698530007 9.67E-06 -1.05449 2.44E-14
ZNF626 20,661,484 -6.116337193 6.6E-34 -8.74297 5.87E-14
ZNF562 9,674,831 -5.743619371 1.96E-23 -7.29682 1.27E-26
ZNF440 11,813,983 -1.089788395 2.86E-14 -1.05657 4.83E-07
ZNF429 21,505,335 -1.035977432 7.84E-16 -1.28819 3.74E-11
ZNF283 43,827,130 -1.093467804 2.42E-13 -1.1946 5.1E-07
ZNF273 64,877,373 -1.286447443 1.92E-07 -1.09736 2.24E-08
ZNF229 44,448,305 -5.672527662 5.95E-11 -7.68805 6.75E-10
TRIM61 1.65E + 08 -2.247147827 3.52E-16 -2.87962 1.04E-09
TRIM4 99,919,409 -3.394881233 2.7E-11 -1.38217 1.52E-08
TMEM47 34,557,700 -1.010034608 0.001398 -1.56419 1.66E-20
TCEAL9 1.03E + 08 -1.09845557 1.1E-06 -1.00814 2.68E-10
SYT1 79,045,021 -1.598703802 1.63E-21 -1.84546 4.71E-14
STAG2 1.24E + 08 -1.207347434 0.000301 -1.1492 4.07E-13
SLC9A9 1.44E + 08 -1.282589016 4.64E-05 -1.23721 0.000119
SLC52A3 802,391 -3.679363308 1.97E-06 -1.19518 0.001781
RPS6KA6 84,078,969 -1.484448919 2.29E-05 -1.32439 8.01E-11
PURPL 27,472,020 -1.483748012 1.08E-21 -2.28822 1.84E-10
PNPLA4 7,927,182 -5.302758043 4.5E-12 -3.43741 4.64E-50
PCDH11X 92,100,300 -1.021491314 2.5E-05 -1.32419 9.89E-06
MOSPD1 1.35E + 08 -1.640325871 2.77E-08 -1.18812 3.63E-16
MOBP 39,577,489 -1.160033986 1.52E-14 -1.63032 6.35E-20
MAP3K13 1.85E + 08 -5.008396909 5.17E-19 -4.85978 1.65E-43
LSP1P4 91,659,872 -5.192845476 7.63E-09 -5.37987 5.49E-05
LINC02893 87,041,992 -1.133745654 0.000571 -2.46338 3.63E-07
LINC02523 1.26E + 08 -1.581612883 1.85E-09 -1.75761 0.002537
LINC01630 51,573,092 -1.090513227 6.5E-09 -1.01958 0.001882
LINC01139 2.38E + 08 -2.223362338 1.14E-30 -2.68756 4.78E-08
LINC00664 21,474,582 -4.402217427 1.15E-65 -4.44794 8.38E-13
KCNH5 62,781,330 -1.53917104 8.01E-08 -1.04036 0.003687
HS3ST5 1.14E + 08 -1.467550957 8.57E-08 -1.15776 0.002991
GRID2 92,444,186 -2.55949243 6.76E-23 -3.7928 8.48E-28
DMD 31,377,753 -2.082303185 4.63E-15 -1.75169 1.52E-26
D21S2088E 23,384,689 -1.905915798 3.08E-10 -5.64191 1.02E-07
CHRM3 2.39E + 08 -1.145468346 1.71E-06 -1.06806 0.000817
CCNO 55,263,447 -1.178882991 7.9E-06 -3.29862 8.73E-06
CASC9 75,324,281 -1.294708254 2.32E-10 -3.65368 4.67E-08
ARHGAP6 11,574,874 -2.386802252 4.63E-17 -1.73101 6.76E-05
ADGRL3 61,387,189 -1.494926255 5.08E-06 -1.50157 2.22E-12
ACSM4 7,304,529 -1.383830602 3.82E-09 -1.95812 6.78E-12
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that the expression levels of pluripotent markers between 
wild-type and CHD7 null mESCs are not significantly dif-
ferent [17]. Our results are also consistent with the data 
that CHD7 null mice die in mid-gestation, far beyond the 
ESC stage [24]. However, Yao et al. reported that there are 
subtle changes in expression of Oct4, Sox2, and Nanog 

between wild-type and CHD7 null mESCs [42]. Yama-
moto et al. reported that CHD7 expression levels con-
trolled the proliferation rate of undifferentiated hESCs 
[54]. The discrepancy among the studies may be due to 
the difference in cell lines, culture conditions, CHD7 
deletion or downregulation methods and/or location, etc.

Fig. 5  CHD7 deficient hESCs have a defect in developing into mesoderm. CHD7+/+, CHD7+/−, and CHD7−/− hESCs (5 × 105 cells/well) were induced to dif-
ferentiate into mesoderm or ectoderm by the STEMdiff™ Trilineage Differentiation Kit. After the differentiation, the cells were analyzed for the expression 
of the mesoderm markers (A) NKX2.5 and (B) Brachyury, as well as the ectoderm markers (C) NESTIN and (D) PAX6 by qRT-PCR. The data show relative 
expression levels; the expression level of each gene in CHD7+/+ hESC-DE was defined as 1. The data are expressed as mean + SD from three independent 
experiments. * P < 0.05, compared with CHD7+/− or CHD7+/+group; ns: no significant difference
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Although deletion of CHD7 did not affect undifferenti-
ated hESC morphology, cell survival, proliferation, pluri-
potency and self-renewal, loss of CHD7 leads to reduced 
capacity to develop into DE. Like undifferentiated hESCs, 
loss of CHD7 does not affect the proliferation of hESC-
DE. However, cell apoptosis of CHD7+/− and CHD7−/− 
hESC-DE was significantly higher than that of CHD7+/+ 
hESC-DE and the effect is dosage dependent. In contrast, 
viable cells in CHD7−/− and CHD7+/− hESC-DE cells were 
significantly lower than those in CHD7+/+ hESC-DE cells. 
The decreased survival of hESC-DE cells is likely to con-
tribute to the reduced generation of DE from CHD7+/−, 
and CHD7−/− hESCs.

CHARGE patients often have thymic hypo/aplasia, 
leading to T cell immunodeficiency. TECs are the major 
component of the thymic microenvironment for T cell 
development [27–35]. Zebrafish embryos with CHD7 
knockdown or knockout have seriously impaired thy-
mus development, and dramatic decrease of TECs and 
T cells [55]. Mice with heterozygous CHD7 mutant 
(CHD7+/−) mice have thymic hypoplasia [24–26]. It has 
been reported that TECs originate from DE [36, 37]. 
Since we have shown that CHD7+/− or CHD7−/− hESCs 
have a reduced ability to develop into DE, it is likely that 
this contributes to thymic hypo/aplasia in CHARGE 
patients. It remains to be determined whether CHD7 is 
also involved in the development of TEPs and TECs from 
DE.

To investigate the mechanisms by which deletion of 
CHD7 leads to reduced DE development from hESCs, 
we compared global gene expression and genome wide 
mapping of chromatin accessibility among CHD7+/+, 
CHD7+/−, and CHD7−/− hESC-DE cells by RNA-seq and 
ATAC-seq.  We have shown that loss of CHD7 leads to 
significant changes in the expression and chromatin 
accessibility of genes associated with several pathways. 
Among them, the generic transcription pathway was 
downregulated in both expression and chromatin acces-
sibility, which is consistent with the results that CHD7 
modulates chromatin configuration to regulate the tem-
poral and spatial expression of genes during development 
[56].

By narrowing the integrated RNA-seq and ATAC-seq 
to the genes that were the most highly down-regulated in 
both expression and chromatin accessibility in CHD7−/− 
DE cells, we identified 40 genes (Table 1). Among them, 
8 were ZNFs and 5 were lincRNA genes (Table 1). ZNFs 
play a critical role both in tissue homeostasis and disease. 
ZNFs have a wide range of molecular functions and are 
involved in regulating many cellular processes, includ-
ing transcriptional regulation, protein degradation, signal 
transduction, DNA repair, and cell migration, etc [57]. 
ZNFs can also act as recruiters of chromatin modifiers, 
as co-factors, or as structural proteins [57]. LincRNAs 

can interact with various chromatin modifying com-
plexes to modulate the chromatin state and have been 
implicated in differentiation and in developmental pro-
cesses [58, 59]. Mice with lincRNA knockout had perina-
tal or postnatal lethal phenotypes, as well as growth and 
organ-restricted developmental defect phenotypes [60]. 
STAG2 is also one of the 40 genes that were highly down-
regulated in both expression and chromatin accessibility 
in CHD7−/− hESC-DE cells. We have shown that STAG2 
knockdown in hESCs led to reduced generation of DE 
cells. CHARGE syndrome has multiple developmental 
anomalies; deregulation of ZNFs, lncRNAs and STAG2 
caused by CHD7 mutations may play a key role in the 
defective organ development in CHARGE patients.

We have also shown that deletion of CHD7 leads to 
reduced development into mesoderm. The mesoderm 
gives rise to muscle cells and connective tissue in the 
body. It is likely that the defective mesoderm from CHD7 
deficient hESCs also contributes to the multiple develop-
mental disorders in CHARGE syndrome. In contrast, we 
did not observe significant changes in ectoderm devel-
opment from CHD7 deficient hESCs. The ectoderm can 
differentiate into the nervous system, epidermis (skin 
and others) and various neural crest-derived tissues. 
Although nervous system abnormalities are common in 
CHARGE patients and CHD7 has been broadly impli-
cated in wide areas of neurogenesis [61, 62], Yao et al. 
showed that loss of CHD7 did not affect the development 
of mESCs into PAX6+ and Nestin+ neural progenitor cells 
(NPCs) [42]. Our results are consistent with these results. 
It is likely that nervous system abnormalities observed in 
CHARGE patients are due to subsequent developmental 
defects from NPCs. Indeed, it has been reported that loss 
of CHD7 significantly reduced neuronal and glial differ-
entiation from NPCs [42]. Similarly, CHD7 deletion did 
not affect oligodendrocyte precursor cells, but impaired 
their differentiation [46].

Conclusions
We have shown that loss of CHD7 leads to reduced abil-
ity to develop into DE and mesoderm in a dose-depen-
dent manner, which is related to significant changes in 
the expression and chromatin accessibility of genes asso-
ciated with several pathways. By combining RNA-seq and 
ATAC-seq data, we identified 40 genes that were highly 
down-regulated in both the expression and chromatin 
accessibility in CHD7 deleted hESC-DE cells. Our results 
provide new insights into the mechanisms by which 
CHD7 mutations cause multiple congenital anomalies.
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