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ABSTRACT

Despite being a member of the chromodomain heli-
case DNA-binding protein family, little is known about
the exact role of CHD6 in chromatin remodeling or
cancer disease. Here we show that CHD6 binds to
chromatin to promote broad nucleosome eviction for
transcriptional activation of many cancer pathways.
By integrating multiple patient cohorts for bioinfor-
matics analysis of over a thousand prostate can-
cer datasets, we found CHD6 expression elevated in
prostate cancer and associated with poor prognosis.
Further comprehensive experiments demonstrated
that CHDG6 regulates oncogenicity of prostate cancer
cells and tumor development in a murine xenograft
model. ChiP-Seq for CHD6, along with MNase-Seq
and RNA-Seq, revealed that CHD6 binds on chro-
matin to evict nucleosomes from promoters and gene
bodies for transcriptional activation of oncogenic
pathways. These results demonstrated a key func-
tion of CHD6 in evicting nucleosomes from chromatin
for transcriptional activation of prostate cancer path-
ways.

INTRODUCTION

Many investigations suggested epigenetic reprogramming,
along with the acquisition of genomic mutations, to be
a hallmark of cancers (1-4). As one of the major mech-
anisms in epigenetic reprogramming (5,6), chromatin re-
modeling includes assembling, evicting, and sliding nucle-

osomes on DNA by remodeling factors (7,8). It occurs
in many cellular processes including cell survival (9), cell
differentiation (10), and tumor development (11). The re-
modeling factors are proteins that utilize the energy re-
leased by ATP hydrolysis to remodel nucleosome position-
ing (12). Such remodeling of nucleosome positioning on
cis-regulatory elements in the genome consequently influ-
ences the binding of transcription factors and transcrip-
tional machinery, and thereby leads to either transcrip-
tional activation or repression of associated genes (13). Dys-
regulation of chromatin remodeling in cancer can cause
both aberrant activation and improper silencing of impor-
tant cancer pathways (14-16). Emerging evidence suggests
that chromatin remodeling orchestrates multiple facets
of cancer progression, such as oncogenic transformation
(17), metastases (18), and development of drug resistance
(14).

Four families of chromatin remodeling factors have been
characterized, including the switching defective/sucrose
nonfermenting (SWI/SNF) (19,20), imitation switch
(ISWI) (21), inositol requiring 80 (INO80) (22), and chro-
modomain helicase DNA-binding protein (CHD) families
(23). The CHD family includes nine members, each fea-
tured with two chromodomains and an ATPase-helicase
domain (24). The proteins in this family were found to
play important functions and be associated with multiple
diseases. For instance, mutations of CHD6 were reported in
patients with intellectual disability (25), mental retardation
(26,27), Hallermann-Streiff syndrome (28), and might be
associated with motor coordination (29,30). Transcriptome
analysis indicated that CHDG6 expression is associated
with porcine embryonic muscle development (31) and
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preadipocyte differentiation in the chicken (32). CHD® is
a DNA-dependent ATPase (33). It was reported to play
important roles in DNA damage and repair (34) and could
be induced by treating cells with low-dose irradiation (35).
CHD6 promotes cell survival when cells suffer chronic
oxidative stress, as it functions as a key component of the
oxidative DNA damage response (9). It acts as a transcrip-
tional repressor of different viruses including influenza and
papilloma viruses (36-40). For instance, the interaction
of the papillomavirus E8—E2C protein with the cellular
CHDG6 protein contributes to transcriptional repression
(40). Meanwhile, the interaction with CHDG6 is required
for activation of transcription by the transcription factor
Nrf2 (41). In vitro biochemical analysis of purified CHDO,
CHD7, and CHDS indicated that CHD7 and CHDS slide
nucleosomes to alter nucleosome position, whereas CHD6
disrupts nucleosomes in a non-sliding manner (23). A
previous investigation at the CFTR locus indicated that
CHD6 could interact with multiple transcription complexes
to regulate three-dimensional chromatin structure (42).
ChIP-Seq analysis of six CHD family proteins in mouse
embryonic stem cells indicated that CHDG6 could bind both
the + 1 and -1 nucleosomes flanking the nucleosome free
region near the transcription start site (43). Intriguingly,
although CHDG6 appears to bind promoter of active genes,
transcriptome analysis indicated that depletion of CHD6
is also associated with up regulation of bivalent genes in
embryonic stem cells (43). Therefore, the binding of CHD6
and its effect on nucleosome positioning or gene expression
across the human genome is yet unclear and awaiting a
meticulous investigation.

Multiple members of the CHD family have been re-
ported to play oncogenic or tumor suppressive roles in can-
cers. CHDI1 functions as a tumor suppressor in prostate
cancer by modulating the recruitment of androgen re-
ceptor (AR) to promoters of AR-responsive tumor sup-
pressor genes (44). CHDI is a synthetic-essential gene in
PTEN-deficient prostate cancer cells and functions by re-
modeling the immunosuppressive tumor microenvironment
(14,45,46). CHD loss results in the redistribution of AR to
accessible DNAs enriched with the oncogenic AR cofactor
HOXB13, which leads to the activation of tumor-promoting
pathways (14,15). CHDS5 was also considered as a tumor
suppressor in a variety of cancers (47). It was reported
that CHDS positively regulates the pS3-mediated pathway
in controlling cell proliferation, apoptosis, and senescence
(48). On the other hand, CHD4 was found to be an onco-
gene that silences tumor suppressor genes in colorectal can-
cer (49). In contrast to these other CHD proteins, the role
of CHD6 in cancer remains unappreciated. Liquid chro-
matography and tandem mass spectrometry analysis of
plasma samples revealed that CHD6 is one of the many pro-
teins showing a changed abundance of peptides in ovarian
patient plasma when compared to control plasma (50). Ge-
nomic analysis revealed CHDG6 as one of the many genes
likely affected by mutations in bladder cancer (51,52) and
colorectal cancer (53,54). A case report based on fluores-
cence in situ hybridization (FISH) analysis of a 78-year-old
acute myeloid leukemia patient suggested that a genomic
translocation likely resulted in a LMBRDI1-CHD®6 fusion
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(55). Despite these observed associations, the function of
CHD6 in cancer and the associated mechanism are not yet
reported.

Transcription factors in the E2F family orchestrate the
expression of genes crucial for cell cycle progression (56).
Dysregulation of the cell cycle contributes to the uncon-
trolled proliferation of tumor cells and cancer metastasis
(56,57). Aberrant activity of E2F1 has been observed in
many cancers including breast cancer, non-small cell lung
carcinoma, and prostate cancer (58). For instance, E2F1 in-
teracts with ACTR, a member of the p160/SRC nuclear
coactivator family, and is recruited to the promoter of
genes that promote the proliferation of breast cancer cells
(59). E2F1 was reported to transcriptionally activate EZH2,
which is required for the proliferation of cancer cells (60,61).
E2F1 was negatively regulated by the tumor suppressor
gene Retinoblastoma 1 (RB1), whose loss in prostate can-
cer confers resistance to antiandrogen therapy (62). Intrigu-
ingly, of the 18 most common alternations of genes and
pathways in metastatic castration-resistant prostate cancer
patients, RB1 loss was found to show the strongest correla-
tion with poor clinical outcomes (63). While transcriptional
regulation of E2F1 by some transcriptional factors was re-
ported before, the alteration of chromatin structure around
the E2F1 locus and how this contributes to tumor progres-
sion is unclear.

Despite successes of radiation therapy, chemotherapy,
and androgen depletion therapy for many patients, prostate
cancer still represents the leading malignancy and cancer-
related death in males worldwide (64). Understanding the
full molecular mechanisms underlying prostate cancer is
fundamental for developing new therapeutic strategies to-
ward a complete cure. Here, we report the unappreciated
role of the CHD family protein CHD6 as a new onco-
gene in prostate cancer, illustrate how CHD6 functions
epigenetically in transcriptional activation of many cru-
cial cancer pathways, and demonstrate how depletion of
CHD6 impairs oncogenic features of RB1-deficient prostate
cancer.

MATERIALS AND METHODS
Cell culture

Human prostate cancer cell lines C4-2 was a kind gift from
Dr. Leland Chung and PC-3 was purchased from ATCC.
Benign prostatic hyperplasia epithelial cell line BPH-1 was
a kind gift from Dr. Xuesen Dong. All the three cell
lines were cultured in RPMI-1640 complete medium with
10% FBS. The cell line HEK293T was purchased from
ATCC and grown in DMEM complete medium with 10%
FBS. Platinum-A cell was a kind gift from Dr. Xian-
chang Li and grown in DMEM complete medium sup-
plemented with 10% FBS and 10 pg/mL Blasticidin. All
the cells were incubated at 37°C with 5% CO, and con-
tinuously cultured for less than 2 months. The cell line
identity was authenticated by short tandem repeat (STR)
genotyping provided by the University of Arizona Genet-
ics Core. Cell lines were mycoplasma-negative in routine
tests.
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Plasmids, transfection, lentiviral and retroviral production,
and infection

The CHDG6, E2F1 and RB1 shRNA plasmids were obtained
from MISSION shRNA library (Sigma). To construct
CHD6 overexpression plasmid, DNA fragment of CHD6
coding DNA sequence (NCBI Gene, NM032221.5) with
3 x FLAG was cloned into pMYs-IRES-GFP vector. To
construct E2F1 overexpression plasmid, DNA fragment of
E2F1 coding DNA sequence (NCBI Gene, NM_005225.3)
was cloned into pMYs-IRES-GFP vector. Primers using for
cloning are:

Primers Sequences

E2F1 CDS cloning-F ATAGGATCCATGGCCTTGGC
CGGGGCC
CCAGGAATTCTCAGAAATCC
AGGGGGGTG
TGACGAATTCGCCACCATGA
AAATGAAAATACAGAAAAAA
GAGAAGCAGTTGTCAAATT
TAAAAGTTTTGAATCACTCC
CCAATGTCTGATGCCT
TACAGCGGCCGCTCACTTGT
CATCGTCATCCTTGTAGTCG
ATGTCATGATCTTTATAATCA
CCGTCATGGTCTTTGTAATC
CTCGAGAAGCTTATTGGTGTC
GTTGTTGGAGTCTT

E2F1 CDS cloning-R

CHD6 CDS cloning-F (Tags
included)

CHD6 CDS cloning-R (Tags
included)

Lentivirus was produced by co-transfection of shRNA
plasmids with packaging plasmids pMD2.G and psPAX2
into HEK293T cells on 6-well plate. Briefly, for each virus,
70% confluence HEK293T cells were transfected with 1pg
target plasmid, 250 ng pMD2.G, 750 ng psPAX2, 4 nL
Lipofectamine 3000 and 4 wL P3000 reagent (Life Tech-
nologies). Fresh DMEM complete medium with 10% FBS
was added to HEK293T cells 24 hours after transfection.
After 48 hours, viral supernatants were harvested and cen-
trifuged at 800 g for 10 min to pellet cell debris and used
for infection. To make retrovirus, the target plasmid was
transfected into Platinum-A cells by using Lipofectamine
3000 reagent. After the first 24 hours of transfection, the
medium was changed to fresh DMEM complete medium
with 10% FBS, and 48 and 72 hours after transfection, the
supernatants were pooled, centrifuged at 800 g for 10 min,
and used for infection.

For infection, a total of 3 x 10° C4-2, PC-3 or BPH-1 cells
were seeded on 6-well plate one day prior to transduction.
The virus was supplemented with 10 p.g/mL polybrene and
added to cells. After 24 hours, medium was changed to fresh
RPMI-1640 complete medium with 10% FBS and cells were
harvested for assays at 48 hours after infection.

RT-qPCR and western blot

Total RNA was isolated from cells using the RNA MiniPrep
kit (ZYMO Research) and cDNA was generated by using
amfiRivert cDNA Synthesis Platinum Master Mix (Gen-
DEPOT). qPCR was performed using SYBR Green PCR
Master Mix (Bio-Rad, Hercules, CA, USA).

To extract protein, cells were treated in cold RIPA buffer
containing protease inhibitor. The cell lysate was gathered
using scraper followed by homogenization with 27-gauge

needle and 30-gauge needle for eight times, respectively. To
denature proteins, lysates were added to 4 x loading buffer
and heated to 95°C for 10 min. Total cell lysate (30-50 p.g)
were loaded onto SDS PAGE gels, and then transferred to
PVDF membranes. Blots were incubated with primary an-
tibodies overnight at 4°C, followed by detection with sec-
ondary antibody.
The qPCR primers include:

Primers Sequences

CHD6 qPCR-F GGAGAACCTCCGTTCGACTT
G

CHD6 qPCR-R CAGGCTCCGTAAAAATGTGC
T

E2F1 qPCR-F ACAACATCCAGTGGGTAGGC

E2F1 qPCR-R GTTGGCCTTGTCCTCAGTCA

RBI1 qPCR-F CTCTCGTCAGGCTTGAGTTTG

RB1 qPCR-R GACATCTCATCTAGGTCAAC
TGC

hGAPDH qPCR-F GTCTCCTCTGACTTCAACAG
CG

hGAPDH gqPCR-R ACCACCCTGTTGCTGTAGCC
AA

hHPRT qPCR-F TTCCTTGGTCAGGCAGTATA
ATCC

hHPRT qPCR-R AGTCTGGCTTATATCCAACA
CTTCG

GAGTTGCTGTTGAAGTCGCA
TGTAGACCATGTAGTTGAGG
TCA

mGAPDH qPCR-F
mGAPDH qPCR-R

The antibodies used for western blot and Chip include:

Catalog
Target Company  No. Source Dilution
CHD6 Bethyl A301-221A Rabbit WB: 1:1000; ChIP:
10 pg/mg lysate
1gG Millipore 12-370 Rabbit ChIP: 10 pg/mg
lysate
E2F1 Cell 37428 Rabbit WB: 1:1000
Signaling
RBI Cell 9309S Mouse WB: 1:1000
Signaling
GAPDH  Santa Cruz SC-32233 Mouse WB: 1:5000

Cell function assay

To assess cell growth, cells after viral infection were seeded
in a 96-well plate at a density of 3000 cells per well in RPMI-
1640 complete medium with 10% FBS. Cells were allowed
to attach for 24 hours and then cell viability was monitored
utilizing CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) for 4-6 days. For colony
formation, 500 cells were seeded in 6-well plate and cultured
for one week. Colonies were fixed using 1% formaldehyde
for at least 30 min and then stained with 0.1% crystal violet
overnight.

For wound healing assay, cells were pre-treated with
0.5 pM mitomycin (MMC) and plated in a Culture-Insert
(ibidi) at a density of 3 x 10* cells per well. Once at full con-
fluence, cells were starved with RPMI-1640 without FBS
overnight. The insert was removed to create the gap. Cells
were monitored immediately after the gap creation by us-
ing IncuCyte. Cell invasion assays were performed by using
Trans-well chambers (ThinCerts TC Inserts, 8um pores).



A total of 1 x 10° cells after viral transduction were sus-
pended in 300 wL RPMI-1640 with no FBS but 0.2% BSA.
The cells were added to the upper chamber which was pre-
coated with 5% Matrigel containing RPMI-1640 without
FBS. Complete RPMI-1640 medium (800 wL) were added
to the bottom wells of the chambers. After 18 to 24 hours
which depends on cell type, the chambers were taken out
and fixed with 90% ethanol and stained with 0.1% crystal
violet. The cells that had not invaded were removed from
the upper surface of the membrane using cotton swabs. The
invasive cells were counted in three randomly selected areas
from each membrane by Imagel.

Tumor xenograft

NSG mice were kind gift from Dr. Jenny Chang. Animal
care and use conditions were followed in accordance with
institutional and National Institutes of Health protocols
and guidelines. All the studies were approved by Houston
Methodist Institution Animal Care and Use Committee.
Briefly, mice were anesthetized using 2% isoflurane (inhala-
tion) and 6 x 10° C4-2 prostate cancer cells mixed 1:1 with
Matrigel were implanted subcutaneously into the dorsal
flank on right sides of the male mice. The tumor volume was
calculated as (length x width?)/2 every 3 days. Eight weeks
after injection, mice were euthanized, and the primary tu-
mors and lungs were harvested for histologic analysis and
micrometastasis detection.

Chick chorioallantoic membrane (CAM) assay

A total of 2 x 10° GFP labeled C4-2 control or CHD6
knockdown cells in 50% of matrigel were inoculated on the
chick chorioallantoic membrane. The lower CAM mem-
brane, chick lung and liver from each embryo were har-
vested 17 days post inoculation. Representative green fluo-
rescent images showed the micrometastasis of GFP-labeled
C4-2 cells in the lower CAM membrane. Genomic DNA
from chick lung and liver were extracted for detecting hu-
man Alu gene by qPCR.

Gaussia luciferase reporter assay

Lentivirus expressing shScr or CHD6 shRNA were added
to C4-2 control or E2F1 overexpression cells. 24 hours af-
ter infection, the E2F1 gaussian luciferase (GLuc) reporter
was co-transfected with internal control Secreted Alkaline
Phosphatase (SEAP) at a ratio of 1:10 into cells. Cells were
lysed 48 hours later and conducted using the Secrete-Pair
Gaussia Luciferase Assay Kit (LF031, GeneCopoeia). The
gaussian luciferase activity was normalized with SEAP ac-
tivity.

Chromatin immunoprecipitation (ChIP)

ChIP was performed using the EZ-Magna ChIP A/G Chro-
matin Immunoprecipitation Kit (Millipore, Cat. 17-10085)
with the procedure provided by the manufacturer. DNA
enrichment of target regions was assessed by qPCR using
SYBR Green Master Mix Kit. Primers used for the target
regions include:
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RNA-Seq analysis

RNA-Seq raw reads were mapped to the human genome
version hgl9 using TopHat version 2.1.1 with default pa-
rameter values (65). Expression value (number of raw reads)
for each gene was determined by the software HTSeq ver-
sion 0.9.1 with default parameter values (65). Normalized
(the TMM method) expression values and differentially ex-
pressed genes were determined by edgeR version 3.10.5 ran
with an R version 3.2.1. The MeV version 4.8.1 was used to
draw the heatmaps (66). We used the function genomeCov-
erageBed in BEDTools Version 2.16.2 (67), along with the
nor2total function in DANPOS version 2.2.2 (68,69), and
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 (70). The BigWig file was then sub-
mitted to the UCSC Genome Browser to visualize RNA-
Seq signal at individual genes.

ChIP-Seq analysis

ChIP-Seq raw reads were mapped to the human genome
version hgl9 using Bowtie version 1.2.2 with default pa-
rameter values (65). We then submitted the mapped reads
to the Dregion function in DANPOS version 2.2.2 (https:
[Isites.google.com/site/danposdoc/) to calculate ChIP-Seq
signal (read density) at each base pair of the genome (68,69),
subtract background (input) signal, normalize read num-
ber, and define individual enrichment peaks. The Dregion
stored the signal value at each base pair in a Wiggle for-
mat file, which we next converted to bigWig format us-
ing the tool WigToBigWig (https://www.encodeproject.org/
software/wigtobigwig/). The bigWig files were submitted to
the UCSC Genome Browser (https://genome.ucsc.edu) to
visualize ChIP-Seq signal at each base pair (71,72). The
Dregion also stored individual feature values for each en-
richment peak of ChIP-Seq signal. These feature values in-
clude peak width, height, and total signal. To calculate sig-
nal value at each base pair across each gene, we used the
Profile function in DANPOS version 2.2.2 (68,69). The Pro-
file function in DANPOS 2.2.2 was also used to calculate
average ChIP-Seq signal at each gene group (68,69).

Micrococcal nuclease (MNase) digestion

MNase digestion was performed as in Cui ez al. (73). Briefly,
20 million cells were harvested and cross-linked by adding
formaldehyde to 1% and incubating for 10 min at room
temperature. After washing with PBS, cells were lysed in
1 x PBS with 0.5% Triton X-100 for 3 min on ice. Nu-
clei were pelleted at 500 g for 5 min at 4°C. Nuclei were
then gently resuspended in MNase digestion buffer and
the final Ca®* concentration was adjusted to ImM. Next,
the nuclei suspension was aliquoted to 100 wL per tube
and 2U of MNase was added. Nuclei were then incubated
for 15 min (replicate 1) or 60 min (replicate 2) at 37°C.
Reaction was terminated by adding stopping buffer with
0.5mg/mL Protease K, followed by incubation at 65°C
for 6 hours or overnight. DNA was extracted using phe-
nol:chloroform:isoamyl for high-throughput sequencing.
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12190 Nucleic Acids Research, 2022, Vol. 50, No. 21

MNase-Seq analysis

MNase-Seq raw reads were mapped to the human genome
version hg19 using Bowtie version 1.2.2 with default param-
eter values (65). We then submitted the mapped reads to the
Dpos function (parameter: —smooth_width 0 -¢c 50000000
-u 1 —pheight 1e-200) in DANPOS version 2.2.2 (https:
[Isites.google.com/site/danposdoc/) to calculate MNase-Seq
signal (read density) at each base pair of the genome (68,69).
The pipeline to observe M Nase-Seq read density is the same
as that described above for ChIP-Seq. The Profile func-
tion in DANPOS 2.2.2 was also used to calculate average
MNase-Seq signal at each gene group (68,69).

Pathway Enrichment analysis

GO and KEGG pathway analyses were performed using the
DAVID database version 6.8 (https://david.ncifcrf.gov). For
GSEA analysis, we generated GCT file for each expression
dataset and ranked all genes in the whole set of RefSeq ref-
erence genes by the Signal2Noise method.

Statistical analysis

For all experimental data, at least three independent bio-
logical replicates were performed at different times and the
representative results were shown with the mean and its
standard derivations. Comparisons of two groups were an-
alyzed using unpaired two-tailed student’s t-test. The differ-
ence was considered significant when P < 0.05 (*, P < 0.05;
¥ P <0.01; *** P <0.001).

RESULTS

CHDG is upregulated in prostate cancer and associated with
poor prognosis

We initially analyzed the expression levels of all CHD fam-
ily members (CHD1-CHD?9) in both the TCGA and Taylor
datasets of the prostate cancer (74,75). Only CHD6 was sig-
nificantly (one tail Wilcoxon test P < 0.05) elevated in pri-
mary prostate tumors compared with control tissues, while
the expression of CHD3, CHD4, and CHD9 was signifi-
cantly reduced (Supplementary Figure SIA-S1B). The ex-
pression data of CHDS was included in the TCGA database
but not in the original Taylor database, which might be due
to its relatively low gene expression level. We continued to
analyze the Grasso dataset (76), and found the expression
level of CHDG6 further elevated in metastatic samples (Fig-
ure 1A), suggesting a strong association of CHDG6 expres-
sion with prostate tumor progression. In addition, we ana-
lyzed the SU2C dataset (77), and found that CHD6 expres-
sion level was also positively correlated with tumor content
in the prostate samples (Figure 1B). We further examined
the correlation between CHDG6 level and the clinicopatho-
logic features of prostate cancer patients. Higher expres-
sion level of CHD6 was associated with elevated PSA level
which was known to indicate poorer prognosis for prostate
cancer patients (Figure 1C), as indicated by the analysis of
TCGA data (74). Further, the prostate cancer patients with
advanced pathological stage in the Taylor dataset (75) ex-
hibited higher expression level of CHDG6 (Figure 1D). Taken

together, these findings suggested that the expression level
of CHD6 is significantly increased in prostate cancer and is
associated with prognosis in prostate cancer.

CHD6 sustains the growth and aggressiveness of prostate
cancer cells in vitro

To investigate the function of CHD6 in prostate cancer cells,
we developed two CHD6 knockdown sublines by transfect-
ing human prostate cancer cells C4-2 with two shRNAs tar-
geting different regions of the CHD6 mRNA. RT-qPCR
and western blot indicated lower levels of CHD6 mRNA
and protein in these sublines (Figure 1E), respectively, con-
firming the efficiency of CHD6 knockdown. CHDG6 deple-
tion resulted in significantly fewer and smaller colonies in
colony formation assay (Figure 1F). Knockdown of CHD6
also dramatically decreased the proliferation rate of C4-2
cells as determined by the total cell viability over a period
of four days (Figure 1G). We further repeated the same ex-
perimental approaches in another human prostate cancer
cell line PC-3 and observed consistent results (Supplemen-
tary Figures S1C-E), suggesting that CHDG6 is required to
sustain the rapid proliferation of prostate cancer cells.

As our bioinformatics analysis indicated that CHD6 ex-
pression is also associated with the metastasis of prostate
cancer, we next assessed the role of CHD6 in modulating
cell motility and invasiveness. CHD6 knockdown reduced
the number of C4-2 cells invading through the Matrigel-
coated transwell chamber (Boyden Chamber Invasion as-
say) (Figure 1H). To further investigate the role of CHD6
in the migration of prostate cancer cells, we performed the
wound healing assay using both C4-2 and PC-3 cells. We
treated the cells with 0.5uM mitomycin ¢ (MMC) to en-
sure that wounds will be closed due to cell migration but
not proliferation (Figure 11, Supplementary Figure SIF).
The result showed that knockdown of CHD6 in C4-2 cells
led to slower wound closure (Figure 1J). In PC-3 cells, the
wound was also closed more slowly in the CHD6 knock-
down group compared with control group within 36 hours
after the wound was created (Supplementary Figure S1G,
H). Also, CHD6 knockdown resulted in dramatic decrease
of invasive PC-3 in transwell assay (Supplementary Figure
S11, J). These results indicated that CHDG6 expression is re-
quired to sustain the motility and invasion of prostate can-
cer cells in vitro.

To further investigate the role of CHDG6 in oncogenic
transformation, we overexpressed CHD6 in non-cancer
prostatic hyperplasia epithelial cell line BPH-1. The over-
expression of CHD6 in BPH-1 cells was confirmed by west-
ern blot (Supplementary Figure S1K). The result indicated
that overexpression of CHD6 in BPH-1 cells resulted in
faster wound closure (Figure 1K) and increased cell in-
vasion (Figure 1L). Intriguingly, BPH-1 cells with overex-
pressed CHD6 showed a mild or non-detectable change in
cell proliferation when compared to the control BPH-1 cells
(Supplementary Figures S1L-N).

CHDG6 is required for the growth and aggressiveness of
prostate cancer in vivo

We next performed murine xenograft assay to examine the
role of CHD®6 in prostate cancer in vivo. Control C4-2 cells
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Figure 1. Elevation of CHDG6 expression promotes prostate cancer. (A) CHD6 RNA expression level in benign prostate tissues (BP, n = 28), localized
prostate cancer (PC, n = 59) and metastatic prostate cancer (mPC, n = 35) in a public dataset (GEO accession number GSE35988). (B) Scatter plot
showing the relationship between CHD6 RNA expression and tumor content in SU2C metastatic prostate cancer patients, with Spearman correlation
coefficient (r) and P value indicated. (C) CHD6 RNA expression level in prostate cancer patients with high and low PSA level in the TCGA data. (n(jow) =
181, nhigh) = 46). (D) CHD6 RNA expression level in prostate cancer patients with high and low tumor stages in the Taylor dataset. (now) = 86, n(nigh) =
55). (E) Expression level of CHD6 mRNA determined by RT-qPCR (top panel) and protein determined by Western blot (bottom panel) in C4-2 cells under
individual conditions. (F, G) Colony formation (F) and proliferation (G) of C4-2 cells under individual conditions. (H) Transwell invasion of C4-2 cells
under individual conditions. Proliferation (I) and wound healing assay (J) of C4-2 cells under 0.5 p.M mitomycin ¢ (MMC) treatment. Percent of wound
closure at individual time points was calculated relative to the time point at Oh. (K) Wound healing assay of BPH-1 cells under individual conditions. (L)
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parallel) (E-L); n = 3 (E-L) in the t tests; *, P < 0.05; **, P < 0.01; *** P < 0.001; n.s., not significant. Scale bar: 100 pm.
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or CHDG6 knockdown C4-2 cells stably expressing luciferase
were implanted subcutaneously into the dorsal flank of 5-
week-old male NSG mice. All eight mice developed tumors
after injecting control cells, whereas only two of eight mice
developed tumors, with remarkably smaller size, after in-
jecting CHDG6 knockdown cells (Figure 2A, B). The tu-
mor growth curve indicated that the C4-2 knockdown cells
formed detectable tumors 4 weeks later than the control
cells (Figure 2C, D). A consistent result was observed in
tumor weight analysis (Figure 2E). We further found that
the human tumor cell content, as indicated by abundance
of human genomic DNA sequence analyzed at the HPRT
gene locus, was significantly lower in the lungs of mice
injected with CHD6 knockdown cells when compared to
those injected with control cells (Figure 2F). This result sug-
gested that lung metastases of C4-2 were impaired by CHD6
knockdown. Histological analysis showed that while more
than half of the control tumors invaded the adjacent muscle
tissues, tumors derived from CHD6 knockdown cells were
well encapsulated with no sign of invasion (Figure 2G).

To further investigate the role of CHD6 in metastases
of prostate cancer, we performed Chick chorioallantoic
membrane (CAM) assay. We observed that knockdown of
CHDG6 dramatically attenuated the migration of C4-2-GFP-
luciferase cells to the lower CAM membrane (Figure 2H).
The lungs and livers of the developing chick were har-
vested 17 days post-inoculation. The metastatic C4-2 cells in
chicken lungs and livers were quantified by qPCR for ampli-
fication of human Alu genomic DNA. Human Alu genomic
DNA was undetectable in the lungs and livers of CHD6
knockdown groups but detectable in those of the control
group (Figure 21-J), suggesting that knockdown of CHD6
impaired the ability of distal organ migration of C4-2 cells
in CAM model. Taken together, these results from mouse
and CAM models suggested that CHD6 plays an essential
role in tumor growth and metastasis of prostate cancer cells
in vivo.

Expression of the genes activated by CHDG6 are associated
with poor clinical outcome

To explore the transcriptional program regulated by CHDG6,
we performed RNA-Seq for C4-2 cells with two differ-
ent CHD6 shRNAs and a shScramble as the control. We
observed a widespread alteration of gene expression in
response to the knockdown, with 904 genes downregu-
lated and 740 genes upregulated (FDR < 0.01) (Figure
3A). Hereafter, the downregulated genes and upregulated
genes upon CHD6 knockdown were referred to as CHD6-
activated and -repressed genes, respectively. There were
more CHDG6-activated genes than CHD6-repressed genes.
This trend became more obvious when we defined differen-
tial genes using more stringent cutoffs, with activated genes
2 folds more than repressed genes (146 versus 62) when
defined by an FDR cutoff 1 x 10 (Figure 3B). KEGG
pathway enrichment analysis revealed that CHD6-activated
genes were associated with cancer pathways as well as Cell
cycle, DNA replication, and DNA repair pathways, whereas
the CHD6-repressed genes were enriched in pathways such
as lysosome and human cytomegalovirus infection path-
ways (Figure 3C). To better capture the clinical importance

of CHDG6-activated genes, we defined a CHDG6 activation
signature as the top 100 CHD6-activated genes ranked by
FDR from the most to the least significant. TCGA prostate
cancer patients with higher expression level of CHD6 ac-
tivation signature exhibited worse disease-free survival as
well as worse overall survival (Figure 3D and Supplemen-
tary Figure S2A). Prostate cancer patients with an advanced
pathological state (Figure 3E), higher PSA levels (Figure
3F), or greater Gleason score (Supplementary Figure S2B)
showed elevated expression level of CHDG6 activation signa-
ture. Similar correlation between the high expression level
of CHDG activation signature and poor prognosis was ob-
served in the Taylor dataset (75) (Supplementary Figures
S2C-E). Intriguingly, Gene Ontology analysis indicated that
CHD6-activated genes were associated with cancer-related
pathways such as DNA replication, cell cycle, DNA repair
pathways, cell proliferation, cell metastasis and cell migra-
tion (Figure 3G and Supplementary Figure S2F-H). More-
over, the analysis showed that CHD6-activated genes were
involved in processes of transcriptional regulation, e.g. pos-
itive regulation of transcription from RNA polymerase 11
promoter (G0O:0045944) (Figure 3G).

The oncogene E2F1 is transcriptionally regulated by CHD6
in prostate cancer

Motivated by the enrichment of CHD6-activated genes in
Gene Ontology terms related to transcriptional regulation,
we continued to analyze the expression patterns of the 1,639
known transcription factors in the human genome (78).
Gene set enrichment analysis (GSEA) suggested that these
transcription factors were significantly enriched in CHDO6-
activated genes (Figure 4A). Moreover, the 70 transcrip-
tion factors significantly (FDR < 0.001) activated by CHD6
were enriched in KEGG pathways regulating multiple types
of cancers, including the prostate cancer pathway (Figure
4B). In contrast, we did not observe any cancer pathway
enriched in CHDG6 repressed transcription factors (Supple-
mentary Figure S2I). These results suggested that CHD6
may play an important role in modulating transcriptional
program in prostate cancer cells.

E2F1 is known to play a critical role in prostate tu-
morigenesis and is among the top-ranked transcription fac-
tors activated by CHD6 (Figure 4C). RNA-Seq analysis
showed that E2F1 knockdown did not affect CHD6 ex-
pression, while CHD6 knockdown resulted in a remark-
able decrease of E2F1 expression (Figure 4D, E). This pat-
tern of RNA expression change was verified by RT-qPCR
(Supplementary Figure S3A). Consistent with the RNA
expression change, CHD6 knockdown decreased E2F1
protein level, while E2F1 knockdown did not alter the
CHDG6 protein level (Figure 4F), suggesting that E2F1 is a
downstream target of CHD6. Intriguingly, CHD6-activated
genes were enriched with E2F1-activated genes, and CHD6-
repressed genes were enriched with E2F1-repressed genes
(Figure 4G and Supplementary Figure S3B). Moreover,
the CHD6 activation signature was enriched with E2F1-
activated genes (Supplementary Figure S3C). Therefore,
CHD6 and E2F1 shared common downstream targets and
may regulate prostatic oncogenesis through some common
pathways. Further, knockdown of CHDG6 significantly de-
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Figure 4. Many oncogenic transcription factors are downstream targets of CHD6. (A) GSEA analysis showing enrichment of 1,639 transcription factors
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creased the growth of C4-2 cells, whereas E2F1 overex-
pression partially rescued the growth inhibition by CHD6
inhibition (Figure 4H). Similarly, restoration of E2F1 ex-
pression in CHD6 knockdown cells rescued the decrease of
the number of invaded cells in transwell assay (Figure 41).
Further, E2F1 reporter activity was significantly downreg-
ulated upon knockdown of CHD6, whereas overexpression
of E2F1 in CHD6 knockdown cells restored the activity of
E2F1 reporter (Supplementary Figure S3D and E). Taken
together, the results above demonstrated that the tumor-
promotion effects of CHD6 is dependent on E2F1.

The tumor suppressor RB1 binds to the E2F1 protein
to inhibit the role of E2F1 in activation of transcription
at target genes (56). Loss of RBI releases the oncogenic
function of E2F1 and is frequently observed in metastatic
prostate cancer (79,80). Because our results demonstrated
that CHD6 expression is required for the expression of
E2F1, we hypothesized that the oncogenic effect of RB1
loss would be dependent upon CHD6 expression. We first
verified that RB1 knockdown led to significant increase of
cell proliferation, whereas knockdown of CHD6 in these
cells dramatically inhibited the cell proliferation (Supple-
mentary Figures S3F and G). Knockdown of RBI also
caused a modest increase of cell invasion in transwell assay,
whereas the cells with knockdown of both CHD6 and RB1
were scarcely observed in the membrane coated with Ma-
trigel (Supplementary Figure S3H). Furthermore, whereas
knockdown of RB1 increased cell migration, further knock-
ing down CHD6 reversed this effect (Supplementary Figure
S3I). Thus, CHD6 depletion impaired the oncogenic effect
of RBI1 loss in prostate cancer cells. These results indicated
that CHD6 might be a potential therapeutic target in RB1-
defficient prostate cancer patients.

Binding of CHD6 on chromatin is associated with transcrip-
tional activation of cancer pathways

Because CHDG is a member of the CHD family, we per-
formed ChIP-Seq for CHD6 to analyze its binding sites
across the human genome. We observed broad enrichment
of CHDG6 ChIP-Seq reads density at CHD6-activated genes
from the upstream to the downstream regions in wild type
C4-2 cells when compared to random control genes (Figure
5A). In contrast, CHD6-repressed genes exhibited slightly
lower CHD6 ChIP-Seq reads density when compared to
random control genes (Figure 5A). For instance, the CHD6-
activated gene E2F1 displayed enrichment of CHD6 ChIP-
Seq reads around transcription start site and transcription
termination site when compared to the reads from input
sample (Figure 5B, top panel), while little enrichment of
CHD6 ChIP-Seq reads was observed on the gene body of
SGK1, which is a CHD6-repressed gene (Figure 5B, bottom
panel). To verify the ChIP-Seq results, we performed ChIP-
gPCR in shScr and CHD6 knockdown cells. Two pairs
of primers targeting different enrichment peaks of CHD6
ChIP-Seq reads on E2F1 gene body were designed (Figure
5B). A region on E2F1 gene body without CHD6 ChIP-
Seq enrichment peak was chosen as one negative control
site. One pair of primers targeting the promoter of CHD6
repressed gene SGK 1, which showed no CHD6 ChIP-Seq
enrichment peaks, was designed as another negative con-
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trol site (Figure 5C). In C4-2 shScr cells, ChIP-qPCR sig-
nals for CHD6 were enriched at the two sites located in
the ChIP-Seq enrichment peaks, whereas no enrichment of
ChIP-qPCR signal was observed at the two negative control
sites. Further, CHD6 knockdown remarkably abolished the
enrichment of ChIP-qPCR signals for CHDG6 at the ChIP-
Seq enrichment peaks (Figure 5C). GSEA analysis also
demonstrated that CHD6-activated genes were enriched in
the genes with high coverage of CHD6 ChIP-Seq reads
(Figure 5D left panel), whereas CHDG6-repressed genes did
not show significant enrichment (Figure 5D right panel).
KEGG pathway analysis showed that the genes with high
coverage of CHD6 ChIP-Seq reads were enriched in multi-



ple cancer pathways (Supplementary Figure S4A). In con-
trast, the genes with low coverage of CHD6 ChIP-Seq reads
did not show enrichment in cancer pathways (Supplemen-
tary Figure S4B). Together, these results indicated that the
binding intensity of CHDG6 at gene loci correlates positively
with the transcriptional activation of the genes in many can-
cer pathways.

Binding of CHDG6 on chromatin is required to evict nucleo-
some for active transcription

Given that CHDG6 is an ATPase dependent nucleosome re-
modeler, we reasoned that CHDG6 ablation might alter the
occupancy of nucleosome at CHDG6 binding sites. To map
nucleosome occupancy on chromatin, we performed mi-
crococcal nuclease digestion followed by high-throughput
sequencing (MNase-Seq) in both C4-2 control cells and
CHD6 knockdown cells. Nucleosome positions defined by
enrichment peaks of MNase-Seq reads showed depletion of
CHD6 binding events, as indicated by depletion of ChIP-
Seq reads (Figure 6A). Moreover, the occupancy of nucleo-
somes at CHD®6 binding sites was increased in response to
CHD6 knockdown (Figure 6B). These results indicated that
the binding of CHD6 correlated with nucleosome eviction.
In line with the results observed in whole genome analysis,
the overall nucleosome occupancy across the promoter and
gene body of E2F1 was increased significantly upon CHD6
knockdown in C4-2 cells (Figure 6C), while no significant
change was observed across the SGK1 gene locus (Figure
6D). This phenomenon was clearly observed by visual in-
spection at individual binding sites of CHD6 (Figure 6E).
KEGG and GO pathways analysis demonstrated that the
genes with binding of CHD6 and increased MNase peak
upon CHD6 knockdown were enriched in cancer pathways
and cancer-related pathways such as cell migration, cell
proliferation, and Wnt signaling pathways (Figure 6F-G).
In addition, GSEA analysis showed that the genes acti-
vated by CHDG6 (Figure 6H upper panel) were enriched in
the genes showing increased nucleosome occupancy upon
CHDG6 knockdown. In contrast, the genes repressed by
CHD®6 did not show significant enrichment in genes show-
ing increase or decrease of nucleosome occupancy upon
CHD6 knockdown in C4-2 cells (Figure 6H lower panel).
These observations were reproducible when we performed
MNase-Seq experiment with different MNase digestion
times, i.e. 15 minutes for one experiment (Figure 6) and
60 minutes for the other experiment (Supplementary Fig-
ure S5). Together, these results indicated that the binding
of CHDG facilitates the transcription of target genes and is
associated with nucleosome eviction at these loci.

DISCUSSION

The progression of most tumors is typically orchestrated
by a widespread reprogramming of transcription in the
genome. A key to the functional annotation of human
genome is to understand the regulation of transcription
(81-83), of which the epigenetic activity of chromatin is of
fundamental importance (84-86). Dysregulation of RNA
expression can be prognostic markers and therapy targets
(87). Recent studies suggested that compared with non-
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malignant cells, cancer cells have a more active transcrip-
tome to provide materials and bioenergy for aberrant cellu-
lar processes (88). Moreover, it was reported that a more
accessible chromatin structure is associated with prostate
cancer oncogenesis and progression (89). Here, we demon-
strated that the chromatin remodeler CHD6 regulated the
transcription of one to two thousand genes, which accounts
for about 10% of all known protein-coding genes in the hu-
man genome. Such widespread transcriptional reprogram-
ming is associated with the binding of CHD6 on specific
genomic locus. Interestingly, we failed to identify a conser-
vative motif for CHD6 binding (data not shown), which
suggested complicated mechanism awaiting future investi-
gations for CHDG6 binding to DNA. CHD6 was reported
to bind the promoter region of active genes in mouse em-
bryonic stem cells, whereas depletion of CHD6 was associ-
ated with up regulation of bivalent genes (43). Our results
in prostate cancer cell further revealed that the binding of
CHDG6 was enriched in both the promoter region and gene
body. Furthermore, we found that the binding of CHD6 at
gene loci correlates positively with the transcriptional acti-
vation of genes in many cancer pathways, whereas the genes
activated by depletion of CHD6 showed a low binding in-
tensity of CHD6. CHD6 binding correlated with the de-
pletion of nucleosomes from those genes. The nucleosome
occupancy is negatively associated with the accessibility of
chromatin. A more accessible chromatin is known to facil-
itate the entry of transcriptional machinery. Therefore, it is
reasonable to speculate that CHD6 maintains an accessi-
ble chromatin structure for the transcriptional activation of
target genes.

Chromatin remodelers tend to each be a multi-subunits
protein complex which regulates nucleosome positioning
and remodels chromatin, thereby regulating transcription
of target genes. To date, three ATPase-dependent remodel-
ing complexes, including SWI/SNF, NuRD and CHRAC,
have been reported to play important roles in cancer pro-
gression (16,90-92). For example, CHD4 was identified to
be the core component of the NuRD complex, which co-
operates with other transcriptional factors like DNMTs
or ZEBI1 to maintain the silencing of key tumor suppres-
sors in cancers (18,93). It is of great importance to test in
the future if CHD6 may also act with components of the
NuRD complex to silence target genes. Meanwhile, a sig-
nificant number of genes were upregulated upon CHD6
knockdown but showed a low level of CHD6 binding in
the wild type cell, suggesting an indirect role of CHD6
in the regulation of these genes. In contrast, our data re-
vealed that CHD6 can activate multiple transcription fac-
tors related to prostate cancer pathways. E2F1 and E2F2
are both among the top ranked transcription factors acti-
vated by CHD6, and are known to have overlapped func-
tion in prostate cancer. Intriguingly, E2F1 and E2F2 are
known to bind their own promoter regions and regulate the
expression of themselves (94). Further, a large number of
genes were transcriptionally activated with the binding of
CHD6 proteins, suggesting that CHD6 might form a com-
plex distinct from NuRD complex for transcriptional ac-
tivation. Ana Sancho et al. demonstrated that CHD6 co-
operates with CTCF and recruits other transcription fac-
tors to form a long range chromatin loop in the CFTR lo-
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cus (42). It is questionable if this mechanism could be gen-
eralized to the transcriptional activation of other CHD6-
activated genes. An exploration of the BioGRID database
suggested that CHD6 might interact with EZH2 to mod-
ulate their downstream signaling (data not shown). How-
ever, our co-immunoprecipitation result failed to confirm
a physical interaction between CHD6 and EZH2 proteins
(data not shown). A comprehensive analysis of the interac-
tome of CHD®6 in different contexts can be a key to further
understanding the role of CHD6 in cancer progression.

We demonstrated that the expression of CHDG6 is upreg-
ulated in prostate cancer samples and required for the rapid
growth and motility of prostate cancer cells. The mecha-
nism responsible for the elevation of CHD6 expression in
prostate cancer cells remains to be determined. Androgen
receptor plays a key role in prostate cancer (95). The expres-
sion level of CHDG6 positively correlated with AR expres-
sion in prostate cancer samples and knockdown of CHD6
failed to affect the expression level of AR (data not shown),
which suggests that AR might upregulate CHD6 in prostate
cancer. These observations provide a potential explanation
for increased CHDG6 activity in prostate cancer. We also
found that the gene expression level of CHD3, CHD4, and
CHD?9 was significantly reduced in primary prostate tumors
compared with control tissues. Although those three CHD
family members have several reported roles in other cancer
types, it will be interesting to further investigate their down-
regulation in prostate cancer and the underlying mecha-
nism in future. Emerging evidence showed that malfunc-
tion of chromatin remodeling factors contributes to drug
resistance. Zeda Zhang et al. reported that loss of CHDI1 in
CRPC caused the dysregulation of chromatin structure, re-
sulting in elevated expression of transcription factors that
contribute to anti-androgen drug resistance (14). In con-
trast to CHD1, our preliminary data showed that CHD6
was further upregulated in CRPC, indicating a distinct role
of CHD6 in the development of CRPC and emergence of
resistance to anti-androgen therapy.
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