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Abstract: Endometrial cancer is one of the most common cancers of the female reproductive system. CHD4, a core
subunit of the nucleosome remodeling and deacetylation (NURD) complex, is frequently mutated in these patients.
However the role it plays in promoting endometrial tumorigenesis is poorly understood. Here, we use genetic engi-
neering approaches to modulate CHD4 expression levels and functionally evaluate hot spot mutations R975H and
R1162W. We find that CHD4 depletion induces up-regulation of the cancer stem cell (CSC) marker CD133. This CSC
phenotype was verified functionally by invasion ability, spheroid formation, and tumorigenicity in vivo. While cells ex-
pressing mutated CHD4 did not display impaired CHD4 DNA recruitment or NuRD complex formation, the mutations
did reduce the stability of CHD4 protein to phenocopy CHD4 depletion. Consistently, patients with mutant CHD4
showed overexpression of CD133. Network analysis indicated activation of the TGFp signaling pathway may drive
this CSC phenotype, and chemical blockade of TGF3 abrogated the ability CHD4 knockdown cells to form spheroids.
Taken together, these results indicate that mutations in CHD4 can promote endometrial tumorigenesis by increas-

ing CSC character through TGF{ signaling pathway.
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Introduction

Uterine (endometrial) cancer is one of the most
common cancers of the female reproductive
system among American women. It is estimat-
ed that about 61,380 new cases and 10,920
death of this disease are projected to occur in
2018 in the United States. Recently, the map-
ping of the genomic landscape of endometrial
cancer showed that the various mutations of
genes are associated with the progression of
endometrial cancer. Thus, it is critical to identi-
fy key gene aberrations to develop the novel
and effective methods for endometrial cancer
therapy. So far the mutations of TP53 (71%),
PIK3CA (31%) and PPP2R1A (25%) have been
well reported and established roles in the
pathogenesis of endometrial. Other genes
such as CHD4, SPOP, FBXW7, ABCC9, CYP4X1
and MAP3K4 also have a high mutations with-
out well-understanding [1]. In present study,
we focused on Chromodomain-helicase-DNA-
binding protein 4 (CHD4) and its two mutations
with high frequency, to explore if they are criti-

cal and uncover their molecular mechanism in
the endometrial cancer.

CHD4 belongs to the SNF2/RAD54 helicase
family, and it is high conserved in animals and
plants [2]. This protein consists of two PHD fig-
ures, two chromodomains, an ATPase domain,
and a C-terminal bridge [3]. PHD figures are
shown to interact with HDAC1 to modify histone
tails [4, 5]. Chromodomains have the binding
activity of DNA and nucleosome [6]. ATPase
domains are involved in ATP hydrolysis, provid-
ing energy for binding and mobilizing nucleo-
somes such as Histone 3 along DNA [7, 8].

CHD4 is considered as one of the core subunits
of nucleosome remodeling and deacetylation
(NuRD) complex, composed of HDAC1/2 (his-
tone deacetylases), CHD3/4 (chromodmain-
helicase-DNA binding proteins), MBD2/3 (meth-
yl-CpG-binding domain protein), MTA1/2/3 (Me-
tastasis-associated proteins), Rbbp4/7 (His-
tone-binding proteins), and Gata2a/b (Nuclear
zinc-finger protein) [3]. NURD complex has been
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viewed as an ATP-dependent chromatin remod-
eling complexes according to characteristics of
its components. By the use of energy releasing
from ATP, this chromatin remodeler can restruc-
ture nucleosomes and affect chromatin acces-
sibility, therefore it is an important player for
many DNA dependent biological activities [9].
This complex was firstly identified to suppress
gene transcription by binding to gene promoter
with other transcriptional factors, and recently
it was also found to protect genome integrity by
controlling cell cycle and DNA repair [10].

CHD4 as a component of NuRD complex has
been demonstrated to control the gene expres-
sion in Embryonic stem (ES) cells and to bal-
ance the self-renewal and differentiation of ES
cells [3, 10]. CHD4 activity is also closely asso-
ciated with cancer disease. Loss of CHD4 can
be found in gastric and colorectal cancer [11].
It is known that CHD4 can maintain genome
stability by controlling HR repair, and its defi-
ciency in cancer cells impairs the recruitment
of DNA repair proteins such as BRIT1 at early
steps of HR repair. Therefore CHD4-depleted
cancer cells are more sensitive to poly(ADP-
ribose) polymerase inhibitor treatment [12]. A
high frequency of CHD4 mutation has been
detected in endometrial cancer (17% in serous
tumors, 7% in endometrioid, 4% in clear-cells,
and 11% in mixed-histology tumors). And it is
estimated that most of mutations are missense
mutations and affect highly conserved resi-
dues clustered in ATP domain, PHD fingers, and
C-terminal Bridge [1, 13, 14].

In our study, we confirmed that there is a high
frequency mutations of CHD4 in endometrial
cancer using bioinformatics tools, and two
point mutations of CHD4 (R975H and R1162W)
were further chosen because their high fre-
quency of occurrence and potential damage
to CHD4 function. We demonstrated for the
first time that TGF-beta/CD133 pathway activa-
tion was associated with the knockdown or the
two mutations of CHD4 in the endometrial can-
cer cells. Our results provide new insights into
the molecular mechanism by which CHD4
mutants can contribute to endometrial cancer
progression.

Methods
Cell culture and transfection

293T cell line and SKU-T2 cell line were cul-
tured in Dulbecco’s Modified Eagle Medium
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(CORNING, Life Sciences, Tewksbury, MA, USA)
with 10% fetal bovine serum (GIBCO, Life Tech-
nologies, Grand Island, NY, USA). EFE184 cell
line was cultured in RPMI 1640 Medium with
10% fetal bovine serum. 293T cells cultured
into 60 mm cell culture dishes were trans-
fected with CHDA4RO7®H/CHDA4R1162W/CHD4WT-
pcDNA3.1 plasmids using Lipofectamine 2000
(Life Techologies, Grand Island, NY, USA).

Lentiviral production and generation of CHD4
variants

293T cells were used to produce lentiviral
particles containing cDNA for CHDA4RO7sH
CHDA4R1162W - CHD4YT, or shRNA against CHD4.
EFE184 and SKU-T2 cells were cultured with
viral particles containing shRNA against CHD4
to generate CHD4 knockdown cell lines. And
then the SKU-T2 cells with stable knockdown
of CHD4 were infected with viral particles
containing CHD4R975" CHD4R1162W or CHD4" to
generate variants with the expression of them.

Protein degradation assay

Protein degradation assays were performed as
described previously (6). Briefly, 293T cells
were transfected with CHD4R75H  CHD4R1162W or
CHDA4"YT. Cycloheximide (50 ug/ml) was added
to the medium after transfection for 48 hours,
and the cells were harvested at different time
points. The cell lysates have been collected for
Western blotting with anit-CHD4 antibody.

In vitro invasion assay

SKU-T2 cells and EFE 184 cells in the 6-well
plates were starved overnight with serum-free
medium. A total of 5x10* cells with in 300 ul of
serum-free medium were placed in the upper
compartment of a transwell chamber (Corning,
New York, USA; 24-well insert, pore size: 8 um)
with pre-coated matrix gel (200-300 ug/ml).
The lower chamber was filled with 750 ul medi-
um with 10% FBS. These transwell chambers
were incubated overnight for the cell invasion.
In the next day cells on the upper surface of the
membrane were removed, and those on the
lower surface were fixed and stained with 0.1%
crystal violet. Stained cells were counted with
image J software.

Sphere formation assay

For non-adherent sphere culture, SKUT-T2 cells
(7500 cells) or EFE 184 cells (20000 cells)
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Figure 1. High frequency of CHD4 mutation in endometrial cancer. A. The alternation frequency of CHD4 in different
type of cancers from TCGA samples. The black rectangular box displays a high somatic mutation rate (about 16%) of
CHD4 in uterine cancer. B. CHD4?°"5" and CHD4R*1%2¥ are screened with a high occurrence in endometrial cancer pa-
tients from TCGA. C. The protein structure of CHD4. The two mutations of CHD4 are localized in the ATPase domain.
D. Polymorphism phenotyping-2 (polyphen-2) predict that CHD4R9"5" and CHD4R1162W wi|| affect the function of CHD4
seriously. In polyphen-2 reporter, the scaled score range between O and 1, in which scores closer to 1 indicate that
amino acid substitution is damaging, and scores closer to O indicate that it is neutral.

were plated onto ultra-low attachment 6-well
plates with medium containing 1xB27, 20 ng/
ml EGF, and 10 ng/ml FGF. After 2 weeks, the
spheroid culture from every well was harvested
for quantification. After the pelleting spheroids,
pellets were suspended with 500 ul medium,
and 50 ul of the suspension was transferred to
a well of 96-well plates for cell sphere counting
(diameter > 20 um) under microscope. In some
experiments, 10 um TGFB receptor | (TBRI)
inhibitor (LY2157299) or equivolume DMSO
vehicle control was added into medium.

Gene expression microarray

Microarray analysis was conducted as des-
cribed previously [15]. Specifically, total RNA
was extracted from the cells 48 hours after
plating in presence or absence of doxycycline
using a QIAGEN RNeasy RNA isolation Kit.
Complementary RNA was generated using a
TotalPrep RNA amplification kit and loaded
onto a Human HT-12 v4 Expression BeadChip
for analysis using the manufacturer’s proce-
dure. Patient gene expression data was ac-
quired through GDC (https://portal.gdc.cancer.
gov/), and CHD4 mutation information was
downloaded from cBioPortal (http://www.cbio-
portal.org/).

Flow cytometry

Cells (10° cells/mL) were re-suspend in cold
FACS staining buffer (PBS, 10% FBS, 10 mM
EDTA). Cells were stained on ice with PE Mouse
Anti-Human CD133 (clone W6B3C1, BD Bio-
sciences) or IgG control for 60 minutes, washed
three times with FACS buffer, and then ana-
lyzed by flow cytometry. CD133 positivity was
determined relative to IgG-stained control.

Western blotting and immunoprecipitation

Whole-cell lysates were separated by SDS-
PAGE, and proteins were blotted onto nitrocel-
lulose membranes. The membranes were incu-
bated with primary antibody at 4°C overnight
followed by incubation with a secondary anti-
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body for 1 hour at room temperature. Beta-
actin was used as a loading control. Signals
were visualized using the West-Q Pico ECL
Solution (GenDepot, Katy, TX, USA) by exposure
to film. Primary antibodies used in this study
for Western, immunoprecipitation, and FACS
are as follows: anti-CHD4 (Cell Signaling), anti-
TGFB1 (Cell Signaling), anti-CD133 (Miltenyi
Biotec), anti-HDAC1/2 (Cell Signaling), anti-
MTA1 (Cell Signaling), anti-RBAP46 (Cell Signa-
ling), and anti-MBD (Cell Signaling). As to immu-
noprecipitation, whole-cell lysates were collect-
ed by lysis buffer (20 mM Tris-HCI (pH 8.0), 100
mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40)
and then incubated with ANTI-FLAG M2 affinity
gel overnight at 4°C for binding. In the next day,
after washing proteins were eluted from gel by
3X FLAG peptide and transferred to a new tube.
SDS loading buffer was loaded into the tube,
and samples were boiled for Western blotting.

Statistical analysis

The cell number in the invasion assay and the
sphere number in the sphere formation assay
were analyzed by t-test. Data were presented
as means = SD of three independent experi-
ments. P < 0.05 was considered statistically
significant.

Results

Prediction of CHD4 mutation from endometrial
cancer

Through analyzing gene sequencing data from
The Cancer Genome Atlas (TCGA), we have
found a high somatic mutation rate of CHD4
reaching 16% in endometrial cancer, which is
consistent with the previous publications, in
which the whole-exome sequencing was used
to screen 53 tumor samples. Notably, this high
CHD4 mutation rate was not seen in other
tumor types (Figure 1A). In the further screen-
ing from TCGA, two point mutations of CHD4
(CHD4R97®" and CHD4R162%) were found to recur
four times and twice respectively from 24 sam-
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Figure 2. The effect of CHD4R?%" and CHD4R/62W in 293T cells. (A) CHD4R75" and CHD4R/62W do not affect the
interaction with other subunits in the NURD complex. Plasmids with 3*flag containing CHD4R%75" CHD4R162W gnd
CHDA4"T were transfected into 293T cells. The same amount of proteins, including MTA1, HDAC1/2, RBAP46, and
MBD, was pulled down with CHD4 together by CHD4 antibody. (B) The two CHD4 mutants do not affect the binding
activity of CHD4. The same amount of CHD4 was found for binding in the chromatin fractions. (C) CHD4R®"*! and
CHDA4R162W proteins reduce CHD4 stability. Transfected cells were cultured with 50 ug/ml cycloheximide (CHX) for
different incubation time. CHD4 protein intensity (Western blotting result) was quantified by image J software (C).
And representative Western blotting results of CHD4R9"SH, CHD4R162W and CHD4™ after the CHX treatment in every

4 hours were also shown in (D).

ples (Figure 1B). Both of them are missense
mutations and localized in the ATPase domain
(Figure 1C). To predict the functional effect of
the two mutations, two widely used functional
annotation tools were employed for prediction.
The analysis from polymorphism phenotyping-2
(polyphen-2) showed R975H with the score of
1.000 and R1162W with score of 0.998 (Figure
1D). The analysis from sorting intolerant from
tolerant (SIFT) showed that substitution at pos
975 from R to H is with a score of 0.01 and
substitution at position 1162 from R to W is
with a score of 0.00. These predictions sug-
gests that these two mutations may potentially
disrupt the function of CHD4 protein.
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CHD4R™H and CHD4R*162W gccelerated the pro-
tein degradation

It is generally known that a mutation can be a
loss of function mutation resulting in reduced
or abolished protein function, or it is can be a
gain of function mutation getting a new or
enhanced activity of the protein. CHD4 is the
key component of NuRD complex which associ-
ates with chromatin for chromatin remodeling.
We first tested if CHD4R7%" and CHD4R1162wW
reduced their binding affinity to other compo-
nents in the NuRD complex and/or their binding
affinity to chromatin. As shown in Figure 2, we
found, by immunoprecipitation, that WT and

Am J Cancer Res 2018;8(5):903-914
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CHDA4RO7" or CHD4R*162¥ did not affect NuRD
complex formation and CHD4 chromatin bind-
ing activity. Interetingly, we found that both
CHDA4R*7" and CHD4R1162¥ displayed reduced
protein half-life, suggesting these two point
mutations might distablized the CHD4 protein,
and consequencely, diminished the function of
CHDA4 in cells (Figure 2C).

Gene expression profile of EFE184 endome-
trial cells with shCHD4

To better understand how CHD4 functions
in endometrial cancer, we analyzed genes dif-
ferentially expressed between EFE184 control
cells and CHD4 knockdown cells by microarray.
We found 37 genes up-regulated 2-fold or
greater in shCHD4 cells, and 18 genes were
found down-regulated. Based on unsupervised
hierarchical clustering analysis, we found a
grouping of co-expressed genes expression
(MMP9, PROM1, PROL1, LCP1, ID2, CXADR,
C5RF13, COL8A1, COL5A1, COL11A1, and
TGFBI). Among them, PROM1, which is also
known as the cancer stem cell (CSC) marker
CD133, was of great interest (Figure 3A). In our
microarray analysis, CD133 is upregulated 2.5
fold. We verified this result using flow cytome-
try, showing that while only ~30% shCTRL cells
were positive for CD133 nearly the entire popu-
lation (99.5%) of the shCHD4 cells were posi-
tive for CD133 (Figure 3B). To verify this phe-
noptype was relevant in patients, we analyzed
TCGA patients with mutations in CHD4 and
found they showed 2.15 fold up-regulation of
CD133 compared to patients with wild type
CHD4 (Figure 3C).

Knockdown of CHD4, and its mutations can
contribute the characteristics of endometrial
cancer stem cell

CD133 positive cell population is thought to be
a cancer stem cell (CSC) population with the
self-renewal which can drive the tumorigenesis
[16], so we hypothesized that EFE184 and
SKU-T2 cells with knockdown of CHD4 may gain
a CSC-like phenotype. This hypothesis was
verified by the tumor sphere formation assay
and cell invasion assay. Tumor sphere genera-
tion is an indicative of self-renewal potential
[17]. Results showed that the tumor sphere
increased significantly in the EFE184 and SKU-
T2 cells with knockdown of CHD4 compared to
control cells (Figure 4A, 4B). Cell invasion was
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examined through by Matrigel-coated tran-
swells, finding increased invasion in CHD4
knockdown cells compared to control cells
(Figure 4C, 4D).

We found that CHD4R"®" and CHD4R'162W can
reduce the protein stability and diminish its
function (Figure 2C), so the two CHD4 muta-
tions can function like the knockdown of CHD4.
To determine if the CSC phenotype was con-
served with CHD4 mutations, we re-expressed
the CHD4 variants CHDA4R975H  CHDA4R162W or
wild type (CHD4"T) in SKU-T2 cells for compari-
son. In cells with CHD4R97®" or CHD4R162W the
number of tumor sphere (Figure 4E) and the
number of invasive cells (Figure 4F) were
increased dramatically in comparison with
CHD4YT, as previously observed with CHD4
knockdown. To test this in vivo, nude mice
xenograft model was subsequently applied to
evaluate the effect of CHD4 on tumor growth.
Statistical analysis of tumor volume indicated
that knockdown of CHD4 can support the tumor
growth (Figure 4G). All of these findings demon-
strated that the two CHD4 mutants function
like the loss of CHD4 in endometrial cancer
cells, which induces a cancer stem cell pheno-
type to promote cancer progression.

The activated TGF-beta pathway in variants
with CHD4 knockdown cells and CHD4 mutant
cells

Biological Functional Analysis using Ingenuity
Pathway Analysis (IPA) predicted that TGF-beta
pathway was activated by knockdown of CHD4
in EFE184 cells. Figure 5A shows the genes
associated with the TGF-beta activation in
EFE184 cells, including CD133 which is up-
regulated with the expression of TGF-beta.
Protein expression of TGF-beta was evaluated
in EFE184 and SKUT-2 cells by Western blot-
ting, and the increased expression can be
detected in cells with knockdown of CHD4, or
those expressing CHD4 mutatants (Figure 5B).
To test if TGF-beta may be driving this CSC
phenotype, we repeated the CSC sphere form-
ing assaying following supplementation with
TGFB receptor | (TBRI) inhibitor (LY2157299/
Galunisertib), it repressed growth of tumor
spheres dramatically (Figure 5C). Taken togeth-
er, this demonstrates that loss of CHD4 func-
tion can promote endometrial cancer by acti-
vating the TGF-beta pathway inducing a CSC
phenotype.

Am J Cancer Res 2018;8(5):903-914
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Representative photograph of tumor tissues and the measurement of tumor volumes are showed that loss of CHD4 has higher tumorigenicity. The t-test was used
to analyze the result. *P < 0.05 when compared with control cells. Values represent the mean + SD.
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Figure 5. Activated TGF-Beta pathway in the cells with knockdown of CHD4 or mutation. A. TGF-Beta/CD133 path-
way is activated based on IPA software. B. The expression of TGF-beta were evaluated by Western blotting in EFE184
cells and SKU-T2 cells with knockdown of CHD4 or CHD4 mutations. C. Inhibition of TGF-beta can suppress the
sphere formation in CHD4R97H CHD4R162W and knockdown of CHD4 cells. The t-test was used to analyze the result.
*P < 0.05 when compared with control cells. Values represent the mean + SD.

Discussion

In our present study, we demonstrate that
CHD4, a protein recurrently mutatated in the
TCGA endometrial cancer patient cohort as well
as other endometrial cohorts induces a CSC-
like phenotype via a TGF-beta dependent
mechanism. In addition to endometrial cancer,
other types of cancer in the TCGA were ana-
lyzed, but we did not found any mutations as
high as in endometrial cancer, suggesting
CHD4 mutation is specific to the endometrial
cancer. Half of CHD4 mutations are in con-
served residues and involved in ATP domain
required for catalysis of ATP hydrolysis and heli-
case activity [14]. In this study we worked on
two point mutations in ATP domain, CHD4R75H
and CHDA4R162W  Although the two mutations
have been reported, there is no description
about the role of the two mutations in endome-

911

trial cancer progression. By the transfection of
CHDA4R975" CHD4R162W - or CHD4"T in 293T
cells, we firstly found that both mutants can
decrease CHD4 stability without effecting
NuRD complex formation and DNA binding.
These results indicated that the two point
mutations do not change the function of CHD4,
but can cause loss of function of CHD4. To ver-
ify this, we generated variants with knockdown
of CHD4, CHDA4RO™H  CHDA4R1162W  or CHDA4WT
in endometrial cancer cells. Across multiple
assays, data showed that cells with knockdown
of CHD4, CHD4R®7®" or CHD4R!162W exhibited
the same phenotype. The three types of vari-
ants are able to elevate cell invasion ability and
increase the cancer stem-like cell population
compared to the control cells and cells with
CHD4Y™, All of the results demonstrate that
CHD4 acts as a tumor suppressor in endome-
trial cancer.
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Currently, some literature also reports that
CHD4 has a function in impeding cancer pro-
gression. Firstly CHD4 can bind transcriptional
repressors to inhibit tumor-associated gene
expression. It is known that CHD4 can interact
with ZIP to suppress breast carcinogenesis [8].
Rajini Srinivasan et al. also reported that CHD4
can interact with NAB2 in prostate cancer to
suppress EGR activity and its targets [18].
Secondly CHD4 can respond to DNA damage,
maintain genomic integrity, and prevent cell
malignancy. CHD4 can be recruited to the sites
of damaged DNA by two modes. The first mode
is PARP dependent, where PARP induces CHD4
and other subunits of NuRD to the site of
double strand breaks for the further repair [19,
20]. The second mode is CHD4 can relax chro-
matin, so in this way RNF8/RNF168 facilitates
histone ubiquitination and helps RNF168 and
BRCA1 to be localized to damaged site for DNA
repair [21-23]. To explore how CHD4 works as a
tumor suppressor in endometrial cancer, we
found loss of CHD4 can promote endometrial
cancer progression by activating TGFB1 path-
way through the microarray and IPA analysis
to induce a CSC-phenotype. The increased ex-
pression of TGFB1 and CD133 can be observ-
ed in our variants with knockdown of CHDA4,
CHDA4R975H or CHD4R1162W_ Both published evi-
dence and our data support that CHD4 muta-
tion is closely associated with TGFB1/CD133
pathway. Cancer stem cells are known to play a
large role in the progression of endometrial
cancer [24]. Others have found that the CD133-
positive, CSC-like subpopulation of endometrial
cancer cells express high levels of TGFB1 [25].
Overexpression of TGFB1 is recurrent in many
types of cancers, including lung cancer, breast
cancer, prostate cancer, and endometrial can-
cer. TGFB1 triggers the EMT to enhance metas-
tasis along with the tumor growth. CD133 is
an important marker of cancer stem cells and
target of TGFB1 [26]. The TGFB1/CD133 path-
way can induce cell invasion, stem-like charac-
teristics, and drug resistance [27]. And TGFB1
also can promote genomic instability in the way
of reducing DNA double strand breaks (DSB)
repair [28-32]. Therefore loss of function of
CHD4 can activate TGFB1 pathway to ex-
pand cancer stem-like cell population, reduce
genome integrity, and then enhance the mali-
gnance.

Others have suggested that CHD4 can also act
as an oncogene to promote cancer progres-
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sion. In colorectal cancer, CHD4 has been
shown to facilitate DNA hypermethylation and
interact with other proteins to silence tumor
suppressor genes [33]. As one of core compo-
nents of the NuRD complex, CHD4 can interact
with other different subunits such as MTA1/2/3
or MBD2/3 to perform various functions It will
be critical to consider the cellular context when
evaluating the role of CHD4 in future studies.

In conclusion, we found that CHD4 mutations
can reduce CHDA4 stability to promote endome-
trial cancer progression by activating TGFB1
pathway, promoting formation of -CSC-like cells
that can be abrogated by TGF-beta blockade.
Because CSCs have important roles in the can-
cer progression, targeting CHD4-driven CSCs
by TGF-beta inhibition may be an effective
strategy for treatment of endometrial cancer.
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