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Synergistic antitumor interactions between gemcitabine
and clofarabine in human pancreatic cancer cell lines
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Abstract. Pancreatic cancer is a highly malignant disease,
with a 5-year survival rate of less than 4%. Thus, new therapies
for this deadly disease are urgently required. In this study, we
sought to investigate whether combination treatments with
gemcitabine and clofarabine result in synergistic cytotoxic
effects against human pancreatic cancer cells. The type and
extent of cytotoxic interactions between gemcitabine and
clofarabine in three human pancreatic cancer cell lines were
determined by MTT assays and standard isobologram analysis.
The effects of the two agents on cell cycle distribution and
apoptosis were determined by flow cytometry. Clofarabine
significantly and synergistically enhanced gemcitabine cyto-
toxicities in all of the cell lines tested. This was accompanied
by a nearly complete S phase arrest and synergistic induction
of apoptosis (cooperativity index = 0.67). Combined treatment
of gemcitabine and clofarabine resulted in synergistic cytotox-
icities in vitro. Our results strongly suggest potential clinical
benefits for using this drug combination to treat pancreatic
cancer patients.

Introduction

Pancreatic cancer is a highly malignant disease with a 5-year
survival rate of less than 4% (1). Gemcitabine (2',2'-difluorode-
oxycytidine; dFdC) is the standard first-line drug used to treat
patients with advanced pancreatic cancer (2). However, with a
median survival rate of 5.7 months and a 1-year survival rate of
18%, its efficacy remains low (3,4). Therefore, there has been
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considerable interest in combining gemcitabine with a variety
of chemotherapeutic agents to improve its efficacy.

As with other nucleoside analogs, gemcitabine exerts its
cytotoxic effects after phosphorylation by deoxycitidine kinase
(dCK) to its triphosphate active metabolite, which inhibits
both DNA polymerase and ribonucleotide reductase, leading
to impaired DNA synthesis and repair, and induces apoptosis
(5). Previous studies have shown that the combined effects of
many anticancer drugs with gemcitabine are based on their
ability to affect DNA damage, cell cycle and apoptosis, or to
modulate the metabolism of gemcitabine (6). Positive interac-
tions between gemcitabine and other nucleoside analogs have
been reported in several previous studies (7-9). One study
showed that gemcitabine and a pyrimidine nucleoside analog,
1-p-D-arabinofuranosyl cytosine (ara-C), had synergistic
antileukemic interactions in vitro and in vivo (8). Another two
studies demonstrated that the combination of gemcitabine and
a purine nucleoside analog, fludarabine or cladribine, resulted
in synergistic cytotoxicities against mesothelioma cell lines
or isolated chronic lymphocytic leukemia cells (7,9). These
studies suggest that combining two nucleoside analogs may
enhance their antitumor activities.

Clofarabine (2-chloro-2'-arabino-fluoro-2'-deoxy-
adenosine; CAFdA) is a second generation deoxyadenosine
analog, developed with the intent of combining the favorable
mechanistic properties of cladribine and fludarabine (10).
Indeed, the introduction of a fluorine atom at the 2'-arabino
position of cladribine decreases susceptibility to enzymatic
phosphorolysis by Escherichia coli purine nucleoside phos-
phorylase and increases the acid stability of clofarabine (10).
Therefore, clofarabine has higher bioavailability and anti-
cancer activity than cladribine and fludarabine. Clofarabine
has been approved for use in the treatment of relapsed and
refractory pediatric acute lymphoblastic leukemia alone or in
combination with ara-C (11-13). Moreover, pre-clinical studies
have also demonstrated that it has broad and potent activity
against solid tumors, including pancreatic cancer (14).

In this study, we hypothesized that clofarabine, analo-
gous to cladribine and fludarabine, potentiates the antitumor
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activity of gemcitabine against pancreatic cancer cells.
We demonstrate highly synergistic antitumor activities of
combined gemcitabine and clofarabine in three pancreatic cell
lines, accompanied by synergistic induction of apoptosis and
a nearly complete S phase arrest. Our results suggest poten-
tial clinical benefits for using this drug combination to treat
patients with pancreatic cancer.

Materials and methods

Materials. Gemcitabine hydrochloride (Gemzar®, Eli Lilly,
France; 200 mg/vial) was purchased from the Pharmacy
of the First Hospital of Jilin University (Changchun,
China). Clofarabine was purchased from the Jiangsu Wuyi
Pharmaceutical Research & Development Co. (Jinhua, China).
Dulbecco's modified Eagle's medium (DMEM) was purchased
from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was purchased from the Hangzhou Sijiging Biological
Engineering Materials Co. (Hangzhou, China). MTT (3-[4,
5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide),
was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).
Annexin V-FITC/propidium iodide (PI) kit for measuring
apoptosis by flow cytometry was purchased from the Shanghai
Yanbin Industrial Science and Technology Co. (Shanghai,
China).

Cell culture. The BxPC-3, PANC-1 and CFPAC-1 human
pancreatic cancer cell lines were purchased from the Shanghai
Cell Bank of Chinese Academy of Sciences (Shanghai, China).
The cell lines were cultured in DMEM with 10% FBS, plus
100 U/ml penicillin and 100 pg/ml streptomycin, in a 37°C
humidified atmosphere containing 5% CO,/95% air.

In vitro cytotoxicity assays. In vitro gemcitabine and clofara-
bine cytotoxicities against the pancreatic cancer cell lines were
measured using MTT assays, as previously described (15,16).
IC,, values were calculated as the drug concentrations neces-
sary to inhibit 50% proliferation as compared to untreated
control cells. The extent and direction of gemcitabine and
clofarabine cytotoxic interactions were evaluated as previously
described (16-18). Briefly, synergism, additivity or antagonism
were quantified by determining the combination index (CI),
where CI <1, CI =1 and CI >1 indicate synergistic, additive
and antagonistic effects, respectively. The data are presented
as the means =+ standard errors from at least three independent
experiments.

Cell cycle analysis. BxPC-3 cells treated with 5 nM gemcitabine
or 2.5 nM clofarabine alone or in combination for 120 h were
then harvested and fixed with ice-cold 70% (v/v) ethanol for
24 h. Following centrifugation at 200 x g for 5 min, the cell
pellets were washed with PBS (pH 7.4) and resuspended in PBS
containing propidium iodide (PI) (50 xg/ml), Triton X-100 (0.1%,
v/v) and DNase-free RNase (1 xg/ml). DNA contents were deter-
mined by flow cytometry (FACS Calibur; Becton Dickinson,
San Jose, CA, USA). Cell cycle analysis carried out with ModFit
LT™3.0 DNA analysis software (Becton Dickinson).

Detection of apoptosis by flow cytometry. BXPC-3 cells
treated with 5 nM gemcitabine or 2.5 nM clofarabine alone
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Figure 1. Clofarabine significantly enhanced gemcitabine sensitivities in pan-
creatic cancer cell lines. Gemcitabine ICy, value for (A) BxPC-3, (B) PANC-1
and (C) CFPAC-1 cells was determined in the presence or absence of clofara-
bine, treated simultaneously by MTT assays, as described in Materials and
methods. "P<0.05, “"P<0.005.

or their combination for 120 h were harvested and vigorously
pipetted, and samples were taken to determine baseline and
drug-induced apoptosis using the Apoptosis Annexin V-FITC/
PI kit, according to the manufacturer's instructions. Apoptotic
events were recorded as a combination of Annexin V*/PI (early
apoptotic) and Annexin V*/PI* (late apoptotic/dead) events,
and the results were expressed as the percentage of Annexin
V* cells after subtracting results for untreated cells. Synergy
was quantified using the cooperativity index (cooperativity
index = sum of apoptosis of the single-agent treatment/apop-
tosis of the combined treatment). A cooperativity index <1, =1
or >1 was indicative of synergism, additivity or antagonism,
respectively (19).

Statistical analysis. Differences in gemcitabine ICs, values
between clofarabine-treated and untreated pancreatic cancer
cells were compared using the paired t-test. Statistical analyses
were performed with GraphPad Prism 4.0.

Results
Synergistic cytotoxicities of the combined treatment with

gemcitabine and clofarabine in pancreatic cancer cell
lines. To explore the possibility of synergistic cytotoxicity of
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Table I. Effects of clofarabine on gemcitabine sensitivities in human pancreatic cancer cell lines.

Cell line Clofarabine Gemcitabine IC,, (nM) P-value
ICs, (nM)
Clofarabine Clofarabine Clofarabine Clofarabine Clofarabine
0 nM 1.25 nM 2.5nM 5nM 10 nM
BxPC-3 40.7£2.4 8.9+0.9 53+0.6 (0.63) 3.3+0.2(043) 2.3+0.3(0.38) 1.7+20.3 (0.44) <0.05
PANC-1 42.4+0.7 7.6+0.7 32+0.5(045) 3.1+x0.6(047) 22+0.2041) 0.9+0.5 (0.36) <0.05
CFPAC-1 443+09 9.4+0.5 6.2+0.5(0.69) 2.5+0.6 (0.33) 1.5+0.7 (0.27) 0.9+04 (0.33) <0.05

Gemcitabine ICy, values for three cell lines are presented as the means + standard error from at least three independent experiments. The values

in parentheses represent the CI indices.

gemcitabine in combination with clofarabine, the three human
pancreatic cancer cell lines (BxPC-3, PANC-1 and CFPAC-1)
were treated with various concentrations of gemcitabine and
clofarabine, either alone or in combination, for 120 h. Inhibition
of cell proliferation by the two agents was measured by MTT
assays. When administered simultaneously, clofarabine signif-
icantly enhanced gemcitabine sensitivity (as reflected in the
decreased ICs, values) in all the cell lines (Fig. 1 and Table I).
The combined effects of gemcitabine with clofarabine on cell
proliferation were clearly synergistic, as determined by stan-
dard isobologram analyses (data not shown) and by calculating
the CI values. A CI <1, indicative of synergism, was calculated
for each of the drug combinations (Table I).

Effects of gemcitabine and clofarabine on cell cycle
distribution in BxPC-3 cells. Since both gemcitabine and
clofarabine are inhibitors of DNA synthesis, we hypothesized
that gemcitabine combined with clofarabine would promote
cell cycle arrest, resulting in synergistic cytotoxic effects.
As shown in Fig. 2, treatment of BxPC-3 cells with 5 nM
gemcitabine alone resulted in S and G2/M blockade, compared
to untreated cells. Analogous results were obtained by treating
the cells with 2.5 nM clofarabine alone, however, to a much
lesser extent. Notably, co-treatment with gemcitabine and
clofarabine resulted in a nearly complete blockade from S to
G2. These results demonstrated that clofarabine significantly
augments S phase arrest induced by gemcitabine in BxPC-3
cells. Moreover, the presence of a hypodiploid pre-G1 region
on the DNA histograms suggests that apoptosis was induced
by gemcitabine alone and in combination with clofarabine
(Fig. 2A).

Synergistic induction of apoptosis by gemcitabine and
clofarabine in BxPC-3 cells. Efforts were then undertaken
to further evaluate cell apoptosis induced by the two agents,
as observed in Fig. 2A, by Annexin V/PI staining and flow
cytometric analysis. Treatment with 5 nM gemcitabine alone
substantially induced apoptosis in BxPC-3 cells, whereas treat-
ment with 2.5 nM clofarabine at 2.5 nM by itself only resulted
in a marginal level of apoptosis (Fig. 3). When administered
simultaneously, the two agents synergistically induced apop-
tosis, compared to individual drug treatments (cooperativity
index = 0.67).

Taken together, our results provide compelling evidence
that the synergistic cytotoxic effects of the two agents against
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Figure 2. Effects of gemcitabine and clofarabine on cell cycle distribution in
BxPC-3 cells. BxPC-3 cells were treated with 5 nM gemcitabine or 2.5 nM
clofarabine alone or in combination for, 120 h. Cell cycle distribution was
determined by PI staining and flow cytometry. (A) DNA histograms from
one representative experiment. (B) Average results from three to four inde-
pendent experiments.

pancreatic cancer cells are attributed to induction of apoptosis
and cell cycle arrest.

Discussion

Combining two nucleoside analogs is a potentially effective
strategy to overcome drug resistance and to improve response
and cure rates of cancer patients. Several reports describing
positive interactions between purine and pyrimidine nucleoside
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Figure 3. Clofarabine augments apoptosis induced by gemcitabine in BxPC-3
cells. BxPC-3 cells were treated with 5 nM gemcitabine or 2.5 nM clofarabine,
alone or in combination for 120 h. Early and late apoptotic events in the cells
were determined by Annexin V/PI staining and flow cytometry. (A) Scatter
plots of both early and late apoptotic events from one representative experi-
ment. (B) Average results from three to four independent experiments.

analogs have focused on the treatments of leukemia or meso-
thelioma cells (7,9,20,21), whereas treatments of pancreatic
cancer cells with these combinations have not been reported.
Our study demonstrated that the combination of gemcitabine,
a pyrimidine nucleoside analog, and clofarabine, a purine
nucleoside analog, resulted in synergistic cytotoxicities against
three human pancreatic cancer cell lines. Most importantly,
the concentrations of clofarabine required to enhance the cyto-
toxic effects of gemcitabine in the pancreatic cell lines were in
the low nM range (1.25-10 nM). This renders the feasibility of
translating our findings into the clinic.

To begin the determination of the mechanisms under-
lying the synergistic cytotoxic effects of gemcitabine and
clofarabine, cell cycle phase distributions were analyzed in
post-drug treatment BxPC-3 cells. As expected, gemcitabine
alone caused substantial accumulation of cells in the S and
G2/M phases, consistent with its mechanisms of action as a
DNA chain terminator. Previous studies have also shown
increased proportions of MIA PaCa-2, PANC-1 or A549 cells
in S phase after treatment with gemcitabine (22,23). Although
clofarabine alone only marginally caused S and G2/M arrest,
it substantially enhanced S phase arrest when simultaneously
administered with gemcitabine. These results strongly suggest
that S phase arrest caused by the two agents clearly contributes
to their synergistic cytotoxicities against pancreatic cancer
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cells. Similarly, apoptosis analysis showed that gemcitabine
combined with clofarabine caused a synergistic induction of
apoptosis in BxPC-3 cells, compared to individual drug treat-
ments, suggesting that induction of apoptosis is indeed another
contributing factor to the synergistic cytotoxicities of the two
agents. However, detailed molecular mechanisms regarding
how the agents synergize in causing S phase arrest and in
inducing apoptosis remain unknown.

In conclusion, we showed that gemcitabine combined with
clofarabine resulted in highly synergistic cytotoxicities against
human pancreatic cancer cells mediated by S phase arrest and
apoptosis induction. The combination of gemcitabine and
clofarabine could be effective against pancreatic carcinoma.
Further studies to validate our in vitro results in vivo are
warranted.
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