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Abstract. Hepatocellular carcinoma (HCC) is known to be
resistant to chemotherapy. Survivin, a member of the inhibitor
of apoptosis proteins, is overexpressed in most cancers but is
absent in most normal adult tissue. The aim of this study was
to investigate whether expression of survivin contributes to
resistance to cisplatin-induced apoptosis. We confirmed
induction of survivin expression in hepatoma in the N-
diethylnitrosamine (DEN) induced rat and in the rat
hepatoma cell line (K-251). We examined cell proliferation
after treatment with cisplatin (CDDP) in the presence and
absence of siRNA or the phosphatidylinositol 3-kinase
(PI3K) inhibitor LY294002 to suppress survivin or PI3K/
Akt, respectively. Survivin was expressed in DEN-induced
rat HCC with RT-PCR and Western blotting. Expression of
survivin was observed primary in the nuclei and in the cyto-
plasm with immunohistochemistry. However, survivin was
not detected in non-tumor tissues. Expression of survivin was
also observed primarily in the nuclei and in the cytoplasm of
the K-251 rat hepatoma cell line. CDDP induced survivin
expression, which was blocked by siRNA. LY294002 also
attenuated survivin expression induced by CDDP. Our results
indicate that survivin expression via PI3K contributes to
resistance to CDDP-induced apoptosis in a rat hepatoma cell
line.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
cancers in the world, accounting for approximately 6% of all
human cancers and 1 million deaths annually, with an esti-
mated number of new cases of over 500,000 per year (1,2).
Although the clinical management for early-stage HCC has
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improved significantly, the prognosis of HCC is still extremely
poor and is the third highest cause of cancer-related mortality.
HCC exhibits resistance to chemotherapy, such as cisplatin
(CDDP). Therefore, investigating and finding new treatment
for HCC is important.

Cell proliferation is determined not only by the rate of
cell growth but also by the rate of cell loss. Apoptosis is a
major component of this regulatory process, which consists
of 2 converging cascades ‘death-receptor pathway’ and
‘mitochondrial pathway’ (3,4). The death-receptor pathway
is triggered by the interaction of death ligands of the tumor
necrosis factor family with their cognate receptors that
assemble the death-inducing signaling complex, resulting in
activation of caspase-8. The mitochondrial pathway involves
mitochondria that release apoptogenic factors, such as cyto-
chrome ¢ and Smac/DIABLO, in response to noxious stimuli.

Members of the IAP family are known to inhibit death
receptors and the mitochondrial pathway by acting as endo-
genous inhibitors of caspases (4,5). Survivin is a bifunctional
protein that controls cell division and inhibits apoptosis (6).
The mechanism by which survivin inhibits apoptosis remains
in dispute. While it is capable of binding to effector caspases
under cell-free conditions, under more physiological conditions
it inhibits apoptosis by binding to the second mitochondrial
activator of caspases (Smac) (7). Survivin is present in only
small amounts in terminally-differentiated normal cells, but
is found to be prominently overexpressed in a variety of
tumors, including cancers of the lung, stomach, breast, mela-
noma, pancreas, esophagus and colon (8-15). Overexpression
of survivin has been identified as a negative prognostic factor
in various cancer types (8,14,16), and is implicated in resistance
to the induction of apoptosis by anti-cancer agents (17).

Despite increasing evidence in support of survivin as a
promising target for molecular intervention, the mechanism
of survivin overexpression in HCC and its implication in
drug resistance remain to be investigated. Recent reports have
demonstrated that survivin was up-regulated via the PI3K/
Akt pathway in myeloid leukemia cells (18), endothelial cells
(19), and prostate cancer cells (20). Furthermore, Akt is also
activated in response to stress by UV irradiation and chemo-
therapy (21-23). Whether activation of Akt constitutes a
physiological stress response that enables cancer cells to
evade apoptosis by up-regulation of survivin remains to be
demonstrated.
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The purpose of this study was to clarify whether survivin
is overexpressed in rat HCCs and if expression of survivin
contributes to resistance to cisplatin-induced apoptosis in HCC
cells. We investigated alterations in cell morphology and
proliferation in HCC cells in the presence and absence of
siRNA against survivin and a PI3K inhibitor.

Materials and methods

Rat DEN-induced HCC and HCC cell lines. Rat HCC was
induced with N-diethylnitrosamine (DEN, Sigma, St. Louis,
MO, USA). SD rats (4-week-old males, weighing 100 g;
SLC, Hamamatsu, Japan) were provided with 100 ppm DEN
ad libitum in drinking water for 8 weeks and were maintained
for an additional 4 weeks without administration of DEN
(24-26).

The DEN-induced rat HCC cell line K-251 was obtained
from Cell Resource Center for Biomedical Research Institute
of Development, Aging and Cancer Tohoku University. The
cell line K-251 was grown in RPMI-1640 with L-glutamine
(Invitrogen Corporation, Gibco 21875-034) supplemented with
10% FBS and 1% (w/v) penicillin/streptomycin (PC/SM) at
37°C in a humidified atmosphere containing 5% CO,. Cells
were treated with CDDP (Nippon Kayaku, Tokyo, Japan) and
LY294002 (Calbiochem-Novabiochem. Corp.). Cells were
treated with the PI3K inhibitor LY294002 dissolved in DMSO.

Quantitative real-time RT-PCR. Total RNA was extracted
from the liver tissues or cultured cells with TRIzol (Invitrogen,
Tokyo, Japan). Total RNA (2 ug) was reverse transcribed to
cDNA with an Omniscript RT kit (Qiagen, Tokyo, Japan)
with oligo (dT)s_,, primers (Invitrogen). Real-time PCR was
performed with a QuantiTect SYBR Green PCR kit (Qiagen)
and an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Tokyo, Japan). RT-PCR was performed
with an initial step at 95°C for 15 min, followed by 40 cycles
at 95°C for 20 sec, 59°C for 30 sec, and 72°C for 1 min with
a final step at 72°C for 10 min. Two specific primers were
used to identify survivin (Forward: 5'-“TAAGCCACTTGTC
CCAGCTT-3"; Reverse: 5'-CTCATCCACTCCCTTCCTC
A-3") and G3PDH (Forward: 5'-ACCACAGTCCATGCCAT
CAC-3'"; Reverse: 5'-TCCACCACCCTGTTGCTGTA-3")
The expression levels were calculated after conversion to
numerical values by ABI PRISM 7700 SDS software and are
expressed as ratios relative to the expression of G3PDH.

Western blot analysis. Frozen liver tissues or cultured hepato-
cytes were homogenized in lysis buffer containing 50 mM
Tris-HCI, 2% sodium dodecylsulfate and 10% glycerol, and
then boiled for 2 min. After the protein concentration in the
sample was determined, 0.1% bromophenol blue and 6% 2-
mercaptoethanol were added. Subsequently, 20 pg of each
sample was electrophoresed and transferred onto PVDF
membranes (Immobilon, Millipore, Billerica, MA). The
membranes were blocked with 5% skim milk in PBS and
incubated at 4°C overnight with the following primary anti-
bodies and dilutions: anti-survivin antibody (no. sc-10811;
Santa Cruz Biotechnology, Santa Cruz, CA; 1:200); anti-
cleaved caspase-3 antibody (no. 9661; Cell Signaling Techno-
logy; 1:1000); anti-PARP antibody (no. 9542; Cell Signaling

Technology; 1:1000); anti-phospho Akt antibody (no. 9271;
Cell Signaling Technology; 1:500); anti-XIAP antibody
(no. 2042; Cell Signaling Technology; 1:1000); anti-a-tubulin
antibody (no. CP06; Calbiochem; 1:1000); and anti-GAPDH
antibody (no. sc-20357; Santa Cruz Biotechnology; 1:200).
After washing, the membranes were incubated with secon-
dary antibodies conjugated with horseradish peroxidase.
Chemiluminescence detection was performed using ECL
Western Blotting Detection Regents (Amersham, Bucking-
hamshire, UK), according to the manufacturer's instructions.
The intensity of the band was quantified with National
Institutes of Health Image (NIH-Image) and normalized to
GAPDH as an internal control.

Immunohistochemistry. The specimens were fixed in 10%
formalin and embedded in paraffin. They were subsequently
deparaffinized and endogenous peroxidase was quenched with
0.3% hydrogen peroxide in methanol at room temperature for
15 min. The antigen was retrieved by incubation in citric acid
buffer at 90°C for 20 min. After blocking, the sections were
incubated with primary antibody recognizing survivin (no. sc-
10811; Santa Cruz Biotechnology, Santa Cruz, CA; 1:200
dilution) overnight at 4°C and then with labeled polymer in
an Envision+ System HRP (Dako, Tokyo, Japan) at room
temperature for 1 h. The sections were examined after
incubation with a Liquid DAB Substrate Chromogen System
(Dako) for 2 sec.

SiRNA for survivin transfection. siRNA with the sequence
GGACUUAAGCACUGAGGAA targeting the survivin
mRNA and the negative control sequence ATCCGCGCGAT
AGTACGTA were purchased from B-Bridge International,
Inc. Cells were transfected with Lipofectamine 2000
(Invitrogen) according to the reverse transfection method (27)
using Opti-MEM (Invitrogen Corp., Gibco 31985-070) and
Insulin-Transferrin-Selenium (ITS; Invitrogen Corp., Gibco
41400-045). Briefly, cells were plated at 20x10* cells/well in
6-well plates. Cells were transfected for 6 h, respectively.
After transfection, cells were grown in RPMI-1640 with L-
glutamine supplemented with ITS and 1% (w/v) penicillin/
streptomycin. Samples were collected 24 h after transfection.
Experiments were repeated at least 3 times.

Cell proliferation assay. Cell proliferation was determined
using the Cell Counting kit-8 (CCK-8; Dojindo, Kumamoto,
Japan) to count living cells. Cells were cultured and treated
in 24-well plates. At 0, 12, 24, 48 and 72 h, the CCK-8 was
used to determine cell proliferation according to the
manufacturer's instruction.

Statistical analysis. All data are expressed as the means + SEM,
and the statistical significance of differences between groups
was assessed by Mann-Whitney U-test. P<0.05 were regarded
as statistically significant.

Results
Expression of survivin in DEN-induced hepatoma and in the

rat hepatoma cell line. We first used RT-PCR to investigate
the level of survivin messenger RNA (mRNA) in DEN-induced
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Figure 1. Expression of survivin in DEN-induced rat HCC. (A) RT-PCR of survivin mRNA in the non-tumor area of the rat liver and in rat HCC. (B) Western
blot analysis of survivin protein in the non-tumor area of the rat liver and in rat HCC. (C) Immunohistochemical staining of survivin in rat HCC. Original
magnification, x200. (D) Immunocytochemical staining of survivin in the DEN-induced rat hepatoma cell line K-251. Original magnification, x200.

rat HCC. A 75-bp fragment of survivin was detected in rat
HCC (Fig. 1A). However, survivin mRNA was faintly detected
in non-tumor tissues. Furthermore, a 16.5 kDa fragment of
survivin protein was detected in rat HCC with Western blotting
(Fig. 1B), while survivin was not detected in non-tumor tissues.
We performed immunohistochemical staining to determine
the cellular localization of survivin. Expression of survivin
was observed primarily in the nuclei and in the cytoplasm of
HCC cells. In contrast, survivin was not expressed in the
adjacent non-cancer tissues (Fig. 1C). Furthermore, we
examined the survivin expression in rat hepatoma cell line
(K-251) derived from DEN-induced HCC using immuno-
cytochemical staining. Expression of survivin was observed
primarily in the nuclei and in the cytoplasm (Fig. 1D).

Down-regulation of survivin by siRNA in the rat hepatoma
cell line. In rat HCC cells, the efficiency of transfection was
about 80-90%, using red-labeled double-stranded RNA
(dsRNA) oligomer by Lipofectamine 2000 (data not shown).
Real-time PCR demonstrated that transfection with siRNA
targeting survivin attenuated the expression of survivin mRNA
to 68.1£8.5% of the expression level in cells transfected with
negative control siRNA (Fig. 2A). Similarly, Western blotting
showed that survivin expression was inhibited to 34.5+7.5%
of control cells (Fig. 2B). The CCK-8 assay showed that the
cell number decreased to 10.6+7.8% and 62.7+6.1% at 24
and 48 h after transfection, respectively, compared with
control cells (Fig. 2C). These results indicate that transfection
with siRNA significantly inhibited cell proliferation.

CDDP treatment up-regulates survivin expression and the
silencing of RNA for survivin sensitizes CDDP-induced
apoptosis in cancer cells. Treatment with CDDP induced over-
expression of survivin protein in K-251 cells (189.6+26.1%

expression relative to cells without CDDP). Similarly, the
induction of survivin was observed in cells transfected with
negative control siRNA and siRNA against survivin
(167.7£26.9%, 149 .5+23 9%, respectively) (Fig. 3).

We examined fluorescence staining of nuclei using
Hoechst 33342 and propidium iodide (PI) at 12 h after trans-
fection with siRNA and treatment with CDDP. Irregular
staining of the nuclei, nuclear fragmentation, and blebbing
phenomenon were observed in cells treated with siRNA for
survivin and CDDP, indicating apoptotic cell death (Fig. 4A).
Percentage of apoptotic cells treated with negative control
siRNA, negative control siRNA + CDDP, siRNA for survivin,
siRNA for survivin + CDDP were 2.70+0.91%, 8 47+0.77%,
25.74+6.57%, 33.83+5.88%, respectively (Fig. 4B). The
CCK-8 assay showed that 48 h after transfection with siRNA
for survivin and treatment with CDDP cell proliferation was
attenuated to 85.69+1.80% compared with cells transfected
with negative control siRNA (Fig. 4C). Similarly, 48 h after
transfection with siRNA for survivin and treatment with CDDP
cell proliferation was attenuated to 78.15+1.12% compared
with CDDP alone (data not shown).

SIRNA for survivin induces caspase activation. Western blot
analysis demonstrated that expression of cleaved caspase-3
was up-regulated in cells treated with siRNA for survivin
compared to those treated with negative control siRNA.
Similarly, siRNA for survivin increased the expression of
cleaved caspase-3 in cells treated with CDDP, compared
with those treated with negative control siRNA (Fig. 5A).
Furthermore, expression of cleaved PARP was also up-
regulated in cells treated with siRNA for survivin compared
to those treated with negative control siRNA, in cells treated
with/without CDDP (Fig. 5B). CDDP up-regulated the
expression of phospho-Akt in cells treated with negative
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Figure 2. Down-regulation of survivin by siRNA in the DEN-induced rat hepatoma cell line. (A) Quantitative real-time PCR of survivin mRNA in un-treated
HCC cells, in HCC cells treated with negative control siRNA and in HCC cells treated with siRNA for survivin. Data are expressed as the mean + SEM (n=5).
(B) Western blot analysis of survivin protein in un-treated HCC cells, in HCC cells treated with negative control siRNA and in HCC cells treated with siRNA
for survivin. Data are expressed as the mean + SEM (n=4). (C) CCK-8 cell proliferation assay of un-treated HCC cells, HCC cells treated with negative
control siRNA, and HCC cells treated with siRNA for survivin. Data are expressed as the mean + SEM (n=3).
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Figure 3. CDDP up-regulates survivin expression. Western blot analysis of survivin protein in untreated HCC cells, HCC cells treated with CDDP (1 uM),
HCC cells treated with negative control siRNA (50 M), HCC cells treated with negative control siRNA (50 yM) + CDDP (1 uM), HCC cells treated with
siRNA for survivin (50 M), and HCC cells treated with siRNA for survivin (50 #M) + CDDP (1 xM). Data are expressed as the mean + SEM (n=4).
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Figure 4. Survivin silencing and CDDP induce apoptosis. (A) Fluorescence staining of nuclei using Hoechst 33342 and propidium iodide (PI), 12 h after treatment
with negative control siRNA (50 xM), negative control siRNA (50 xM) + CDDP (1 M), siRNA for survivin (50 xM), and siRNA for survivin (50 uM) +
CDDP (1 uM). (B) Percentage of apoptotic cells, 12 h after treatment. Data are expressed as the mean + SEM (n=4). (C) CCK-8 cell proliferation assay of HCC

cells. Data are expressed as the mean + SEM (n=3).

control siRNA or siRNA for survivin. However, the expression
level was similar between cells treated with negative control
siRNA and siRNA for survivin, indicating that survivin did
not affect phosphorylation of Akt in cells in the absence of
treatment with CDDP (Fig. 5C). There was no significant
difference of XIAP expression between cells treated with
negative control siRNA or siRNA for survivin (Fig. 5D).

Regulation of survivin by PI3K/Akt. Rat HCC cells were
treated with 25 yM LY294002, phosphoinositide-3 kinase
inhibitor, to elucidate the relationship between survivin and
PI3K. LY294002 blocked the expression of survivin (Fig. 6A).

Similarly, expression of phospho-Akt was down-regulated in
cells treated with LY294002 compared to those with treated
with DMSO, in cells treated with/without CDDP (Fig. 6B). On
the other hand, expression of XIAP was up-regulated in cells
treated with LY294002 compared to those with treated with
DMSO, and LY294002 increased expression of XIAP in cells
treated with CDDP (Fig. 6C).

Discussion

We confirmed overexpression of survivin in DEN-induced
rat HCC in vivo and in DEN-induced rat HCC cells in vitro.
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Figure 5. siRNA for survivin and CDDP induce apoptosis. Western blot analysis of cleaved caspase-3 (A), cleaved PARP (B), phospho-Akt (C) and XIAP (D)
in HCC cells, 24 h after treatment. Data are expressed as the mean + SEM (n=4).

There was little survivin expression in non-tumor liver tissues
from rat treated with DEN. Overexpression of survivin occurs
frequently during cellular promotion of malignant neoplasms
and has been identified as a negative prognostic factor in
various cancer types (8,14,16). In our study, suppression of
survivin expression in rat HCC cells treated with siRNA for
survivin attenuated cell proliferation of cancer cells. Survivin
was overexpressed in rat HCC cells treated with CDDP, which
was down-regulated by treatment with siRNA for survivin.
Furthermore, siRNA for survivin sensitized rat HCC cells to
CDDP-induced apoptosis. Our data show that CDDP or
siRNA for survivin induced apoptosis in rat HCC cells, and
that expression of survivin is regulated by the PI3K/Akt
pathway, which has recently emerged as being frequently
activated in various cancer types. Our results concur with
previous reports. Olie er al demonstrated that targeting
survivin has the potential to induce apoptosis and to increase
the sensitivity to chemotherapy in lung cancer cells (28).
Yang et al demonstrated that siRNA targeting survivin has
the potential to increase the sensitivity of drug-resistant lung

cancer cells to anticancer drugs (29). On the other hand, our
results indicated that XIAP, one of the major members of the
IAP families, was not involved in the regulation of survivin.
It has been reported that survivin may block apoptosis by
inhibiting caspase-3 and caspase-7 activities directly (5,30).
We also identified increased cleaved caspase-3 levels, which
indicates activation of caspase-3, in cells treated with siRNA
for survivin.

Akt is a key mediator of the PI3K/Akt signaling pathway
and is located at an intersection of multiple pathways that have
been implicated in cell proliferation, survival, transcription
and metabolic processes (31). Inhibition of the PI3K/Akt
signaling pathway using the PI3K inhibitor (LY 294002)
blocks growth and induces apoptosis (32). While the activity
of Akt is tightly linked to PI3K activation, other factors can
directly act on Akt to stabilize its oncogenic function. Previous
studies have demonstrated that survivin expression was up-
regulated in the human HCC cell line, Hep3B, with CDDP
treatment (33,34). Furthermore, we demonstrated that CDDP
up-regulated survivin expression in the rat HCC cell line
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K-251 and that CDDP also activated Akt, resulting in increased
survivin and p-Akt levels. Inhibition of the PI3K/Akt pathway
decreased overexpression of survivin induced by CDDP and
sensitized HCC to CDDP. Therefore, we concluded that
survivin is regulated by the PI3K/Akt pathway and that
inhibition of survivin expression with siRNA sensitized HCC
cells to CDDP-induced apoptosis via the PI3K/Akt-dependent
pathway. However, whether PI3K/Akt up-regulates survivin
directly, or indirectly remains to be investigated.

We demonstrated that overexpression of survivin and its
anti-apoptotic activity in rat HCC cells were regulated by
PI3K/Akt signaling. These findings have significant clinical
implications, since they provide direct evidence that CDDP
itself can trigger resistance in HCC cells which can diminish
its therapeutic efficacy. However, inhibition of the PI3K/
Akt pathway may have clinical limitations, because of their
essential function in all types of cells in a complicated largely
unresolved signaling network, which would reduce tumor-
specificity. Our results demonstrated that survivin-specific
siRNA down-regulates the overexpression of survivin induced
by CDDP, and sensitize HCC cells to CDDP-induced apop-
tosis. The trans-catheter arterial chemo-embolization therapy
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Figure 6. Regulation of survivin by PI3K/Akt. Western blot analysis of
survivin (A), phospho-Akt (B) and XIAP (C) in HCC cells, after 24 h treat-
ment with DMSO, CDDP (1 xM), LY294002 (25 puM), LY294002 (25 uM) +
CDDP (1 uM). Data are expressed as the mean = SEM (n=4).

has already been applied for practical use, and we previously
reported that hydro-administration of an siRNA expressing
plasmid into the hepatic artery was a valid method for targeting
rat HCC (26). Combination therapy of trans-catheter arterial
chemo-embolization and siRNA for survivin, or hydro-admini-
stration injection and siRNA for survivin may be beneficial
in the treatment of HCC. Furthermore, non-cancerous liver
tissues may not responce to siRNA for survivin because they
do not endogenously express survivin. Therefore, down-
regulation of survivin has the potential to enhance the efficacy
of chemotherapy in the treatment of HCC and may have
significant clinical impact.
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