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Summary

Introduction

BACKGROUND: The hedgehog (Hh) pathway has been
implicated in the pathogenesis of cancer including pancreatic ductal adenocarcinoma (PDAC). Recent studies have
suggested that Hh plays an important role in maintaining
the cancer stem cell (CSCs) pool. Gemcitabine-resistant
pancreatic cancer cells highly express some of the CSCs
markers. However, the expression level of Hh members in
gemcitabine-resistant pancreatic cancer cells remains unknown. The aim of this study was to verify the expression
of HH members, such as Shh, Ptc, SMO and Gli-1 in
gemcitabine-resistant PDAC cell lines, and to explore a
new strategy to overcome chemoresistance in PDAC.
MATERIAL AND METHODS: Quantitative real-time RTPCR (Q-PCR) and western blot were used to evaluate the
relative expression level of HH members in SW1990,
CFPAC-1 cells and gemcitabine-resistant SW1990,
CFPAC-1 cells. The change of cancer stem cell markers
and the expression level of HH members before and after
cyclopamine treatment was evaluated using flow cytometry
and Q-PCR, western blot, respectively. Cell apoptosis after
cyclopamine treatment was measured by flow cytometry.
RESULTS: CD44, CD133 and the expression level of HH
members, including Shh, SMO, Gli-1, were found to be
highly expressed in gemcitabine-resistant cells, which were
significantly down-regulated by cyclopamine treatment.
Flow cytometry analysis showed increased cell apoptosis
after cyclopamine treatment.
CONCLUSION: Gemcitabine-resistant pancreatic cancer
cells highly express CSCs markers and some of the HH
members, and inhibition of HH by cyclopamine is an effective method of reversing gemcitabine resistance in pancreatic cancer.

Pancreatic cancer is among the most devastating of human
malignancies. Despite recent improvements in surgical and
chemotherapeutic approaches, pancreatic cancer continues
to have a dismal prognosis, with an average overall median
survival of 4–6 months. Overall 5-year survival is less than
5% [1]. Currently, gemcitabine is the standard chemotherapeutic agent used in patients with pancreatic cancer [2].
However, the clinical impact of gemcitabine remains modest [3]. This limitation in conventional treatments is mainly
due to the profound resistance of cancer cells to anti-cancer
drugs, which can be inherent and/or acquired [4, 5]. To
study acquired chemoresistance in pancreatic cancer, several drug-resistant pancreatic cancer cell lines have been
established. In the research of Shah [6] and Hong [7], pancreatic cancer stem cells (CSCs) had been found to be enriched in gemcitabine-resistant pancreatic cancer cell lines.
The CSC hypothesis offers new insight into the mechanism
of drug resistance [8]. Most conventional therapies kill
most of the tumour population, but CSCs, which have intrinsic detoxifying mechanisms, can easily elude conventional therapies. The CSCs model also explains why standard chemotherapy may result in tumour shrinkage but is
then followed by tumour recurrence and multidrug resistance. Therapies targeting cancer stem cells may contribute
a new strategy for overcoming drug resistance.
Pancreatic cancer stem cells are highly tumorigenic and
possess the abilities to self-renew and produce differentiated progeny. They are defined by the expression of the
cell surface markers CD44, CD24 and ESA [9] and CD133.
[10, 11]. Cancer stem cells are different from cancer cells
in many ways. Not only are cancer stem cells more resistant to standard chemotherapy drugs, they also employ
different signalling pathways [12]. Misregulated Hedgehog
(HH) signalling, which is normally an essential pathway
during embryonic pancreatic development, has been implicated in several forms of cancer, including human pancreatic carcinoma [13–15]. Activation of HH signalling is
typically initiated by the binding of hedgehog ligands (Son-
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ic, India, Desert hedgehog) to a 12-transmembrane protein receptor patched (Ptc). Binding of HH to Ptc relieves
Smoothened (SMO), a 7-transmembrane protein, from the
inhibitory effect of Ptc, and activated SMO in turn triggers
a series of intracellular events, resulting in the regulation
of downstream target genes through the GLI transcriptional
effectors Gli-1, Gli-2 and Gli-3 [16, 17]. Blockage of HH
signalling has been shown to inhibit pancreatic cancer cell
growth [15], invasion, and metastases [18]. Recent studies
demonstrated that a HH inhibitor can restore drug resistance in CD34+ leukaemic cells [19]. The combined blockade of Hh and mTOR signalling together with chemotherapy is capable of eliminating pancreatic CSCs [11]. Lee et
al. showed that the HH signalling pathway is overexpressed
in CD44+CD24+ESA+ pancreatic cancer stem cells [9].
Gemcitabine-resistant pancreatic cells are enriched with
cancer stem cells, but whether these cells overexpress the
HH signalling pathway remains unknown.
In a previous study we established gemcitabine-resistant
pancreatic cell lines CFPAC-1/res and SW1990/res, and we
also found that CD44, ABCG2 and ABCB1 were highly
expressed in gemcitabine-resistant cells, as reported by
Hong [7]. In the present study we evaluated the expression
of the HH signalling pathway in drug-resistant pancreatic
cell lines as compared to parental cells. We also blocked
the HH signalling pathway with cyclopamine to determine
whether ABCG2, ABCB1, CD44, and CD133 can be
down-regulated in gemcitabine-resistant cells and thus
whether acquired gemcitabine-resistance can be reversed
by blockade of the HH signalling pathway.

Materials and methods
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37ºC with 5% CO2, supplemented by 1% penicillin/streptomycin.
Establishment of gemcitabine-resistant pancreatic
cancer cells
Pancreatic CFPAC-1 and SW1990 cell lines were established from spleen metastases and liver metastases of
PDAC respectively. Resistant cells were obtained by culturing parental CFPAC-1 and SW1990 cells in serially increasing concentrations of gemcitabine. In brief, the cells
were first cultured in medium with increasing concentrations of gemcitabine, starting at the IC50, for 3 days, followed by recovery periods in drug-free medium until the
cells regained exponential growth. The new IC50 of
gemcitabine-treated cells was then evaluated by MTT assay. The concentration of gemcitabine was then increased
to the new IC50 to kill half of the cells. Gemcitabine was
purchased from the Lilly Company (Lilly France).
Drug sensitivity assay
To detect the IC50 of both pancreatic cancer cell lines, aliquots of 2×103 CFPAC-1 and SW1990 cells were seeded in
96-well plates with appropriate growth medium at 200 μL
per well. After a 12-h recovery period, triplicate wells were
exposed to various concentrations of gemcitabine for 72
h. A 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to examine the effects
on cell growth. In brief, 20 μL MTT solution (5 mg/ mL)
(Sigma) was added into each well and incubated at 37 ºC
for 4 hr. A 150-μL aliquot of DMSO was then added and
absorbance was measured by a microplate reader (Multiskan MK3, Thermo Labsystems, USA) at a wavelength of

Cell culture
The human pancreatic cancer cell lines CFPAC-1 and
SW1990 were purchased from Shanghai Cell Bank (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% foetal bovine serum (FBS) at

Figure 2
Figure 1
Gemcitabine-resistant pancreatic cancer cells highly express
ABCB1 and ABCG2. A. Quantitative RT-PCR was used to
evaluate the relative expression level of ABCB1 and ABCG2 gene
expression in gemcitabine-resistant cells when compared to their
parental cells. Fold change was analysed by the 2 –ΔΔCt method,
while the expression of β-actin was used to normalise the relative
expression of each gene within each cell line. B. The results of the
western blot analysis were consistent with the mRNA expression.
Values represent mean ± S.D. of three independent experiments.
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Gemcitabine-resistant pancreatic cell lines highly express
hedgehog members. A, Quantitative RT-PCR was used to
evaluate the relative expression level of Shh, Ptc, SMO, and Gli-1
in gemcitabine-resistant cells in comparison to their parental cells.
Fold change was analyzed using the 2 –ΔΔCt method, while the
expression of β-actin was used to normalise the relative expression
of each gene within each cell line. Values represent mean ± S.D. of
three independent experiments. B, mRNA expression of SMO can
be detected in SW1990/res cells but not parental cells. C, The
different protein expression levels of SMO and Gli-1 are consistent
with mRNA expression.
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490 nm. The cell survival rate (SR) was calculated using
the formula SR = (mean absorbance of the test well/mean
absorbance of the control) × 100%; the inhibition rate (IR)
was calculated using the formula (IR) = 100% - SR. The
IC50 of each cell line was calculated.
Flow cytometry analysis
After detachment from the culture dish with 0.25% trypsin,
the cells were washed with phosphate-buffered saline
(PBS) and suspended in PBS at a concentration of 1×106
per mL. The cells were then stained with CD44-FITC and
CD24-PE (BD Bioscience) or with CD133-PE (Ebioscience) alone. After incubation on ice in the dark for 30
min, the cells were washed twice with PBS and resuspended in 1 mL PBS. The cells were kept on ice until flow
cytometry analysis.
Quantitative real-time RT-PCR and RT-PCR
Total RNA was extracted from gemcitabine-resistant cells
and parental cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions and was reverse transcribed into cDNA using the Promega AMV reverse transcription system (Promega, Madison WI, USA). Quantitative RT-PCR was performed with
SYBR Green master mix real-time core reagents on an
ABI 7500 (Applied Biosystems) according to the manufacturer’s instructions. Primers for quantitative PCR were
as
follows:
ABCB1
sense:
5’TGATTGCATTTGGAGGACAA-3’, ABCB1 anti-sense:
5’-CCAGAAGGCCAGAGCATAAG-3’. ABCG2 sense:
5’-AGATGGGTTTCCAAGCGTTCAT-3’, ABCG2 antisense, 5’-CCAGTCCCAGTACGACTGTGACA-3’. Shh
sense: 5'-GTGTACTACGAGTCCAAGGCAC-3', Shh
anti-sense: 5'-AGGAAGTCGCTGTAGAGCAGC-3'. Ptc
sense: 5’-TCCCAAGCAAATGTACGAGCA-3’. Ptc Antisense: 5’-TGAGTGGAGTTCTGTGCGACAC-3’. SMO
sense: 5’-CTGGTACGAGGACGTGGAGG-3’, SMO antisense: 5’-AGGGTGAAGAGCGTGCAGAG-3’. Gli-1
sense: 5’-CTCCCGAAGGACAGGTATGTAAC-3’, Gli-1
anti-sense:
5’CCCTACTCTTTAGGCACTAGAGTTG-3’.
β-actin
sense: 5' -AGAAAATCTGGCACCACACC-3'. β-actin
anti-sense: 5' -TAGCACAGCCTGGATAGCAA-3'. The
expression of mRNA was normalised to that of the reference gene, β-actin. Relative quantification of mRNA within the samples was examined using the 2–ΔΔCt method. The
primers for SMO used for SW1990 were designed by Karhadkar.(20)
Western blot
The concentration of total protein extracted from parental
and gemcitabine-resistant cells was determined with a
BCA Protein Assay Kit (Pierce, USA). Equal amounts of
protein were separated by 10% SDS-PAGE and electrophoretically transferred to PVDF membranes (Millipore,
Bedford, USA) using a mini trans-blot (Bio-Rad laboratories, Hercules, CA, USA). Rat anti-human SMO,
Gli-1(Millipore, Bedford, USA), ABCB1, and ABCG2
(Abcam, MA, USA) were used to detect the expression
of homologous proteins. β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was used as an internal
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control. Electrochemiluminescence was performed with a
Chemilmager 5500 imaging system (Alpha Innotech Co.,
San Leandro, CA, USA), according to the manufacturer’s
instructions.
Cyclopamine treatment
CFPAC-1/res and SW1990/res cells were seeded in 6-well
plates (2×105 cells per well) for 12 hrs, and then
gemcitabine-free culture media containing 2 μM or 5 μM
cyclopamine were added. After 12 h, 24 h or 48 h, the cells
were harvested. The expression of SMO, Gli1, ABCG2
and ABCB1 before and after cyclopamine treatment was
examined using RT-PCR and western blotting. DMSO
(vehicle) was used as a negative control.
To detect CSC marker changes, gemcitabine-resistant cells
were treated with 2 μM or 5 μM cyclopamine in
gemcitabine-free culture media for 7 days, then the cells
were collected and labelled with flow cytometry antibodies
as described above. The cells cultured in cyclopamine-free,
gemcitabine-free medium were used as a control group.
Cell death and apoptosis assays
After treatment with cyclopamine (2 μM and 5.0 μM) for
24 h, CFPAC-1/res and SW1990/res cells were exposed to
gemcitabine-containing culture media at final gemcitabine
concentrations of 50 μM and 100 μM respectively. After
24 hrs, the cells were harvested and stained with AnnexinV and PI using the Vybrant Apoptosis Assay Kit (Molecular Probes) per the manufacturer’s protocol. Briefly, all
cells were harvested by trypsinisation and washed twice
with cold PBS. The pellets were resuspended in 100 μL
1× Annexin binding buffer and 5 μl fluorescein isothiocyanate (FITC)–Annexin-V (component A). A 1-μL working
solution of PI at 100 μg/mL was added to each 100 μL of
cell suspension. The cells were incubated on ice for 1 hr,
washed again with cold PBS and re-suspended in 300 μL
1×Annexin-binding buffer. The stained cells were immediately analysed by flow cytometry.

Results
In vitro establishment of gemcitabine-resistant
pancreatic cancer cells CFPAC-1/res and SW1990/res
After more than 5 months of repetitive exposure to gemcitabine, both cell lines demonstrated a permanent acquired
chemoresistance. CFPAC-1/res and SW1990/res cells were
able to propagate and be passaged in 50 μM and 100 μM
gemcitabine-containing culture medium respectively. As
detected by the MTT assay, the IC50 of CFPAC-1/res and
SW1990/res cells were 68.3 ± 4.5 μM and 306.8 ± 12.3
μM respectively (table 1). Also, the stability of the resistant
phenotype in the absence of gemcitabine was examined in
both CFPAC-1/res and SW1990/res cells. When the cells
were passaged in gemcitabine-free media for 2 weeks, the
IC50 remained stable.
CFPAC-1/res and SW1990/res highly express CD44,
CD133 and ABC transporters
We carried out FACS analysis for CD44 and CD24 or
CD133 alone to detect the phenotypic difference between
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the gemcitabine-resistant cells and their parental cells. The
CD44+ subfraction was dramatically increased in
gemcitabine-resistant cells compared with their parental
cells (CFPAC-1, 5.64 ± 0.82% vs. 85.07 ± 2.59%;
SW1990, 29.45 ± 1.99% vs. 93.16 ± 2.46%). CD133 was
also found to be highly expressed in both CFPAC-1/res
and SW1990/res cells (CFPAC-1, 28.94 ± 0.5% vs. 75.4 ±
2.25%; SW1990, 59.37 ± 1.69% vs. 95.88 ± 1.47%).

Figure 3
Effects of cyclopamine on the expression of SMO, Gli-1,
ABCB1 and ABCG2 in gemcitabine-resistant pancreatic cell
lines. A, Relative mRNA level changes were evaluated using
quantitative RT-PCR, and the expression of β-actin was used as a
control to normalise the relative expression of each gene before
and after cyclopamine treatment. Fold change was analysed using
the 2 –ΔΔCt method. Values are expressed as means ± SD. B,
Changes in protein level before and after cyclopamine treatment
were tracked by western blot assay. Treatment with 2 μM (+) and 5
μM (++) cyclopamine down-regulated protein levels of SMO, Gli-1,
ABCB1 and ABCG2 in gemcitabine-resistant pancreatic cancer cell
lines, compared with DMSO group (-). Membranes were reprobed
with a β-actin antibody to verify equal loading and transfer. The
molecular size markers (in kDa) are indicated on the right.

Figure 4
Cyclopamine down-regulates CSC markers in gemcitabineresistant pancreatic cell lines. Parental CFPAC-1 and SW1990
cells and their gemcitabine-resistant counterparts were doublelabelled with CD44-FITC and CD24-PE or CD133-PE alone. The
percentages of CD44+ and CD133+ cells increased in gemcitabineresistant cells (b), compared to parental cells (a). After treatment
with 2 μM cyclopamine for 3 (c) and 7 (d) days, the percentage of
CD44+ and CD133+ cells decreased to close to parental levels.
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ABC transporter family member expression is also characteristic of CSCs, which are responsible for the side population (SP) subfraction [21]. We measured the mRNA
expression levels of ABCG2 and ABCB1 in gemcitabineresistant cells and their parental cells. The relative ABCG2
mRNA expression in CFPAC-1/res and SW1990/res cells
were increased 3.94 ± 0.65 and 4.44 ± 1.25 fold when compared to their parental cells. The relative ABCB1 mRNA
expression levels in CFPAC-1/res and SW1990/res cells increased by 249.65 ± 220.66- and 166.5 ± 78.24-fold, respectively (fig. 1). The results of the western blot analysis
were consistent with the mRNA expression.
CFPAC-1/res and SW1990/res highly express
Hedgehog signalling members
Since gemcitabine-resistant cells highly expressed some of
the markers of pancreatic cancer stem cells, we hypothesised that they might also highly express some cancer stem
cell-related signalling pathways, such as the HH signalling
pathway, that have been reported to be highly expressed in
CD44+CD24+ESA+ pancreatic cancer stem cells. To test
this hypothesis, the mRNA expression levels of Shh, ptch,
SMO, and Gli-1 were compared in gemcitabine-resistant
cells and parental cells by quantitative real-time PCR, and
the protein levels of SMO and Gli-1 were detected by western blot. The relative expression levels of Shh mRNA were
increased 2.01 ± 0.74- and 5.19 ± 3.54-fold in CFPAC-1/
res and SW1990/res cells, respectively. The mRNA levels
of Ptch were found to be 1.73 ± 0.59- and 2.79 ± 0.53-fold
increased in CFPAC-1/res and SW1990/res cells respectively (fig. 2a). In CFPAC-1 cells, SMO increased 5.68 ±
0.83-fold when compared to parental cells. Interestingly,
we did not detect any mRNA expression of SMO in parental SW1990 cells, although it can definitely be detected
in SW1990/GZ cells (fig. 2b). The expression of Gli-1 increased 5.75 ± 2.88- and 4.35 ± 1.90-fold in CFPAC-1/res
and SW1990/res cells respectively.
Inhibition of Hedgehog signalling pathway by
cyclopamine inhibits mRNA and protein levels of
SMO, Gli-1, ABCG2 and ABCB1
Because cyclopamine had been shown to inhibit HH signalling by interfering with the activation of SMO [22, 23],
we treated CFPAC-1/res and SW1990/res with two different concentrations (2 μM and 5 μM) of cyclopamine. To
determine the effect of cyclopamine on the expression of
SMO, Gli-1, ABCG2 and ABCB1 in gemcitabine-resistant
cells, the mRNA and protein expression levels before and
after cyclopamine treatment were compared using quantitative RT-PCR and western blotting respectively. Our data
showed that treatment with cyclopamine results in decreases in SMO, Gli-1, ABCB1 and ABCG2 in both
gemcitabine-resistant cell lines. Similar results were obtained for protein levels. Western blot analysis showed that
the protein level of SMO was markedly down-regulated by
5 μM cyclopamine at 24–48 hrs after administration of cyclopamine (fig. 3b).
Cyclopamine treatment down-regulates CSC markers
After treatment of gemcitabine-resistant cells with 2 μM or
5 μM cyclopamine for 7 days in gemcitabine-free culture
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medium, the cells cultured in 5 μM cyclopamine underwent
significant cell death and apoptosis, so that the number of
cells became too small for further experiment. The cells
cultured in 2 μM cyclopamine were used to follow the
change in CSC markers. Our data show that the percentage
of CD44+ cells in CFPAC-1/res decreased from 85.31 ±
2.59% to 57.81 ± 1.99% after 3 days and to 17.1 ± 0.55%
after 7 days. The percentage in SW1990/res cells decreased
from 93.16 ± 2.46% to 74.05 ± 1.52% after 3 days and to
36.68 ± 2.44% after 7 days. The percentage of CD133+
cells decreased from 75.4 ± 2.24% to 55.20 ± 1.77% after
3 days and to 31.38 ± 1.99% after 7 days in CFPAC-1/
res cells and from 95.87 ± 1.47% to 76.52 ± 2.97% after
3 days and to 62.76 ± 1.28% after 7 days in SW1990/
res cells. However, after culture in gemcitabine-free and
cyclopamine-free medium, the cells in the control group
displayed no significant differences in the percentages of
CD44+ and CD133+ cells.
Cyclopamine restores gemcitabine sensitivity in
gemcitabine-resistant cells
After treatment with 2 μM cyclopamine for 24 h, significantly decreased expression of SMO, Gli-1, ABCG2 and
ABCB1 was detected. We then re-exposed gemcitabineresistant cells to gemcitabine-containing cyclopamine-free
culture medium for another 24 h. As shown in figure 4, pretreatment with 2 μM or 5 μM cyclopamine significantly reduced cell survival in gemcitabine-containing culture medium. For SW1990/res, 53.68 ± 5.24% and 69.99 ± 3.16%
cells underwent cell death when treated with 2 μM and
5 μM cyclopamine respectively, when combined with 100
μM gemcitabine. For CFPAC-1/res cells, 63.60 ± 7.26%
and 76.96 ± 4.28% cells were killed in 2 μM and 5 μM cyclopamine, respectively, when combined with 50 μM gemcitabine.
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stem cell markers [10, 24–26]. In hepatic cancer, CD133+
cancer stem cells confer chemoresistance by preferential
expression of the Akt/PKB survival pathway [27]. In the
present study we found that the CD133+ subfraction in
SW1990/res and CFPAC-1/res was also increased significantly when compared to their parental cells.
When cultured in gemcitabine-free media, a significant decrease in CD44 and CD133 expression in gemcitabine-resistant cells was observed after 1 week of treatment with
2 μM cyclopamine. At this concentration of cyclopamine,
resistant cells can propagate and be passaged without increased cell death and apoptosis. In Mueller’s research
[11], treatment with cyclopamine combined with rapamycin can abolish CD133+ and CD44+ cell populations in
both primary pancreatic cells and the L3.6pl cell line. Our
data suggest that blockage of the HH signalling pathway
by cyclopamine can also inhibit CSCs markers in
gemcitabine-resistant cells.
Sustained HH signalling activity was detected in pancreatic
adenocarcinoma cell lines isolated from both primary and
metastatic tumours. Inhibition of the HH signalling pathway by cyclopamine in Cfpac-1 cells can reduce cell proliferation and survival through down-regulation of Gli-1
activity [13]. In our study we evaluated the different
mRNA and protein levels of HH signalling molecules
between the gemcitabine-resistant pancreatic cancer cells
and their parental cell lines. We found upregulation of
Shh, SMO and Gli-1 in gemcitabine-resistant cells. Interestingly, SMO mRNA and protein expression could not
be detected in the parental SW1990 cell line, which is
consistent with Gao’s study [28]. Cyclopamine can block
pancreatic cancer cell growth when SMO mRNA expression is below the level of detection by QRT-PCR [15]. We
therefore suggest that SMO might be present in parental
SW1990 cells, but at levels too low to be detected by RT-

Discussion
Chemoresistance is a major cause of gemcitabine treatment
failure in pancreatic adenocarcinoma. After consecutive
treatments, the majority of patients with gemcitabinetreated pancreatic adenocarcinoma become resistant and
fail to derive benefit from chemotherapy. Hence it is extremely important to understand the mechanism behind
chemoresistance and to identify predictive markers of inherent and acquired chemoresistance to gemcitabine to improve the treatment of these patients.
The cancer stem cell hypothesis provides a new insight into
chemoresistance. Standard chemotherapy can greatly reduce tumour bulk but may be less effective on cancer stem
cells. In previous studies [6, 7], tumour stem cells were
found to be enriched in established pancreatic gemcitabineresistant cells. After exposure to high-dose gemcitabine,
most of the repopulated cells are CD44+, and they reconstituted the resistant cell population. We also carried out
FACS analysis for CD24 and ESA in resistant cells, which
were reported as putative markers of CSCs in pancreatic cancer. However, the percentage of CD24+ and ESA+
cells showed no significant difference. RNA interference of
CD44 inhibited the clonogenic activity of gemcitabine-resistant cells [7]. CD133 is also one of the important cancer
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Figure 5
Cyclopamine restored gemcitabine sensitivity in gemcitabineresistant cells as assessed by annexin V and PI staining.
CFPAC-1/res and SW1990/res cells were treated with gemcitabine
(mock control) (c), or DMSO (vector control) (v), or treated with 2
μM cyclopamine for 48 h (1) or 5 μM cyclopamine for 48 h (2),
pretreated by 2 μM cyclopamine for 24 h and then given
gemcitabine-containing culture medium for another 24 h (3), or
given 5 μM cyclopamine pretreatment and then gemcitabine
treatment (4). The concentration of gemcitabine was 50 μM for
CFPAC-1/res and 100 μM for SW1990/res. The cells were then
harvested and stained using a Vybrant Apoptosis Assay Kit, as
described in the materials and methods section. Values are
expressed as means ±SD. *P <0.05.
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PCR. After HH signalling molecules had been enriched in
gemcitabine-resistant SW1990 cells, SMO was detectable.
Since SMO was upregulated in both the Cfpac-1/res and
the SW1990/res cells, we treated gemcitabine-resistant
cells with cyclopamine, which has been reported to inhibit
HH signaling through inactivation of SMO [22, 23]. Resistant cells treated with 2 μM cyclopamine showed no significant difference in cell death and apoptosis, while treatment with 5 μM cyclopamine caused a slight increase in
cell death and apoptosis. However, when gemcitabine-resistant cells were treated with 2 μM or 5 μM cyclopamine
in combination with the previous concentration of gemcitabine (at the gemcitabine concentration in which the resistant cells can proliferate and be passaged), the percentage
of the population undergoing cell death and apoptosis was
significantly increased. This result suggests that the HH
pathway may play a crucial role in maintenance cell proliferation and survival in high-dose gemcitabine-containing
culture media. Once the increased HH pathway activity had
been inhibited by cyclopamine, increased cell death and apoptosis was observed in resistant cells.
It has been reported that combined targeting of histone
deacetylases and HH signalling enhances gemcitabine
cytotoxicity in PANC-1 and BxPC3 pancreatic cancer cells.
Cell death was associated with nuclear localisation of survivin, increased bax expression, and activation of caspases
3 and 7 [29]. These findings support our finding that inhibition of HH signalling pathway induced cell death and
apoptosis in gemcitabine-resistant cells and changed the
cell phenotype. However, according to Thayer and Feldmann’s research [13, 18], both PANC-1 and BxPC3 cells
are HH-independent cells, and treatment of parental BxPC3
and PANC-1 cells with cyclopamine did not result in a significant inhibition of cell proliferation. Together with our
study, we suggest that these data indicate that a HH inhibitor combined with another signalling pathway inhibitor may be necessary to overcome gemcitabine resistance
in HH-independent pancreatic cancer cell lines. In HH-dependent pancreatic cancer cell lines, including CFPAC-1 in
this study [13], a single HH inhibitor still had a persistent
function in inhibiting gemcitabine-resistant cell proliferation.
Treatment of the human pancreatic cell line E3LZ10.7 with
cyclopamine causes growth inhibition in vitro and a significant down-regulation of the HH target gene Gli-1 [18].
Treatment of L3.6pl cells with cyclopamine can also inhibit
the downstream HH target Gli-1 [11]. In the present study,
after treatment of gemcitabine-resistant cells with cyclopamine, down-regulation of Gli-1, ABCB1 and ABCG2
was observed. The expression of ABC transporters has
been correlated with clinical chemoresistance through increasing drug efflux [30, 31]. The combined use of chemotherapy drugs and ABC transporter inhibitors such as
verapamil could be employed to kill cancer stem cells selectively and more efficiently [32]. However, this may be
difficult to accomplish in vivo, because both ABCB1 and
ABCG2 play an important role in maintaining the bloodbrain barrier [8]. In oesophageal adenocarcinomas, ABC
transporter proteins can be down-regulated by treatment
of cancer cells with Gli-1-specific small interfering RNA
or treatment with cyclopamine [33], although the detailed
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mechanism remained unknown. Our data demonstrate that
blockade of HH signalling in pancreatic drug resistant cells
by cyclopamine results in a decrease in Gli-1 expression.
This result may correspond to the decreased expression of
ABCB1 and ABCG2, suggesting a different and more feasible approach to overcoming acquired gemcitabine resistance in pancreatic cancer cells.
In conclusion, the HH signalling pathway plays a pivotal
role in maintaining the gemcitabine resistance of pancreatic
cancer cells. Inhibition of the HH pathway by cyclopamine
represents an effective method of reversing gemcitabine
resistance in HH-dependent pancreatic cancer cells. In
therapeutic application, a targeted therapy against HH signalling pathway could be applied to overcoming gemcitabine resistance and may be beneficial in the treatment of
pancreatic cancer.
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