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Combination of dasatinib and gemcitabine reduces the ALDH1A1
expression and the proliferation of gemcitabine-resistant
pancreatic cancer MIA PaCa-2 cells
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Abstract. Gemcitabine-based chemotherapy is the stan-
dard for treatment of pancreatic cancer; however, intrinsic
and acquired resistance to gemcitabine commonly occurs.
Aldehyde dehydrogenase 1A1 (ALDHI1A1), one of the char-
acteristic features of tumor-initiating and/or cancer stem
cell (CSC) properties, is important in both intrinsic and
acquired resistance to gemcitabine. In this study, we inves-
tigated the effectiveness of dasatinib, an SRC inhibitor, and
gemcitabine combination to inhibit the survivals of parental
(MIA PaCa-2/P) and gemcitabine-resistant (MIA PaCa-2/GR)
cell lines. In MIA PaCa-2/GR cells, the levels of phospho-SRC
and ALDHI1AI1 were increased compared to MIA PaCa-2/P
cells. Inhibition of SRC by dasatinib or siRNA synergisti-
cally enhanced gemcitabine-induced anti-proliferative effects
and induced apoptotic cell death in these cells. Furthermore,
combination of SRC inhibition (either by dasatinib or
siRNA) and gemcitabine significantly decreased the levels of
ALDHIALI expression. These results suggest that dasatinib
and gemcitabine combination may be a potential therapeutic
strategy to overcome gemcitabine resistance by decreasing the
levels of ALDH1ALI expression.

Introduction

With a 5-year survival rate of 5%, pancreatic cancer is one of
the most lethal malignancies in the United States (1,2). The
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poor prognosis of pancreatic cancer is due to the failure of
early diagnosis for curative surgical resection combined with
adjuvant chemotherapy, the aggressive biological behavior
of the tumor and insensitivity to most conventional therapies
including chemotherapy and radiotherapy (3). Although a
recent study shows that FOLFIRINOX (combination of fluo-
rouracil, leucovorin, irinotecan and oxaliplatin) is superior
option for patients with advanced pancreatic cancer and good
ECOG (Eastern Cooperative Oncology Group) performance
status, gemcitabine (difluorodeoxycitidine, dFdC) still remains
the first-line standard drug as a treatment available for meta-
static and non-metastatic with locally advanced pancreatic
cancer (4,5); however, the disease rapidly develops resistance
to the drug and no apparent improvement in overall survival
rate over the last decade (2,6).

The aldehyde dehydrogenase (ALDH) family comprises
evolutionarily conserved 19 isoforms that catalyze oxidiza-
tion of aldehydes to carboxylic acids and are localized in the
cytoplasm, mitochondria or nucleus of cells (7). Several lines
of evidence suggest that ALDH activity is a hallmark of cancer
stem cells (CSCs) that can be measured by Aldeflour assay (7).
Since CSCs are known to resistant to various chemotherapies,
it is possible that the resistance to chemotherapeutic agents
is due to the activity of ALDH in CSCs. For example, the
expression of ALDH1A1 or ALDH3ALI is correlated with the
resistance of chemotherapeutics in hematopoietic stem cells,
breast cancer patient samples, or colorectal cancer xenograft
tumors (8-10). The activation of ALDH1A1 was found in stem
cell population in multiple types of cancers including breast,
colon, bladder, pancreatic, head and neck squamous, lung,
liver and ovarian cancer (11-18). In pancreatic cancer patients,
ALDHI1AL expression is also implicated in a stem cell marker
and correlates with worse outcome (19). Recently, we found
that the high level of ALDHI1A1 expression is correlated with
the resistance to gemcitabine in MIA PaCa-2/GR comparing
with parental MIA PaCa-2/P cells (20).

Dasatinib is a potent inhibitor of SRC family kinases
and ABL kinases (21,22). An increasing body of evidence
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from preclinical and clinical studies suggests that dasatinib
enhanced the antitumor efficacy of various chemotherapeutic
drugs in multiple types of cancers such as lung, colon, pancre-
atic, breast, prostate, ovarian, melanoma and leukemia (23-33).
In addition, dasatinib enhanced antitumor effect of etoposide
associated with a decreased proportion of aldehyde dehydroge-
nase 1 (ALDHI1)-positive cells in breast cancer MDA-MB-231
and MDA-MB-157 cells (34). The combination treatment of
dasatinib and curcumin also eliminated chemoresistant colon
cancer HCT-116 and HT-29 cell line which show increased
expression of CSC markers as CD133, CD44, CD166 and
ALDHI (35). Although the role of dasatinib in sensitizing
pancreatic cancer cells to gemcitabine was explored (25,26),
the potentially crucial role in the treatment of pancreatic CSCs
has not been investigated.

Herein, we demonstrated the combination effect of dasat-
inib and gemcitabine in inhibition of the cell proliferation and
survival of MIA PaCa-2/P and MIA PaCa-2/GR cell lines that
are highly enriched with the level of ALDHI1AI1 expression.
Our results suggest that the synergistic antitumor effects of
dasatinib/gemcitabine combination are mediated by reducing
the level of ALDHI1AI in ALDHIAIl-enriched pancreatic
cancer MIA PaCa-2 cells.

Materials and methods

Cell culture and reagents. MIA PaCa-2 cells were purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA). MIA PaCa-2/GR cells were generated in our
laboratory as described (20). The cells were maintained as
described previously (20). Gemcitabine and dasatinib were
purchased from LC Labs (Woburn, MA, USA) and dissolved
in PBS and dimethyl sulfoxide (DMSO), respectively.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. A total of 1,500 cells per well were plated in
96-well flat bottom plates and then exposed to test combina-
tion treatment of gemcitabine and dasatinib in various
concentrations. The MTT cell viability assay was performed
as described previously (20). The combination index (CI) was
calculated by using CompuSyn software (ComboSyn, Inc.,
Paramus, NJ, USA) and values of CI<1, CI=1, CI>I indicate
synergism, additive effect, and antagonism, respectively.

Clonogenic assay. MIA PaCa-2/P and/or MIA PaCa-2/GR
cells (2x10° cells) were seeded in 60-mm dishes. Twenty-four
hours after plating, varying concentrations of the drugs, either
as a single agent or in combination, were added to the dishes.
After treatment, cells (500 cells) were re-seeded in 60 mm
dishes in triplicate. After 14 days of incubation, the colonies
were stained and examined as described elsewhere (36,37).

Western blot analysis. Cells were grown to ~70% confluence
and reagents were added as indicated. Western blot analysis
was performed as described previously (36,37) with the
following antibodies: phospho-SRC (Y416), phospho-STAT3
(T705), and SRC (Cell Signaling Technology, Inc., Boston,
MA, USA), ALDHI1A1 (Abcam, Cambridge, UK), Poly-ADP-
ribose-polymerase (PARP; BD Biosciences, Franklin, NJ,
USA), a-tubulin and B-actin (Sigma, St. Louis, MO, USA).
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Caspase-3/7 activity assay. Caspase-3/7 activity assay was
carried out by using a Caspase-3/7 Glo assay (Promega,
Madison, WI, USA) according to the manufacturer's protocol.
Cells were treated with either gemcitabine, dasatinib alone, or
combination of both drugs for indicated concentrations and
caspase-3/7 activity was measured from cell lysates after indi-
cated time of treatment. Luminescence was measured at490 nm
using VICTOR X multilable plate readers (Perkin-Elmer Life
Sciences, Boston, MA, USA). Relative luminescence units
were determined by calculating luminescence values from
samples as a percentage of values from vehicle-treated control
samples. The experiments were performed in triplicate and
repeated on two separately initiated cultures.

Small interfering RNA (siRNA). For the RNA interfering
experiment, SRC-siRNA, 5'-GUGUCUUAAUACUGUC
CUU-3" and control-siRNA, 5-GACGAGCGGCACGUG
CACA-3' were purchased from Bioneer (Daejeon, Korea).
SRC-siRNA or control-siRNA were transfected into MIA
PaCa-2/P and MIA PaCa-2/GR cells using Lipofectamine™
2000 (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer's procedure. The transfected cells were then processed
for western blot analysis, caspase-3/7 activity and MTT cell
proliferation assay (20).

Statistical methods. Statistical comparisons were made using
the two-tailed Student's t-test where appropriate. Results were
considered significant in all experiments at "P<0.05, “P<0.01

and " P<0.005. Data were expressed as the mean + SD.
Results

The level of SRC is significantly higher in MIA PaCa-2/GR
cells. Our recent study showed that among various human
pancreatic cancer cell lines, MIA PaCa-2 cells exhibit the
highest level of ALDH1A1 (20), a marker of tumor-initiating
and/or cancer stem cell properties in human pancreatic cancer.
In addition, we also found that the level of ALDH1AI expres-
sion was higher in MIA PaCa-2/GR cells than MIA PaCa-2/P
cells (20). Given the potential correlation of SRC with
ALDHI1A1, we first examined the level of SRC in both
MIA PaCa-2/P and MIA PaCa-2/GR cells. The western blot
analysis revealed that both phosphorylated and total form of
SRC was significantly higher in MIA PaCa-2/GR cells than
MIA PaCa-2/P cells (Fig. 1).

The synergistic antitumor effects by combination of dasatinib
and gemcitabine. In order to investigate the potential benefi-
cial effect of dasatinib/gemcitabine combination, both cell
lines were treated with dasatinib and gemcitabine for 72 h with
fixed molar ratios of 1:2.5. As shown in Fig. 2A, combination
of dasatinib/gemcitabine synergistically reduced the viable
cells in both cell lines. The CI values at EDs,, ED5, and EDy,
are 0.67,0.74 and 0.86 for MIA PaCa-2/P cells and 0.47, 0.57
and 0.79 for MIA PaCa-2/GR cells, respectively (Table I).
In order to determine the long-term combination effect of
dasatinib/gemcitabine, cells were treated with either dasatinib,
gemcitabine or in combination of both drugs for 24 h and then,
cells were continually re-cultured in fresh media without drug
for 14 days. Survived colonies were calculated as described in
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Figure 1. The level of phospho-SRC is higher in MIA PaCa-2/GR cells than
in MIA PaCa-2/P cells. The western blot analysis of exponentially growing
cells determined the level of the total and phosphorylated forms of SRC
(Y416). o-tubulin was used for a loading and transfer control. “Adopted from
our previous report (20).

Table I. Synergistic inhibition of cell proliferation by combina-
tion of dasatinib/gemcitabine in ALDH1A1-enriched pancreatic
cancer MIA PaCa-2 cells.*

EDj, ED; EDy,
MIA PaCa-2/P 0.67 0.74 0.86
MIA PaCa-2/GR 0.47 0.57 0.79

“These CI values were calculated as described in Materials and
methods. Values of CI <1, =1 and >1 indicate synergism, additive
effects and antagonism, respectively.

Materials and methods and plotted as percentages of the no
treatment control. Results showed that either gemcitabine or
dasatinib as single agent had limited effect on the survival of
these cells. On the contrary, the cell survival was significantly
reduced up to ~42% in MIA PaCa-2/P and ~59% in MIA
PaCa-2/GR when the cells were co-treated with dasatinib/
gemcitabine (Fig. 2B). These results suggest that the combina-
tion of dasatinib/gemcitabine results in a synergistic decrease
in the cell proliferation and survival of ALDH1Al-enriched
pancreatic cancer MIA PaCa-2 cells.

Dasatinib enhances apoptotic cell death by gemcitabine in
MIA PaCa-2 cells. The combination of dasatinib/gemcitabine
on the induction of apoptosis was also investigated. Cells were
treated with either dasatinib (0.4 uM), gemcitabine (1 pM)
alone or in combination of both drugs for 48 h and western blot
analysis was performed to detect apoptotic cell death with a
molecular biomarker of apoptosis, PARP cleavage. Comparing
to cells treated with dasatinib (0.4 pM) or gemcitabine (1 yM)
alone, dasatinib/gemcitabine-treated cells showed a more
dramatic increase of PARP cleavage in both cell lines (Fig. 3A).
As expected, the combination of dasatinib/gemcitabine signifi-
cantly increased the caspase-3/7 activity in both cell lines
(Fig. 3B). Taken together, these results suggest that treatment
of dasatinib significantly enhances gemcitabine-induced apop-
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Figure 2. The synergistic anti-proliferative effects by combination of
dasatinib (DAS) and gemcitabine (GEM). (A) An MTT assay was used to
determine the cell viability of MIA PaCa-2/P and MIA PaCa-2/GR cells that
co-treated with DAS and GEM with various concentrations for 72 h with
fixed molar concentration ratios of 1:2.5. Data from two independent experi-
ments performed in triplicate are shown as mean + SD. (B) A clonogenic
assay was performed to determine the long-term response of MIA PaCa-2/P
and MIA PaCa-2/GR cells that treated with either DAS (50 nM), GEM
(125 nM) alone or in combination of both drugs for 24 h. Colony numbers
were counted and calculated as a relative percentage (%) of the untreated
control cells. Experiments were repeated three times and similar results were
obtained. Data are presented mean = SD. “P<0.01.

tosis through activation of caspase-3/7 and PARP cleavage in
both MIA PaCa-2/P and MIA PaCa-2/GR cell lines.

Dasatinib/gemcitabine combination inhibits the level of
ALDHIAI expression and phospho-SRC. We also evaluated
the effect of dasatinib/gemcitabine combination on ALDHIA1
expression. Treatment of cells for 48 h with gemcitabine
(1 uM) partly reduced the basal expression of ALDHI1AI,
while dasatinib (0.4 M) did not affect the basal expression of
ALDHI1ALI (Fig. 4). Importantly, the combination of dasatinib/
gemcitabine further reduced the level of ALDHI1AI1 expres-
sion in both cell lines (Fig. 4).
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Figure 3. Dasatinib (DAS) enhances gemcitabine (GEM)-induced apoptotic cell death. (A) The cells were treated with either DAS (0.4 uM), GEM (1 uM) alone
or in combination of both drugs for 48 h and then western blot analysis was performed with indicated antibodies. a-tubulin was used for a loading and transfer
control. (B) The cells treated as described in (A) were lysed and caspase-3/7 activities were measured as described in Materials and methods. Data from three

independent experiments are shown as mean + SD. "P<0.05 and ““P<0.005.
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Figure 4. Dasatinib (DAS) and gemcitabine (GEM) combination reduces
the level of ALDHI1A1 expression and phospho-STAT3 (Y705) in both
MIA PaCa-2/P and MIA PaCa-2/GR cells. The cells were treated as indicated
for 48 h and western blot analysis was performed with indicated antibodies.
a-tubulin was used for a loading and transfer control.

Since dasatinibhas beenreported to decrease phosphorylation
of SRC, FAK, and AKT in a concentration-dependent manner in
either gemcitabine-sensitive (BxPC3) or gemcitabine-resistant
(Panc-1) pancreatic cancer cells (38), we also determined the
level of phospho-SRC in dasatinib/gemcitabine-treated cells.
The western blot analysis showed that combination of dasatinib/

gemcitabine did not affect the dasatinib-mediated suppression
of phospho-SRC (Y416) in these cells (Fig. 4). Under these
conditions, dasatinib alone showed limited inhibitory effect
on the phospho-STAT3 (Y705). However, combination of
dasatinib/gemcitabine inhibited the phosphorylation of STAT3
(Y705) (Fig. 4).

Knockdown of SRC increases apoptotic cell death and
decreases the level of ALDHIAI expression by gemcitabine.
The enhanced effect of SRC inhibition on gemcitabine-
induced cell death was further confirmed by siRNA-mediated
knockdown. The cells were transfected with either control- or
SRC-siRNA and further treated with gemcitabine. Under these
conditions, knockdown of SRC by siRNA reduced the level of
phospho-SRC (Y416) and phospho-STAT3 (Y705). Consistent
with dasatinib/gemcitabine combination, combination of
SRC-siRNA and gemcitabine further suppressed the phospho-
STAT3 (Y705) in MIA PaCa-2/P cells (Fig. 5A).

In order to confirm whether inhibition of SRC enhances
sensitivity to gemcitabine, cells pretreated with either
SRC-siRNA or control-siRNA for 48 h were incubated with
various concentrations of gemcitabine for 72 h and cell viability
was determined by MTT assay. The results showed that combi-
nation of SRC-siRNA and gemcitabine was significantly more
effective in reducing the viable cells than control-siRNA and
gemcitabine in both cell lines (data not shown). Furthermore,
gemcitabine-induced PARP cleavage and caspase-3/7 activity
were enhanced in these cells by knockdown of SRC (Fig. 5B
and C). In addition, SRC-knockdown reduced the level of
ALDHIAL in both cell lines (Fig. 5B). Again, combination of
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Figure 5. Knockdown of SRC enhances gemcitabine (GEM)-induced apoptotic cell death and reduces the level of ALDH1AI expression. (A) MIA PaCa-2/P cells
were transfected with either SRC-siRNA or control-siRNA for 48 h and further treated with GEM (1 M) for 48 h. The western blot analysis was conducted to
determine the indicated proteins. -actin was used for a loading and transfer control. (B) The cells were transfected with either SRC-siRNA or control-siRNA
for 48 h and further treated with GEM (1 M) for 48 h and western blot analysis was performed with indicated antibodies. a-tubulin was used for a loading
and transfer control. (C) The cells treated as described in (B) were lysed and the caspase-3/7 activities were determined as described in Materials and methods.

Ak

Representative data are shown as mean + SD from three independent experiments. ‘P<0.05; “P<0.01; and ““P<0.005.

SRC-siRNA and gemcitabine further decreased the level of
ALDHI1A1 expression (Fig. 5B). Taken together, targeting of
SRC activity by dasatinib or siRNA enhanced gemcitabine-
induced cell death by inducting apoptotic cell death and
reducing the level of ALDHIA1 expression in ALDH1AI-
enriched pancreatic cancer MIA PaCa-2 cells.

Discussion

In this study, we investigated the effect of dasatinib on
gemcitabine-sensitivity of ALDH1Al-enriched pancre-
atic cancer MIA PaCa-2 cells. As results, we found that:
i) MIA PaCa-2/GR cells express significantly higher levels
of phospho-SRC and total SRC as well as ALDH1AI than
MIA PaCa-2/P cells; ii) combination of dasatinib/gemcitabine

reduces the cell proliferation and survival by induction of
apoptotic cell death in both MIA PaCa-2/P and MIA PaCa-2/
GR cells; iii) dasatinib/gemcitabine combination inhibits
the phosphorylation of SRC (Y416) and STAT3 (Y705) and
reduces the level of ALDH1A1; iv) knockdown of SRC by
siRNA enhances gemcitabine-induced apoptotic cell death;
and v) combination of SRC-knockdown with gemcitabine
reduced the level of ALDHI1AI1 expression. These results
strongly support that inhibition of SRC by dasatinib or siRNA
sensitizes ALDH1A1-enriched pancreatic cancer MIA PaCa-2
cells to gemcitabine.

Failure of standard chemotherapy and radiotherapy to
eliminate pancreatic CSCs is thought to be a key hurdle in
the treatment of pancreatic cancer. CSCs including pancreatic
CSCs possess potential to self-renew and to differentiate into
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heterogeneous population of cells within the tumor, and have
a high ability to invade and metastasize (39,40). It has been
reported that pancreatic CSCs are resistant to gemcitabine
and therefore play a significant role in recurrence of primary
pancreatic cancer (41-43). Pancreatic CSCs are currently iden-
tified by the expression of specific surface and cytoplasmic
markers. The potential stem cell markers such as CD24, CD44
and ESA were reported to be enriched in pancreatic CSCs
(44); and other markers such as CD133 and ALDHI1A1 were
also reported to be enriched in pancreatic CSCs (16,44,45).
Recently, ALDHI1AL1 has been identified as a potential thera-
peutic target (7,46). Notably, inhibition of ALDH1A1 has been
shown to sensitize ALDH1Al-enriched pancreatic cancer
MIA PaCa-2 cells to gemcitabine (20); in addition, inhibition
of ALDH has been also shown to sensitize ALDH-enriched
ovarian and breast cancer cells to chemotherapy and radio-
therapy (18,47).

Taken together, the present study suggests a potential
application of dasatinib/gemcitabine combination to eliminate
the CSC population in the ALDHI1A1-enriched pancreatic
cancer MIA PaCa-2 cell lines. This might be particularly
of importance in treatment of pancreatic CSCs which show
resistance to gemcitabine (41-43). Our observation implicates
that the combination of dasatinib/gemcitabine may provide
great benefit to eliminate pancreatic CSCs and inhibit the
recurrence of pancreatic cancer. However, further studies are
needed to investigate this therapeutic strategy in ALDH1A1-
positive cells that are isolated by Aldeflour assay or other
CSC marker-specific methods both in vitro and in vivo animal
models.
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