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Aberrant expression and function of retinoic acid receptor 'y (RARY) are often involved in the progression of several cancers.
However, the role of RARY in cholangiocarcinoma (CCA), chemoresistant bile duct carcinoma with a poor prognosis, remains
unclear. In the present study, we found that RARYy was frequently overexpressed in human CCA specimens. Its overexpression
was associated with poor differentiation, lymph node metastasis, high serum carbohydrate antigen 19-9 level, and poor progno-
sis of CCA. Downregulation of RARy reduced CCA cell proliferation, migration, invasion, and colony formation ability in vitro
and tumorigenic potential in nude mice. RARy knockdown resulted in upregulation of cell cycle inhibitor P21, as well as down-
regulation of cyclin D1, proliferating cell nuclear antigen, and matrix metallopeptidase 9, in parallel with suppression of the Akt/
NF-kB pathway. Furthermore, overexpression of RARy contributed to the multidrug chemoresistance of CCA cells, at least in
part due to upregulation of P glycoprotein via activation of the Wnt/3-catenin pathway. Molecular mechanism studies revealed
that RARY interacted with 3-catenin and led to 3-catenin nuclear translocation. Taken together, our results suggested that
RARY plays an important role in the proliferation, metastasis, and chemoresistance of CCA through simultaneous activation of

the Akt/NF-kB and Wnt/3-catenin pathways, serving as a potential molecular target for CCA treatment.

holangiocarcinoma (CCA) is the second most common pri-

mary hepatic malignancy, next to hepatocellular carcinoma
(HCC) originating from bile duct epithelia (1). The incidence of
this deadly neoplasm has increased rapidly in the past 3 decades.
CCA is characterized by poor prognosis and a 5-year survival rate
of less than 5% because of its remarkably high malignancy, early
metastasis, and multidrug resistance (2). Thus, it is urgent to ad-
dress the mechanisms underlying CCA proliferation, metastasis,
and chemoresistance for the development of novel therapeutic
strategies.

Like other nuclear receptors, retinoic acid receptors (RARs)
are transcription factors that are essential in embryonic develop-
ment, maintenance of differentiated cellular phenotypes, metab-
olism, and cell death (3, 4). There are three RAR subtypes: , B,
and y. Among them, RARvy plays unique and uncharacterized
roles in many different cell types and specific cell microenviron-
ments. For example, RARYy is critical for maintaining a balance
between hematopoietic stem cell self-renewal and differentiation
(5). It also mediates the retinoic acid (RA)-induced growth arrest
and differentiation of S91 murine melanoma cells (6). Overex-
pression of RARy increases death of SH-SY5Y neuroblastoma
cells in response to RA (7), suppresses the progression of non-
hematopoietic-cell-intrinsic myeloproliferative syndromes (8),
and inhibits the invasiveness of melanoma by RARvy-inducible
gene carbohydrate sulfotransferase 10 (9). RARy also shows an
antiproliferative property in mouse keratinocytes (10).

One of the mechanisms that underlie the above-mentioned
diverse biological activities of RARY in the regulation of differen-
tiation, proliferation, apoptosis, and survival is genomic regula-
tion. However, a considerable number of studies have now shown
that RARs can nongenomically regulate some rapid biological re-
sponses, such as activation of GTPase Rac, protein kinase C, ex-
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tracellular signal-regulated protein kinase 2, and cyclic AMP
(cAMP) response element-binding protein, to play a different role
than genomic regulation (11-13). RARYy can activate cellular SRC
(c-SRC) in the cytoplasm through hormone-dependent direct
binding to ¢-SRC, a process required for neuritogenesis (14). In
particular, a recent report revealed that RAR plays an oncogenic
role via activation of the Akt/NF-kB pathway in the progression of
HCC (15). However, the expression profile of RARy protein and
its roles and mechanisms in CCA progression remain unknown.

In the current study, we found increased RARYy expression in a
subset of human CCAs and a significant correlation of the RARYy
level with the progression of CCA. RARy knockdown in CCA cells
decreased the cell proliferation rate, cell metastatic abilities, and
oncogenic potential both in vitro and in vivo. Moreover, overex-
pression of RARYy contributed to multidrug resistance of CCA
cells via upregulation of P glycoprotein (P-gp). The activation of
the Akt/NF-kB and Wnt/B-catenin pathways in CCA is likely re-
sponsible for the carcinogenic activities of RAR'y.

MATERIALS AND METHODS

Reagents. Goat anti-rabbit and anti-mouse secondary antibodies conju-
gated to horseradish peroxidase, donkey anti-mouse antibody—Alexa
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TABLE 1 Expression of RARYy protein in four different bile duct
specimens

No. with RAR+y expression”

Tissue High-expression
type n */— + ++ +++ rate (%)

T 42 3 8 12 19 73.8

A 42 16 20 4 2 14.3

C 27 15 8 2 2 14.8

N 13 9 4 0 0 0

%2, 56.52; P, 0.000.

Fluor 488 or rabbit antibody—Alexa Fluor 594, normal mouse IgG, Lipo-
fectamine RNAi MAX, Lipofectamine 2000, and Stealth small interfering
RNA (siRNA) were from Invitrogen (Carlsbad, CA, USA). The BioCoat
Matrigel invasion chamber was from BD Biosciences, Inc. (Rockville,
MD, USA). LY294002, BMS345541, 5-fluorouracil (5-FU), 12-O-tetra-
decanoylphorbol-13-acetate (TPA), methyl thiazolyl tetrazolium (MTT),
4',6-diamidino-2-phenylindole dihydrochloride (DAPI), tumor necrosis
factor alpha (TNF-a), Wnt3a, and RA were from Sigma-Aldrich (India-
napolis, IN, USA). Monoclonal antibodies against cyclin A, cyclin Bl,
cyclin D1, cyclin E1, P21, P27, P-gp, PCNA, matrix metalloproteinase 9
(MMP-9), B-actin, and siRNA targeting B-catenin (sif3-catenin) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-
bodies against RARy, AKT, phosphorylated AKT (p-AKT), IkB, and
phosphorylated IkB (p-IkB); monoclonal antibodies against 3-catenin;
and P65 antibodies were from Abcam Ltd. (Cambridge, United King-
dom). The EliVision Plus kit was from Maixin Bio (Fuzhou, China).

Patients and tumor specimens. Informed consent was obtained from
each patient. The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki and was approved by the Institute Re-
search Ethics Committee of the First Affiliated Hospital of Xiamen Uni-
versity. Fresh surgical samples from CCA tissues (T) (n = 42) and the
adjacent noncancerous tissues (A) (n = 42; <3 to 5 cm distant from the
edges of tumor nodules), cholangitis tissues (C) (n = 27); and normal bile
duct tissues (N) (n = 13) were collected between 2007 and 2011. All
patients enrolled into the study did not receive preoperative treatment,
such as radiation or chemotherapy. Metastatic tumors from other tissues
were excluded from the study. The clinical data are shown in Table 1.
Follow-up was performed through outpatient clinic interview and tele-
phone communication for an average period of 1.6 years (range, 1 to 3
years).

Cell culture and transfection. The human CCA cell lines QBC939,
SK-ChA-1, and MZ-ChA-1 were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml penicillin at 37°C in
an atmosphere of 5% CO,. Stealth siRNA targeting RARYy (siRARy; CAG
CTATGAGCTGAGCCCTCAGTTA) and nonspecific Stealth siRNA
(siCtrl) were transfected with Lipofectamine RNAi Max according to the
manufacturer’s instructions. To obtain stably transfected cells, QBC939
cells were transfected with pll3.7 control vector (shCtrl) or pll3.7-RARy
vector (shRARvy) with Lipofectamine 2000.

Cell proliferation assay. Cell proliferation was analyzed by MTT as-
say, as previously described (16). Briefly, a total of 3 X 10’ cells were
seeded in 96-well plates, and MTT was added to each well every 24 h. The
absorbance was measured with a microplate reader (model 680; Bio-Rad,
Hercules, CA, USA) at 490 nm.

Cell cycle analysis. Cells were synchronized to the G,/G, phases by
serum starvation and then cultured for 48 h. The cells were washed twice
with ice-cold phosphate-buffered saline (PBS), harvested, fixed with ice-
cold PBS in 70% ethanol, and stored at 4°C overnight. After centrifuga-
tion, the cells were resuspended in 100 p.g/ml RNase A at 37°C for 30 min
and subsequently stained with 50 pg/ml propidium iodide (PI) at 4°C for
30 min in the dark. The cells were analyzed with a FACScan flow cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA) at 488 nm.

Colony formation. Five hundred cells of the QBC939, SK-ChA-1, or
MZ-ChA-1 cell line were cultured in six-well plates for 14 days and then
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fixed and stained with 0.005% crystal violet. Colonies more than 100 pm
in diameter were counted.

Tumor xenografts. Nude mice (BALB/c; specific-pathogen-free [SPF]
grade; 4 to 5 weeks old) were injected subcutaneously with 200 pl (2 X
10°) cells. The tumor size was measured with a vernier caliper every 3 days.
Tumor volumes were determined according to the following formula:
A X B%/2, where A is the largest diameter and B is the perpendicular
diameter. Mice were sacrificed at day 21 after cell injection, and tumors
were taken for future use. The experiments on drug susceptibility were
divided into two groups (shCtrl and shRARvy). The dosage of 5-FU was 80
mg/kg of body weight/day (using PBS for the control), administered on
day 8 posttransplantation. Mice were also sacrificed at day 21 after cell
injection. The inhibition rate was calculated according to the following
formula: [1 — tumor weight (5-FU)/tumor weight (PBS)] X 100%. All
manipulations involving living mice were approved by the Animal Care
and Use Committee of the First Affiliated Hospital of Xiamen University.

Cell migration and invasion assay. Cell migration was examined by
wound-healing and transwell assays, and in vitro invasion was evaluated
by using a Matrigel invasion chamber. For wound-healing assays, cells
were cultured in 24-well plates with 100% confluence and then wounded
in a line across the slides with a micropipette tip. The medium was re-
moved, and the monolayer was washed with PBS. Graphics were obtained
by 0.05% crystal violet staining after 0, 24, and 48 h of incubation. For
transwell assays, 2.5 X 10* cells were seeded per upper chamber in serum-
free RPMI 1640, whereas the lower chambers were loaded with RPMI
1640 containing 5% FBS. After 24 h, the nonmigrating cells in the upper
chambers were removed with a cotton swab, and cells migrating through
the membrane to the underside of the membrane were stained with 0.05%
crystal violet and counted. Cell in vitro invasion assays were performed
similarly, but with Matrigel.

Gelatin zymography. Cells were seeded in a 6-cm plate and cultured
in serum-free medium with or without 100 nM TPA for 24 h. Conditioned
medium was collected and subjected to electrophoresis on a 10% SDS-
PAGE gel containing 1 mg/ml gelatin. The gels were washed in buffer I (50
mM Tris-HCl, pH 7.5, and 2.5% Triton X-100) for 30 min to remove the
SDS and incubated in buffer II (0.2 M NaCl, 5 mM CaCl,, 50 mM Tris-
HCI, pH 7.5, 0.02% NaNj;) for 48 h. The gels were stained with 0.25%
Coomassie blue R-250 for 30 min and then washed. The gel was visualized
under a chemiluminescence imaging system (Bio-Rad, Hercules, CA,
USA).

qPCR. Quantitative real-time reverse transcription-PCR (qPCR) was
carried out using a Light Cycler 480 (Roche Molecular Biochemicals,
Mannheim, Germany) as previously described (16). Human glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as a control. The
primer sequences are listed in Table 2.

Western blotting. Western blot analyses were performed as previ-
ously described (16). Aliquots containing 20 pg of protein underwent
SDS-10% PAGE and then were transferred onto a polyvinylidene difluo-
ride (PVDF) membrane. The membrane was incubated with primary and
secondary antibodies, and the signal was finally visualized with an en-
hanced chemiluminescence (ECL) system.

THC. Immunohistochemistry (IH) was performed as previously de-
scribed (16). Human CCA tissue sections were immunostained with an-
tibody against RARy (1:200). The IHC scoring was carried out blindly and
independently by two pathologists.

Immunofluorescence (IF). Cells were fixed with 10% paraformalde-
hyde for 30 min, permeabilized using 0.5% Triton X-100 for 15 min, and
blocked using normal donkey serum for 30 min. The primary antibodies
(RARYy, 1:100; B-catenin, 1:100) were added and incubated at 4°C over-
night. The slides were washed and incubated with Alexa Fluor 488- and
Alexa Fluor 594-conjugated secondary antibodies (1:500) at room tem-
perature for 1 h and then costained with DAPI (0.1 pg/ml) to visualize the
nuclei. Negative-control experiments were carried out without primary
antibody. The staining was examined by using a Leica TCS SP5 II laser
confocal microscope (Leica, Barcelona, Spain).
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TABLE 2 Primer sequences for qPCR study

Gene Primer sequence (5'-3")
GAPDH Sense TCACCCACACTGTGCCCATCTACGA
Antisense CAGCGGAACCGCTCATTGCCAATGG
RARYy Sense AAAACTGTATCATCAACAAGG
Antisense CTTCACCTCTTTCTTCTTCTTG
MMP-9 Sense TGACAGCGACAAGAAGTGG
Antisense CTCAGTGAAGCGGTACATAGG
P-gp Sense GACATCCCAGTGCTTCAGG
Antisense GCCACTGAACATTCAGTCG
Cyclin A Sense AAGCACTCCCTGACTGTGG
Antisense CAGGTCTGACTTGAGTGTG
Cyclin B1 Sense CCGAGTCACCAGGAACTCGAA
Antisense CTGTTCTTGGCCTCAGTCC
Cyclin D1 Sense CCTCAACCATCCTGGCTGCG
Antisense AGGACAGACTCCGCTGTGC
Cyclin E1 Sense CACTTTCTTGAGCAACACC
Antisense ATTTCCTCAAGTTTGGCTGCA
P21 Sense CTAGTTCTACCTCAGGCAGCT
Antisense GTCGCTGGACGATTTGAGG
P27 Sense GTTAGCGGAGCAATGCGC
Antisense CAGGCTTCTTGGGCGTCTG

Luciferase reporter assay. QBC939 cells (1.0 X 10° cells/well) were
seeded in 24-well plates for 24 h before transfection. Then, cells in each
well were cotransfected with 500 ng TOP Flash or FOP Flash plasmid and
200 ng B-galactosidase (3-Gal) (for transfection efficiency normalization)
expression vectors using Lipofectamine 2000. The indicated cells treated
with Wnt3a (50 ng/ml) or RA (20 uM) for 6 h were analyzed for luciferase
activity by using a dual-luciferase reporter assay system (Promega, Mad-
ison, WI, USA), according to the manufacturer’s instructions, with a
Modulus single-tube-type multifunction detector (YuanPingHao Bio,
Beijing, China).

Coimmunoprecipitation (co-IP) assay. The cells were lysed in 500 pl
of lysis buffer (10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 10 mM EDTA,
and 1% NP-40) containing protease inhibitors. The lysates were incu-
bated with 20 pl of anti-RARy monoclonal antibody at 4°C for 2 h. Im-
munocomplexes were then precipitated with 20 pl of protein A-Sephar-
ose and incubated for 3 h at 4°C with gentle rotation. After extensive
washing with lysis buffer, the beads were boiled in 40 .l lysis buffer and 10
l 5X loading buffer and analyzed by Western blotting. Normal mouse
IgG was used as a negative control.

Statistical analysis. Data from IHC were analyzed by Pearson’s x test,
and the overall survival rate was evaluated by the Kaplan-Meier method.
The significance of differences between groups was evaluated by Student’s
t test or one-way analysis of variance (ANOVA) when applicable. Data are
represented as means and standard errors of the mean (SEM) from at least
three independent experiments. All data were processed with the SPSS
16.0 statistical software package (SPSS Inc., Chicago, IL, USA).

RESULTS

Clinical significance and overexpression of RARy in CCA. To
assess the expression of RARYy in CCA, qPCR and IHC were per-
formed in a set of 42 tumor tissues (T) and their adjacent noncan-
cerous tissues (A), as well as 27 cholangitis (C) and 13 normal
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tissues (N). As shown in Fig. 1A, RARy mRNA expression was
significantly elevated in 42 T specimens compared with A, C, and
N specimens (P < 0.05). The IHC results showed that RARYy pro-
tein, predominantly present in the cell cytoplasm, was strongly
stained in CCA tissues but weakly or not stained in other tissues
(Fig. 1B, top). The staining intensity of RAR+ protein in four types

g 5-

% *

54: 0
<

o

s 3

 —

s —

[}

g 2 p—

: —_—

2™

3

%} C L L T L

&« N C A T

100

—RARy-High
—RARy-Low

90
80
70
60
50

40

Overall survival rate (%)

30

20

0 6 18 24 30 36

12
Months after surgery (m)

FIG 1 Clinical significance and overexpression of RARy in CCA. (A) Expres-
sion of RARy mRNA in different bile duct tissues as assessed by qPCR. T, n =
42; A, n=42;C,n=27; N, n = 13. The data were normalized to GAPDH. The
error bars indicate SEM. *, P < 0.05. (B) Expression of RARy protein in
different bile duct tissues as detected by IHC. (Top) Expression of RARy pro-
tein in N, C, T, and A. (Bottom) Four different grades of staining intensity
according to their different positive rates of RARy expression. The scoring
criteria were as follows: +++, >60%; + +, 30 to 60%; +, 10 to 30%; and =,
<10% positive cells. Magnification, X200. (C) Association between RARy
expression and overall survival rate analyzed by the Kaplan-Meier method.
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TABLE 3 Associations between RAR+y and clinical features of CCA

No. with RARy
expression

Feature” n Low High P

Age (yr)
<50 8 2 6 0.932
=50 34 9 25

Sex
Male 32 9 23 0.610
Female 10 2 8

Tumor differentiation
W+ WM 7 5 2 0.003"
M 11 4 7
MP + P 24 2 22

Tumor localization
Intrahepatic 13 4 9 0.541
Extrahepatic 29 7 22

Lymph node metastasis
Positve 27 3 24 0.003"
Negative 15 8 7

CEA (U/ml)
<37 18 5 13 0.839
=37 24 6 18

CA 19-9 (U/ml)
<37 9 5 4 0.024"
=37 33 6 27

W, well differentiated; WM, well to moderately differentiated; M, moderately
differentiated; MP, moderately to poorly differentiated; P, poorly differentiated.
b A P value of less than 0.05 was considered statistically significant.

of bile duct tissues was categorized aslow (* to +) or high (++ to
+++) (Fig. 1B, bottom), and the high-expression rate of RARy
protein in CCA tissues (73.8%) was much higher than that in
other tissues (Table 1) (P < 0.01). These data demonstrated that
RARY is markedly overexpressed in CCA patients.

The clinical data in Table 3 show that RARy overexpression
was significantly associated with poor differentiation, lymph node
metastasis, and a high serum carbohydrate antigen 19-9 (CA19-9)
level (P < 0.05), whereas no association was found with age, sex,
tumor location, and a high serum carcinoembryonic antigen
(CEA) level (P > 0.05). Furthermore, the postoperative overall
survival rate in patients with high RAR+y expression (median sur-
vival time, 9.2 months; cumulative 3-year survival rate, 0%) was
lower than that in patients with low RARy expression (median
survival time, 27.6 months; cumulative 3-year survival rate, 36%;
P < 0.05) (Fig. 1C). These results indicated the clinical signifi-
cance of RARY in the diagnosis and prognosis of CCA patients.

Downregulation of RARYy inhibits CCA cell proliferation
and cell cycle progression. To study the role of RARy in the pro-
gression of CCA, RNA interference was employed. As shown in
Fig. 2A, the endogenous RARy but not RARa or RARB mRNA
levels in three CCA cell lines were reduced after transfection with
siRARy compared with their respective controls. Furthermore,
RAR+y knockdown resulted in suppression of cell proliferation at 3
days to 5 days. QBC939 cells stably transfected with shRARYy also
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showed decreased RARy expression and significantly reduced
proliferation rates compared to those with shCtrl (Fig. 2B). These
data indicated that RARy expression contributes to CCA cell pro-
liferation.

To investigate the oncogenic potential of RARY, colony forma-
tion assays were performed in the cell culture plates. The abilities
of three CCA cell lines to form foci were significantly impaired
after transfection with siRARy compared to that with siCtrl (Fig.
2C). We further assessed the effects of RARy knockdown on the
growth of CCA xenograft tumors in nude mice. RARYy knock-
down led to slower growth, lighter tumor weight (Fig. 2D), and
decreased expression of PCNA protein in QBC939 tumors (Fig.
2E). Therefore, RARy seems to be important for CCA cell tumor-
igenesis.

Cell cycle analysis was performed to examine whether there is
cell cycle arrest at a specific phase in RARy knockdown cells. Flow
cytometry results showed that RARy knockdown increased the
number of cells in G, phase and decreased th number of cells in S
and G,/M phases (Fig. 2F). Western blotting results showed that
P21 was increased and cyclin D1 was decreased in shRARvy cells
compared with shCtrl cells, whereas the levels of other proteins
were comparable (Fig. 2G). These results were in line with the
qPCR results (data not shown). The data suggested that RARYy
might promote CCA cell cycle procession by regulating P21 and
cyclin D1.

RARY knockdown inhibits metastatic abilities and enhances
drug sensitivity of CCA cells. In the clinical study, overexpression
of RARYy was associated with lymph node metastasis, suggesting
that RARy may play a role in CCA metastasis. To address this
issue, the effects of RARy knockdown on the migratory and inva-
sive abilities of CCA cells were evaluated by using wound-healing
and transwell assays. RARy knockdown inhibited the migration of
QBC939 cells compared with that of the groups treated with TPA
(promoting tumor cell invasion via MMP-9 induction [17]) or
shCtrl cells (Fig. 3A). The data from transwell assays also showed
that the migratory and invasive abilities of QBC939 cells were
inhibited by RARy knockdown (Fig. 3B). Additionally, the mRNA
expression and enzymatic activity of MMP-9 were significantly
decreased by RARy knockdown in the TPA-treated group (Fig. 3C
and D). Hence, MMP-9 might be involved in the suppression of
CCA cell migration and invasion induced by RARy knockdown.

The influence of RARy knockdown on the drug sensitivity of
CCA cells was studied as well. The results showed that RARy
knockdown enhanced the sensitivity of all three CCA cell lines to
5-FU (Fig. 3E). The growth rates of shRARvy and shCtrl QBC939
xenograft tumors in nude mice with 5-FU treatment were com-
pared. There was no obvious difference in tumor weights between
the PBS and 5-FU treatments in the shCtrl group (Fig. 3F). How-
ever, the growth inhibition rate of 5-FU in shRARy tumors
(56.7%) was higher than that in the shCtrl group (5.6%). IHC
staining showed reduced expression of P-gp in both shRARy cells
and tumors compared to their respective controls (Fig. 3G). These
data suggested that downregulation of P-gp may be involved in
the enhanced sensitivity of CCA cells to 5-FU induced by RARYy
knockdown.

RARY knockdown inhibits the activation of the Akt/NF-«kB
pathway. To determine the mechanisms by which RARYy elicits
oncogenic activity, we investigated the effects of RARy on the
regulation of the Akt and NF-kB signaling pathways in CCA,
which have been reported in HCC (15). Figure 4A shows that the

mcb.asm.org 3419


http://mcb.asm.org

Huang et al.

>
w

1509 159 QBCo39 10 I
3 QBCY39-siCt SK-ChA-1-siCtrl_ 1 MZ-ChA-1-siCtr 09 4 -cha-
£ QBCY39-siRARyZZ SK-ChA-1-siRARy B2 MZ-ChA-1-siRARy o SRR gicl any

[ [

B-actin

1004

7 7

%
2
%

Normalized Mean OD

NN

Relative expression of mMRNA (x10 %)

R R
,OrrrRRR
OGO«

50+ /
/ 1d 2d 3d 4d 5d 1d 2d 3d 4d 5d
g Time after siRNA transfection Time after siRNA transfection
3 159 MZ-ChA-1 84
04 2 244 A SE.C_MW
RARa RARB RARy 8 sK}J I% R RARY
c f—— p-actin
s
C SK-ChA-1 MZ-ChA-1 H
°
\ 3
g
sictrl § 2
1d _2d 3d 4d  5d 6 1 2 3 4 5 6 71
Time after siRNA transfection Time (day)

D

SiRARy
shCtrl

I siCtrl
B siRARy shRARy v

700

S
g
2
£ -
= 100 % 800 — shCtrl
r; E 500 ~e- ShRARY ’éa 600
& 2 400 =
IS} * 3 300 * s 400 *
9
o 504 * x -4 g 200 & L
2 100 £ oo
® 2 200
[] 0 e
o
04 7
QBC939 SK-ChA-1  MZ-ChA-1 Oays B
shCtrl
100+ *
RARY it i s .. - - shol s
3 shRARy S 1 == shCtrl
3 804 =1 shRARy
" - : )
S =
- - 5
shRARy & 5
© E
- 5 20
PN, - - - - s - *
0.0 D L
PCNA = ol .L\
G1 S G2/M

shCtrl shRARy

P21 . - ol

3 shRARy
P27
CyclinA

CyclmE1

o
<
*

Cell cycle protelnslB -actin ratio

B-actin | ; P21 P27  CyclinA CyclinB1 CyclinD1 CyclinE1
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enzymatic activity assessed by gelatin zymography. (E) The sensitivity of three CCA cells to 5-FU was significantly enhanced after RARy knockdown. (F) Effects
of RARy knockdown on drug sensitivity of QBC939 cell xenograft tumors in nude mice: tumor sections (left) and growth inhibition rates of 5-FU in shRARy and
shCtrl tumors (right). (G) Expression of P-gp protein in QBC939 cells and xenograft tumor tissues detected by IHC. Magnification, X400. TPA, 100 nM. *, P <

0.05. The error bars indicate SEM.

expression of P21 was upregulated but PCNA was downregulated
in the shRARYy cells, as well as in cells treated with LY294002 or
BMS345541, specific inhibitors of Akt and NF-«B, respectively.
The expression of the P-gp protein was markedly downregulated
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by shRARy or Akt inhibitor compared with that of the control. In
addition, RARYy knockdown, as well as that of the inhibitors, sig-
nificantly reduced TPA-induced MMP-9 mRNA expression (Fig.
4B). These data indicated that PCNA, P21, and MMP-9 expres-
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FIG 4 Activation of the Akt/NF-«B pathway in shCtrl and shRAR cells in the
presence or absence of inhibitors. (A) Western blot analysis of P21, PCNA, and
P-gp protein expression. (B) Expression of MMP-9 mRNA detected by qPCR
in cells with or without TPA treatment. The error bars indicate SEM. (C)
Phosphorylation of key signaling proteins for the Akt/NF-«kB pathway mea-
sured by Western blotting. (D) Cellular localization of p65 after TNF-a treat-
ment detected by IF. LY294002, 1 wM; BMS345541, 1 wM; TPA, 100 nM;
TNF-a, 30 pg/liter. Magnification, X200. ¥, P < 0.05; **, P < 0.01.
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sion regulated by RARy may be linked with activation of the Akt
and NF-kB pathways and that the downregulation of P-gp in
shRARYy cells may be in part through other pathways.

RARvy-mediated activation of the Akt/NF-«kB pathway was fur-
ther illustrated by results showing that TNF-a-induced phos-
phorylation of Akt and IkB was inhibited by RARy knockdown
and that IkB phosphorylation was inhibited by LY294002 (Fig.
4C). Therefore, RARy-mediated activation of Akt is required for
the activation of NF-kB. Furthermore, IF results revealed that
TNF-a-induced p65 nuclear translocation was suppressed by
RARY knockdown (Fig. 4D). Collectively, these results demon-
strated that RARY is involved in the regulation of the Akt/NF-«kB
pathway.

RARY upregulates P-gp through activation of the Wnt/f3-
catenin pathway. Cyclin D1, a target of the Wnt/p-catenin path-
way (18-21), was downregulated in shRARYy cells (Fig. 2G). Inter-
estingly, RA treatment upregulated RARy in 4 h and
downregulated B-catenin phosphorylation in 16 h, as well as up-
regulating total B-catenin in 8 h (Fig. 5A). Luciferase reporter
assays showed that activation of the Wnt/B-catenin pathway was
remarkably enhanced by RA or Wnt3a treatment and was abol-
ished by RARY or 3-catenin knockdown (Fig. 5B). Western blot-
ting revealed that expression of P-gp protein was upregulated by
RA or Wnt3a treatment and retarded by sif3-catenin or siRARvy
(Fig. 5C). These data suggested that the activation of the Wnt/[3-
catenin pathway is necessary for RARy-induced upregulation of
P-gp.

In order to explain the mechanisms by which RARvy activates
the Wnt/B-catenin pathway, the precise cellular localization of
B-catenin was observed under a laser scanning confocal micro-
scope with IF. As shown in Fig. 5D, B-catenin and RARy were
predominantly expressed in the cytoplasm in shCtrl cells. Prein-
cubation with RA significantly increased nuclear translocation of
B-catenin, which could be abolished by RARy knockdown
(shRARv). Additionally, the interaction of endogenous RARy and
B-catenin in QBCY39 cells was evaluated by co-IP assays, and the
results suggested that when treated with RA, RARYy regulated the
localization pattern of B-catenin through physical interaction
with B-catenin in both the cytoplasm and the nucleus (Fig. 5E).
Collectively, these data demonstrated that RARYy served as an es-
sential coactivator for Wnt/@-catenin pathway activation by phys-
ically interacting with B-catenin and thus enhances its transcrip-
tional activity for P-gp.

DISCUSSION

RARY shows various biological functions through both genomic
and nongenomic regulation, which are associated with not only
different cell types but also an aberrant expression profile for itself
(22). Altered expression and subcellular localization of retinoid
receptors are closely linked with cancer progression (23-25). In
the present study, we revealed that RARy was significantly ele-
vated and abnormally expressed in the cytoplasm in human CCA.
Our results are in concert with a previous study regarding the
expression profile of RARy in HCC, which suggests that the over-
expression of RARy may be a common event in patients with
primary hepatobiliary malignancy (15). Expression of RARy
might be a valuable factor in estimating malignancy, tumor ag-
gressiveness, and chemotherapy efficacy, which are highly associ-
ated with the prognosis of CCA (26). Therefore, RARy could be a
potential predictor of poor prognosis of CCA patients after cura-
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(p-B-catenin) expression in QBC939 cells with RA treatment. (B) Activation of Wnt signaling assessed by B-catenin/T-cell factor (TCF)-responsive luciferase
reporter activity, normalized with B-Gal. (C) Western blot analysis of B-catenin and P-gp expression in QBC939 cells with different treatments. (D) Subcellular
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whole-cell extract, cytoplasm, and nuclear extracts assessed by co-IP. No interaction between RARy and (3-catenin was seen in the whole-cell extract without RA
treatment (left), whereas the interaction was seen in both the cytoplasm and nucleus of the RA-treated cells (right).WB, Western blot. (F) Schematic model for
the mechanism by which RARy promotes the growth and chemoresistance of CCA through simultaneous activation of the Akt/NF-kB and Wnt/B-catenin
pathways. The small arrows indicate the net effects of actions of signal transduction. RA, 20 wM; Wnt3a, 50 pg/liter. n = 3. *, P < 0.05; **, P < 0.01.
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tive resection, and its overexpression should be taken into account
in following the optimal treatment scheme.

Previous reports have demonstrated that RARv is an impor-
tant regulator of embryonic development, cell differentiation, me-
tabolism, and apoptosis. RARYy acts as a tumor suppressor or on-
cogene in different cancers, depending on the cell-specific context
(6-10, 15). In the present study, we provided strong evidence that
RARYy is a pivotal oncogene in CCA. First, RARvy plays an active
role in promoting cell proliferation and tumorigenicity, enhanc-
ing migration and invasion, and inducing multidrug resistance of
CCA cells. Second, RARY facilitated the G,/S transition; regulated
P21 and cyclin D1, two critical cell cycle regulators (27); and up-
regulated the expression of the proliferation marker PCNA (28),
which may contribute to tumor growth. Third, CCA is character-
ized by early metastasis (1), in which MMP-9 plays a critical role
(29). RARYy knockdown downregulated MMP-9, supporting a
clinical observation that overexpression of RARYy is frequent in
patients with lymph node metastasis. Last but not least, due to
multidrug resistance in medical treatment, CCA has a poor overall
survival rate despite advances in chemotherapy (1), and the mech-
anisms behind this have been only partially elucidated (30). One
of the best-studied mechanisms is the increased P-gp expression
(31). We also found that overexpression of RARy enhanced the
multidrug resistance of CCA cells via upregulation of P-gp. This
may partially explain the reason for the short overall survival time
of patients with high RARvy expression. Taken together, RARYy
could potently facilitate tumorigenesis and metastasis in many
respects throughout the progression of CCA.

Our findings regarding the molecular mechanism of the onco-
genic activity of RARy in the progression of CCA was in agree-
ment with a previous study showing that the oncogenic effects of
RARYy could be due to Akt/NF-kB pathway activation in HCC
(15). Cytoplasmic localization of nuclear receptors not only reg-
ulates gene transcription by modulating their availability in the
nucleus but also plays an active role in the cross talk with other
pathways (32). For example, RAR subtypes are able to activate the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway (13). The Akt/
NE-kB pathway, a potent regulator of many biological functions,
including cell proliferation, survival, metabolism, and metastasis,
is one of the major survival pathways, while its altered activation is
common in many cancers, including CCA (33, 34). Our study
revealed that RARy knockdown, as well as an Akt or NF-«B path-
way inhibitor, could regulate the expression of PCNA, P21, cyclin
D1, and MMP-9. These results elucidated the molecular mecha-
nism by which RAR plays oncogenic roles in the cell proliferation
and metastasis of CCA.

The survival of the patients with high RARy expression was
worse than that of patients with low RAR+y expression, suggesting
that RARy may regulate the efficacy of chemotherapy. Impor-
tantly, our results demonstrated that the Wnt/B-catenin pathway
was involved in the RARy-induced upregulation of P-gp in CCA
cells. As previous studies reported, many oncogenic factors lead to
sustained activation of the Wnt/B-catenin pathway in the devel-
opment of cancers, including CCA (33, 35, 36). Consequently,
instead of being degraded in the ubiquitin proteasome, (3-catenin
translocates to the nucleus, where it interacts with LEF/TCF tran-
scription factors to regulate target gene expression (37). It has
recently been reported that RARYy interacts with 3-catenin and
induces dissociation of B-catenin from lymphoid enhancer factor
in chondrocyte nuclei (38). However, our study showed that the
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interaction of RARy and B-catenin in the cytoplasm of CCA cells
might result in upregulation of B-catenin and/or facilitate
B-catenin nuclear translocation and subsequently lead to the ac-
tivation of the Wnt/B-catenin pathway. The paradoxical roles of
RARYy in the regulation of B-catenin might depend on its partic-
ular cellular location. Additionally, the activation of Wnt/B-
catenin signaling contributes to multidrug resistance of tumor or
endothelial cells through upregulation of P-gp (18, 19, 21). In-
deed, we also found that RARvy upregulated P-gp expression
through activation of the Wnt/f-catenin pathway.

In conclusion, the present work not only identified RARYy as a
pivotal oncogene in the progression of CCA but also clarified one
of the mechanisms by which RARy could simultaneously activate
the Akt/NF-«kB and Wnt/B-catenin pathways (Fig. 5F). Our find-
ings are potentially beneficial for future development of novel
therapeutic strategies in CCA.
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