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Cholangiocarcinoma (CCA) is a highly malignant cancer of the biliary tree. Although studies have
implicated enhancer of Zeste homolog 2 (EZH2) in CCA growth, the role of EZH2 in CCA development has
not been investigated, and the mechanism for EZH2-regulated gene expression in CCA remains to be
further defined. The current study used a mouse model of CCA induced by hydrodynamic tail vein injection
of Notch1 intracellular domain and myristoylated-AKT plasmids. Mice with liver-specific EZH2 knockout
displayed reduced CCA development. In a xenograft model, EZH2 knockdown significantly decreased CCA
progression. Administration of the EZH2 inhibitor GSK126 decreased CCA tumor burden in mice.
Accordingly, EZH2 depletion or inhibition reduced the growth and colony formation capability of CCA
cells. Analysis of high-throughput data identified a set of 12 tumor-inhibiting genes as targets of EZH2 in
CCA. The experimental results suggest that EZH2 may down-regulate these tumor-inhibiting genes through
methylation of lysine 27 on histone H3 (H3K27) in the gene louses and through regulation of specific
miRNAs. High mobility group box 1 was shown to facilitate the methyltransferase activity of EZH2, which
is implicated in the regulation of CCA cell growth. The study shows that EZH2 promotes CCA development
and progression through a complicated regulatory network involving tumor-inhibiting genes, miRNAs, and
high mobility group box 1, which support targeting EZH2 as a potentially effective strategy for CCA
treatment. (Am J Pathol 2022, 192: 1712e1724; https://doi.org/10.1016/j.ajpath.2022.08.008)
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Cholangiocarcinoma (CCA) is a highly malignant cancer of
the biliary tree with poor prognosis.1e4 Although the inci-
dence rate and mortality of CCA are rising worldwide,
currently there is no effective chemoprevention or systemic
therapeutic option.1,2,5,6 Recent studies have shown the
importance of aberrant histone epigenetic modification in
CCA carcinogenesis and development.7e10 Thus, a better
understanding of the effect and underlying mechanism of
histone modification in CCA may provide new therapeutic
implications for CCA treatment.

Histone methylation is the modification of certain amino
acids in a histone protein by the addition of methyl groups.
Aberrant histone methylation induces tumor suppressor
gene silencing and chromosomal instability, which results in
cancer initiation and progression.11 Notably, enhancer of
stigative Pathology. Published by Elsevier Inc
Zeste homolog 2 (EZH2), the core subunit of polycomb
repressive complex 2 (PRC2), is a histone methyltransferase
catalyzing the mono-, di-, and tri-methylation of lysine 27
on histone H3 (H3K27), a histone mark associated with
compacted chromatin and repressed transcription.12 EZH2
overexpression or gain-of-function mutations, as well as its
oncogenic role via affecting the expression of various target
genes, have been documented in multiple types of cancers,13

including CCA.2,8,14e17
. All rights reserved.
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EZH2 Inhibits CCA Tumor Suppressor Genes
Several lines of evidence have shown that the expression
of EZH2 is typically up-regulated in CCA and negatively
correlated with the prognosis of CCA in patients.8,14e17

Preclinical data have shown that combined treatment with
an EZH2 inhibitor and gemcitabine synergistically inhibits
CCA cell growth.7 However, the role of EZH2 in CCA
development has not been investigated, and the mechanism
for EZH2-regulated gene expression in CCA remains to be
further defined.

The current study provides novel evidence for an
important role of EZH2 in CCA development. The experi-
mental results show that EZH2 promotes CCA development
and progression through a regulatory network involving
tumor-inhibiting genes, miRNAs, and high mobility group
box 1 (HMGB1). The data indicate that EZH2 down-
regulates a set of 12 tumor-inhibiting genes through
methylation of H3K27 in the gene louses and through
regulation of specific miRNAs. Moreover, HMGB1 facili-
tates the methyltransferase activity of EZH2 via
proteineprotein interaction in CCA cells. These results
provide further evidence for targeting EZH2 and related
signaling pathways in CCA treatment.

Materials and Methods

Reagents

The EZH2 inhibitor GSK126 was purchased from Selleck
Chemicals (Houston, TX). Captisol was purchased from
AbMole BioScience (Houston, TX). siRNAs against
human or mouse OSGIN1, PAX3, CDKN1A, and GAS1
were purchased from Integrated DNA Technologies (Cor-
alville, IA). siRNA against mouse Hmgb1 was purchased
from Thermo Fisher Scientific (Waltham, MA). Scramble
control siRNA was purchased from Qiagen (Valencia,
CA). Antibodies specific for EZH2 (#5246), Sox9
(#82630), and normal IgG were purchased from Cell
Signaling Technology (Beverly, MA). Antibodies specific
for H3K27me3 (#ab6002), HMGB1 (#ab18256), and
Ki-67 (#ab15580) were purchased from Abcam (Cam-
bridge, MA).

Induction of CCA in Mice

EZH2flox/flox (B6;129S1-EZH2tm2Sho/J ) mice and albumin
(Alb)-Cre (B6.Cg-Tg(Alb-cre) 21Mgn/J) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). Liver-
specific EZH2 knockout (EZH2-LKO) mice were gener-
ated by crossing EZH2flox/flox and Alb-Cre mice. Mice were
kept at 22�C under a 12-hour light/dark cycle and were
given ad libitum access to food and water. CCA was
induced in 6- to 8-weekeold EZH2-LKO mice and wild-
type (WT) control mice by hydrodynamic tail vein
(HDTV) injection of plasmids, including pT3-EF1aH-myc-
NICD1 (15 mg per mouse), pT3-EF1aH-myr-AKT-HA (5
mg per mouse), and pCMV(CAT)T7-SB100 (1.25 mg per
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mouse) diluted in 2 mL saline; the plasmid mixtures were
injected into the mouse tail vein in 5 to 7 seconds. Use of
this method resulted in successful expression of exogenous
gene in 40% to 50% of hepatocytes with one injection. Age
matched Cre-negative littermates were used as WT
controls.

All the mouse experimental procedures, as well as all the
breeding and handling of mice, were approved by the
Institutional Animal Care and Use Committee of Tulane
University.

Treatment of CCA-Bearing Mice with the EZH2 Inhibitor
GSK126

For this purpose, CCAs were induced in 8-weekeold WT
FVB mice by HDTV injection of transposase-based plas-
mids expressing Notch1 intercellular domain (NICD) and
AKT. Seven days postinjection, the mice were randomized
into two groups (nZ 6 per group) and treated with GSK126
(150 mg/kg) or vehicle (20% Captisol) via i.p. injection
every 2 days for 4 weeks. After the mice were euthanized,
the livers were collected, and the liver/body weight ratios
were calculated.

Xenograft Model of CCA

Five-weekeold immunocompromised SCID mice (NOD.Cg-
Prkdc scid/J) were purchased from The Jackson Laboratory.
Stable EZH2-depleted or control CCLP1 cell suspensions
were mixed with high-concentration BD Matrigel Matrix
(BD Biosciences, Franklin Lakes, NJ) at a 1:1 ratio; 10 mL
cell mixture (1 � 106 cells) was inoculated directly into the
liver of each SCID mouse (n Z 6 per group) using a
Hamilton syringe (model 75NSYR; Hamilton Co., Reno,
NV). The mice were observed for 12 weeks to monitor tumor
development. After the mice were euthanized, the mouse
livers were dissected surgically, and the ratios of liver/body
weight were calculated.

Culture of CCA Cells

Human CCA cells (CCLP1) were cultured in Dulbecco’s
modified Eagle’s medium (ATCC, Manassas, VA) supple-
mented with 10% fetal bovine serum (MilliporeSigma, St.
Louis, MO) and Antibiotic-Antimycotic (100 U/mL penicillin,
100 mg/mL of streptomycin, and 0.25 mg/mL of Gibco
Amphotericin B; Thermo Fisher Scientific). The cells were
incubated in a humidified5%carbon dioxide incubator at 37�C.
Cells within 10 passages were used for experiments. The
CCLP1 cell line was most recently authenticated by short tan-
dem repeat DNA profiling analysis at ATCC in October 2021
and was excluded as havingMycoplasma contamination using
the LookOutMycoplasma PCRDetection Kit (Sigma-Aldrich)
regularly.To knock downEZH2,CCLP1 cellswere transfected
with shEZH2-1 (50-GAGATTATTTCTCAAGATG-30),
shEZH2-2 (50-GAGGGAAAGTGTATGATAA-30), or control
1713
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shRNA plasmids, followed by selection in medium containing
1 mg/mL of Puromycin (Thermo Fisher Scientific) 48 hours
after transfection.

To establish mouse EZH2-floxed CCA cells, EZH2flox/flox

mice were euthanized 5 weeks after HDTV injection; the
tumor tissues were then collected and rinsed with
phosphate-buffered saline and minced into small pieces.
After digestion with 0.1% type IV collagenase (Sigma-
Aldrich) for 30 minutes at 37�C, disaggregated cell sus-
pension was obtained by filtering through a 40 mm cell
strainer. The filtrate was diluted with F12 medium
(GIBCO BRL, Gaithersburg, MD) and centrifuged at 1000
rpm at 4�C for 5 minutes. The cell pellet was re-suspended
in F12 medium and layered onto density gradients of 70%,
50%, and 40% iso-osmotic Percoll in F12 medium (from
bottom to top). The Percoll gradients were centrifuged at
4500 rpm at 4�C for 30 minutes, and then cell fractions in
40% Percoll layer were collected. After washing with F12
medium three times, the collected cells were seeded into a
10-cm tissue culture dish (1 million cells per dish) with
F12 medium supplied with 10% fetal bovine serum and
incubated at 37�C in a humidified atmosphere with 5%
carbon dioxide. The medium was changed twice a week.
Possible fibroblast contamination was eliminated by dif-
ferential attachment characteristics of fibroblast versus
cancer cells. Two lines of EZH2-floxed CCA cells were
established (#22891 and #22893), and cells were subjected
to subculture while they reached approximately 80%
confluence. For EZH2 depletion, Cre-expressing adeno-
virus or control adenovirus (Vector Biolab, Malvern, PA)
was added to the cell cultures with a multiplicity of
infection of 100 for 72 to 96 hours.

Cell Proliferation and Colony Formation Assays

For cell proliferation assay by WST-1 reagent, CCA
cells (2 � 103 per well) with indicated treatment were
seeded in 96-well plates at least in triplicate. At the
indicated time point, the culture medium was removed,
and the cells were incubated with 100 mL of serum-free
medium containing 10 mL of WST-1 reagents (Roche,
Indianapolis, IN) for 1 to 2 hours at 37�C. The absor-
bance of each sample was measured at 450 nm by using
an ELISA plate reader.

For cell proliferation assay by cell counting, 1 � 105

CCA cells with or without EZH2 depletion were seeded in
each well of the six-well plates. On the following day, the
cells were transfected with indicated siRNA or scramble
control siRNA. Seventy-two hours after siRNA trans-
fection, an aliquot of the cells was stained by Trypan blue
(1:1 ratio) to exclude dead cells, and the viable cells were
counted by using an automated cell counter (Invitrogen,
Carlsbad, CA).

For colony formation assays, CCA cells (2 � 103) with
indicated treatments were plated in 10-cm dishes and
cultured for 14 days to allow colony formation. The
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colonies were fixed with 100% methanol at room tempera-
ture for 10 minutes followed by 0.1% crystal violet staining
for 20 minutes.

Transwell Cell Invasion Assay

Transwell assays were performed by using Corning Bio-
Coat Matrigel Invasion Chambers (Tewksbury, MA)
following the manufacturer’s instructions. Then, 500 mL
cell suspensions (5 � 104 cells) in 1% fetal bovine serum
media were loaded onto the upper chamber and 10% fetal
bovine serum media to the lower chamber; the chambers
were incubated for 22 hours in a 37�C humidified incubator
with 5% carbon dioxide. Noninvading cells were removed
by using a cotton swab. The invading cells on the lower
surface of the membrane were fixed in methanol and
stained with 0.5% crystal violet. Invading cells were
counted in 10 randomly selected fields under an optical
microscope.

RNA-Sequencing and Chromatin Immunoprecipitation
Sequencing

Total RNAs from mouse CCA cells (#22891) treated with
Cre-recombinaseeexpressing adenovirus (Ad-Cre) or
control adenovirus were isolated with the RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions. RNA
samples were then processed for preparation of small RNA
and mRNA sequencing libraries; the libraries were
sequenced on a HiSeq2000 instrument (Illumina, San
Diego, CA). RNA-sequencing (RNA-Seq) data were
aligned to the mouse mm9 reference genome assembly
using the TopHat (v1.4.1)-Cufflinks (v2.2.1) pipeline
(https://tophat.com). Differential gene expression was
analyzed by using the edgeR package (https://
bioconductor.org/packages/release/bioc/html/edgeR.html).
Chromatin immunoprecipitation assays were performed

in mouse CCA cells by using a SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology) according to
the manufacturer’s instructions. After immunoprecipitation,
the proteineDNA cross-links were reversed, and the DNA
was purified and sent to GENEWIZ Company (South
Plainfield, NJ) for sequencing on a HiSeq configuration.
Sequence reads for each sample were mapped to the mouse
mm10 reference genome. EaSeq version 1.04 software was
used for data visualization.18

Immunoprecipitation and Mass Spectrometry Assay

CCA cells (1 � 107) were lysed in 1 mL Pierce IP Lysis
Buffer (Thermo Fisher Scientific) with phosphatase and
protease inhibitors. Then, 500 mL cell lysates were used for
immunoprecipitation with specific antibodies. In brief, cell
lysate was precleared with 30 mL protein A/G Magnetic
beads (Thermo Fisher Scientific) by rotation at 4�C for 1
hour. The precleared supernatants were incubated with 2
ajp.amjpathol.org - The American Journal of Pathology
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mg antibodies by rotation at 4�C overnight and then with
the addition of 100 mL A/G Magnetic beads (Milli-
poreSigma) at 4�C for 4 more hours. The samples were
collected by magnetic stand, followed by washing five
times with a beads wash solution (50 mmol/L Tris-HCl
[pH 7.6], 150 mmol/L NaCl, 1 mmol/L EDTA, and 0.1%
NP-40) and washing three times with phosphate-buffered
saline. The protein/beads mixtures were sent to the Bio-
molecular/Proteomics Mass Spectrometry Facility at the
University of California San Diego (San Diego, CA) for
analysis. For immunoblotting, the bead complexes were
suspended in 30 mL SDS-PAGE sample loading buffer and
subjected to SDS-PAGE.
Histone Methyltransferase Activity Assay

EZH2 enzymatic activity was measured by using an ELISA-
based EpiQuik Histone Methyltransferase Activity/Inhibi-
tion Assay Kit (H3-K27; EpiGentek, Farmingdale, NY).
Briefly, nuclear proteins of CCLP1 cells with or without
HMGB1 depletion by siRNA (Thermo Fisher Scientific)
were extracted and incubated with substrate and assay buffer
for 1 hour, followed by anti-H3K27me3 incubation for 1
hour. Then, horseradish peroxidaseeconjugated detection
antibody and developing solution were added for color
development. Absorbance measurements were performed
on a microplate reader at 450 nm.
Immunohistochemistry

Formalin-fixed tissue slides (4 mm thick) were deparaffi-
nized in xylene, hydrated in ethanol, and subjected to heat
retrieval at 100�C for 20 minutes in citrate buffer (pH 6.0).
After blocking, the slides were incubated subsequently with
primary antibodies at 4�C overnight and horseradish
peroxidaseeconjugated secondary antibodies at room tem-
perature for 1 hour. After washing, the slides were subjected
to 3,30- diaminobenzidine for chromogenic development.
Western Blot Analysis

The tissue samples were homogenized in NP-40 lysis buffer,
and the cultured cells were lysed in radioimmuno-
precipitation assay buffer. The homogenates were centri-
fuged at 12,000 � g for 20 minutes at 4�C to collect the
supernatants. After being denatured, equal amounts of pro-
tein were separated on SDS-PAGE gel and then transferred
onto the nitrocellulose membrane (Bio-Rad, Hercules, CA).
The milk-blocked blots were incubated with different pri-
mary antibodies at 4�C overnight. After three washings with
phosphate-buffered saline with Tween20, blots were incu-
bated with IRDye 800CW or 680LT conjugated secondary
antibodies (LI-COR Biosciences, Lincoln, NE) for 1 hour at
room temperature and scanned by using the LI-COR
Odyssey Imaging system.
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Statistical Analysis

Data are presented as means � SD from a minimum of
three replicates. Differences between groups were evalu-
ated by using SPSS version 19.0 (IBM Corp., Armonk,
NY) with one-way analysis of variance, two-tailed t-test,
Mann-Whitney U test, c2 test, or repeated measures anal-
ysis of generalized linear model when applicable. Kaplan-
Meier survival and log-rank tests were used for mortality
analysis. P < 0.05 was considered statistically significant.

Results

Analysis of EZH2 in Human CCA Tissues

Analysis of CCA patient data sets GSE76297,19

GSE26566,20 and GSE10794321 (NIH, https://www.ncbi.
nlm.nih.gov/geo, last accessed September 29, 2022)
indicated that EZH2 mRNA levels in CCA tissues were
significantly higher than those in non-tumorous tissues
(Figure 1A). Further survival analysis of patients with
available clinical data from GSE107943 and TCGA-CHOL
data sets (National Cancer Institute, https://www.cancer.
gov/tcga, last accessed September 29, 2022) revealed that
CCA patients with high EZH2 mRNA levels (more than
the median of each cohort) exhibited significantly worse
disease-free survival compared with patients with low
EZH2 mRNA levels (less than the median of each cohort)
(Figure 1B).

Depletion of EZH2 Prevents the Development of CCA in
Mice

Mice with liver-specific knockout of EZH2 (EZH2-LKO)
were used to determine the role of EZH2 in CCA develop-
ment. The EZH2-LKO mice were generated by crossing
EZH2flox/flox mice and Alb-Cre mice. The animals were
subjected to a CCA development protocol as previously
described,22 in which CCA was induced by HDTV injection
of Sleeping Beauty (SB) transposase-based plasmids
expressing Notch1 intercellular domain (NICD) and
myristoylated-AKT. In this system, 8-weekeold EZH2-LKO
mice and their littermate WT controls were subjected to
HDTV injection of NICD/AKT/SB plasmids. As shown in
Figure 1C, whereas HDTV injection of NICD/AKT/SB
plasmids induced the development of CCA in WT mice, the
EZH2-LKO mice under the same HDTV injection protocol
developed fewer and smaller tumor nodules in the liver.
Accordingly, the EZH2-LKO mice displayed significantly
lower liver/body weight ratios compared with their littermate
controls under the CCA induction protocol (Figure 1D). The
overall survival period of the EZH2-LKO mice was signifi-
cantly longer than that of control mice (Figure 1E). Immu-
nohistochemistry and immunoblotting analyses of the liver
and CCA tissues showed successful deletion of EZH2 in
EZH2-LKO mice and verified overexpression of NICD and
1715
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Figure 1 Liver-specific deletion of enhancer of Zeste homolog 2 (EZH2) inhibits development of cholangiocarcinoma (CCA) in mice. A: EZH2 expression in
human CCAs and non-tumorous tissues from Gene Expression Omnibus data sets GSE76297 (containing 91 CCAs and 92 adjacent nontumor samples) (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE76297), GSE26566 (containing 104 CCAs, 59 matched nontumor samples, as well as six normal intrahepatic
bile duct samples) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE26566), and GSE107943 (containing 30 CCAs and 27 matched nontumor
samples) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE107943). B: Kaplan-Meier survival and log-rank test showing the disease-free survival
periods of patients with CCA in TCGA-CHOL and GSE107943 data sets. Patients were assigned to EZH2 high or EZH2 low groups with the median EZH2
level of each cohort as cutoff. C and D: Intrahepatic CCAs in liver-specific EZH2 knockout (EZH2-LKO) mice and control mice (C57BL/6 background)
induced by hydrodynamic injection of Notch1 intercellular domain (NICD), AKT, and Sleeping Beauty (SB) transposase plasmids. Gross images of livers of
each group at 5 weeks postinjection are shown in C, and the liver/body weight ratios of these mice are shown in D. E: Kaplan-Meier survival and log-rank
test of EZH2-LKO and littermate control (wild-type [WT]) mice injected with NICD/AKT/SB plasmids (n Z 12 per group). F and G: Hematoxylin and eosin
(H&E) and immunohistochemistry stains (F), and Western blot analysis for indicated molecules (G) in the liver/tumor tissues from NICD/AKT/SBeinjected
mice and noninjected control mice (as shown in C). Data are expressed as means � SD. *P < 0.05. Scale bars Z 100 mm. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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AKT in mice receiving HDTV injection of NICD/AKT/SB
plasmids (Figure 1, F and G). Immunohistochemistry and
immunofluorescence analyses indicated that EZH2 is pre-
dominantly expressed in CCA cells but not in non-tumorous
liver parenchymal cells (Figure 1F and Supplemental Figures
S1 and S2). These results show that EZH2 enhances CCA
development in mice.

EZH2 Silences a Panel of Tumor-Inhibiting Genes in
CCA

To further investigate the mechanism of EZH2 in CCA, two
lines of EZH2-floxed CCA cells (termed #22891 and
#22893) were established from NICD/AKT/SBeinduced
1716
CCA in EZH2flox/flox mice, as outlined in Figure 2A. As
shown in Figure 2B, transduction of the EZH2-floxed CCA
cells with Ad-Cre virus successfully depleted EZH2 and
consequently decreased H3K27me3 levels as shown by
Western blot analysis (Figure 2B). Depletion of EZH2 by
Ad-Cre in EZH2-floxed CCA cells significantly decreased
cell growth and reduced colony formation capabilities
(Figure 2, C and D). The aforementioned CCA cells with or
without EZH2 deletion were then processed for RNA-Seq
analysis to identify EZH2 downstream targets. To this
end, RNA-Seq was performed by using total RNA isolated
from EZH2-floxed CCA cells infected with Ad-Cre or
control virus for 72 hours. This approach led to the identi-
fication of 839 up-regulated genes (>1.7 fold)
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Enhancer of Zeste homolog 2 (EZH2) deletion inhibits mouse cholangiocarcinoma (CCA) cell growth and up-regulates the expression of tumor-
inhibiting genes. A: Schematic illustration for establishment of EZH2-floxed CCA cells from mouse CCA tissues. B: Western blot analysis showing the levels of
EZH2 and H3K27me3 in mouse #22891 and #22893 CCA cells with or without EZH2 deletion (infected by Ad-Cre or control virus [Ad-Con] for 3 days). C: The
proliferation of mouse EZH2-deleted or control CCA cells as determined by WST-1 assays. D: Representative images (left) and quantification (right) of colony
formation assays of mouse CCA cells with or without EZH2 deletion. E: Gene Ontology analysis of genes upregulated �1.7-fold (P < 0.001) in EZH2-deleted
#22891 cells versus control cells. F: Heatmap illustrating the expression of the 12 identified tumor-inhibiting genes in patients with CCA from the Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE76297; accession number GSE76297). G: Quantitative RT-PCR anal-
ysis to determine the levels of the 12 tumor-inhibiting genes in EZH2-depleted and control CCA cells. H and I: EZH2-depleted human CCA cells (CCLP1) (H) and
mouse #22891 CCA cells (I) were transfected with siRNAs targeting OSGIN1, PAX3, CDKN1A, or GAS1; 72 hours posttransfection, the cells were counted on an
automatic cell counter after being stained with Trypan blue. *P < 0.05. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

EZH2 Inhibits CCA Tumor Suppressor Genes
(Supplemental Table S1) in EZH2-depleted CCA cells
versus control cells.

Because the role of EZH2 in cancer is largely attribut-
able to the silencing of tumor-inhibiting genes, the current
analysis focused on genes that were up-regulated in EZH2-
depleted CCA cells. These genes were enriched in various
biologic processes, including cell adhesion, growth,
migration, angiogenesis, and differentiation (Figure 2E), as
indicated by gene ontology analysis. Among them, 18
genes were identified as being involved in the process of
negative regulation of cell growth and migration
(Supplemental Table S2) and 92 genes in the process of
cell differentiation (Supplemental Table S3). Gene vali-
dation in patient data sets and identified a panel of 12 genes
The American Journal of Pathology - ajp.amjpathol.org
whose expression levels were significantly decreased in
patient CCA tissues versus matched nontumor tissues.
These genes included Pax3, Wnt11, Wt1, Sfrp1, Ptprv,
Osgin1, Il1rn, Cdkn1a, Itga7, Bbc3, Sulf1, and Gas1
(Figure 2F). Among them, Pax3, Wt1, and Sfrp1 are known
to be implicated in cell differentiation as well as in nega-
tive regulation of tumor cell growth. The effect of EZH2 on
the expression of the aforementioned 12-gene panel was
further verified by quantitative RT-PCR analysis of CCA
cells with or without EZH2 deletion (Figure 2G). Finally,
four of the aforementioned genes (OSGIN1, PAX3,
CDKN1A, and GAS1) were selected for further rescue ex-
periments to document their tumor-inhibitory functions.
Knockdown of these genes individually partially rescued
1717
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Figure 3 Enhancer of Zeste homolog 2 (EZH2) depletion inhibits human cholangiocarcinoma (CCA) cell growth and restores the expression of tumor-
inhibiting genes. A: Knockdown efficiency of EZH2 by shRNA in Human CCA cells (CCLP1) was determined by immunoblotting. B: The proliferation of
EZH2-depleted and control CCLP1 cells was determined by using WST-1 assays. C: Representative images (upper) and quantification (lower) of colony for-
mation assays of CCLP1 cells with or without EZH2 depletion. D: Representative images (upper) and quantification (lower) of transwell invasion assay of CCLP1
cells with or without EZH2 depletion. E: Quantitative RT-PCR analyses of the 12 tumor-inhibiting genes in CCLP1 cells with or without EZH depletion by shRNA.
F: Gross liver images (upper) and liver/body weight ratio (lower) of SCID mice at 12 weeks posteintrahepatic inoculation of EZH2-depleted or control CCLP1
cells (1 � 106 per mouse, n Z 6 for each group). G: Representative images of hematoxylin and eosin (H&E) and immunohistochemistry stains of SRY-box
transcription factor 9 (SOX9) and Ki-67 in the liver tissues shown in F; high-power image of Ki-67 stain in right panel. *P < 0.05, **P < 0.01, ***P < 0.001.
Scale bars: 100 mm (D); 200 mm (G). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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EZH2 depletioneinduced inhibition of CCA cell growth
(Figure 2, H and I).

Depletion of EZH2 by shRNA in Human CCA Cells
Restores the Expression of Tumor-Inhibiting Genes and
Inhibits the Growth of Tumor Cells, in Vitro and in Vivo

To further determine the role of EZH2 in CCA, human CCA
cells (CCLP1) with stable depletion of EZH2 were estab-
lished by shRNA plasmid transfection. Depletion of EZH2
protein was confirmed by Western blot analysis (Figure 3A).
EZH2 depletion led to a remarkable decrease in cell pro-
liferation, colony formation, and invasion/migration
(Figure 3, B-D). Quantitative RT-PCR analysis was per-
formed to determine the level of tumor-inhibiting genes in
CCLP1 cells with or without EZH2 depletion. Consistent
with the effect of EZH2 on the expression of tumor-
inhibiting genes as documented in patient CCA samples
and mouse CCA cells, mRNA levels of the aforementioned
12 tumor-inhibiting genes in human CCA cells were also
significantly increased after knockdown of EZH2
(Figure 3E). CCPL1 cells stably transfected with EZH2
shRNA or control vectors were next inoculated into the
1718
livers of SICD mice, and the animals were observed for 12
weeks after tumor cell inoculation. EZH2 knockdown
significantly decreased tumor size and liver/body weight
ratios (Figure 3E). Hematoxylin and eosin stain and
immunostain for SOX9 indicated that the livers inoculated
with EZH2-depleted cells developed smaller intrahepatic
tumor lesions compared with livers inoculated with control
vector cells (Figure 3F). Immunohistochemistry for the
proliferation marker Ki-67 showed decreased nuclear
staining in EZH2-depleted tumor cells (Figure 3G).
Together, these results indicate that depletion of EZH2 in
human CCA cells restored the expression of tumor-
inhibiting genes and inhibited the growth of tumor cells
in vitro and in vivo.

The EZH2 Inhibitor, GSK126, Inhibits CCA Growth and
Restores the Expression of Tumor-Inhibiting Genes in
CCA Cells

Because GSK126 is a highly selective small molecular in-
hibitor of EZH2,23 the effects of GSK126 on CCA growth
were evaluated next. The efficacy of GSK126 on CCLP1
cell growth was first examined in vitro. Successful reduction
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Treatment with GSK126 inhibits cholangiocarcinoma (CCA) growth in vitro and in mice. A: Immunoblotting for enhancer of Zeste homolog 2
(EZH2) and H3K27me3 levels in human CCA cells (CCLP1) treated with GSK126 or vehicle control for 24 hours. B: WST-1 assays of CCLP1 cells treated with
GSK126 or vehicle control. C: The mRNA levels of the 12 tumor-inhibiting genes in CCLP1 cells with or without GSK126 treatments were measured by using
quantitative RT-PCR. D: CCAs in wild-type FVB mice were induced by hydrodynamic tail vein injection of Notch1 intercellular domain/AKT/Sleeping Beauty
plasmids. Seven days postinjection, mice were treated with GSK126 (150 mg/kg) or 20% Captisol (vehicle control) via i.p. injection every 2 days for 4 weeks
(n Z 6 per group). Representative livers from each group of mice are shown in the left panel. The liver/body weight ratios were calculated and are shown in
the right panel. E: Representative hematoxylin and eosin (H&E) and immunohistochemistry stains of SOX9 and Ki-67 in the liver/tumor tissues shown in D;
high-power image of Ki-67 stain in the right panel. *P < 0.05, **P < 0.01. Scale bars Z 200 mm. DMSO, dimethyl sulfoxide.

EZH2 Inhibits CCA Tumor Suppressor Genes
of H3K27 trimethylation by GSK126 treatment was
confirmed by immunoblotting analysis (Figure 4A).
GSK126 treatment significantly reduced CCLP1 cell pro-
liferation (Figure 4B). To assess the extent of GSK126
treatment on the expression of tumor-inhibiting genes,
quantitative RT-PCR was performed by using total RNA
isolated from CCLP1 cells treated by GSK126 or vehicle
control (dimethyl sulfoxide). As shown in Figure 4C,
GSK126 treatment significantly increased the expression of
the 12 tumor-inhibiting genes. These in vitro studies were
followed by further experiments to assess the efficacy of
GSK126 on CCA development in mice. WT mice were
subjected to HDTV injection of NICD/AKT/SB plasmid
solution. Seven days postinjection, the mice were random-
ized into two groups and treated with GSK126 (150 mg/kg)
or vehicle control (20% Captisol) via i.p. injection every 2
days for 4 weeks. The mice were euthanized 24 hours after
the final treatment. As shown in Figure 4D, GSK126
treatment significantly decreased liver tumor burden, with
the average liver/body weight ratio for GSK126 group much
lower compared with that of the control group. Histologic
analysis revealed that GSK126 treatment significantly
decreased CCA tumor lesions and inhibited tumor cell
proliferation (Figure 4E). Together, these results show that
the EZH2 inhibitor GSK126 inhibits CCA cell growth and
The American Journal of Pathology - ajp.amjpathol.org
restores the expression of tumor-inhibiting genes in CCA
cells.

Both EZH2 deletion and GSK126 treatment led to
increased expression of tumor-inhibiting genes, although the
extent of the increase for individual genes varied. While the
exact reason(s) for the observed variations in fold change is
not clear, possible explanations may include different ap-
proaches of EZH2 inhibition, the selection of EZH2
shRNA-transfected cells, or the concentration of GSK126
used in the experiments.

EZH2 Regulates Tumor-Inhibiting Genes in CCA Cells
via Histone Methylation and miRNAs

To delineate the mechanism underlying EZH2 regulation of
tumor-inhibiting genes in CCA, chromatin immunoprecipi-
tation assays with anti-EZH2 and anti-H3K27me3 were
performed followed by high-throughput sequencing in CCA
cells. The enrichment peaks by anti-EZH2 and anti-
H3K27me3 are shown in Figure 5A. Of the 12 tumor-
inhibiting genes, five (Pax3, Wnt11, Wt1, Sfrp1 and Ptprv)
were found to be significantly enriched both by anti-EZH2
and by anti-H3K27me3, which suggests that the expres-
sion of these five genes may be directly regulated by EZH2-
mediated H3K27 methylation (Figure 5B). Conversely, the
1719
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Figure 5 Chromatin immunoprecipitation (ChIP)-sequencing identifies the association of enhancer of Zeste homolog 2 (EZH2) and H3K27 to tumor-
inhibiting genes in cholangiocarcinoma cells. A: ChIP assays were performed in #22891 cells, followed by high-throughput sequencing. Heatmap clus-
tering of ChIP-sequencing profiles indicating EZH2-binding peaks enriched by anti-EZH2, anti-H3K27me3, and IgG are shown. B: The ChIP-sequencing peaks
enriched by anti-EZH2 (top), anti-H3K27me3 (middle) and IgG (bottom) in the locus of Pax3, Wnt11, Wt1, Sfrp1, and Ptprv genes.

Table 1 miRNAs Targeting the Tumor-Inhibiting Panel of 12
Genes

Gene miRNA

Pax3 miR-704, miR-1927
Wnt11 miR-1938, miR-3966
Wt1 miR-1931, miR-1949, miR-704
Sfrp1 miR-1938, miR-378b, miR-1927, miR-5125, miR-6240
Ptprv miR-7069
Osgin1 miR-344c, miR-326, miR-7647, miR-6975, miR-6992,

miR-5627, miR-3077, miR-6913, miR-7030, miR-5626
Il1rn miR-1931, miR-709
Cdkn1a miR-6538
Itga7 miR-1938, miR-5119
Bbc3 miR-1938, miR-2137, miR-709, miR-5126
Sulf1 miR-378b, miR-6240
Gas1 miR-1969, miR-3470b

Zhang et al
remaining seven genes (Osgin1, Il1rn, Cdkn1a, Itga7, Bbc3,
Sulf1, and Gas1) were not enriched by anti-H3K27me3 or
anti-EZH2. Given that deregulation of miRNAs is known to
be involved in CCA development,8,24,25 small-RNA
sequencing was performed to identify miRNAs that may
mediate EZH2 regulation of tumor-inhibiting genes in CCA.
Small-RNA sequencing results showed that 99 miRNAs
were down-regulated (>1.5 fold) (Supplemental Table S4)
in CCA cells with EZH2 depletion. miRNA target predic-
tion tool TargetScan26 identified 36 miRNAs with the po-
tential to target the tumor-inhibiting panel of 12 genes
(Table 1). These results suggest that EZH2 may down-
regulate tumor-inhibiting genes in CCA cells via methyl-
ation of H327 in the DNA locus of these genes or via
regulation of specific miRNAs.

HMGB1 Facilitates EZH2-Mediated H3K27 Methylation

Because EZH2 is also known to regulate cell functions
through direct interaction with other proteins27e33 to form a
multiprotein complex, a mass spectrometryebased prote-
omics approach was used to identify proteins associated
with EZH2 protein in CCA cells. Specifically, immuno-
precipitation was performed in tandem with mass spec-
trometry assays to identify the physically interacting
proteins of EZH2 in CCLP1 cells. This approach led to the
identification of 187 proteins precipitated by anti-EZH2
1720
antibody (Supplemental Table S5). Among those potential
EZH2-binding proteins, HMGB1 was identified with high
coverage and thus was selected for further investigation.
Subsequent immunoprecipitation and immunoblotting
analysis confirmed the interaction between EZH2 and
HMGB1 in both human and mouse CCA cells (Figure 6A).
Histone methyltransferase activity assays were performed

to examine whether HMGB1 might affect the methyl-
transferase activity of EZH2. For this purpose, CCA cells
ajp.amjpathol.org - The American Journal of Pathology
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were transfected with specific siRNA to knock down
HMGB1. As shown in Figure 6B, HMGB1 knockdown by
siRNA significantly decreased the EZH2 methyltransferase
activity (as reflected by decreased production of
H3K27me3). However, the level of EZH2 protein was not
altered by HMGB1 depletion, and vice versa (Figure 6C).
These results suggest that HMGB1 may facilitate EZH2
methyltransferase activity through a proteineprotein inter-
action. Data mining from patients with CCA and mouse
CCA tissue analysis indicated that HMGB1 expression was
significantly increased in both human and mouse CCA tis-
sues compared with respective liver/non-tumorous tissues
(Figure 6, D and E). Furthermore, levels of EZH2 and
HMGB1 in patient CCA tissues were positively correlated
(Figure 6F). These findings suggest that HMGB1 may
enhance the tumor-promoting effect of EZH2 in CCA.

Collectively, the results presented in this study show that
EZH2 promotes CCA growth through silencing a panel of
tumor-inhibiting genes via methylating histone H3K27 in
the gene locus or through regulation of specific miRNAs to
target tumor-inhibiting genes. The results also indicate that
the tumor-promoting effect of EZH2 in CCA could be
further enhanced by HMGB1 (Figure 6G).
Discussion

EZH2, the enzymatic subunit of PRC2, canonically cata-
lyzes the methylation reactions of H3K27 at target DNA
locus for gene silencing.12,13,34 The association of EZH2
overexpression with aggressive and advanced CCA is well-
documented.8,35e37 However, the role of EZH2 in CCA
development has not been previously investigated, and the
target genes of EZH2 in CCA, as well as the underlying
regulatory mechanisms, remain to be defined. The current
study used a mouse model of CCA development induced by
HDTV injection of NICD/AKT/SB plasmids. This approach
combines HDTV delivery and transposase-mediated somatic
integration of oncogenes (activated NICD1 and AKT) into
the hepatocyte genome, which is known to effectively
initiate hepatocyte transformation leading to rapid devel-
opment of CCA.22 This model indicated that EZH2 deple-
tion efficiently prevents CCA development. To our
knowledge, this is the first study establishing EZH2 as a
pro-oncogenic molecule in the development of CCA.

This study established EZH2-floxed CCA cells isolated
from EZH2flox/flox mice, which allows efficient deletion of
EZH2 in CCA cells. Comparison of RNA-Seq data from
CCA cells with or without Ad-Creemediated EZH2 dele-
tion in conjunction with the analysis of human CCA tissues
identified a panel of 12 genes (Pax3, Wnt11, Wt1, Sfrp1,
Ptprv, Osgin1, Il1rn, Cdkn1a, Itga7, Bbc3, Sulf1, and Gas1)
as downstream targets of EZH2 in CCA cells. The identified
genes were further validated by quantitative RT-PCR anal-
ysis of CCA cells with EZH2 depletion and with EZH2
inhibitor treatment. All of the aforementioned genes are
The American Journal of Pathology - ajp.amjpathol.org
known to be involved in pathways related to negative
regulation of cell proliferation and migration, with tumor-
inhibiting functions documented in multiple cancer
types.38e42 For example, Osign1 has been identified as a
tumor suppressor in human hepatocellular carcinoma38;
PAX3, a transcription factor involved in cell proliferation
and survival, is a tumor-suppressor in thyroid cancer39,40;
and CDKN1A has been reported as a tumor suppressor in
CCA.41 GAS1 induces cell arrest and apoptosis, and acts as
a tumor suppressor in multiple cancers.42 The current study
provided novel evidence of these genes being regulated by
EZH2 in CCA cells. The functional impact of representative
genes in EZH2-mediated CCA cell growth is further
corroborated by the observations that knockdown of
Cdkn1a, Osgin1, Pax3, or Gas1 in EZH2-depleted CCA
cells partially reverses the inhibiting effects of EZH2
depletion on CCA cell proliferation.

To explore the mechanisms by which EZH2 regulates
the expression of tumor-inhibiting genes in CCA cells,
chromatin immunoprecipitation assays with anti-EZH2 or
anti-H3K27me3 were performed, followed by high-
throughput sequencing in CCA cells. EZH2 was shown
to induce hypermethylation status of H3K27 in the locus
of five of the 12 tumor-inhibiting genes (Pax3, Wnt11,
Wt1, Sfrp1, and Ptprv) in CCA cells, suggesting that the
expression of these five genes is likely regulated by
EZH2-mediated H3K27 methylation. Additionally, small-
RNA sequencing analysis identified 36 EZH2-regulated
miRNAs that target the aforementioned 12 tumor-
inhibiting genes in CCA cells. These results, along with
the RNA-Seq and chromatin immunoprecipitation
sequencing data, suggest that EZH2 may promote CCA
growth through mechanisms that include down-regulation
of tumor-inhibiting genes via H327 methylation as well as
miRNAs.

EZH2 is known to regulate cellular functions through
mechanisms independent of H3K27 methylation in various
cell types.27e33 For example, multiple lines of evidence
have shown that EZH2 functions as a transcription activator
in cancers.27 EZH2 is known to interact with ERa and
b-catenin to regulate c-Myc and cyclin D1 expression in
breast cancer.28 EZH2 has also been found to increase the
expression of multiple Wnt pathway genes via interacting
with b-catenin in epithelial hyperplasia and colon can-
cer.29,30 In addition, EZH2 reportedly serves as a
transcriptional co-activator with androgen receptor in
castration-resistant prostate cancer cells,31 and as a co-
activator of cyclin D1 transcription in T-cell lymphoma.33

EZH2 can also enhance the activities of certain transcrip-
tion factors through lysine methylation, as shown in
methylation of multiple lysine residues in STAT3 leading to
complete activation of STAT3 in glioblastoma.32 The results
presented in the current study indicate that EZH2 in CCA
cells regulates the levels of multiple miRNAs, which may
provide an explanation for H3K27me3-independent func-
tions of EZH2.
1721
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Figure 6 High mobility group box 1 (HMGB1) facilitates enhancer of Zeste homolog 2 (EZH2) methyltransferase activity via proteineprotein interaction. A:
Cholangiocarcinoma (CCA) cell extracts were subjected to immunoprecipitation (IP) using anti-EZH2 antibody or isotype IgG followed by Western blot analysis. B:
Mouse CCA cells were transfected with HMGB1-targeting siRNA or scramble control. Seventy-two hours posttransfection, nuclear extracts were collected and
subjected to EZH2 methyltransferase activity assays using H3K27 as substrates. C: Detection of EZH2 and HMGB1 by immunoblotting in mouse CCA cells with EZH2
deletion (by Ad-Cre virus infection) (upper panel) or with HMGB1 knockdown (by siRNA transfection) (lower panel). D: HMGB1 expression levels in human CCAs
and non-tumorous tissues of Gene Expression Omnibus data sets GSE76297 and GSE107943. E: HMGB1 levels in CCAs from wild-type mouse at 5 weeks post-
eNotch1 intercellular domain (NICD)/AKT/Sleeping Beauty (SB) plasmids injection. Liver tissues from noninjected mice were used as controls. F: Correlation of
EZH2 and HMGB1 mRNA levels in patient tissues from data sets GSE76297 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE76297) or GSE107943
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE107943). G: Schematic illustration of the mechanisms of EZH2 in CCA. *P < 0.05.
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Another novel aspect of this study is the identification of a
functional connection between HMGB1 and EZH2 in CCA.
HMGB1 mediates a broad range of physiological and path-
ologic processes in the liver, including cell proliferation,
autophagy, inflammation, and immunomodulation.43e45

Targeting HMGB1 constitutes a favorable therapeutic strat-
egy for inflammatory diseases and cancer.46 With respect to
CCA, previous studies on HMGB1 have primarily focused
on its clinical and prognostic values in patients,47,48 whereas
the potential function of HMGB1 in CCA has not been
investigated. The current study indicated a positive corelation
between the mRNA levels of EZH2 and HMGB1 in patient
CCA tissues. The interaction between EZH2 and HMGB1
proteins in CCA cells was identified by mass spectrometry
and confirmed by immunoprecipitation and immunoblotting
analysis. Further histone methyltransferase activity assays
showed that HMGB1 knockdown decreased EZH2 methyl-
transferase activity. Given that the level of EZH2 protein was
1722
not altered by HMGB1 depletion (or vice versa), we reason
that HMGB1 may regulate EZH2 methyltransferase activity
through proteineprotein interaction. Because EZH2 methyl-
transferase activity is known to be regulated allosterically,49

it is possible that HMGB1 may bind to EZH2 and enhance
its enzyme activity through allosteric regulation. The precise
mechanism for HMGB1-mediated regulation of EZH2 ac-
tivity remains to be delineated in future studies. In this
context, the results presented in the current study suggest a
possible synergistic action of HMGB1 on EZH2 methyl-
transferase activity through direct proteineprotein interac-
tion, which may reflect their cancer-promoting effects in
CCA. Whether the interaction between EZH2 and HMGB1
can be targeted for CCA treatment remains to be determined.
The current study used a mouse model of CCA induced

by NICD/AKT to assess the therapeutic efficacy of the
EZH2 inhibitor, GSK126. GSK126 treatment significantly
decreased the development of CCA in mice. These findings
ajp.amjpathol.org - The American Journal of Pathology
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provide additional preclinical evidence for utilization of
GSK126 in CCA treatment. A potential pitfall for the NICD/
AKTeinduced CCA model is the short disease course of
CCA, which prevents assessment of treatment efficacy at a
later time point when the disease has progressed. Further
clinical studies are needed to determine whether GSK126
can be used as an effective therapeutic agent for the treat-
ment of patients with CCA.

The current studies indicated that EZH2 knockout was
more effective than GSK126 treatment in reducing the CCA
tumor burden. For the EZH2 knockout model, the liver/
body weight ratio was decreased from 0.178 to 0.114,
reflecting an approximately 35% reduction of tumor burden.
For the GSK126 treatment model, the liver/body weight
ratio was reduced from 0.289 to 0.231, indicating an
approximately 20% reduction of tumor burden. However,
because the experiments for EZH2 knockout and GSK126
treatment were performed in mice with different genetic
backgrounds, it is challenging to accurately compare the
tumor-inhibiting efficiency of those two different
methodologies.

In summary, this study presents important evidence for
the role of EZH2 in CCA development and tumor pro-
gression. By using complementary approaches of CCA
models, RNA-Seq, miRNA-sequencing, proteomics, and
biochemical analyses, the study dissected an important
regulatory network critical in EZH2-mediated CCA growth.
The current results showed that EZH2 promotes CCA
growth through silencing a panel of tumor-inhibiting genes
via methylating histone H3K27 in the gene locus or through
regulation of specific miRNAs to target tumor-inhibiting
genes. Furthermore, they revealed a novel regulatory
mechanism for regulation of EZH2 by HMGB1 in CCA.
The experimental findings provide further evidence in sup-
port of targeting EZH2 and related signaling mechanism as
a potentially effective strategy for CCA treatment.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2022.08.008.
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