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CHD6, a member of the chromodomain helicase DNA-binding
protein family, has been implicated in various diseases and tu-
mors. However, its precise binding model of CHD6 on regula-
tory functional genes remains poorly understood. In this study,
we discovered sharp peaks of CHD6, as the first member of
CHD family for housekeeping process, binding only to the pro-
moter region of genes in the C4-2 cell line. These genes, with
conserved sharp CHD6 peaks across tumor cells, likely repre-
sent housekeeping genes ADNP and GOLGA5. Genes with
sharp CHD6 peaks exhibit stable and low expression levels,
sharing epigenetic features similar to housekeeping genes.
Furthermore, this regulatory model also exists in both
HEK293 cells and cardiomyocytes. Overall, the results of this
study demonstrate that CHD6 binds to the promoter regions
of housekeeping genes, regulating their histone modifications,
chromatin structure, and gene expression.

INTRODUCTION
Prostate cancer (PC) is one of the most widespread malignancies in
men worldwide, with an estimated 1,466,718 new cases diagnosed
globally in 2024.1 Despite multiple available treatment options,
including active surveillance, chemotherapy, radiation therapy, hor-
mone therapy, surgery, and cryotherapy, PC remains incurable.2 As
time progresses, this disease continues to develop resistance to
various conventional treatment approaches.3 Castration-resistant
prostate cancer (CRPC) is considered incurable.4 Thus, there is an ur-
gent need to identify more molecular biomarkers for CRPC. In addi-
tion, investigating the molecular mechanisms underlying CRPC pro-
gression is critical and may help provide new therapeutic targets.
Chromatin remodelers are pivotal in regulating chromatin accessi-
bility and nucleosome positioning on genomic DNA, which is essen-
tial for all DNA-dependent biological processes.5,6 Recent research
has indicated that chromatin remodelers are involved in both human
cancer and neurological disorders, offering insights into new mecha-
nisms and potential therapeutic avenues.7–9

As a member of the chromatin remodeling factor family, the chromo-
domain helicase DNA-binding protein (CHD) family includes nine
Molecular Thera
Published by Elsevie

This is an open access article under the CC BY-NC
members, CHD1–CHD9.10 These members share double chromo-
domains for binding specifically modified histones11–13 and an
SNF2-like ATP-dependent helicase domain that alters chromatin
packaging.14 They are considered crucial factors in establishing the
nucleosome landscape essential for oncogenes (OGs), tumor suppres-
sor genes (TSGs), and housekeeping (HK) genes, thereby controlling
fundamental processes, including transcription, proliferation, and
epigenetic perturbation.15 The emerging dysregulation of CHD in
various human cancers emphasizes the vital significance of chromatin
dynamics in tumorigenesis.16–20 CHD6, belonging to the subfamily III
of CHD, is expressed ubiquitously in mammalian tissues. CHD6 plays
a crucial role in and has associations with multiple diseases. Previous
reports have highlighted the significant involvement of CHD6 in
DNA damage and repair and autophagy.21,22 CHD6 collaborates
with TCF4 to positively regulate TMEM65 gene expression, thereby
promoting colorectal cancer development and metastasis.23 Mean-
while, CHD6 binds on chromatin to evict nucleosomes from promoters
and gene bodies for transcriptional activation in PC.24 HK, develop-
mental, andOG transcriptional programs are highly regulated tomain-
tain cell identity and function. The involvement of CHD6 in the regu-
lation of HK genes and how it impacts the chromatin structure of these
genes remains unclear, despite CHD6 being a cancer driver gene.

HK genes are often assumed to be stably expressed and essential for
the maintenance of basal cellular processes, which ensures the essen-
tial functions for cell survival across various tissues or organisms.25,26

However, evidence indicates that HK genes may vary in expression
levels under diverse experimental conditions.27–29 Despite their com-
mon use as internal reference genes for gene expression assessment,
changes in their expression levels have been associated with cancer
development.30 A study focused on prostate tumorigenesis revealed
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Figure 1. Sharp CHD6 peaks in the C4-2 cell line

(A) Density of CHD6 in the housekeeping (HK) genes

ANDP and GOLGA5 and the oncogenes (OGs) FGFR3

and CBX8. (B) Definition of genes with sharp and

broad CHD6 peaks. (C) Heatmap of CHD6. Each row

represents a gene region from �1 to +1 kb with respect

to the gene. Top: the top 1,000 sharp CHD6 peaks;

center: the top 1,000 broad CHD6 peaks; bottom: 1,000

random genes. (D) Average ChIP-seq signal value of

CHD6 plotted around groups. (E) KEGG pathway

enrichment of genes with sharp, broad, and control

peaks. (F) Enrichment p values (y axis) of HK genes,

OGs, and tumor suppressor genes (TSGs) in the different

groups. (G) The percentage of gene expression. (H)

Expression levels of the HK genes ANDP and GOLGA5

in tumor and normal cells. For (F), p values determined

using Fisher’s exact test. For (G), p values determined

using one-tailed Wilcoxon test. *p < 0.05; **p <0.01;

***p < 0.001.
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that HK genes were more likely differentially expressed, hinting at
their potential role in driving cancer development. Another study
suggested that the variable expression levels of HK genes can act as
diagnostic and prognostic indicators in lung cancers.31 While cancer
development induced by HK genes expressions has been reported
previously, the mechanisms by which chromatin remodelers regulate
their expression levels and affect their epigenetic modifications
remain poorly understood.

In this study, to gain insights into how the binding models of CHD6
influence the expression levels and epigenetic modifications of
distinct functional genes, we conducted a comprehensive analysis us-
ing multi-omics approaches on prostate cancer cells. We found that
genes associated with sharp CHD6 peaks are enriched in HK genes
rather than cancer-related genes. It is interesting that this model is
consistent across normal human cells.

RESULTS
Sharp enrichment of CHD6 at promoter region of HK genes in

cancer cells

Our previous study demonstrated that CHD6 binds on chromatin to
evict nucleosomes from promoters and gene bodies, which leads to
the transcriptional activation of oncogenic pathways.24 However, pre-
vious research has not clearly elucidated how the distinct binding re-
gions of CHD6 influence transcriptional programs. To assess the direct
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
regulatory regions of CHD6, we analyzed the dis-
tribution of all peaks across the genome, from
transcription start site (TSS) to transcription
termination site (TTS), using CHD6 chromatin
immunoprecipitation sequencing (ChIP-seq).
Among the total peaks, a notable enrichment of
promoters and gene bodies is shown in a pie chart
(Figure S1A). To gain further insight into how
CHD6 regulates gene expression levels, we
recently observed the CHD6 signal and found that it bound to the pro-
moter region (±1 kb of TSS) of several well-knownHK genes,25 such as
ADNP and GOLGA5, in the C4-2 cell line (Figure 1A). By contrast,
CHD6 covered low-density genetic regions, from promoters to gene
bodies, onOGs such as FGFR3 andCBX8 (Figure 1A). This observation
motivated us to perform a systematic analysis of the regions (promoters
and gene bodies) associated with each CHD6 peak.We observed a sub-
set of high-density CHD6 peaks on relatively narrow promoters
(defined as sharp CHD6 peaks) and a subset of low-density CHD6
peaks that were exceptionally wide (defined as broad CHD6 peaks),
spanning both the promoter and gene body regions (Figure 1B). We
found no overlap between the sharp and broad peaks, which suggests
potentially distinct mechanisms for these two groups of peaks. To
conduct a quantitative comparison of sharp and broad CHD6 peaks,
we retrieved 1,000 genes associated with sharp and broad CHD6 peaks
based on the total signal of CHD6 and randomly chose another 1,000
genes as control (Figure 1C). Distinct CHD6 binding signals were
found only in the promoter region on sharp CHD6 peaks, whereas
the entire gene exhibited CHD6 binding signals on broad CHD6 peaks
(Figure 1D). As expected, the signal density of the sharp CHD6 peaks
was higher than that of the broad and control CHD6 peaks in the pro-
moter region.

We used Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis to characterize enriched functions of the genes



Figure 2. Epigenetic features of genes with sharp CHD6 peaks

(A) Average ChIP-seq signal value of H3K4me3 plotted around groups. (B) Average ChIP-seq signal value of RNA Pol II plotted around groups. (C) RNA Pol II pausing index

plotted against sharp, broad, and control CHD6 peaks. (D) Boxplots showing gene expression levels (y axis) of the genes (n = 1,000 for each group), with the center line

indicating themedian. (E) Average ChIP-seq signal value of H3K27ac plotted around groups. (F) Boxplot showing CGI proportion (y axis) of groups. p values determined using

one-tailed Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.001.
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associated with the three groups of CHD6 peaks. Endocytosis32

(hsa04144) and autophagy33 (hsa04140) were explicitly enriched in
the group with sharp CHD6 peaks but not in the groups with broad
or control CHD6 peaks (Figure 1E). This observation suggests that
sharp CHD6 peaks might be associated with genes maintaining the
HK process. By contrast, the Wnt signaling pathway34 (hsa04310)
is uniquely enriched in broad CHD6 peaks (Figure 1E). Pathways
in cancer (hsa05200), referring to well-curated signaling networks
involved in cancer development, were also significantly enriched in
broad CHD6 peaks but not in the groups with sharp or control peaks
(Figure 1E). To further confirm the association between sharp CHD6
peaks and the HK process, we collected high-confidence HK genes,25

TSGs, and OGs (https://cancer.sanger.ac.uk/cosmic). We confirmed
that this enrichment preference for HK genes was not due to bias
in our driver gene collection, as TSGs and OGs showed similarly
significant enrichment for the KEGG pathway in endocytosis
(hsa04144) (Figure S1B), and OGs showed similarly significant
enrichment for the KEGG pathway in autophagy animal
(hsa04140) (Figure S1B). Surprisingly, the CHD6 group with the
sharp peaks in the promoter region was enriched in HK genes but
not in OG or TSG genes (Figure 1F).

We next analyzed the percentage of gene expression across different
groups using the genotype-tissue expression (GTEx) tissue dataset
and found that genes with sharp CHD6 peaks showed a universal
expression compared with other genes (Figure 1G). We also used
the single-cell RNA-seq (scRNA-seq) of 21,762 cells from 6 patients
with CRPC using the 10X Genomics platform (Table S1). Analysis
of the scRNA-seq data using CopyKAT resulted in the identification
of aneuploid tumor and diploid normal cells in all six patients (Fig-
ure S1C). We found that genes with sharp CHD6 peaks, such as
ANDP and GOLGA5, were expressed in all cells (Figure 1H), whereas
genes with broad CHD6 peaks, such as FGFR3 and CBX8, were ex-
pressed in only a few tumor cells (Figure S1D). Taking these data
together, we conclude that sharp CHD6 peaks in the C4-2 cell line
are strongly and uniquely associated with HK genes.

Sharp CHD6 genes have epigenetic signatures similar to those

of HK genes

The enrichment level of histone H3 lysine 4 trimethylation
(H3K4me3) at the initiation site of transcription, a hallmark of active
gene promoters, is closely associated with gene expression level.35,36

The latest research findings have indicated that H3K4me3 regulates
RNA polymerase II (RNA Pol II) promoter-proximal pause-release
and transcriptional elongation.37,38 To understand the potential
mechanisms underlying the sharp CHD6 peaks of genes, we mapped
the ChIP-seq data of H3K4me3 and RNA Pol II in C4-2 cell line in
three groups. The H3K4me3 and RNA Pol II ChIP-seq signals were
more enriched in promoter regions of the genes with sharp CHD6
peaks than in those of the other genes (Figures 2A and 2B). This
pattern of narrow H3K4me3 has been identified in the promoter re-
gions of HK genes in several studies.39–41 Furthermore, we observed
that broad H3K4me3 (spanning over 4 kb) was enriched in the genes
with broad CHD6 peaks but not in those with sharp peaks (Fig-
ure S2A). Given that the pausing index is the promoter-to-gene
body ratio of RNA Pol II ChIP-seq density, a higher pausing index in-
dicates more poised RNA Pol II and less elongation. Genes with sharp
CHD6 peaks exhibited a higher RNA Pol II pausing index than other
genes (Figure 2C), indicating that genes with sharp CHD6 peaks are
in a state of promoter-proximal pausing. A previous study has shown
that the promoter pausing of RNA Pol II plays a critical role
in regulating HK genes.42 Consistent with this observation, the
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
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elongation-associated histone mark trimethylation of histone H3 at
lysine 36 (H3K36me3)43,44 showed weak signals in the genes with
sharp CHD6 peaks (Figure S2B). In addition, we demonstrated that
sharp CHD6 peaks were associated with expression levels signifi-
cantly lower than those of genes with broad CHD6 peaks (Figure 2D).
These results indicate that genes with sharp CHD6 exhibit epigenetic
characteristics that are more similar to those of HK genes.

Common enhancers are generally believed to be involved in the tran-
scription of HK genes.45,46 Acetylation of histone H3 at lysine 27
(H3K27ac), an enhancer-associated mark, showed lower enrichment
in the genes with sharp CHD6 peaks than in those with broad peaks
(Figure 2E). Multiple adjacent enhancer elements can be clustered
into super-enhancers (SEs), which are the major drivers of transcrip-
tional activation.47 In our analysis of ChIP-seq data on H3K27ac, we
identified 1,121 SE genes. Similarly, genes with sharp CHD6 peaks did
not display significant enrichment in SE genes, whereas the genes
with broad peaks showed significant enrichment (Figure S2C).
Another enhancer-associated mark, H3K4me1, also showed a lower
signal in the genes with sharp CHD6 peaks than in those with broad
peaks (Figure S2D), which aligns with the H3K27ac results. More-
over, using assay for transposase accessible chromatin sequencing
to evaluate genome-wide chromatin accessibility, we observed that
the genes with sharp CHD6 peaks exhibited lower chromatin accessi-
bility than the genes with broad CHD6 peaks (Figure S2E).

H3K4me3 displayed a robust correlation with the boundaries of pro-
moter-linked CpG islands (CGIs), and HK genes tended to have high
CpG density.48,49 Therefore, we compared the proportion of CGIs in
the promoters of sharp and broad peaks and found a significantly
higher proportion of CGIs on the genes with sharp CHD6 peaks
than on the genes with broad and control peaks (Figure 2F). The re-
sults further revealed that the genes with sharp CHD6 peaks, such as
HK genes, are enriched with CGIs in the promoter regions.

Genes with sharp CHD6 peaks show low but stable expression

levels

To assess gene expression stability, we calculated the coefficient of
variation (CV) and expression levels of genes across different groups
using the GTEx tissue dataset. The CV of the genes with sharp CHD6
peaks was significantly lower than that of other genes (Figure 3A).
Moreover, we observed significant decreases in the expression levels
of genes with sharp CHD6 peaks compared with those with broad
CHD6 peaks (Figure S3A). These expression patterns resembled
those of HK genes, which are characterized by low but stable expres-
sion levels.50 Therefore, our findings suggest that genes with sharp
CHD6 peaks and HK genes share similar expression characteristics.

Given that CHD6 is an ATPase-dependent nucleosome remodeler
that influences gene expression levels, we reasoned that CHD6 deple-
tion might alter the occupancy of nucleosome at CHD6 binding sites.
To map nucleosome occupancy on chromatin, we used micrococcal
nuclease digestion with deep sequencing (MNase-seq) in both the
C4-2 control and CHD6 knockdown cells. The occupancy of nucleo-
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
somes was higher in the genes with sharp peaks than in those with
broad CHD6 peaks (Figure 3B) in the C4-2 control cells. The nucle-
osome occupancy was increased significantly across the promoters of
sharp CHD6 peaks compared with the promoters of broad CHD6
peaks (Figure S3B). High nucleosome occupancy is often associated
with gene silencing and can affect gene expression levels, thereby
influencing the cell function.51 H3K9me3 and H3K27me3, as com-
mon repressive histone modifications,52,53 exhibited higher signals
in gene bodies with sharp CHD6 peaks than in those with broad
CHD6 peaks (Figures 3C and 3D). To further confirm the impact
of nucleosome density on the expression levels of genes characterized
by different CHD6 binding patterns, we performed fold change (FC)
analyses of gene expression levels between CHD6 knockdown and
control cells. The results revealed that CHD6 knockdown led to the
downregulation of the expression levels of genes with broad peaks
and to minimal or no change in the expression levels of genes with
sharp peaks (Figure 3E). Moreover, nucleosome occupancy at
CHD6 binding sites with sharp peaks showed no change in response
to CHD6 knockdown (Figure 3F), while significant alterations were
observed across broad CHD6 peaks in promoter and gene body re-
gions (Figure S3C). These observations suggest that CHD6may regu-
late the density of nucleosomes at promoters, thereby controlling the
low but stable expression levels of genes associated with sharp CHD6
peaks.

To further understand sharp CHD6 peaks beyond the C4-2 cell line,
we collected RNA-seq data from normal (RWPE1, BPH1, and PrEC)
and cancer cell lines (VCaP, LNCaP, 22RV1, PC3, and DU145) asso-
ciated with the prostate. A significant decrease in expression level was
observed in the genes with sharp CHD6 peaks compared with normal
cell lines in most cancer cell lines (Figure 3G). Conversely, gene
expression levels significantly increased in the genes with broad
CHD6 peaks within the cancer cell lines compared with the normal
cell lines (Figure S3D). Previous studies have suggested that the
expression levels of HK genes undergo changes during the transition
from normal to tumor cells.30,31 Taking these data together, we
conclude that genes characterized by sharp CHD6 peaks sustain
low but stable expression levels, showing an expression pattern that
is similar to that of HK genes.

Enrichedmotif of HK transcription factor in the geneswith sharp

CHD6 peaks

To examine the preferred binding motifs associated with distinct
binding patterns of CHD6 and to elucidate the mechanisms involved
in gene expression regulation, we performed a motif analysis on the
regions associated with sharp and broad CHD6 peaks. We found
that sharp CHD6 peaks were strongly enriched with the TFE3,
USF2, USF1, and ETS1 motifs (Figure 4A), whereas broad CHD6
peaks were enriched with the ZNF711 and ZFX motifs (Figure 4B).
TFE3 transcription factors belong to the microphthalmia family
and are master regulators of organelle signaling, metabolism, and
stress adaptation.54 Previous studies have indicated that the func-
tional domain of the TFE3 gene typically fuses with the promoter re-
gion of HK genes, which is a critical event for the occurrence of



Figure 3. Expression levels of genes with sharp CHD6 peaks

(A) Coefficient of variation around groups. (B) Average MNase-seq read density plotted around genes. (C) Average ChIP-seq signal value of H3K9me3 plotted around genes.

(D) Average ChIP-seq signal value of H3K27me3 plotted around genes. (E) The logFC (y axis) change in the genes with sharp and broad CHD6 peaks after CHD6 knockdown.

(F) Nucleosome density of genes with sharp CHD6 peaks in both the C4-2 control cells and the CHD6 knockdown cells. (G) Comparison of gene expression levels between

normal and cancer cell lines. p values determined using one-tailed Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Xp11.2-translocation renal cell carcinoma.55 USF2 and USF1 tran-
scription factors, as determined by separate analyses using weight ma-
trix collections of vertebrate transcription factor binding sites from
TRANSFAC and PROMO, were predicted binding motifs that are
overrepresented in HK gene promoters.56 A previous study showed
that ZNF711may play a subordinate role in ZFX, which acts as a tran-
scriptional activator in various types of human tumors.57 These re-
sults indicate that the expression levels of genes with sharp CHD6
peaks are regulated by HK transcription factors.

To gain further support for the results that genes with sharp CHD6
peaks are regulated by the HK transcription factor, we collected
ChIP-seq for ETS1 in the DU145 cell line. The distribution of all
peaks represented the binding of ETS1 across the entire genome, indi-
cating the regions where ETS1 interacted with the DNA. Among the
total peaks, a notable enrichment in promoter regions is shown in the
pie chart in Figure 4C. Consistent with our hypothesis, a striking 76%
of the sharp CHD6 peaks were found to coincide with the regions
where ETS1 binds in the promoter regions (Figure 4D). ETS1 and
GABPA, both members of the ETS family transcription factor, were
found to redundantly occupy promoters of HK genes in T cells.58

The above studies indirectly suggested that the genes with sharp
CHD6 peaks are associated with HK programs.

Sharp CHD6 marks HK genes in normal cells

Based on the results of the analysis of the genes with sharp CHD6
peaks in cancer cells, we supposed that sharp CHD6 peaks might
also exist in normal cells. Therefore, we tested this hypothesis in
two normal cells, HEK293 and cardiomyocytes. We observed remark-
ably consistent binding patterns of CHD6 in the normal cells resem-
bling those observed in the cancer cells, which were characterized by
high-density CHD6 peaks predominantly located on promoters,
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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Figure 4. Characterization of sharp CHD6 peaks

motifs and transcription factors

(A) Volcano plots of motif enrichment scores (percentage

enrichment/percentage background) of the sharp CHD6

peaks compared with the log10 (p value). (B) Volcano plots

of motif enrichment scores of the broad CHD6 peaks

compared with the log10 (p value). (C) Distribution of ETS1

binding sites. (D) Venn diagram showing the overlap be-

tween the sharp CHD6 peaks and ETS1 binding peaks.

Molecular Therapy: Nucleic Acids
exhibiting narrow profiles. By contrast, the low-density CHD6 peaks
were notably broader, spanning both promoter and gene body regions
(Figure 5A). KEGG enrichment analysis revealed that pathways
associated with mitophagy (hsa04137), autophagy (hsa04140) and
apoptosis (hsa04210) were significantly enriched in the genes with
sharp CHD6 peaks, but not in those with broad peaks or the control
peaks (Figure 5B). The CHD6 peaks displaying sharp profiles in the
promoter regions were found to be specifically enriched in HK genes,
while lacking enrichment in OGs or TSGs (Figure 5C).

To determine whether the CHD6 binding pattern is conserved across
different cell types, we identified 253 overlapping sharp CHD6 genes
between HEK293 cells and cardiomyocytes (Table S2). These overlap-
ping genes were significantly enriched in HK genes (Figure S4A). In
addition, gene functional enrichment analysis using DAVID revealed
strong associations with apoptosis and autophagy pathways (Fig-
ure S4B), which are both linked to HK processes. These findings pro-
vide compelling evidence that the observed pattern of sharp CHD6
peaks is closely linked to the HK regulatory network, a phenomenon
consistently observed in both cancer and normal cells.

DISCUSSION
Chromatin remodelers are transcription regulators and play crucial
roles in developmental processes.59 Recent studies have indicated
that developmental and HK gene transcription were regulated by
distinct chromatin remodelers, highlighting the connection between
chromatin structure and functional properties.60 In this study, we
have identified genes that characterize exclusive CHD6 binding at their
promoter regions, namely sharp CHD6 peaks, which are preferentially
enriched at HK genes within the C4-2 cell line. Our findings also show
CHD6 binding in both the promoter and gene body regions of the
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
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genes, which suggests their potential as OGs,
consistent with the findings of previous
research.24 The discovery of sharp CHD6 peaks,
enriched at promoter regions of HK genes, im-
plies the presence of a specialized regulatory
mechanism that ensures the maintenance of
essential cellular functions. Moreover, our results
underscore the significance of CHD6 in prostate
cancer progression, as evidenced by the differen-
tial expression levels of genes associated with
sharp CHD6 peaks in cancer compared with
normal prostate cells. Overall, our findings shed
light on the role of CHD6 in modulating the expression levels of HK
genes, thereby influencing fundamental cellular processes and poten-
tially contributing to the rapid proliferation of cancer cells.

Different from broad CHD6 peaks, sharp CHD6 peaks are an indica-
tor of decreased transcription elongation and enhancer inactivity. The
distinct chromatin structure associated with sharp CHD6 peaks
which are characterized by increased nucleosome density and repres-
sive histone modifications, suggests a mechanism for gene silencing
and decreased transcriptional activity. In addition, the absence of sig-
nificant enrichment in broad H3K4me3modifications and SEs, which
are characteristic of broad peaks, in sharp CHD6 peaks further sup-
ports the result of diminished enhancer activity. The lower levels o
chromatin accessibility observed in sharp CHD6 peaks indicate a
reduced activation state that may influence transcription machinery
and gene expression.

Our study provides valuable insights into the regulatory role of CHD6
in PC, but our analysis focused primarily on coding genes, overlook-
ing the potential regulatory roles of CHD6 in non-coding regions. In
addition, beyond PC, we demonstrated the presence of a sharp CHD6
signature in the HK in normal cells. In future studies, we can further
examine the potential regulatory role of CHD6 in noncoding regions
and investigate its universality in other cancer types and normal tis-
sues. This comprehensive investigation will deepen our understand-
ing of how CHD6 regulates gene expression and tumor development

In summary, our study emphasizes the role of sharp CHD6 peaks in
maintaining the expression levels of HK genes, which are essential for
sustaining life. Moreover, our findings elucidate the distinct CHD6
binding models involved in shaping the chromatin structure and



Figure 5. Characterization of genes with sharp CHD6 peaks in normal cells

(A) Average signal value of CHD6 peaks plotted around different genes in normal cells. (B) KEGG pathway enrichment of genes with sharp, broad, and control peaks in

HEK293 and cardiomyocytes. (C) Enrichment p values (y axis) of the HK genes in HEK293 and cardiomyocytes. p values determined using Fisher’s test exact test.
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participating in various transcriptional programs. Overall, these find-
ings deepen our understanding of the molecular mechanisms driven
by CHD6, shedding light on essential cellular processes and their role
in cancer or disease development. Importantly, they provide a foun-
dation for future therapeutic interventions targeting chromatin re-
modelers in cancer treatment.

MATERIALS AND METHODS
Cell line and cell culture

The cell line HEK293 was purchased from the American Type Cul-
ture Collection and grown in DMEM complete medium with 10%
fetal bovine serum. The cells were incubated at 37�C with 5% CO2

and continuously cultured for less than 2 months. Cell lines were my-
coplasma negative in routine tests.

Cleavage under targets and tagmentation

The cleavage under targets and tagmentation (CUT&Tag) assay
(N259-YH01, Novoprotein Scientific) was performed in accordance
with the manufacturer’s instructions. Concanavalin A-conjugated
magnetic beads were activated with binding buffer and incubated
with washed cells. The cell-bead complex was incubated with anti-
bodies, washed, and subjected to tagmentation with hyperactive
pA-Tn5 transposase. After tagmentation, DNA was purified and li-
braries were prepared using the NovoNGS CUT&Tag 4.0 High-
Sensitivity Kit. The libraries were then quantified and amplified.
Sequencing was performed using Illumina NovaSeq PE150.

ChIP-seq analysis

ChIP-seq raw reads were mapped to the human genome version hg19
using Bowtie version 1.2.2 with default parameter values.61 We then
submitted the mapped reads to the Dpeak function in DANPOS
version 2.2.2 (https://sites.google.com/site/danposdoc/) to calculate
the ChIP-seq signal (read density) at each base pair of the genome,62

subtract background (input) signal, normalize read number, and
define individual enrichment peaks. The Dpeak stored the signal
value at each base pair in a Wiggle format file, which we next con-
verted to bigWig format using the tool wigToBigWig (https://www.
encodeproject.org/software/wigtobigwig/). The Dpeak also stored in-
dividual feature values for each enrichment peak of the ChIP-seq
signal. These feature values include peak width, height, and total
signal. To calculate signal value at each base pair across each gene,
we used the Profile function in DANPOS version 2.2.2. The Profile
function in DANPOS 2.2.2 was also used to calculate the average
ChIP-seq signal at each gene group. The colocalization of genomic
loci was investigated with the Integrative Genomics Viewer.

CUT&Tag analysis

Approximately 1 � 105 cells were used for CHD6 (Bethyl, A301-
221A) CUT&Tag assay. The raw sequencing image data were exam-
ined by the Illumina NovaSeq analysis pipeline. Before read mapping,
clean reads were obtained from the raw reads by removing the
adaptor sequences. The clean reads were then aligned to the un-
masked human genome version hg19 using Bowtie2 version 2.4.563

and further analyzed by DANPOS version 2.2.2 (https://sites.
google.com/site/danposdoc/).

RNA-seq and scRNA-seq analysis

RNA-seq raw reads were mapped to human genome version hg19 us-
ing TopHat version 2.1.1 with default parameter values.61 The expres-
sion value (number of raw reads) for each gene was determined by the
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 7
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software HTSeq version 0.9.1 with default parameter values.61

Normalized (the trimmed mean of M-values method) expression
values and differentially expressed genes were determined by
edgeR version 3.10.5 run with an R version 3.2.1. We used the
tool bedGraphToBigWig (https://www.encodeproject.org/software/
bedgraphtobigwig/) to generate a bigWig file that contains RNA-
seq signal (read density) at each base pair across the genome.

The scRNA-seq data on patients with PC were accessed in the NCBI
GEO database under accession number GSE137829 and analyzed by
Seurat (version 4.2.1) and an R toolkit (https://github.com/satijalab/
seurat), using the software R (version 4.3.1). CopyKAT R package64

is utilized to calculate single-cell copy-number profiles from 10� sin-
gle-cell RNA data and predict tumor and normal cells.

MNase-seq analysis

MNase-seq raw reads were mapped to the human genome version
hg19 using Bowtie version 1.2.2 with default parameter values.61

We then submitted the mapped reads to the Dpos function (param-
eter: -smooth_width 0 -c 50000000 -u 1 -pheight 1e�200) in
DANPOS version 2.2.2 (https://sites.google.com/site/danposdoc/) to
calculate the MNase-seq signal (read density) at each base pair of
the genome. The pipeline to observe the MNase-seq read density is
the same as that described above for ChIP-seq. The Profile function
in DANPOS version 2.2.2 was also used to calculate the average
MNase-seq signal at each gene group.

Calculation of the RNA Pol II pausing index

We defined the pausing region as the region from 50 bp upstream to
300 bp downstream of the TSS and defined the elongation region as
the region from 300 bp downstream of the TSS to 1 kb downstream
of the TTS. We also normalized the read counts by the total number
of mapped reads, presenting the results as reads per million. We then
calculated the pausing index as the pausing-to-elongation ratio of
RNA Pol II ChIP-seq read density.

Identification of SEs

SEs were identified using the ROSE tool.65 Briefly, individual en-
hancers within 12.5 kb of one another were stitched together to
form a single larger enhancer domain. Stitched enhancer domains
were then ranked for input-normalized ChIP-seq occupancy of
CHD6. The point on the x axis at which the tangent to a scaled graph
with the x and y axes ranging from 0 to 1 that had a slope of 1 was
used as a cutoff, above which stitched enhancers were classified
as SEs.

Motif analysis

Motif enrichment analysis was performed using the findMotifsGeno-
me.pl program in the HOMER software suite.66

Function enrichment analysis

Gene Ontology and KEGG pathway analyses were performed using
the DAVID database version 6.8 (https://david.ncifcrf.gov). Pathways
with p values smaller than 0.05 were defined as significantly enriched.
8 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
Enrichment levels for HK genes, tumor suppressors, and OGs were
defined based on Fisher’s exact tests.

Statistical analysis

For bar plots and boxplots, p values were calculated using Wilcoxon’s
test and Fisher’s exact test. Differences were considered significant
when the p value was <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).
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Table S1. Summary of available data used in the study.  
 

Data name Data type Cell Cell type ID (GEO database) 
HEK293 CUT&Tag HEK293 Normal GSE264397  
HEK293 CUT&Tag HEK293 Normal GSE264397  
HEK293 CUT&Tag HEK293 Normal GSE264397  

Cardiomyocytes ChIP-seq Cardiomyocytes Normal GSE136057 
Cardiomyocytes ChIP-seq Cardiomyocytes Normal GSE136057 
Cardiomyocytes ChIP-seq Cardiomyocytes Normal GSE136057 
Cardiomyocytes ChIP-seq Cardiomyocytes Normal GSE136057 

PolII ChIP-seq  C4-2 Cancer GSE55615 
H3K4me3 ChIP-seq C4-2  Cancer GSE55615 
H3K4me1 ChIP-seq C4-2 Cancer GSE55615 
H3K27ac ChIP-seq  C4-2B Cancer GSE105424 
H3K27ac ChIP-seq  C4-2B Cancer GSE105424 

H3K36me3 ChIP-seq C4-2B Cancer GSE118629  
H3K36me3 ChIP-seq C4-2B Cancer GSE118629  
H3K9me3 ChIP-seq C4-2B Cancer GSE118629  
H3K9me3 ChIP-seq C4-2B Cancer GSE118629  
H3K27me3 ChIP-seq C4-2B Cancer GSE118629  
H3K27me3 ChIP-seq C4-2B Cancer GSE118629  

MNase MNase-seq C4-2 Cancer GSE214212 
MNase MNase-seq C4-2  Cancer GSE214212 
MNase MNase-seq C4-2 Cancer GSE214212 
MNase MNase-seq C4-2 Cancer GSE214212 
MNase MNase-seq C4-2  Cancer GSE214212 
MNase MNase-seq C4-2 Cancer GSE214212 
ATAC  ATAC-seq C4-2B Cancer GSE145409 
BPH1 RNA-seq  BPH1 Normal GSE210205 
BPH1 RNA-seq  BPH1 Normal GSE210205 
BPH1 RNA-seq  BPH1 Normal GSE210205 
BPH1 RNA-seq  BPH1 Normal GSE210205 
PrEC RNA-seq  PrEC Normal GSE70466 
PrEC RNA-seq  PrEC Normal GSE70466 
PrEC RNA-seq  PrEC Normal GSE70466 

RWPE1  RNA-seq  RWPE1  Normal GSE118629 
RWPE1  RNA-seq  RWPE1  Normal GSE118629 
RWPE1  RNA-seq  RWPE1  Normal GSE118629 
DU145 RNA-seq  DU145 Cancer GSE210205 
DU145 RNA-seq  DU145 Cancer GSE210205 
DU145 RNA-seq  DU145 Cancer GSE210205 
DU145 RNA-seq  DU145 Cancer GSE210205 
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PC3 RNA-seq  PC3 Cancer GSE210205 
PC3 RNA-seq  PC3 Cancer GSE210205 
PC3 RNA-seq  PC3 Cancer GSE210205 
PC3 RNA-seq  PC3 Cancer GSE210205 

22RV1 RNA-seq  22RV1 Cancer GSE214585 
22RV1 RNA-seq  22RV1 Cancer GSE214585 
22RV1 RNA-seq  22RV1 Cancer GSE214585 
22RV1 RNA-seq  22RV1 Cancer GSE214585 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
LNcap RNA-seq  LNcap Cancer GSE193468 
VCaP RNA-seq  VCaP Cancer GSE136272 
VCaP RNA-seq  VCaP Cancer GSE136272 
VCaP RNA-seq  VCaP Cancer GSE136272 
C4-2 RNA-seq  C4-2 Cancer GSE214212 
C4-2 RNA-seq  C4-2 Cancer GSE214212 
C4-2 RNA-seq  C4-2 Cancer GSE214212 

CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
CRPC scRNA-seq CRPC Cancer GSE137829 
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Table S2. Overlapping genes with sharp CHD6 peaks between HEK293 and 
cardiomyocytes. 
 

TMEM55B MRPL54 ELK1 SGTA ZFYVE16 CC2D1B 
BLOC1S3 MLH1 ZNF345 RPS26 ATP6V0B AP4M1 
MRPS18B SKA2 CAPN10 ATP6V1G1 WDR77 HSPA13 

TRAPPC6A ATP5G1 HSPA9 ARID4A AATF UBE2Q1 
CALR EXOC8 CDV3 SLC20A1 CNPY3 DNAJB9 

ZBTB37 SERBP1 BUB3 DNAJC16 AHSA1 RMND1 
CD164 THAP5 DUS3L AP4B1 FBXO17 HSP90B1 
ASNA1 PRR3 C1orf174 PNISR SH2B3 ARPC5 
USP5 BCLAF1 SFR1 PSMD10 NOL6 UBE2S 
SRSF2 ATF2 DCLRE1B YIF1A COMMD4 HMGN4 

NFKBIB UBAP2L TCEANC2 UBE4B SNX12 THNSL1 
ZNF687 CNOT1 UVRAG M6PR WDR3 ALDH6A1 

GLA CD3EAP CEP95 SLC2A4 DCTPP1 SDR39U1 
SNRPD2 GIPC1 C1orf43 GANC S100A1 ILVBL 

HNRNPH2 COX14 C7orf25 ZNF318 RRAGC PIAS4 
TRAF7 EPM2AIP1 FAM192A VPS33A PPP1R15B BLOC1S1 
MPND OSGEP POLR2A DESI1 PRDX6 LAMP1 
APEX1 PABPN1 HNRNPDL LAMTOR4 DNAJC13 IMP4 
ZNF576 YBX1 GLYR1 CSTB PQBP1 DACT3 
C5orf51 DOLK FAM76A RBM39 ALDH3A2 BAX 

CATSPERD HIST1H4H RPL19 FOXM1 ZMAT5 TMEM185B 
SWSAP1 RPS12 HMBOX1 RPS28 FAF1 PET100 
QPCTL CD2BP2 TSR3 TSNAX NBR1 CENPL 

CYB5D1 FNIP1 UQCR11 PMVK TMEM59 FAM179B 
C19orf47 HMGN1 CCDC151 RPL9 MDH1 SUPV3L1 

SHPK CDK5 KIAA1009 ZNF706 RPL39 ULK3 
CCNYL1 CNPY4 GTF2F1 SOCS5 CCT8 ZNF526 

WBP1 MBTD1 PHB PHF5A PRELID1 TMEM131 
ORC6 KLRG1 WDR75 TMTC3 OTUD1 CHCHD4 

RBM42 UVSSA PSMB3 MTF1 MAX RUVBL2 
LIN37 HPS5 MIEN1 FAM168B FGFR1OP2 PARP6 

ZNF181 GTF2H1 NPAT FEN1 RPAIN TXLNG 
IER5 ZNF865 SRSF1 RPA1 LCN12 ENKUR 

UBTD1 C8orf44 TOP3A EIF3A EXOSC1 RPL23 
RIBC1 KIF20A SPAG5 UBE2C NAGA ZNF503 
DXO HNRNPD SIRT1 POLE3 EME1 PRPF38A 

ZBTB5 CREB3L4 MLX PLEKHH3 C12orf49 ALOXE3 
C6orf211 CCDC115 RELL1 UBL5 TIMM17B MMS19 

TMEM116 ETF1 AP5Z1 AKR7A2 NGRN RNF41 
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TIA1 H2AFV DERL3 RBM23 RBX1 MRPL55 
NTHL1 ZFP91 USO1 PPIP5K2 HINFP PPP1R3D 
UROD GK G6PC3 WDR92 B3GALT6 SLC35A5 

MYL12A      
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Figure S1. Distribution characteristics of the CHD6 binding sites.  

(A) Distribution of CHD6 binding sites. (B) housekeeping genes (HK), oncogenes (OG) and 

tumor suppressors genes (TSG) are equally enriched in the KEGG pathways in endocytosis 

(left), and HK genes, and OG are equally enriched in the KEGG Pathways in autophagy-animal 

(right). (C) Distribution of tumor and normal cells using scRNA-seq. (D) Expression levels of 

the oncogene FGFR3 and CBX8 in tumor and normal cells. The P values determined using one 

tail Wilcoxon test.  
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Figure S2. Binding models of CHD6 that differ in epigenetic modifications.  

(A) Comparison of the overlap of different genes with broad H3K4me3. (B) Average ChIP-Seq 

signal value of H3K36me3 plotted around groups. (C) Comparison of the overlap of different 

genes with super enhancer genes. (D) Average ChIP-Seq signal value of H3K4me1 plotted 

around different genes. (E)Average ATAC signal value plotted around different groups. P values 

determined using one tail Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.001. n.s., not 

significant. 

 

 

 

 

N
um

be
r o

f b
ro

ad
 H

3K
4m

e3 600

400

200

0
Broad Sharp Control

***

n.s. n.s.

0

5

10

15

−1Kb TSS TTS +1Kb

H
3K

36
m

e3
 a

ve
ra

ge
 s

ig
na

l

Sharp
Broad
Control

2

4

6

−1Kb TSS TTS +1Kb

H
3K

4m
e1

 a
ve

ra
ge

 s
ig

na
l

Sharp
Broad
Control

10

20

30

−1Kb TSS TTS +1Kb
AT

A
C

 a
ve

ra
ge

 s
ig

na
l

Sharp
Broad
Control

N
um

be
r o

f S
E

 g
en

es

900

300

0

600

***

n.s. n.s.

Broad Sharp Control

A B C

D E



 7 

 

Figure S3. Higher nucleosome density of the genes with sharp CHD6 peaks than that of 

the genes with broad CHD6 peaks.  

(A) Expression levels of genes determined from the GTEx tissue dataset. (B) The nucleosome 

density of the genes with sharp CHD6 peaks is significantly higher than those of the genes with 

broad CHD6 peaks. (C) Nucleosomes density of broad CHD6 peaks in both the C4-2 control 

cells and CHD6 knockdown cells. (D) Gene expression levels showing notable variations and 

significant differences between normal and cancer cell lines. P values determined using one tail 

Wilcoxon test. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure S4. Detailed information on the overlap of genes with sharp CHD6 peaks 
between HEK293 and cardiomyocytes.  
(A) Analysis of overlapping genes with enrichment in HK genes. (B) GO analysis of 
overlapping genes. 
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