
Abstract. Background: Resistance to gemcitabine is a
major obstacle in the treatment of advanced pancreatic
cancer. Previous exploration of protein kinase inhibitors
demonstrated that blocking transforming growth factor-β
(TGFβ) signal enhances the efficacy of gemcitabine in
pancreatic cancer cells. Materials and Methods: We
analyzed the cell viability after combinational treatment of
TGFβ receptor I (TβRI) inhibitors, SB431542 and SB525334
with gemcitabine in pancreatic cancer cells. In addition,
apoptotic cell death and cell migration were measured.
Results: Combination with TβRI inhibitors significantly
augmented the cytotoxicity of gemcitabine in both parental
and gemcitabine resistant pancreatic cancer cells. SB525334
significantly increased apoptotic cell death in gemcitabine-
resistant cells. Treatment of SB525334 also affected the AKT
signalling pathway, which plays a crucial role in
gemcitabine resistance. Migration assay also revealed that
blocking TβRI reduces cell migration. Conclusion:
Chemotherapeutic approaches using SB525334 might
enhance the treatment benefit of the gemcitabine-containing
regimens in the treatment of pancreatic cancer patients. 

Pancreatic cancer is one of the most lethal malignancies and
five-year survival of pancreatic cancer patients is less than
5% (1), since the majority of patients are diagnosed with
disease at unresectable stages and do not receive benefit from
curative surgery (2). Moreover, up to 50% of cases are
associated with metastasis, which shortens the survival
benefit of conventional chemotherapy (3). The innate
chemoresistance in human malignancies may have multiple
mechanisms, such as decreased intracellular drug
accumulation, facilitation of drug detoxification mechanisms,
and increased DNA repair capacity (4, 5). 

To circumvent gemcitabine resistance various attempts
using combinational therapy have been tried (6). However,
most trials were not very promising except the combination
with epidermal growth factor receptor (EGFR) inhibitor,
which significantly but not satisfactorily extends overall
survival compared to single treatment of gemcitabine (7).
Therefore discovering new therapeutic targets to overcome
gemcitabine resistance is an urgent and essential task for
treatment of pancreatic cancer. 

Recent reports demonstrated that activation of several
biochemical pathways induces acquired drug resistance
during drug treatment (8, 9). Thus, exploration of kinome for
sensitization of pancreatic cancer cells to gemcitabine can be
a useful tool in order to isolate new target kinases. Recent
developments in small molecule inhibitors for numerous
protein kinases have enabled us to explore the protein kinase
targets in pancreatic cancer cells. Through the screening of a
series of protein kinase inhibitors (PKIs), we found that
several PKIs show synergism in combination with
gemcitabine (unpublished data). Among these newly found
PKIs, a specific inhibitor for transforming growth factor-β
(TGFβ) receptor I (TβRI), SB525334, exhibited substantial
potency in reducing gemcitabine resistance. 

TGFβ is a potent regulator of cell proliferation and
differentiation (10). TGFβ preferentially binds to TβRII then
the ligand-bound TβRII forms a heteromeric receptor
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complex with TβRI, which triggers downstream signals
(11). Among the seven isoforms of TβRIs, activin receptor-
like kinase 5 (ALK5) is the predominant in most cell types.
As a canonical pathway, activated ALK5 recruits and
phosphorylates SMAD2 and SMAD3, which translocate to
the nucleus for the activation or repression of target genes
after heteromeric complex formation with SMAD4
(reviewed in 11). Although TGFβ signaling has been
regarded as tumor suppressive, there is accumulating
evidence that aberrant TGFβ signaling initiates cancer and
promotes tumor progression (reviewed in 12). In addition,
TGFβ plays a crucial role in epithelial to mesenchymal
transition (EMT)-mediated tumor progression (13).
Activation of SMAD2 and SMAD3, downstream of TGFβ
has also been reported to induce EMT and metastasis of
skin and breast cancer (14, 15). 

The aberration of TGFβ signaling is also implicated in
pancreatic cancer: immunohistochemical analysis revealed
that elevated levels of TGFβ isoforms are negatively
correlated with patient survival in pancreatic cancer (16).
Accordingly, several approaches have been tried to target
TβRs in pancreatic cancer. Expression of soluble TβRII in
pancreatic cancer cells exhibited a marked decrease in
invasive capacity (17). Melisi et al. (18) demonstrated that a
dual inhibitor of TβRI and TβRII, LY2109761, significantly
reduced metastasis of pancreatic cancer cells in vivo.
Application with SB431542, a TβRI inhibitor, also exhibited
efficacy in tumor cell sensitization to gemcitabine, which
was evaluated in novel 3D culture of various pancreatic
cancer cell lines (19). Therefore, there are quite substantial
pre-clinical indications that targeting the TGFβ signal could
reduce resistance to gemcitabine. 

In order to overcome gemcitabine resistance we have
studied the mechanism of acquired gemcitabine resistance in
pancreatic cancer cells. Based on previous observations that
TβRI may be a promising target for the enhancement of
gemcitabine efficacy, in the present study, we evaluated the
efficacy of SB525334, a TβRI inhibitor (20), in gemcitabine-
resistant pancreatic cancer cells.

Materials and Methods

Cell culture and reagents. Human pancreatic cancer cell lines,
MiaPaCa2 and AsPC1, were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). MiaPaCa2 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 2.5% horse serum and 10% fetal bovine serum. AsPC1
cells were cultured in Roswell Park Memorial Institute (RPMI)-
1640 media supplemented with 20% fetal bovine serum. TβRI
inhibitors, SB431542 and SB525334, were purchased from Selleck
Chemicals (Houston, TX, USA).

Generation of gemcitabine resistant cells. For creating gemcitabine-
resistant cells, MiaPaCa2 and AsPC-1 cells were exposed to
incrementally increasing doses (starting at 0.1 μM) of gemcitabine.

When the cells adapted to a dose, the gemcitabine concentration was
increased by 0.1 μM. After three months of selection, MiaPaCa2
and AsPC1 cells surviving at 1.5 μM and 1.0 μM of gemcitabine,
respectively, were generated.
Cell viability and drug combination. To determine cell viability, cells
were plated onto 96-well plates. After 72 h treatment with
gemcitabine and/or TβRI inhibitors, cell viabilities were measured
using (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays. The half maximal effective concentration (EC50) of
each drug and the combination index at half maximal effective
concentration (CI50) of each drug combination was determined using
CompuSyn software (ComboSyn Inc., Paramus, NJ, USA) (21). 

Western blotting. Standard western blotting was performed in order to
measure the expression levels of proteins. Cells cultured with
gemcitabine with or without SB525334 were harvested and the
proteins in total cell extracts were generated using RIPA buffer
supplemented with protease inhibitors. Nuclear fractions of SB525334
and gemcitabine-treated cells were prepared using the Nuclear
Extraction Kit (Affymetrix, Santa Clara, CA, USA) according to the
manufacturer’s protocol. Protein samples were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) then
transferred to polyvinylidene fluoride (PVDF) membranes. Anti-poly
(ADP-ribose) polymerase 1 (PARP1), anti-X-linked inhibitor of
apoptosis protein (XIAP), anti-B-cell lymphoma 2 (BCL2) (BD
Bioscience Inc., Bedford, MA, USA), anti-AKT, anti-phospho-AKT,
anti-BCL2-associated death promoter (BAD), anti-phospho-BAD, anti-
β catenin (Cell Signaling Technology, Inc., Boston, MA), anti-lamin
B (Abcam, Inc., Cambridge, MA, USA), anti-vimentin, anti-E-
cadherin and anti-β-actin antibodies (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) were used as primary antibodies. Anti-mouse,
anti-goat and anti-rabbit IgG–peroxidase antibodies (Sigma, St. Louis,
MO, USA) were used for secondary antibodies and enhanced
chemiluminescence (ECL) solution (Santa Cruz Biotechnology, Inc.)
was used for detection. 

Caspase 3/7 assay. Protein extracts used for western blotting were
analyzed for caspase activity. Fifty micrograms of proteins were
incubated with substrate containing Caspase-Glo® 3/7 Assay buffer
(Promega, Madison, WI, USA) for thirty minutes. Caspase activities
were calculated after detection of luminescence by a luminometer
(Victor 2; Perkin Elmer, Walthan, MA, USA). 

Transfection of siRNA. One hundred nanomoles of AKT-specific (5’-
CCUUUUCGACGCUUAACCU-3’; Bioneer Inc., Korea) or control-
siRNA (5’-GACGAGCGGCACGUGCACA-3’; Dharmacon,
Lafayette, CO, USA) were transfected into MiaPaCa2-GR cells
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After
48 h, cells were transferred into 6-well and 96-well plates for
western blotting and MTT assay, respectively. Cells were further
transfected with siRNAs for an additional 24 h then treated with
gemcitabine for 72 h in the presence of siRNAs. 

Cell migration assay. MiaPaCa2-GR cells were grown on 6-well
plates until they became confluent. Then artificial wounds were
generated by scratching of the monolayer of cells with a sterile plastic
micropipette tip. Culture media were replaced with 1 or 10 μM of
SB525334-containing media. Wound closure was monitored by
phase-contrast microscopy (Olympus, Tokyo, Japan) and digital
images were obtained after 24 and 48 h post-wounding. 
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Results

TβRI inhibitors enhance the cytotoxicity of gemcitabine. In
order to evaluate the combinatorial effect of TβRI inhibitors
with gemcitabine, we measured the cell viability after treatment
of cells with gemcitabine and TβRI inhibitors. Combined
treatment of gemcitabine and SB431542 significantly reduced
cell viability of MiaPaCa2 (Figure 1A) and AsPC1 (Figure 1C).
Similarly, combined treatment of SB525334 with gemcitabine
also effectively reduced the viability of both cell lines
compared to single treatment with gemcitabine or SB525334
(Figure 1B and D).

TβRI inhibitors abrogate gemcitabine resistance. Since TβRI
inhibitors efficiently enhanced the cytotoxicity of gemcitabine,
we further evaluated the combinatorial effects in gemcitabine-

resistant cells. MTT assay revealed that TβRI inhibitors
effectively reduced the cell viability of MiaPaCa2-GR cells in
combination with gemcitabine as a 20:1 molar ratio (Figure
2A and B). Combinational treatment using SB431542 or
SB525334 also dramatically sensitized AsPC1-GR cells to
gemcitabine (Figure 2C and D). To determine the synergism
between TβRI inhibitors and gemcitabine, we analyzed CI50
in pancreatic cancer cells (Table I). SB431542 showed
synergistic effect in combination with gemcitabine in three cell
lines, although CI50 could not be determined in MiaPaCa2-GR
cells due to low cytotoxicity. SB525334 also showed
synergism in all of the cell lines.

Apoptotic cell death was increased by combination of
SB525334 and gemcitabine. To further characterize the
synergistic effect, we measured apoptotic cell death.
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Figure 1. Combination of transforming growth factor-β receptor I inhibitors with gemcitabine efficiently reduces the viability of pancreatic cancer
cells. MiaPaCa2 (A and B) and AsPC1 (C and D) cells were exposed to SB431542 (A and C), SB525334 (B and D) in combination with gemcitabine
for 72 h then cell viability was determined by MTT assay as described in Materials and Methods. Data are expressed as mean±SD. Student’s t-test
was applied for statistical analysis for comparison between gemcitabine treatment and combined treatment. *p<0.05; **p<0.01; and ***p<0.001.



Western blotting revealed that combination of gemcitabine
and SB525334 increased PARP1 cleavage in MiaPaCa2-
GR cells (Figure 3A). Drug combination also effectively
reduced the expression of anti-apoptotic proteins such as
XIAP and BCL2. To further confirm the increase in

apoptosis, we measured caspase-3 activity in MiaPaCa2-
GR cells. Combinations of drugs significantly enhanced
caspase-3 activity compared to single treatment of
gemcitabine in both low- and high-dose combinations
(Figure 3B).
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Figure 2. Transforming growth factor-β receptor I inhibitors reduce gemcitabine-resistance. Gemcitabine resistant MiaPaCa2-GR (A and B) and
AsPC1-GR (C and D) cells were incubated with TβRI inhibitors or gemcitabine for 72 h. Data are expressed as mean±SD. Student’s t-test was
applied for statistical analysis for comparison between gemcitabine treatment and combined treatment. *p<0.05; **p<0.01; and ***p<0.001.

Table I. Synergism of gemcitabine and transforming growth factor-β receptor inhibitors.

Cell EC50 CI50

Gemcitabine SB431542 SB525334 SB431542 SB525334

MiaPaCa2 0.06 ND 78.28 0.301 0.762
MiaPaCa2-GR 7.87 ND ND ND 0.591
AsPC1 1.25 12.05 8.33 0.244 0.118
AsPC1-GR 6.24 35.29 7.55 0.674 0.413

EC50, Half maximal effective concentration; CI50, combination (gemcitabine and each TβR inhibitor) index at half maximal effective concentration.
EC50 and CI50 were calculated as described under Materials and Methods. 



SB525334 suppresses AKT pathways in gemcitabine-resistant
cells. To characterize the gemcitabine sensitization by TβRI
inhibitors, we analyzed the change of cell survival pathways.
Since the phosphoinositide 3-kinase (PI3K)/AKT pathway is
the most well-known pathway directing gemcitabine
resistance (22), we measured the changes in AKT activation.
Western blotting demonstrated that incubation of cells with
SB525334 significantly reduced phosphorylation of AKT and
BAD without changes of total amounts of protein in
gemcitabine-resistant cells (Figure 4A). To further confirm
that inactivation of AKT by TβRI inhibitor is crucial for the
loss of gemcitabine resistance, we measured the change of

cell viability after knockdown of AKT. Abrogation of AKT
significantly reduced gemcitabine resistance of MiaPaCa2-
GR cells (Figure 4B). These data indicate that one of the
mechanisms of TβR inhibitor in gemcitabine resistance is
through inactivation of AKT mediated cell survival signals. 
EMT characteristics in gemcitabine-resistant cells are
abrogated by inhibition of TβRI. EMT is a distinct trait in
cells with acquired drug resistance. To determine whether
TβRI inhibitor reduces markers of EMT, we measured
several markers of EMT after 24 h treatment with SB525334.
Expression levels of vimentin were reduced in a dose-
dependent manner, while the levels of E-cadherin were not
changed by the incubation of cells with SB525334 (Figure
5A). The levels of nuclear localized β-catenin, an EMT
marker, also increased. Cell migration assay also supported
the changes of EMT markers. Incubation with SB525334
dramatically reduced the migratory activity of MiaPaCa2-GR
cells (Figure 5B). Thus inhibition of TβRI effectively
reduced expression of markers of EMT and migratory
activity in gemcitabine-resistant cells. 

Discussion

Based on the observation that TGFβ prevents proliferation of
normal epithelial cells and cancer cells at early stages of
tumorigenesis, TGFβ was regarded as a tumor suppressor (10).
Inactivation of TβRI, TβRII, SMAD2 and SMAD4 through
mutation or loss of heterozygosity correlates to tumorigenesis
(23). Transcriptional inactivation of TβRI and TβRII was also
observed in various types of cancer (11). Besides the loss of
the tumor suppressor function of TGFβ signaling, however,
considerable evidence indicates that perturbation of TGFβ
signaling enhances disease malignancy (12). 

In addition to SMAD-mediated transcription, TGFβ can
activate other signaling cascades Smad-independently (10).
Chow et al. revealed that TGFβ down-regulates phosphatase
and tensin homolog (PTEN) through activation of nuclear
factor κB (NFκB) (24), which results in the activation of AKT
signal (25). In this study, we observed that inhibition of TβRI
reduces phosphorylation of AKT and activation of
downstream BAD in gemcitabine-resistant cells. Subsequent
cell viability measurements also demonstrated that abrogation
of AKT sensitizes resistant cells to gemcitabine. Previously,
we observed that AKT-specific inhibitors significantly
increased gemcitabine sensitivity in parental and gemcitabine-
resistant cells (data not shown). Therefore, the synergism of
SB525334 and gemcitabine may, in part, be derived from the
inactivation of AKT and the consequent incapability of
activation of BAD in gemcitabine-resistant cells.

Recent findings indicate that TGFβ signaling pathways
facilitate metastasis of tumor cells (26). To initiate cell
migration, cell-cell junctions need to be weakened. During
EMT, TGFβ down-regulates claudins and occludins, which are
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Figure 3. Transforming growth factor-β receptor inhibitor enhances
apoptotic cell death in gemcitabine-resistant cell. A: MiaPaCa2-GR
cells were incubated with drugs for 72 h then expression levels of
apoptosis markers were measured by western blotting. B: Caspase-3/7
activities in same samples were determined as described in Materials
and Methods. Student’s t-test was applied for statistical analysis.
*p<0.05; **p<0.01; and ***p<0.001.



involved in tight junctions. In addition, TGFβ also induced
snai1 and snai2, zinc finger E-box-binding homeobox 1
(ZEB1) and ZEB2, resulting in suppression of E-cadherin, an
adherens junction protein. Loss of E-cadherin induces the
release of β-catenin (27), which translocates into the nucleus
and transactivates EMT-related proteins, such as vimentin,
after binding to T-cell factor (TCF)/lymphoid enhancer factor
1 transcription factor family (28). Therefore, our observation
that SB525334 reduced the major mesenchymal markers (e.g.
β-catenin and vimentin) indicates that inhibition of TβRI

efficiently reduces the EMT trait in gemcitabine-resistant cells.
Although we did not observe significant up-regulation of E-
cadherin by SB525334, further confirmation with the cell
migration assay supports the efficacy of TβRI inhibitor against
metastasis of pancreatic cancer cells. 

The significance of EMT is also implied in cancer stem
cell-(CSC) associated drug resistance. Currently the presence
of CSCs in human tumors and the correlation of CSCs with
drug resistance are proved and accepted by numerous
researchers (29). Several groups demonstrated the presence
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Figure 4. Inactivation of AKT by SB525334 renders MiaPaCa2-GR cells sensitive to gemcitabine. A: MiaPaCa2-GR cells were exposed to SB525334
(20 μM) or gemcitabine (1 μM) for 24 h then AKT signaling was measured by western blotting. B: MiaPaCa2-GR cells were transfected with control
or AKT specific siRNA for 72 h, then exposed to gemcitabine for an additional 72 h in the presence of siRNA before MTT assay. Inset: Changes of
AKT level after AKT knockdown as confirmed by western blotting. Student’s t-test was applied for statistical analysis. *p<0.05; **p<0.01; and
***p<0.001.

Figure 5. SB525334 reduces epithelial to mesenchymal transition trait in gemcitabine-resistant cells. A: MiaPaCa2-GR cells were treated with
SB525334 for 24 h then changes in expression levels of epithelial and mesenchymal markers were analyzed by western blotting. B: Influence of
SB525334 on the migration capacity of MiaPaCa2-GR cells was monitored as described in the Materials and Methods.



of CSCs in pancreatic cancer by isolation of the side
population (SP), which has the stem cell property of
tumorigenicity when transplanted into immune-compromised
mice (30, 31). These SPs are also reported to exhibit an
increased resistance to gemcitabine in pancreatic cancer (32).
There are several lines of evidence that EMT is linked to drug
resistance. Witta et al. demonstrated that there is positive
correlation between expression level of E-cadherin and drug
sensitivity (33). Li et al. also reported that cells possessing
CSC features are resistant to neoadjuvant chemotherapy (34).
The crucial role of EMT and CSCs in drug resistance and
cancer metastasis is also regarded as a key characteristic of
the malignancy of pancreatic cancer (35). CSCs and EMT
share common biochemical pathways such as Wnt, Notch and
Hedgehog (36). For example, CD44high, a common marker of
CSCs in various types of cancer, is transcriptionally regulated
by β-catenin/TCF. Collectively, there are significant
intercorrelations among CSCs, EMT and drug resistance, and
TGFβ signaling stands in the center of these.

Although we have failed to demonstrate that TGFβ
directly induces gemcitabine resistance (data not shown), our
data clearly demonstrate that inhibition of TGFβ signaling
by SB525334 significantly reduces gemcitabine resistance
through inhibition of AKT-mediated cell survival signals.
Enhancement of chemotherapy may require combinatorial
treatments (36): a conventional cytotoxic drug for killing the
bulk the tumor and a specific inhibitor for reduction of
CSCs/EMT. In this context, our approach, targeting TGFβ
signaling by SB525334 in combination with gemcitabine,
might be a good strategy for further clinical evaluation in
pancreatic cancer. 
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