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Suppression of 14-3-3C in cholangiocarcinoma cells
inhibits proliferation through attenuated Akt activity,
enhancing chemosensitivity to gemcitabine
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Abstract. The protein 14-3-3C contributes important regula-
tory functions in several cellular processes via binding to
phosphorylated serine/threonine residues, which promotes
cell cycle progression, cell proliferation and anti-apoptosis in
multiple types of cancer. The aim of the present study was
to investigate the functions of 14-3-3C in cholangiocarcinoma
(CCA) progression and elucidate the molecular mechanism
of 14-3-3C expression-mediated protein kinase B (Akt)
phosphorylation and chemosensitivity in CCA cells. In the
present study, 14-3-3C expression was investigated in clinical
specimens using immunohistochemistry and compared with
the clinicopathological features of patients with CCA. The
association between 14-3-3C and phosphorylated Akt (pAkt)
was determined among the tissues of the same patients using
bivariate correlation analysis. The effects of 14-3-3C suppres-
sion on CCA cell function and gemcitabine sensitivity were
investigated using small interfering RNA (siRNA). It was
identified that 14-3-3C expression was positively correlated
with pAkt (P=0.013) and that increased expression of 14-3-3C
and pAkt were significantly associated with poor overall
survival rate and metastasis (P=0.025 and 0.006, respec-
tively). Downregulation of 14-3-3C using siRNA in CCA cell
lines decreased cell proliferation, resulting in the inhibition
of pAkt activity and increasing the protein level of the cell
cycle inhibitor p27. The suppression of 14-3-3C enhanced the
inhibitory effect of gemcitabine on CCA cell proliferation by
inducing apoptotic cell death. Taken together, the results of
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the present study indicated that 14-3-3C is a potential target
for CCA and may serve as a novel therapeutic approach to
enhance chemosensitivity in the treatment of CCA.

Introduction

Cholangiocarcinoma (CCA) is a cancer of the lining of the bile
duct epithelium, the prevalence of which is increasing world-
wide (1-3). CCA is amajor public health problem in the northeast
of Thailand where its etiology is strongly associated with liver
fluke (Opisthorchis viverrini) infection that causes persistent
bile duct inflammation (4). The incidence rates of CCA are
between 93 and 318 per 100,000 individuals annually (5) with
males being more commonly affected than females, and with
an estimated 20,000 mortalities annually (6). CCA progression
is relatively slow and patients frequently present at the hospital
with late-stage disease in which the cancer has spread to other
organs. Notably, chemotherapy in combination with surgery,
rather than surgery alone, decreases tumor size and prolongs
the patients' survival time (7). Therefore, the mechanisms,
particularly alterations in molecular pathways that drive tumor
cell functions during CCA progression, require further investi-
gation in order to contribute to the improvement of guidelines
for the treatment of CCA.

The protein 14-3-3C belongs to the 14-3-3 protein family
that exhibits an oncogenic potential through its interac-
tion with target proteins involved in cancer initiation and
progression (8). 14-3-3C has been identified in several types of
cancer, including breast (9), oral (10) and gastric (11) cancer,
esophageal squamous carcinomas (12) and intrahepatic
CCA (13), leading to apoptosis resistance, cancer recurrence
and chemoresistance (9,14). In contrast, 14-3-3C small inter-
fering RNA (siRNA) treatment of cancer cell lines sensitized
cells to stress-induced apoptosis and effectively decreased the
onset and growth of tumor xenografts (9). In addition, 14-3-3¢
knockdown by siRNA in lung cancer cells increased sensitivity
to cisplatin in vitro and in vivo (15).

The molecular mechanisms by which 14-3-3C exerts its
functions in cancer cells have been elucidated. Neal et al (16)
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reported that 14-3-3T overexpression enhanced protein
kinase B (Akt) phosphorylation via binding to the p85a
regulatory subunit of phosphoinositide 3-kinase (PI3K), an
upstream signaling protein of Akt in breast cancer cell lines,
contributing to cancer cell proliferation and survival. The
PI3K/Akt signaling pathway is prominently activated in CCA,
regulating tumor growth and metastasis, and its inhibitors
may be potentially used as a targeted drug for the treatment
of CCA (17). However, to the best of our knowledge, neither
the functions of 14-3-3C regulating the PI3K/Akt signaling
pathway nor its chemosensitivity in CCA cells have been
reported previously.

In the present study, it was demonstrated that the
co-expression of 14-3-3C and pAkt is associated with a
poor prognosis of patients with CCA. Specific targeting of
14-3-3C inhibited CCA cell proliferation via the suppression
of pAkt activity and enhanced the chemotherapeutic effect of
gemcitabine.

Materials and methods

Human CCA tissues. Tissue specimens from 75 patients with
CCA admitted to Srinagarind Hospital, Khon Kaen University
(Khon Kaen, Thailand) were collected. Of the 75 patients,
50 (67%) were male and 25 (33%) were female. The median
age of patients was 57 years (range, 32-73 years) (Table I).
The paraffin-embedded CCA tissues were obtained from the
specimen bank of the Liver Fluke and Cholangiocarcinoma
Research Center, Faculty of Medicine, Khon Kaen University,
between January 1999 and December 2007. The protocol for
collection and the study design were approved by the Ethics
Committee for Human Research, Khon Kaen University
(HE571283) and written informed consent was obtained from
each subject prior to surgery.

CCA cell lines. The human intrahepatic CCA cell lines
KKU-M213 and its derivative KKU-M214 were isolated
from Thai patients with CCA and established in the Liver
Fluke and Cholangiocarcinoma Research Center. Cells were
cultured in Gibco® Ham's F-12 nutrient mixture (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% Gibco® heat-inactivated fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
and 100 mg/ml streptomycin at 37°C in a humidified incubator
containing 5% CO,.

Immunohistochemical analysis. The expression of 14-3-3C and
pAkt was examined in CCA tissue sections using immuno-
histochemical (IHC) staining. The 4-um-thick tissue sections
were deparaffinized and rehydrated in an aqueous ethanol solu-
tion series. Antigen retrieval was performed by submerging
slides in 10 mM citrate buffer (pH 6.0) and heating in a micro-
wave oven at 100°C for 10 min. The sections were blocked
with 0.3% hydrogen peroxide followed by 10% skimmed
milk at room temperature for 30 min for each blocking step.
Subsequently, the sections were incubated with rabbit antibody
against 14-3-3C (dilution, 1:1,000; cat. no. ab51129; Abcam,
Cambridge, UK) and pAkt (Ser*”?; dilution, 1:1,000; cat.
no. SAB4300042, Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at 4°C overnight. Subsequently, sections were
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incubated with horseradish peroxidase-conjugated EnVision
anti-rabbit secondary antibody at room temperature for 1 h
(undiluted; cat. no. K4003; Dako; Agilent Technologies, Inc.,
Santa Clara, CA, USA). Antigen-antibody complexes were
developed with 3,3'-diaminobenzidine tetrahydrochloride
substrate kit (Vector Laboratories, Inc., Burlingame, CA,
USA) for 10 min, and were counterstained with hematoxylin
for 2 min. The intensity of staining was scored as follows:
0, negative staining; 1, weak staining; 2, moderate staining;
and 3, strong staining. The proportion was scored based on
the percentage of stained cells as follows: 0, all with nega-
tive staining, +1, <25% positive, +2, 25-50% positive; and +3,
>50% positive. The final score was assigned by multiplying the
intensity score by the proportion score. The median of the final
score was selected as a threshold value to determine the high
and low expression of 14-3-3C and pAkt.

Transient siRNA transfection. RNA interference (RNAi)
was performed using a small fragment duplex of RNA
(siRNA) which is specific to 14-3-3C mRNA (SMARTpool
ON-TARGETplus siRNA, ID L-003332-00-0005) containing
four specific sequences, 5'-~AGAAAGGGAUUGUCGAUC
A-3,5-GCAGAUGGCUCGAGAAUAC-3, 5'-GCCCGUAGG
UCAUCUUGGA-3' and 5-AAAGACAGCACGCUAAUA
A-3', and control sequences, 5'-UGGUUUACAUGUCGA
CUAA-3', 5-UGGUUUACAUGUUGUGUGA-3', 5'-UGG
UUUACAUGUUUUCUGA-3' and 5-UGGUUUACAUGU
UUUCCUA-3' (GE Healthcare Dharmacon, Inc., Lafayette,
CO, USA). The CCA cells, seeded at a density of 6x10* cells,
were transfected with 50 nM sil4-3-3C using Lipofectamine
RNAiIMAX (Invitrogen; Thermo Fisher Scientific, Inc.) in
6-well plates for 24, 48 and 72 h post-transfection. The protein
level was determined using western blotting to confirm trans-
fection efficiency. Cellular functions were determined upon
siRNA transfection to CCA cells.

Gemcitabine sensitivitytesting in CCA cells. At 12 h post-seeding,
gemcitabine (Fresenius Kabi Oncology Ltd., Haryana, India)
was added at different concentrations (0, 0.0001, 0.001, 0.01,
0.1, 1, 10 and 100 gM) to CCA cell cultures. The doses of
gemcitabine were selected on the basis of the half-maximal
inhibitory concentration (ICs,) of its treatment of CCA cells.
A concentration of 1 yM, which provided a time-dependent
inhibitory effect, was selected to treat sil4-3-3C-transfected
cells at 24 h post-transfection. To determine cell viability, cells
with combined treatments were cultured for additional time
periods (24 and 48 h). Cell viability and apoptosis assays were
performed at the aforementioned time points.

Western blot analysis. Transfected cells were harvested and
then lysed with radioimmunoprecipitation assay cell lysis
buffer (150 mM NacCl, 0.5 M Tris-HCI pH 7.4, 1% Tween-20,
1% sodium deoxycholate, 0.1% SDS) for 10 min on ice. The cell
lysates were centrifuged at 4°C at 14,000 x g for 10 min. Protein
concentration was determined using a bicinchoninic acid
protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Protein
extracts were solubilized in 4X SDS buffer containing dithioth-
reitol and were boiled at 95°C. Protein was loaded (20 pg/well)
and separated on 10% polyacrylamide gel by SDS-PAGE prior
to being transferred onto polyvinylidene fluoride membranes.
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Table 1. Association between the co-expression of 14-3-3C and pAkt (Ser*”*) with clinicopathological characteristics of patients

with CCA demonstrated by immunohistochemical staining.

Co-expression of 14-3-3C

and pAkt (Ser*”?)
Factor No. of patients (n=75) High Low Others P-value®
Age, years 0.527
<57 36 18 5 13
>57 39 15 5 19
Sex 0.611
Female 25 13 3 9
Male 50 20 7 23
Histological type 0.118
Papillary 13 4 4 5
Non-papillary 62 29 6 27
Overall metastasis 0.006*
Non-metastasis 28 8 8 12
Metastasis 47 25 2 20

“P<0.05 was considered to indicate a statistically significant difference. pAkt, phosphorylated Akt.

The membranes were blocked with 5% skimmed milk at room
temperature for 1 h and probed with each primary antibody at
4°C overnight, including rabbit anti-human 14-3-3¢ (dilution,
1:1,000; cat. no. ab51129; Abcam), rabbit anti-human pAkt
(Ser*”) (dilution, 1:1,000; cat. no. SAB4300042; Sigma-Aldrich;
Merck KGaA), mouse anti-human PI3K p85a (dilution,
1:2,000; cat. no. ab86714; Abcam), rabbit anti-human Akt (dilu-
tion, 1:1,000; cat. no. 9272; Cell Signaling Technology, Inc.,
Danvers, MA, USA), mouse anti-human p27 (dilution, 1:1,000;
cat. no. 3698S; Cell Signaling Technology, Inc.). 3-actin was
used as a loading control (mouse anti-human fB-actin; dilu-
tion, 1:10,000; cat. no. A5441; Sigma-Aldrich; Merck KGaA).
Following incubation with horseradish peroxidase-conjugated
secondary antibodies, including goat anti-rabbit (dilution,
1:2,000; cat. no. G21234) and rabbit anti-mouse (dilution,
1:4,000; cat. no. A16166; both Invitrogen; Thermo Fisher
Scientific, Inc.) at room temperature for 1 h, the band intensity
was measured using enhanced chemiluminescence Prime
Western Blotting Detection reagent (GE Healthcare, Chicago,
IL, USA). The apparent density of the bands on membranes
was captured by ImageQuant™ Imager (GE Healthcare).

Cell viability and apoptosis assays. The sulforhodamine B
(SRB) assay (cat. no. S1402; Sigma-Aldrich; Merck KGaA)
was used for determining cell viability in transfected
KKU-M213 and KKU-M214 cells. Briefly, cells were seeded
at a density of 2x10° cells in 96-well flat-bottom microtiter
plates and incubated for 24, 48 and 72 h. Cells were then fixed
with 10% trichloroacetic acid and stained with 0.4% SRB
in 1% acetic acid for 45 min. The protein-bound stain was
solubilized with 10 mM Tris base (pH 10.5) and absorbance
was measured at 540 nm using a microplate reader (Sunrise,
Tecan Group, Ltd., Mannedorf, Switzerland). The apoptotic
cells were detected using an Annexin V-FITC and propidium

iodide staining kit (Roche Diagnostics, Basel, Switzerland),
according to the manufacturer's protocol. Stained cells
were enumerated using FACSCanto II flow cytometry and
analyzed using BD FACSDiva™ software, version 6.1.3 (BD
Biosciences, San Jose, CA, USA).

Statistical analysis. Statistical analysis was performed using
SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA).
A survival curve was calculated using the Kaplan-Meier
estimator method. The association between 14-3-3C and pAkt
(Ser*) and patients' clinicopathological data was analyzed
using Fisher's exact test. The correlation between 14-3-3C
with pAkt (Ser*”?) was performed using a Spearman-rank
correlation test. Statistical comparisons between two different
groups were performed using unpaired Student's t-tests. The
significance of the data compared between siRNA-treated
and control groups was analyzed using one-way analysis of
variance, followed by Fisher's least significant difference test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Co-expression of 14-3-3¢ and pAkt is associated with poor
prognosis of patients with CCA. Of the 75 patients with
intrahepatic CCA from whom CCA tissue was obtained, 50
(67%) were male and 25 (33%) female. The age of patients
ranged from 32 to 73 years (median age, 57 years) (Table I).
The histological types were classified as papillary in 13
(17%) and non-papillary in 62 (83%) cases. For all 75 CCA
cases, positive immunohistochemical staining for 14-3-3C and
pAkt was observed in the cytoplasmic region of the tissue
sections (Fig. 1A-D). High co-expression of 14-3-3C and pAkt
was observed in 33 (44%) cases, whereas low co-expression
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Figure 1. Expression of 14-3-3C and pAkt (Ser*’?) in human CCA tissues illus-
trated by immunohistochemical staining. Staining in tumor cells: (A) low
14-3-3C expression, (B) high 14-3-3¢ expression, (C) low pAkt (Ser*’) expres-
sion and (D) high pAkt (Ser”®) expression. Magnification, x400. (E) High
co-expression of 14-3-37 and pAkt (Ser*”®) indicate poor overall survival of
patients with CCA as determined by the Kaplan-Meier estimator method.
Akt, protein kinase B; pAkt, phosphorylated Akt; CCA, cholangiocarcinoma;
PI3K, phosphoinositide 3-kinase.

of 14-3-3C and pAkt was observed in 10 (13%) cases. High
expression of 14-3-3z with low expression of pAkt was
observed in 18 (24%) and low expression of 14-3-3C with
high expression of pAkt was observed in 14 (19%) cases.
The immunohistochemical scores for 14-3-3C and pAkt were
analyzed for correlation using bivariate analysis. The results
revealed that 14-3-3C expression was positively correlated with
pAkt expression (r=0.287; P=0.013).

There was a high co-expression of 14-3-3C and pAkt asso-
ciated with overall metastasis (Table I; P=0.006). Age, sex and
histological type were significantly different between these
two groups. The cumulative survival rate, analyzed using the
Kaplan-Meier estimator method, revealed that patients with
CCA with high co-expression of 14-3-3C and pAkt (n=33) had
a significantly shorter survival time compared with those with
low co-expression (n=10) or inverse expression of 14-3-3C and
pAkt (n=33; P=0.025; Fig. 1E).

Knockdown of 14-3-3C attenuates the PI3K/Akt pathway
and increases the p27 protein level. The 14-3-3C siRNA
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(sil4-3-3C) and the negative control (siControl) were trans-
fected into KKU-M213 and KKU-M214 cell lines. The
successful suppression of 14-3-3C expression at 72 h was veri-
fied by western blot analysis, which identified suppression of
91% in KKU-M213 (Fig. 2A and B) and 76% in KKU-M214
(Fig. 2C and D) cells. To test the hypothesis that knockdown
of 14-3-3C affects the PI3K/Akt signaling pathway resulting
in interference of the CCA cell cycle, the levels of pAkt
(Ser*™), a downstream signaling molecule of PI3K, and the
cyclin-dependent inhibitor p27, were assessed by western blot-
ting in KKU-M213 (Fig. 2A and B) and KKU-M214 (Fig. 2C
and D) cells. The results identified that the ratio of pAkt (Ser*’)
to Akt was significantly decreased in sil4-3-3C-transfected
CCA cells when compared with siControl-transfected cells.
sil4-3-3C transfection did not interfere with the PI3K p85a
level. Knockdown of 14-3-3C inhibited cell cycle demonstrated
by markedly increasing p27 protein levels was observed for
transfected KKU-M213 and KKU-M214 cells at 48 and 72 h
post-transfection.

Knockdown of 14-3-3C leads to enhanced chemosensitivity to
gemcitabine. It was investigated further whether knockdown
of 14-3-3T may enhance the chemosensitivity of gemcitabine
in CCA cells. KKU-M213 and KKU-M214 cells were trans-
fected with sil4-3-3C with or without gemcitabine for 48 and
72 h and subjected to cell viability (Fig. 3) and apoptosis assays
(Fig. 4). sil4-3-3C (50 nM) transfection significantly inhib-
ited KKU-M213 cell viability by 10 and 29% at 48 and 72 h
post-transfection, respectively, when compared with control
cells (Fig. 3A). sil4-3-3C transfection inhibited KKU-M214
cell viability by 28 and 35% at 48 and 72 h post-transfec-
tion, respectively, compared with control cells (Fig. 3B).
Furthermore, treatment with 1 M gemcitabine combined with
50 nM si14-3-3C transfection was analyzed, to test whether
this combination was able to enhance the inhibitory effect on
viability in CCA cells. KKU-M213 cell viability was inhibited
by 2 and 19% at 48 and 72 h post-transfection, respectively
(Fig. 3A), and KKU-M214 by 18 and 17% at 48 and 72 h
post-transfection, respectively, when compared with control
cells (Fig. 3B). Gemcitabine (1 M) combined with sil4-3-3C
(50 nM) suppressed KKU-M213 cell viability by 15 and 53% at
48 and 72 h post-transfection, respectively, when compared with
the control cells (Fig. 3A). For KKU-M214 cells, gemcitabine
(I uM) combined with sil4-3-3TC (50 nM) suppressed cell
viability by 46 and 57% at 48 and 72 h post-transfection,
respectively, when compared with the control cells (Fig. 3B).
These results indicate that the combined effect of gemcitabine
and sil4-3-3C was greater than the sum of the individual effects
of treatments alone, compared with the control cells.

As presented in Fig. 4, KKU-M213 and KKU-M214 cells
were transfected with sil4-3-3C (50 nM) for 24 h followed
by gemcitabine treatment for an additional 48 h (i.e., 72 h
post-transfection). Neither the si14-3-3C (50 nM) transfection
nor the gemcitabine treatment alone induced apoptosis in
CCA cell lines at 72 h post-transfection when compared with
the control cells. In contrast, gemcitabine (1 M) combined
with sil4-3-3C (50 nM) significantly increased the number of
apoptotic cells 2.8-fold in KKU-M213 (Fig. 4A and B) and
2.6-fold in KKU-M214 (Fig. 4C and D) when compared with
the control cells.
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Discussion

14-3-3C acts as a regulatory protein that is able to interact
with multiple client proteins that are involved in cancer
initiation, progression and chemoresistance in multiple
types of cancer (18). Several studies have demonstrated

previously that overexpression of 14-3-3C in multiple types
of cancer, including breast cancer (9), lung cancer (15) and
intrahepatic CCA (13), is associated with poor prognosis
of patients and may potentially serve as a novel molecular
target for cancer treatment (19). The molecular mechanism
by which 14-3-3C serves a function in cancer cells has been
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investigated previously (16). It leads to an increase in the
activation of the PI3K/Akt signaling pathway through binding
with Ser®® on p85a. This leads to activation of the PI3K
signaling cascade, contributing to proliferation and survival
of human breast cancer cells (16). In addition, suppression
of 14-3-3C decreases the proliferative capacity caused by S
phase arrest and promotes cell proliferation by activation of
the extracellular-signal-regulated kinase signaling cascade
and epithelial-mesenchymal transition induction in invasive
QBC939 and RBE CCA cells (13). The results of the present

study revealed that opisthorchiasis-associated CCA, in which
the PI3K/Akt signaling pathway is predominantly activated,
is linked with co-expression of 14-3-3C and pAkt in CCA
tissues. High scores for immunostaining of 14-3-3C and pAkt
were significantly correlated with a poor prognosis, suggesting
that these molecules may serve as prognostic indicators for
patients with CCA. The results of the present study are similar
to those observed for breast cancer in which overexpression
of 14-3-3C was associated with increased Akt phosphorylation
and correlated with a shorter survival time of patients (16).
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In the present study, the intracellular function of 14-3-3C in
CCA cells has been demonstrated. The suppression of 14-3-3C
attenuated CCA cell proliferation by inhibiting pAkt activity
and inducing p27, leading to cell cycle arrest. However, suppres-
sion of 14-3-3C to diminish pAkt activity was not sufficient to
trigger apoptotic cell death. This is similar to a previous study
by Yothaisong ef al (17), in which inhibition of PI3 K/Akt using
selective inhibitors was able to suppress CCA cell proliferation,
but not induce apoptosis. Therefore, elimination of CCA cells
by inhibiting this kinase signaling pathway requires multiple
targeting strategies to gain therapeutic effectiveness.

CCA demonstrates an extreme resistance to therapeutic
chemotherapies, targeted agents and radiotherapy. This intense
resistance to a variety of therapies points to altered cell survival
and metabolic pathways in these refractory types of cancer.
Currently, gemcitabine appears to be an efficient therapeutic
agent for patients with CCA (7,20) as it exerts an inhibitory
effect on CCA cell proliferation. Notably, it was revealed that
14-3-3C knockdown synergistically enhanced gemcitabine
sensitivity in CCA cells and induced substantial apoptotic cell
death. The combined effect of gemcitabine and sil4-3-3C was
greater than the sum of the individual effects on proliferative
inhibition and apoptosis induction. This initial observation
provides a new approach for CCA treatment by increasing the
effectiveness of gemcitabine-based therapy. Further investiga-
tion using drug combinations between 14-3-3 inhibitors and
gemcitabine in CCA cells is required in in vitro and in vivo
studies.

In conclusion, high co-expression of 14-3-3C and pAkt was
significantly associated with a poor prognosis for patients with
CCA, indicating that combined 14-3-3C and pAkt may serve as
prognostic indicators. Knockdown of 14-3-3C inhibited pAkt
(Ser*”) activity and increased p27, leading to suppression of
CCA cell proliferation and induction of apoptosis. Combining
siRNA treatment that targets 14-3-3C with cytotoxic drugs,
including gemcitabine may provide an effective strategy for
the treatment of CCA.
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