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Aberrant expression and regulation of miRNAs have been implicated in multiple stages of tumorigenic
processes. The current study was designed to explore the biological function and epigenetic regulation of
miR-34a in human cholangiocarcinoma (CCA). Our data show that the expression of miR-34a is decreased
significantly in CCA cells compared with non-neoplastic biliary epithelial cells. Forced overexpression of
miR-34a in CCA cells inhibited their proliferation and clonogenic capacity in vitro, and suppressed tumor
xenograft growth in severe combined immunodeficiency mice. We identified three key components of the
Notch pathway, Notch1, Notch2, and Jagged 1, as direct targets of miR-34a. Our further studies show that
down-regulation of miR-34a is caused by Enhancer of zeste homolog 2 (EZH2)-mediated H3 lysine 27
trimethylation as well as DNA methylation. Accordingly, treatment with the EZH2 inhibitor, selective
S-adenosyl-methionine-competitive small-molecule (GSK126), or the DNA methylation inhibitor, 5-Aza-20-
deoxycytidine, partially restored miR-34a levels in human CCA cells. Immunohistochemical staining and
Western blot analyses showed increased EZH2 expression in human CCA tissues and cell lines. We observed
that GSK126 significantly reduced CCA cell growth in vitro and intrahepatic metastasis in vivo. Our findings
provide novel evidence that miR-34a expression is silenced epigenetically by EZH2 and DNA methylation,
which promotes CCA cell growth through activation of the Notch pathway. Consequently, these signaling
cascades may represent potential therapeutic targets for effective treatment of human CCA. (Am J Pathol
2017, 187: 2288e2299; http://dx.doi.org/10.1016/j.ajpath.2017.06.014)
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Cholangiocarcinoma (CCA) is a malignant epithelial cancer
of the biliary tree with poor prognosis.1e12 Despite an
increasing incidence and mortality rate of CCA worldwide,
therapeutic options for patients still are limited and inef-
fective. The molecular pathogenesis underlying CCA
development involves genetic and epigenetic changes, al-
terations of oncogenic and tumor-suppressive pathways,
contribution of the tumor stroma compartment, and aberrant
expression of miRNAs.

The Notch signaling pathway is implicated critically in
the development and progression of CCA.13e19 It consists
of Notch receptors (Notch1 to 4) and two types of ligands,
Jagged (Jag 1 and 2) and Delta-like (Dll 1, 3, and 4) family.
The interaction of Notch receptors and ligands leads to
stigative Pathology. Published by Elsevier Inc
proteolytic cleavage of Notch receptor by g-secretase and
thereby translocation of Notch intracellular domain into the
nucleus, which activates the expression of target genes.
Enhanced Notch1 expression has been reported in human
CCA tissue and cell lines.20 In animal models of chol-
angiocarcinogenesis, mice with constitutive activation of the
Notch1 intracellular domain in hepatoblasts (N1IC;AlbCre)
developed intrahepatic CCA through up-regulation of cyclin
E.15 Similarly, mice with overexpression of the Notch2
intracellular domain in liver (N2IC;AlbCre) developed
mixed hepatocellular-CCA during treatment with the
. All rights reserved.
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MiR-34a Silencing in Cholangiocarcinoma
hepatic carcinogen diethylnitrosamine.18 In both studies, the
Notch pathway activated a subset of liver progenitor cells
(Sox9 and K19-positive cells) and promoted carcinogenesis.
Furthermore, up-regulation of the Notch1 intracellular
domain by inducible nitric oxide synthase also has been
reported in human CCA. These findings document an
important role of Notch signing in CCA.20

miRNAs are small noncoding RNAs (approximately 22
nucleotides in length) that typically repress the expression of
target genes through mRNA degradation or inhibition of
translation.21,22 They are known to target mRNAs through
complementary binding at 30untranslated regions (UTRs)
with their seed sequences (usually two to seven nucleo-
tides). Studies in recent years have shown that miRNAs
have diverse biological and pathophysiological functions
including regulation of carcinogenesis.23,24 For example,
many tumor-suppressor miRNAs are silenced epigenetically
by DNA methylation and/or histone modification, although
these alterations also can activate the expression of onco-
genes, leading to cancer cell proliferation, inhibition of
apoptosis, and cell-cycle progression.23,24 Recently, studies
from several groups have reported dysregulation of several
miRNAs in CCA and their contributions to chol-
angiocarcinogenesis.25 In this regard, epigenetic modifica-
tions underlying down-regulation of miRNAs is being
recognized as an important mechanism for CCA develop-
ment and progression. Thus, miRNAs and epigenetic mol-
ecules represent important therapeutic targets to be
evaluated for future treatment of CCA.

Enhancer of zeste homolog 2 (EZH2) is a histone meth-
yltransferase that catalyzes histone H3 lysine 27 (H3K27)
trimethylation and thus regulates gene expression epige-
netically.26,27 It is the catalytic subunit of polycomb
repressor complex 2, which mediates silencing of target
genes via local chromatin reorganization. Studies have
shown that EZH2 plays a critical role in cancer initiation,
progression, and metastasis, as well as in cancer stem cell
biology, although the biological effects and molecular
mechanisms of EZH2 depend on the tissue context and
specific cancer types.26,27 Given the documented oncogenic
functions of EZH2 in a number of cancer types, targeting
EZH2 with specific inhibitors has been considered a
promising anticancer therapy.26,27 Notably, increased
expression of EZH2 has been found in several types of
cancers and correlates with tumor aggressiveness and poor
prognosis.28e31 However, little is known about the role of
EZH2 in the epigenetic regulation of miRNAs and its
mechanism of action in CCA.

In the present study, we aimed to determine the biological
function and epigenetic regulation of miR-34a in human
CCA. We report for the first time that miR-34a is a key
tumor-suppressive miRNA that is silenced epigenetically by
EZH2-mediated H3K27me3 and DNA methylation in CCA.
Our data provide novel evidence that miR-34a suppresses
CCA cell growth in vitro and in vivo through targeting
Notch pathwayerelated genes (Notch1, Notch2, and
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Jagged1). Furthermore, we show that the expression of
EZH2 is increased markedly in human CCA tissues and cell
lines. We have found that pharmacologic inhibition of
EZH2 restores miR-34a expression and inhibits CCA cell
growth in vitro and inhibits intrahepatic tumor metastasis
in vivo. Our findings suggest the possibility of targeting
miR-34a and EZH2, in addition to Notch signaling, for
effective treatment of human CCA.

Materials and Methods

Reagents and Antibodies

EZH2 inhibitor, GSK126, was purchased from Cellagen
Technology (San Diego, CA) and Sellekchem (Houston,
TX). 5-Aza-20-deoxycytidine (5-Aza-CdR) was obtained
from Sigma-Aldrich (St. Louis, MO). Water soluble tetra-
zolium salts-1 (WST1) assay reagent was purchased from
Roche (Indianapolis, IN). The antibodies against EZH2,
histone H3, Notch1, Notch2, and Jagged1 were purchased
from Cell Signaling Technology (Beverly, CA). The anti-
H3K27me3 antibody was purchased from Abcam (Cam-
bridge, MA). The antibodies against DNA methyltransferase
(DNMT)1 and DNMT3a were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The antieb-actin was
obtained from Sigma-Aldrich.

Cell Culture

Human CCA cells including CCLP1, SG231, HUCCT1,
and TFK1 were cultured according to our methods as
described previously.32 Briefly, the CCLP1 cells were
cultured in Dulbecco’s modified Eagle’s medium (Invi-
trogen, Carlsbad, CA) containing 10% fetal bovine serum
(Sigma-Aldrich) and antibiotics (100 U/mL penicillin and
100 mg/mL streptomycin). The SG231 cells were cultured in
Opti-MEM medium (Invitrogen, Carlsbad, CA) containing
5% fetal bovine serum and antibiotics. The HUCCT1 and
TFK1 cells were cultured in RPMI-1640 medium containing
10% fetal bovine serum and antibiotics. The immortalized
human cholangiocyte H69 cells were provided by Dr.
Gregory J. Gores (Mayo Clinic College of Medicine,
Rochester, MN) and cultured in Bronchial Epithelial Cell
Basal Medium (Lonza, Basel, Switzerland) supplemented
with growth factors (BEGM SingleQuot Kit; Lonza, Wal-
kersville, MD) and 10% fetal bovine serum. All cells were
cultured in a humidified 5% CO2 incubator at 37�C.

Transient Transfection

CCLP1 and SG231 cells were cultured in a 6-well plate and
transfected with miR-34a mimic/inhibitor or its negative
control RNA (Qiagen, Valencia, CA) using Oligofectamine
reagent (Invitrogen) according to the manufacturer’s in-
structions. After 48 hours, the cells were collected for
Western blot and quantitative RT-PCR (RT-qPCR) analysis.
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Table 1 Primer Sequences

Target Forward primer Reverse primer

Notch1 50-ATGTGTTCTCGGAGTGTGTATG-30 50-AGGGACCAAGAACTTGTATAACC-30

Jag1 50-GGGAACCCGATCAAGGAAAT-30 50-CGCCTCTGAACTCTTACTTCTG-30

Notch2 50-AATCCCTGACTCCAGAACG-30 50-TGGTAGACCAAGTCTGTGATGAT-30

EZH2 50-TTGTTGGCGGAAGCGTGTAAAATC-30 50-TCCCTAGTCCCGCGCAATGAGC-30

Actin 50-AGAAAATCTGGCACCACACC-30 50-GTCTCAAACATGATCTGGG-30

Chip primer 1 (P1) 50-ATAATGGTTGGGGCAGGAGG-30 50-TAAAGGTTCCCAGAGACA-30

Chip primer 2 (P2) 50-GAAAGGGTGGGAAATGCAGG-30 50-GGGTGGGAAGGGACATGG-30

MiR-34a gene methylated primer 50-GGTTTTGGGTAGGCGCGTTTC-30 50-TCCTCATCCCCTTCACCGCCG-30

MiR-34a gene unmethylated primer 50-IIGGTTTTGGGTAGGTGTGTTTT-30 50-AATCCTCATCCCCTTCACCACCA-30

Kwon et al
For EZH2 shRNA transfection, the cells were transfected
with two different EZH2 shRNAs (OriGene Technologies,
Rockville, MD) or its control vector (pSMP; OriGene) using
Lipofectamine and Plus reagents (Invitrogen) according to
the manufacturer’s instructions. After 48 hours of trans-
fection, the cells were collected for RT-qPCR analysis.

Cell Proliferation Assay

The growth of CCA cells was measured by cell counting or
WST-1 assay. The cells (1 � 104 per well) were seeded in 12-
well plates in triplicate and transfected with miR-34a mimic or
scramble control. On the indicated day, the cells were detached
using 0.05% trypsin-EDTA and suspended in 1 mL of culture
medium. After staining cells with a 1:1 ratio of Trypan blue
(Invitrogen), the number of cells was counted under the mi-
croscope. For WST-1 assay, the cells (5 � 103 per well) were
seeded in 96-well plates at least in triplicate and treated with
vehicle control or N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT)/GSK126. At the indicated
time point, the culture medium was removed and cells were
incubated with 90 mL of serum-free medium containing 10 mL
of WST-1 reagents for 2 hours at 37�C. The absorbance of
each sample was measured at 450 nm by using an automatic
enzyme-linked immunosorbent assay plate reader (VersaMax
Microplate Reader; Molecular Devices, Sunnyvale, CA).

Colony Forming Assay

The cells (1 � 103) were plated in 10-cm dishes and
cultured for 14 days to allow colony formation. The col-
onies were fixed with 100% methanol and then stained with
0.1% crystal violet solution. For GSK126/DAPT treatment,
the cells (5 � 103) were plated in 10-cm dishes and treated
with the indicated doses of GSK126/DAPT or vehicle. After
14 days of cell culture, colony formation was determined by
crystal violet staining.

RT-qPCR

Total RNA from cells was extracted with TRIzol reagent
(Invitrogen) and reverse-transcribed with iScript Supermix
(Bio-Rad, Hercules, CA). After normalization of cDNA
concentration, RT-qPCR was performed in triplicate using
2290
SsoAdvanced SYBR green supermix on a C1000 thermal
cycler (Bio-Rad). Primer sequences used in this study are
detailed in Table 1. Results were analyzed using CFX
Manager Software version 3.1 (Bio-Rad) and normalized to
actin or glyceraldehyde-3-phosphate dehydrogenase. For
detection of miR-34a, reverse transcription was performed
using the miScript II RT Kit (Qiagen) and RT-qPCR was
performed with the miScript SYBR Green PCR Kit (Qia-
gen). MiR-34a miScript Primer Assays (Qiagen) were used
to determine the expression of miR-34a. RNA U6 small
nuclear 2 (Qiagen) was used as internal control.

Western Blot

Western blot was performed as we described previously.33

Briefly, the cell lysates were sonicated and centrifuged at
12,000 � g for 15 minutes to obtain supernatants. The
protein concentration was measured using a Bio-Rad Pro-
tein Assay Kit. Equal amounts of protein samples were
separated on SDS-PAGE (Bio-Rad) and transferred to a
nitrocellulose membrane (Bio-Rad). After blocking the
membranes with 5% skim milk in 0.1% Tween 20 in
phosphate-buffered saline for 1 hour at room temperature,
the membranes were incubated with primary antibodies
overnight at 4�C. On the following day, the membranes
were incubated with IRDye800-conjugated secondary anti-
bodies and developed using the LI-COR Odyssey Imaging
system (LI-COR Biosciences, Lincoln, NE).

Construction of 30UTR Luciferase Reporter Plasmids
and Luciferase Reporter Activity Assay

Notch1 (SC215771), Jagged1 (HmiT004470), and Notch2
(HmiT011875) 30-UTR reporter plasmids were obtained from
Origene (Rockville, MD) and Genecopoeia (Rockville, MD).
Mutation of the putative miR-34a target sites at the Notch1,
Jag1, and Notch2 30UTRs was achieved using the QuikChange
II site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA). The mutagenic primers were as follows: Notch1
forward, 50-GTCAGCCCAGGCATTATCATTCCCCA-
GAAAAGGGTAGGATGCC-30; reverse, 50-GGCATCC-
TACCCTTTTCTGGGGAATGATAATGCCTGGGCTGAC-
30; Jag1 forward, 50-TTGATTTCCTCACTTAAGGCAGG-
TAATATACTCTATGGCAAATCTAAACAGTGATC-30;
ajp.amjpathol.org - The American Journal of Pathology
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reverse, 50-GATCACTGTTTAGATTTGCCATAGAGTA-
TATTACCTGCCTTAAGTGAGGAAATCAA-30; andNotch2
forward, 50-GAGATCAGTAAAAAGTTTGAAAGG-
TAATATTGTCCTCCTCATCACTGAAACCTGTTG-30;
reverse, 50-CAACAGGTTTCAGTGATGAGGAGGACAA-
TATTACCTTTCAAACTTTTTACTGATCTC-30. The ac-
curacy of the mutant constructs was verified by DNA
sequencing.

SG231 cells were co-transfected with miR-34a mimic/
negative control and Notch1, Jagged1, or Notch2 wild-type/
mutant 30-UTR reporter plasmid. After 24 hours of trans-
fection, the cell lysates were collected and luciferase activity
was measured using a dual-luciferase reporter assay system
(Promega, Madison, WI) in a Centro XS3 LB 960 micro-
plate fluorescence reader (Berthold Technologies, Ontario,
Canada). The luciferase values were normalized to protein
concentration.

Bisulfite Conversion and Methylation-Specific PCR

Genomic DNA was isolated from cells using the DNeasy
Blood and Tissue Kit (Qiagen) according to the manufac-
turer’s instructions. Extracted genomic DNA (1 to 2 mg per
sample) was treated with bisulfite using the EzDNA
Methylation-Gold kit (Zymo Research, Orange, CA) and
then methylation-specific PCR (MSP) was performed using
the ZymoTaq Premix (Zymo Research). The PCR condi-
tions were as follows: 95�C for 10 minutes followed by 40
cycles of 95�C for 30 seconds, 56�C for 30 seconds, and
72�C for 30 seconds. Final extension was performed at
72�C for 7 minutes. The PCR products were separated in a
2% agarose gel and identified by ethidium bromide staining.
The primer sequences for MSP are described in Table 1.

Establishment of a Stable Cell Line

SG231 cells were transfected with miR-34a expression
vector (HmiR0005-MR03; Genecopoeia) or control vector
(CmiR0001-MR03; Genecopoeia) using Lipofectamine and
Plus reagent (Invitrogen). After 72 hours of transfection, the
medium was replaced with fresh medium containing
increasing concentrations of puromycin (from 0.2 to 1 mg/
mL; Invitrogen) for selection. The selection medium was
changed every 2 to 3 days and viable cells were subcultured
with selection medium. Transfection efficiency was moni-
tored by green fluorescent protein signals under a fluores-
cent microscope and the expression of miR-34a was
confirmed by RT-qPCR analysis.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed with the Simplechip Enzymatic Chromatin IP kit (Cell
Signaling Technology, Billerica, MA) according to the man-
ufacturer’s instructions. Briefly, the cross-linked chromatin
was sonicated and subjected to immunoprecipitation with 8 mg
The American Journal of Pathology - ajp.amjpathol.org
of anti-H3K27me3 (Abcam)/anti-EZH2 (Abcam) or mouse/
rabbit IgG control. Purified ChIP DNA was obtained and
amplified by real-time quantitative PCR using specific primers
detecting the CpG-enriched upstream region of human miR-
34a. The primer sequences are shown in Table 1.

Immunohistochemistry

Immunohistochemistry of EZH2 was performed in the
formalin-fixed, paraffin-embedded tissue specimens surgically
resected from CCA patients according to the approval of the
Institutional Review Board. The tissue sections were depar-
affinized and subjected to heat retrieval at 95�C for 40 minutes
and cooling down to room temperature for 20 minutes. After
washing the sections with deionized water, endogenous
peroxidase activity was quenched by incubation with 3% H2O2

for 5 minutes, followed by buffer wash (TWB945; Biocare
Medical). The sections were incubated with avidin (AB972;
Biocare Medical, Pike Lane Concord, CA) for 10 minutes and
biotin for 10 minutes. Nonspecific binding was blocked by
Sniper (BS966; Biocare Medical) for 10 minutes. The sections
were incubated with EZH2 primary antibody at a 1:50 dilution
for 60 minutes at room temperature. After repeated washes, the
sections were incubated with horseradish-perox-
idaseeconjugated secondary antibody for 30 minutes and
horseradish-peroxidaseelabeled micropolymer (mach-4; Bio-
care Medical) for 30 minutes at room temperature. The 3,30-
diaminobenzidine was added and color was developed for 1
minute. Finally, the slides were counterstained with
hematoxylin.

CCA Xenograft Model

Weused 5- or 6-week-old male nonobese diabetic CB17-prkdc/
severe combined immunodeficiency (SCID) mice purchased
from The Jackson Laboratory (Bar Harbor, ME). Scramble
control miRNA or miR-34aeoverexpressed SG231 cells
(2� 107 cells/50 mL)weremixedwith BDMatrigel matrix high
concentration (BDBiosciences, San Jose, CA) in a total volume
of 100 mL for a 1:1 ratio, and then cell suspension mixture
(1 � 106 cells/10 mL) was injected directly into the livers of
SCIDmice (nZ 6) using aHamilton syringe (model 75NSYR;
Hamilton Co., Reno, NV). The mice were observed over 6
weeks for tumor formation.At sacrifice, the liverswere dissected
surgically and the tumor volumewas calculated by the following
formula: Tumor volumeZ (p � length � width2)/6.

For EZH2 inhibitor study, CCLP1 cells (2 � 107 cells/
50 mL) were mixed with BD Matrigel matrix high concen-
tration in a total volume of 100 mL for a 1:1 ratio. Cell
suspension mixture (1 � 106 cells/10 mL) was inoculated
directly into the liver of SCID mice (n Z 6) using a
Hamilton syringe. After 3 weeks, the mice were randomized
into two groups and treated with vehicle control (20%
Captisol) or GSK126 [150 mg/kg diluted with dimethyl
sulfoxide and 20% modified cyclodextrin (Captisol, San
Diego, CA)]) by intraperitoneal injection twice a week for
2291
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Figure 1 MiR-34a regulates proliferation and colony formation of human cholangiocarcinoma cells in vitro. A: The levels of miR-34a in nonmalignant
human cholangiocyte cell (H69) and cholangiocarcinoma cells (CCLP1, SG231, HUCCT1, and TFK1) by quantitative RT-PCR (RT-qPCR) analysis. B: The growth of
cells (CCLP1 and SG231) was measured by counting at the indicated time point after transfection of miR-34a mimic or scramble control. C: Representative
images of colony formation. CCLP1 and SG231 cells were transfected with miR-34a mimic or scramble control and cultured for 10 days, and stained with crystal
violet. D: Successful overexpression of miR-34a was confirmed by green fluorescent protein (GFP) expression under fluorescence microscope and RT-qPCR in
SG231 cells with stable miR-34a overexpression. E: The proliferation and colony formation for control (pEZX-CN) and miR-34aeoverexpressed (pEZX-miR34a)
SG231 cells was determined by WST1 assay and crystal violet staining, respectively. Data are expressed as means � SEM (A and D); data are expressed as
means � SD (B and E). **P < 0.01, ***P < 0.001 versus H69; yP < 0.05, yyP < 0.01, yyyP < 0.001 versus control at each time point. Original magnification:
�100 (D). Ctrl, control.

Kwon et al
an additional 5 weeks. At the end of the experiments (8
weeks), the liver tumors were recovered and the tumor
volume was calculated. All animal studies were conducted
according to the protocol approved by the Tulane Institu-
tional Animal Care and Use Committee.

Statistical Analysis

Statistical analysis was performed using Graphad Prism
version 5 (GraphPad Software, La Jolla, CA). The tests
included the t-test, one-way analysis of variance along with
Bonferroni adjustment, the Wilcoxon signed-rank test, and
the Fisher exact test. The RT-qPCR data are expressed as
means � SEM, whereas all other quantitative data are
expressed as means � SD. A P value <0.05 was considered
statistically significant.

Results

MiR-34a Suppresses CCA Cell Growth in Vitro

We first evaluated miR-34a expression levels in human
CCA cell lines (CCLP1, HUCCT1, SG231, and TFK1) by
2292
RT-qPCR analysis. Our data showed that miR-34a was
down-regulated significantly in human CCA cells compared
with the non-neoplastic human cholangiocyte cell line (H69)
(Figure 1A). To investigate the functional role of miR-34a in
CCA progression, we transfected CCLP1 and SG231 cells
with miR-34a mimic (because these cells express the lowest
level of miR-34a among the four CCA cell lines); RT-qPCR
analysis confirmed increased miR-34a in cells transfected
with the miR-34a mimic compared with cells transfected with
scramble control miRNA (Supplemental Figure S1A). We
observed that miR-34a mimic significantly inhibited the
growth and colony formation of CCLP1 and SG231 cells
(Figure 1, B and C). As a parallel approach, we also stably
transfected SG231 cells with the miR-34a expression or
control vector (containing green fluorescent protein); the
transfection efficiency was monitored by fluorescence mi-
croscopy for green fluorescent protein and by RT-qPCR
analysis for miR-34a (an approximately fivefold increase of
miR-34a was observed in miR-34a stable cells) (Figure 1D).
We observed that the miR-34a stable cells showed decreased
cell proliferation and colony formation compared with
scramble control cells (Figure 1E). Together, these findings
show that miR-34a mimics treatment or overexpression
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 MiR-34a inhibits the Notch pathway
by targeting Notch1, Notch2, and Jag1. A: Puta-
tive miR-34a binding sites in the 30untranslated
region (UTR) of Notch1, Jag1, and Notch2 mRNA.
30UTR fragments of Notch1, Jag1, and Notch2
containing wild-type or mutated (three mutated
nucleotides are in bold) miR-34a binding site. B:
Western blot analysis for Notch1 (transmembrane/
intracellular region: notch transmembrane region),
Notch2, and Jag1 in CCLP1 and SG231 cells
transfected with miR-34a mimic or scramble con-
trol (Jag1 protein was not detectable in CCLP1
cells). C: Relative Notch1, Jag1, and Notch2 mRNA
expression in CCLP1 and SG231 cells transfected
with miR-34a mimic or scramble control. D:
Western blot and quantitative RT-PCR analysis for
Notch1, Jag1, and Notch 2 in control (pEZX-CN)
and miR-34aeoverexpressed (pEZX-miR34a) SG231
cells. E: Western blot analysis for Notch1, Jag1,
and Notch2 in TFK1 cells transfected with anti
emiR-34a and scramble control. F: Luciferase re-
porter activity in SG231 cells transfected with wild-
type (WT) or mutant (Mut) Notch1, Jag1, or
Notch2 30UTR plasmids and treated with miR-34a
mimic or scramble control miRNA. Data are
expressed as means � SEM (C and D); data are
expressed as means � SD (F). *P < 0.05,
**P < 0.01, ***P < 0.001 versus control mimic or
plasmid transfected cells. Anti-NC, antisense
miRNA negative control; ctrl, control.

MiR-34a Silencing in Cholangiocarcinoma
inhibits human CCA cell growth and decreases their colo-
nogenic capacity in vitro.

MiR-34a Inhibits Notch Pathway by Targeting Notch1,
Notch2, and Jagged1

We next used the miRNA target prediction resources (http://
microRNA.org and http://www.targetscan.org, last accessed
March 4, 2016) to identify potential targets of miR-34a. Our
analyses led to the identification of putative miR-34a
binding sites at 30UTRs of three genes in the Notch
pathway, including Notch1, Jagged1, and Notch2
(Figure 2A). This finding is noteworthy given that Notch
pathway activation is critically implicated in
cholangiocarcinogenesis.13,15,17,18 We observed that
treatment with miR-34a mimic significantly decreased the
expression levels of Notch1, Jag1, and Notch2 in both
The American Journal of Pathology - ajp.amjpathol.org
CCLP1 and SG231 cells, as shown by Western blot and
RT-qPCR analysis (Figure 2, B and C) (Jag1 protein was
not detectable in CCLP1 cells). Similarly, we noted
decreased levels of Notch1, Jag1, and Notch2 in miR-34a
stably overexpressed cells compared with scramble control
miRNA-expressed cells (Figure 2D). Because the TFK1
cells express a relatively high level of miR-34a among the
four CCA cell lines used in this study, we transfected the
TFK1 cells with the miR-34a inhibitor or scramble control
miRNA. RT-qPCR analysis showed that miR-34a
inhibitor transfection led to an approximately 75%
reduction of miR-34a expression in these cells
(Supplemental Figure S1B). We observed that inhibition
of miR-34a increased the expression of Notch1, Jag1, and
Notch2 in the TFK1 cells (Figure 2E). These findings
provide novel evidence that miR-34a regulates three key
molecules of the Notch pathway in human CCA cells.
2293
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Figure 3 Overexpression of miR-34a inhibits cholangiocarcinoma
growth in vivo. SG231 cells stably expressing miR-34a or scramble control
miRNA (1.0 � 106) were mixed in Matrigel solution and inoculated directly
into the livers of severe combined immunodeficiency (SCID) mice (intra-
hepatic injection). We initially started with six mice per group, but one
mouse from the control group died during the injection. After 6 weeks, the
mice were sacrificed and monitored for tumor growth. A: Representative
images of xenograft tumors recovered from five mice for control and six mice
for miR-34aeoverexpressing cells. B: Tumor volume and liver weight. C: The
levels of miR-34a in xenograft tumor tissues as determined by quantitative
RT-PCR. Data are expressed as means � SEM. D: Western blot analysis for
Notch1, Jag1, and Notch2 in control and miR-34aeoverexpressed tumors.
*P < 0.05, **P < 0.01. CN, scramble control.

Kwon et al
To validate miR-34a targeting of Notch1, Jag1, and
Notch2 in CCA cells, we transfected SG231 cells with wild-
type or mutant Notch1, Jag1, or Notch2 30UTR luciferase
reporter constructs; the transfected cells then were treated
with miR-34a mimic or scramble control miRNA to deter-
mine luciferase reporter activity. Our data showed that miR-
34a mimic treatment significantly decreased Notch1, Jag1,
and Notch2 30UTR luciferase reporter activities and that the
effects were abolished by mutation of the miR-34a binding
site in the respective 30UTRs (Figure 2F). These findings
established Notch1, Jag1, and Notch2 as direct targets of
miR-34a in human CCA cells. The role of Notch signaling in
human CCA cells used in our system was confirmed by the
observation that treatment with the g-secretase inhibitor,
DAPT (which prevents proteolytic cleavage of the Notch
2294
intracellular domain), inhibited the growth and colony for-
mation of CCLP1 and SG231 cells (Supplemental Figure S2).

Overexpression of miR-34a Inhibits CCA Growth in Vivo

Given the antitumor effect of miR-34a on CCA cells in vitro,
we further examined whether overexpression of miR-34a
would inhibit tumor growth in a CCA xenograft model. To
this end, SG231 cells stably expressing miR-34a or scramble
control miRNA were inoculated directly into the livers of
SCID mice and the animals were observed for 6 weeks to
monitor tumor growth. The miR-34aeoverexpressed cells
formed smaller-sized tumors in the liver compared
with the scramble control cells (Figure 3A). The miR-
34aeoverexpressed tumors showed significantly decreased
tumor volume, and hence decreased liver weight, compared
with the scramble control tumors (P < 0.05 and P < 0.01)
(Figure 3B). No intrahepatic metastasis was observed in the
livers injected with either control or miR-34aeoverexpressed
cells. An increased miR-34a level in miR-34aeoverexpressed
tumors was confirmed by RT-qPCR analysis (Figure 3C). We
observed that the miR-34aeoverexpressed tumors showed
reduced expression of Notch1, Jag1, and Notch2, as deter-
mined byWestern blot analysis (Figure 3D). Thus far, our data
provide novel evidence that miR-34a suppresses CCA growth
by targeting the Notch pathway in vitro and in vivo.

EZH2 Epigenetically Silences miR-34a Expression
through H3K27 Trimethylation in CCA Cells

We next explored the mechanism that mediates down-
regulation of miR-34a in CCA cells. Intriguingly, a recent
study reported that H3K27 trimethylation (H3K27me3) is
enriched in the promoter region of the miR-34a gene.34

Given that H3K27 trimethylation is mediated by the his-
tone methyltransferase EZH2, we evaluated the expression of
EZH2 in human CCA tissues by immunohistochemical
staining. Remarkably, we observed that EZH2 is expressed
highly in human CCA tissues compared with the non-
neoplastic peribiliary glands (Figure 4A). Nuclear expres-
sion of EZH2 was observed in 12 of 15 cases of human CCA
(80%), although it was not observed in the non-neoplastic
peribiliary glands in all 15 cases (P < 0.01) (Table 2).
Accordingly, increased EZH2 expression also was observed
in human CCA cell lines (CCLP1, HUCCT1, SG231, and
TFK1) compared with the non-neoplastic human chol-
angiocytes (H69) (Figure 4B). To determine whether EZH2
may contribute to the suppression of miR-34a via H3K27
trimethylation, we assessed the effect of GSK126, a selective
EZH2 inhibitor, on miR-34a expression. We observed that
GSK126 treatment reduced the global level of H3K27me3,
without alteration of EZH2 expression (Supplemental
Figure S3A). Notably, GSK126 treatment led to a signifi-
cant increase in miR-34a expression in CCLP1, SG231, and
HUCCT1 cells (Figure 4C). Moreover, ChIPequantitative
PCR assay with an anti-H3K27me3 antibody showed that the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 EZH2 represses miR-34a expression through H3K27 trimethylation in cholangiocarcinoma (CCA) cells. A: Representative immunohistochemistry
for EZH2 in human CCA tissue. The brown color indicates positive signals; nuclei were counterstained as blue. The boxed area in the left panel is shown at
higher magnification in the right panel. B: Western blot analysis for EZH2 in nonmalignant human cholangiocyte cell (H69) and CCA cells (CCLP1, SG231,
HUCCT1, and TFK1). C: The levels of miR-34a in CCA cells with/without GSK126 treatment for 72 hours, as determined by quantitative RT-PCR (RT-qPCR). D:
Chromatin immunoprecipitation (ChIP) assay. The chromatin extracted from CCLP1 and SG231 cells treated with or without GSK126 was subjected to
immunoprecipitation with H3K27me3 antibody, and the precipitated DNA was subjected to RT-qPCR analysis using two sets of primers to amplify the miR-34a
promoter region, as shown in the schematic diagram. Normal mouse IgG was used as the negative control. E: RT-qPCR analysis for miR-34a in SG231 cells
transfected with two individual EZH2 shRNA or control vector (pSMP). F: ChIP assay with EZH2 antibody followed by RT-qPCR analysis in SG231 cells with or
without GSK126 treatment. Data are expressed as means � SD (D and F); data are expressed as means � SEM (C and E). *P < 0.05, **P < 0.01, ***P < 0.001.
Original magnification: �100 (A, left panel); �200 (A, right panel). TSS, transcription start site.

Table 2 Graphic Presentation of EZH2 Staining Intensity in
Human Cholangiocarcinoma Tissue

Staining
intensity Non-neoplastic, n (%) Cholangiocarcinoma, n (%)

0 15/15 (100) 2/15 (13.3)
0.5 0/0 (0) 5/15 (33.3)
1 0/0 (0) 2/15 (13.3)
2 0/0 (0) 2/15 (13.3)
3 0/0 (0) 4/15 (26.7)

n Z 15. P < 0.01 (Wilcoxon signed-rank test).

MiR-34a Silencing in Cholangiocarcinoma
enrichment of H3K27me3 at the pre-miR-34a gene promoter
region (P1; -1136 bp, P2; -1007 bp) was decreased signifi-
cantly by GSK126 in both CCLP1 and SG231 cells
(Figure 4D). These findings support the regulation of miR-
34a expression by EZH2-mediated H3K27me3. Consistent
with the findings in GSK126-treated cells, knockdown of
EZH2 with two different shRNAs resulted in an increase of
miR-34a levels (Figure 4E and Supplemental Figure S3B).
ChIPequantitative PCR with an anti-EZH2 antibody showed
that GSK126 treatment significantly reduced the association
of EZH2 with the preemiR-34a gene promoter (Figure 4F).
Collectively, these data provide novel evidence that EZH2
epigenetically represses miR-34a expression through H3K27
trimethylation in CCA cells.

The EZH2 Inhibitor, GSK126, Inhibits CCA Cell Growth
and Metastasis in Vivo

Our data presented thus far indicate that pharmacologic and
genetic inhibition of EZH2 in CCA cells restores miR-34a
expression through H3K27 trimethylation. We next used a
mouse model of CCA to assess the therapeutic efficacy of
EZH2 inhibition on CCA progression in vivo. For this pur-
pose, CCLP1 cells mixed with Matrigel solution were injec-
ted directly into the livers of SCIDmice and the animals were
observed for 3 weeks to allow tumor establishment. The mice
then were assigned randomly to two groups and treated with
150 mg/kg GSK126 or vehicle control (20% Captisol) by
The American Journal of Pathology - ajp.amjpathol.org
intraperitoneal injection twice a week for an additional 5
weeks (Figure 5A). We observed that GSK126 treatment
decreased the growth of inoculated CCA cells. The average
tumor volume of GSK126-treated mice is lower than that of
vehicle-treated mice (Figure 5B). Notably, GSK126 treat-
ment significantly reduced intrahepatic metastasis [which
was defined by visible tumor nodules (>1 mm) in the unin-
jected liver lobes] (Figure 5B). The body weight of the mice
did not differ significantly between the vehicle- and GSK126-
treated groups, indicating that GSK126 treatment was toler-
ated in those animals (Figure 5C). The liver tumor tissues
from the GSK126-treated group appeared to have decreased
H3K27 trimethylation compared with the tumor tissues from
the vehicle-treated group (Figure 5D). We observed that the
effect of GSK126 in mice somewhat varied depending on the
individual animals.
2295
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Figure 5 Effect of EZH2 inhibitor, GSK126, on cholangiocarcinoma cell growth in vivo and in vitro. A: Experimental design of tumor xenograft and GSK126
intraperitoneal injection in SCID mice. CCLP1 cells (1.0 � 106) were mixed in Matrigel solution and inoculated into severe combined immunodeficiency (SCID)
mice (initially started with six mice per group) via intrahepatic injection and the mice were treated with vehicle (20% Captisol) or 150 mg/kg GSK126 twice a
week for 5 weeks. B: Tumor volume of vehicle and GSK126-treated mice. After injection of CCLP1 cells into the left liver lobe in the mice, intrahepatic
metastasis was determined at 8 weeks by observation of the tumor nodule on the uninjected liver lobes. All of the vehicle-treated mice (five mice) had
intrahepatic metastasis, whereas one of four GSK126-treated mice had intrahepatic metastasis (P < 0.05, Fisher exact test). C: Body weight changes of the
mice. D: The level of trimethylated H3K27 in liver tumor tissues from mice treated with vehicle or GSK126 (only three liver tumor samples were available for
Western blot because of the very small tumor size in the GSK126-treated group). E: The growth of CCLP1 and SG231 cells was determined by WST1 assay after
treatment of GSK126 or vehicle for 72 hours. Colony-forming assay in CCLP1 and SG231 cells with or without GSK126 treatment for 10 days. Data are expressed
as means � SD. ***P < 0.001. Veh, vehicle.

Kwon et al
We also evaluated the effect of GSK126 on CCA cell
growth in vitro. CCLP1 and SG231 cells were treated with
different doses of GSK126 and the cells were analyzed for
proliferation and colony formation. We observed that
treatment with GSK126 significantly reduced CCA cell
proliferation and colony formation (Figure 5E). Taken
together, our results suggest that EZH2 inhibition decreased
CCA growth and metastasis, at least in part, through
epigenetic activation of miR-34a.

MiR-34a Expression Also Is Regulated by CpG
Methylation

Previous studies have reported that miR-34a gene promoter
contains CpG islands and its expression is silenced by
aberrant CpG methylation in several types of cancer.35,36

Thus, we further examined whether CpG methylation also
might contribute to miR-34a down-regulation in CCA cells,
in addition to EZH2-mediated H3K27 trimethylation. Spe-
cifically, the CCLP1, SG231, and HUCCT1 cells were
treated with 5-Aza-CdR, an inhibitor of DNA methyl-
transferases, and miR-34a levels were determined by
RT-qPCR analysis. miR-34a expression was increased
significantly by 5-Aza-CdR treatment compared with vehicle
control (Figure 6A). Moreover, MSP was performed using
primers specific for methylated or unmethylated sites in CpG
2296
islands of miR-34a promoter (Table 1). The MSP analysis
showed that 5-Aza-CdR treatment caused demethylation of
the miR-34a promoter region, suggesting regulation of
miR-34a expression by DNA methylation (Figure 6B).
Our data presented hitherto suggest that repression of miR-

34a in CCA cells is associated with both EZH2-mediated
H3K27me3 and DNAmethylation. Because histone and DNA
methylation are known to control the epigenetic mechanism of
gene silencing cooperatively,37,38 we further explored whether
EZH2-dependent H3K27 trimethylation and DNA methyl-
ation may regulate miR-34a expression independently or
coordinately. We treated CCA cells with the EZH2 inhibitor
GSK126 and the cells were analyzed for CpG methylation of
themiR-34a gene promoter byMSP analysis. Our data showed
that the methylation status of CpG islands in the miR-34a gene
promoter was not altered by GSK126 treatment (Figure 6C).
On the other hand, we observed that although 5-Aza-CdR
treatment reduced DNMT1 expression, it did not alter the
levels of H3K27me3 and EZH2 in CCA cells (Figure 6D).
ChIP assay using an anti-H3K27me3 antibody showed
enhancement of H3K27me3 at the miR-34a promoter region
(P1, -1136 bp; P2, -1007 bp); however, such H3K27me3
enrichment was unaffected by 5-Aza-CdR treatment
(Figure 6E). Therefore, EZH2-mediatedH3K27me3 andDNA
methylation appear to silence miR-34a expression epigeneti-
cally through independent mechanisms in human CCA cells.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 EZH2-mediated H3K27 trimethylation
and DNA methylation independently silence miR-
34a expression. A: Relative miR-34a expression
in cholangiocarcinoma (CCA) cells treated with 3
mmol/L 5-Aza-20-deoxycytidine (5-Aza-CdR) or
vehicle for 72 hours, as determined by quantitative
RT-PCR (RT-qPCR) analysis. B: Methylation-specific
PCR (MSP) of genomic DNA from CCLP1 and SG231
cells treated with or without 3 mmol/L 5-Aza-CdR
treatment. C: MSP analysis in CCLP1 and SG231
cells treated with 2.5 or 10 mmol/L GSK126.
D: Western blot analysis for DNMT1, H3K27
trimethylation (H3K27me3), and EZH2 in CCLP1
and SG231 cells with or without GSK126 treatment.
E: Chromatin immunoprecipitation (ChIP) assay.
The chromatin extracted from SG231 cells treated
with 5-Aza-CdR or vehicle was subjected to
immunoprecipitation with H3K27me3 antibody,
and the precipitated DNA was subjected to RT-
qPCR analysis using two sets of primers to
amplify the miR-34a promoter region. Data are
expressed as means � SEM. *P < 0.05,
**P < 0.01. 5Aza, 5-Aza-CdR; M, methylation-
specific primer to the miR-34a promoter
sequence; U, unmethylation-specific primer to the
miR-34a promoter sequence.

MiR-34a Silencing in Cholangiocarcinoma
Discussion

The present study provides novel evidence that miR-34a is
silenced epigenetically by EZH2-mediated H3K27 trime-
thylation and DNA methylation in human CCA cells. Our
data show that miR-34a is an important tumor-suppressive
miRNA that effectively inhibits CCA cell growth in vitro
and in vivo through targeting the Notch pathway receptors
and ligand. We observed that pharmacologic inhibition of
the Notch pathway recapitulates the effect of miR-34a on
CCA growth. Moreover, we show that EZH2 is highly
expressed in human CCA tissues compared with non-
neoplastic peribiliary glands, and that inhibition of EZH2
restored miR-34a expression and thus inhibits CCA growth
and intrahepatic metastasis. Our data presented in this article
show a novel epigenetic mechanism that silences miR-34a
expression in CCA cells and identifies Notch signaling as
a direct target of miR-34a (Supplemental Figure S4). Our
findings provide important preclinical evidence for targeting
miR-34a and related molecules (eg, miR-34a mimic and
EZH2/Notch inhibitors) for future treatment of human CCA.

Deregulation of miRNAs, which can be caused by ge-
netic/epigenetic modification and transcriptional regulation,
has been involved in cancer development and progression.24

A number of tumor-suppressive miRNAs that are silenced
aberrantly are known to prevent cancer development/pro-
gression by negatively regulating proto-oncogenes and/or
genes involved in apoptosis or cell differentiation.39,40

Among these miRNAs, miR-34a expression is reported to
be inactivated by aberrant DNA methylation and this is
implicated in tumor suppression,35,41 although the regula-
tion and function of miR-34a in CCA has not been fully
The American Journal of Pathology - ajp.amjpathol.org
understood. Our data in this study show that miR-34a is
silenced epigenetically by EZH2-mediated H3K27me3 and
DNA methylation in human CCA cells. Consistent with
these findings, we observed that restoration of miR-34a in
human CCA cells led to inhibition of cell proliferation and
colony formation in vitro. Furthermore, our data show that
miR-34a significantly decreased CCA growth in SCID mice.
These findings suggest that miR-34a replacement therapy
may represent an effective strategy for CCA treatment.

Epigenetic silencing of miR-34a has been found in
several types of cancer such as breast, kidney, lung, and
prostate cancers, as a result of aberrant DNA methylation of
its promoter region.35,42e44 Consistent with previous
studies, our findings in the current article showed that
treatment of the DNA demethylating agent 5-Aza-CdR
caused demethylation of the miR-34a gene promoter region
(as determined by methylation-specific PCR) and restored
miR-34a expression in CCA cells.34,36 EZH2 is a histone
methyltransferase that mediates epigenetic gene silencing
through H3K27 trimethylation. Accumulating studies have
identified several miRNAs that are repressed by EZH2 in
cancers.45e47 Here, we show that EZH2 epigenetically
silences miR-34a expression by promoting H3K27 trime-
thylation, and that inhibition of EZH2 up-regulated miR-34a
expression in CCA cells. Although DNA methylation and
H3K27 trimethylation have been linked to establish and
maintain gene silencing,38 our data showed no apparent
epigenetic cross-talk between DNA methylation and H3K27
trimethylation in silencing of miR-34a expression in CCA.

Given the evidence for oncogenic functions of EZH2 in
many types of cancer, targeting EZH2 with specific in-
hibitors has been considered a compelling anticancer
2297
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therapy.26,48 Because the expression of EZH2 is increased
markedly in human CCA tissue and cells as shown in the
current study, we have evaluated the antitumor effect of
EZH2 inhibitor, GSK126, on CCA growth in vitro and
in vivo. Notably, treatment of CCA cells with GSK126
significantly decreased tumor cell growth and colony for-
mation in vitro. Intraperitoneal injection of GSK126 in
tumor-bearing SCID mice also inhibited tumor growth and
intrahepatic metastasis in SCID mice. Based on our obser-
vation that GSK126 restored miR-34a expression in CCA
cells, inhibition of EZH2 may suppress CCA progression at
least partially through up-regulation of miR-34a.

Compelling studies have documented the oncogenic roles
of the Notch pathway in the development and progression of
CCA.13e19 However, treatment with anti-Notch receptors/
ligands antibodies or g-secretase inhibitor has shown vari-
able effects on tumor growth in animal models of chol-
angiocarcinogenesis.15,16,49,50 In the current study, we
identified Notch1, Jag1, and Notch2 as target genes of miR-
34a in human CCA cells. We observed that inhibition of the
Notch pathway by either miR-34a overexpression or g-sec-
retase inhibitor (DAPT) significantly reduced human CCA
cell growth and clonogenic capacity. These findings not only
validate the role of miR-34aeregulated Notch signaling in
cholangiocarcinogenesis, but also suggest an intriguing
possibility of targeting miR-34a in combination with anti-
Notch therapies for effective treatment of human CCA.

In conclusion, the current study establishes miR-34a as an
important tumor suppressor in human CCA. Our findings
disclose a novel epigenetic regulatory mechanism that me-
diates miR-34a gene silencing. The functional and mecha-
nistic studies described in this study show that miR-34a
inhibits CCA growth by targeting the Notch pathway. Our
findings suggest that restoration of endogenous miR-34a
expression by targeting epigenetic machinery (such as the
EZH2 inhibitor) or delivery of exogenous miR-34a mimic
may represent novel therapeutic strategies for the treatment
of human CCA.
Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2017.06.014.
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