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Introduction

Polo-like kinase 1 (PLK1) is a conserved serine/threonine pro-
tein kinase and is essential for cell division.1,2 Previous studies 
suggest that PLK1 plays pivotal roles in mitotic progress, func-
tioning in processes from mitosis entry, centrosome maturation, 
spindle formation to chromosome segregation in anaphase as well 
as division completion.3-6 Recent studies also demonstrate that 
PLK1 regulates DNA damage checkpoint and is responsible for 
maintaining genomic stability during DNA replication.7-9 The 
multiple functions of PLK1 are potentially due to its specific 
localizations to mitotic structures and its enzymatic activity to 
phosphorylate a variety of substrates. As a consequence, the intact 
structure and catalytic activity of PLK1 are both necessary for its 
cellular functions.10-12

Pancreatic cancer is an aggressive disease. Early diagnosis 
of pancreatic cancer is difficult at present, which often leads 
to delay in effective treatment. Moreover, the poor response of 
pancreatic cancer to conventional chemotherapy adds to a bad 
prognosis.13,14 Recent studies had discovered some potentially 
useful biomarkers in pancreatic cancer, but more specific mol-
ecules involved in the pathogenesis still need to be developed.15-20 
Improved understanding about the mechanisms of this disease 
and detailed knowledge for its diagnosis and treatment are in 
urgent need.

PLK1 is found to be an oncogene for its overexpression in vari-
ous human cancers.21,22 Analyses about clinical data suggest that 
the expression level of PLK1 positively correlates with tumor pro-
gression and that the patients with high PLK1expression suffer 
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from a significantly poorer rate of survival.21,23,24 In this study, 
we examined the expression level of PLK1 and found the expres-
sion is upregulated in pancreatic cancer cell lines. After demon-
strating its important regulatory function in cell proliferation 
and its strong association with tumorigenesis, we propose PLK1 
as an attractive anticancer drug target, and add PLK1-targeted 
small molecule inhibitors as potential agents for patients with 
cancer.25-29 DMTC is a PLK1 inhibitor, and competes with ATP 
to bind with PLK1.30 Our data showed that DMTC reduced 
pancreatic cancer cell proliferation and led to apoptosis, which 
implied its potential activity in cancer treatment. When the cells 
were treated with appropriate proportion of DMTC and gem-
citabine, the cell proliferation level was reduced remarkably. The 
results suggested the potential usage of drug combination for 
clinical treatment.

Results

Expression levels of PLK1 is upregulated in human pancre-
atic cancer cells. It is reported that PLK1 is overexpressed in 
pancreatic tumor samples.31 To confirm this result, we tested 
the expression levels of PLK1 in human pancreatic cancer cell 
lines AsPC-1, BxPC-3, CFPAC-1, EPP85 and PANC-1. First, 
we extracted the total RNAs from these cells and examined the 
amount of PLK1 mRNA by RT-PCR (Fig. 1A). Using GAPDH 
as the internal standard, the relative PLK1 mRNA levels of these 
cancer cells were shown in Figure 1B compared with the nor-
mal pancreatic cells. PLK1 mRNA showed much higher levels 
in four of the five tested cancer cell lines, whereas the level of 
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Inhibition of PLK1 activity with DMTC prevents the pro-
liferation of human pancreatic cancer cells. After clarifying of 
the inhibitory mechanism of DMTC, we examined the therapeu-
tic potential of this inhibitor in pancreatic cancer cells. EPP85 
cells were treated with gradient concentrations of DMTC, and 
the percentage of cell proliferation was then measured by SRB 
assay. We found that the prevention of EPP85 cell proliferation 

AsPC-1 was moderately increased. This result indicates that 
the expression levels of PLK1 mRNA is upregulated in pan-
creatic cells.

Then we analyzed the protein levels of PLK1 in the cell 
lysates by western blotting (Fig. 1C). After quantification 
using β-actin as the internal standard, we found that PLK1 
protein level in each cell line did not show such an obvious 
increase as its mRNA level (Fig. 1D). Moreover, two of these 
cell lines had lower expression levels of PLK1 protein than 
normal pancreatic cells. This result suggests that these can-
cer cells have differences in their mechanisms regulating the 
protein levels of PLK1. According to these results, EPP85 
cells have the highest expression levels of PLK1 mRNA and 
protein among these pancreatic cancer cells, as a result, we 
chose this cell line to perform the following experiments.

Molecular modeling of the interaction between DMTC 
and PLK1. DMTC is a thiophenecarboxamide compound 
that acts as a potent and ATP-competitive inhibitor of 
PLK1 with excellent selectivity over IKK-2 and IKK-3.30 To 
obtain mechanistic insight into the inhibitory mechanism 
of DMTC, we simulated the interaction between DMTC 
and PLK1 by molecular modeling. DMTC was docked onto 
the 2.1 Å coordinates obtained from the crystal structure 
of PLK1 kinase domain,32 and the lowest-energy interaction 
model was shown in Figure 2A. In this model, the PLK1 
kinase domain displayed the classical kinase fold forming 
a cleft between two lobes, and the DMTC binding pocket 
resided in this cleft, the same place where the ATP/ADP 
binding site was located. A detailed analysis of the molecu-
lar interaction presented the amino acid residues of PLK1 which 
are involved in the interaction with DMTC, including L59-G62, 
C67, K82 and L132-S137 (Fig. 2B), many of which are crucial 
for ATP/ADP binding and PLK1 activity, such as K8233 and 
S137.34 These data show that DMTC could inhibit PLK1 activ-
ity by competitively displacing ATP from its binding pocket and 
also further confirm our previous conclusion.30

Figure 1. Expression levels of PLK1 mRNA and protein in human pancreatic 
cancer cells. (A) RT-PCR analysis of PLK1 mRNA expression in normal human 
pancreatic cells and five pancreatic cancer cell lines. (B) Experiments were 
performed as in (A) and the relative PLK1 mRNA levels were then quantified 
using GAPDH as the internal standard. (C) Western blotting analysis of PLK1 
protein expression in normal and tumor-derived pancreatic cells. (D) Experi-
ments were performed as in (C) and the relative PLK1 protein levels were 
then quantified using β-actin as the internal standard. Values, averages of 
two independent experiments; bars, SD.

Figure 2. Molecular modeling of the interaction between DMTC and PLK1. (A) Schematic models showing PLK1 kinase domain with ADP (left panel) 
or DMTC (right panel). These models were created by molecular docking as described in Results. (B) Details of important interactions between DMTC 
and PLK1. DMTC is color-coded with ivory showing carbon, gray depicting hydrogen, red representing oxygen, blue standing for nitrogen and yellow 
symbolizing sulfur. Amino acid residues of PLK1 involved in the interaction with DMTC are labeled.
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anti-proliferative activity of DMTC in 
pancreatic cancer cells, we examined the 
morphology of microtubules and DNA 
in DMTC-treated EPP85 cells by immu-
nofluorescence microscopy. As shown in 
Figure 4A, after a 24 h treatment with 
20 nM DMTC, many cells were seen con-
taining multiple nuclei which were smaller 
than normal nuclei in the control cells. 
In addition, this abnormality caused by 
DMTC exhibited a time-dependent trait 
(Fig.  4B). Of 24 h DMTC-treated cells, 
47.8% had abnormal nuclei, while after a 
48 h treatment, the percentage of abnor-
mal cells reached 68.0%. In contrast, less 
than 5% of cells with abnormal nuclei were 
detected in their respective control groups.

To test whether DMTC would induce 
apoptotic cell death after a longer period 
of treatment, we performed the annexin V/
PI staining assay, which shows the exposure 
of phosphatidylserine to the outer plasma 
membrane in apoptotic cells. As shown 
in Figure 4C, after a 72 h treatment, the 
DMTC-treated EPP85 cells had a higher 
percentage of apoptotic cells (shown in the 
lower right box of each panel) than the level 
in the control cells. This result indicates 
that DMTC could lead to apoptosis in pan-
creatic cancer cells.

Combined effects of DMTC and gem-
citabine in inhibiting EPP85 cell prolifera-
tion. Gemcitabine, a nucleoside analog, has 
been used as an anti-pancreatic cancer drug 
in the clinic.35 As DMTC could effectively 
inhibit the proliferation of pancreatic can-

cer cells, we wanted to know whether the combination of DMTC 
and gemcitabine would lead to a synergistic effect in preventing 
cell proliferation. We treated EPP85 cells with varying concen-
trations of DMTC (Fig. 3A) or gemcitabine (Fig. 5A) alone and 
in combination at a fixed ratio of 1:10 (Fig. 5B) for 72 h. At the 
end of this period, the inhibition of cell proliferation was mea-
sured by the SRB assay for each condition. Treatment interac-
tion effects of DMTC and gemcitabine were then determined 
by calculating the CI values for each fraction affected using the 
CalcuSyn program, which is based on the median-effect princi-
ple of Chou and Talalay.36 As shown in Figure 5C, the CI values 
were less than 1 when the fraction affected was lower than 0.75, 
while the CI values were more than 1 when the fraction affected 
was higher than 0.75. This result indicates that DMTC acts syn-
ergistically with gemcitabine when lower concentrations of drugs 
are used to treat cells; however, when cells are treated with very 
high concentration of DMTC and gemcitabine, these two drugs 
show antagonistic instead of synergistic interaction. This result 
also suggests the optimal concentration range of these two drugs 
for their synergistic interaction.

by DMTC was concentration-dependent, and the IC
50

 value, 
which stands for the drug concentration needed for 50% inhibi-
tion of cell proliferation, was determined to be 20 nM (Fig. 3A). 
Phase contrast microscopic analysis of cell morphology showed 
that while EPP85 cells normally proliferated upon DMSO treat-
ment as the control, their proliferation was obviously impaired at 
the presence of DMTC (Fig. 3B).

To further confirm this effect, we performed the colony for-
mation assay with EPP85 cells. After 2 weeks of culture, DMSO-
treated cells formed colonies which originated from a single cell 
(Fig. 3C). In contrast, DMTC-treated cells formed much fewer 
(20 nM treatment) or no (50 nM treatment) colonies. As shown 
in Figure 3D, the number of colonies was significantly reduced 
upon DMTC treatment in a concentration-dependent manner. 
Taken together, these results demonstrate that this PLK1 inhibi-
tor effectively prevents the proliferation of pancreatic cancer 
cells.

DMTC treatment results in the accumulation of cells 
with abnormal nuclei and triggers apoptosis in pancreatic 
cancer cells. To investigate the mechanism underlying the 

Figure 3. Inhibition of PLK1 activity with DMTC prevents the proliferation of human pancreatic 
cancer cells. (A) EPP85 cells were treated with varying concentrations of DMTC for 72 h, and the 
percentage of cell proliferation was measured by SRB-based in vitro cell proliferation assay. The 
drug concentration needed for 50% inhibition of cell proliferation (IC50) is shown at the upper 
side. (B) Phase contrast images of EPP85 cells treated with 20 nM DMTC or equal volume of the 
DMSO control for 0, 24, 48 or 72 h. (C) EPP85 cells were treated for 72 h with 20 nM DMTC, 50 nM 
DMTC or DMSO as the control. After 2 weeks of culture, the colonies were shown with crystal vi-
olet staining. (D) Experiments were performed as in (C), and the number of colonies in each well 
was then quantified. Values, averages of three independent experiments; bars, SD; **p < 0.01.
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is an important modulator of cell division. It is reasonable that 
PLK1 inhibitors prevent cell proliferation; however, the detailed 
mechanisms still need to be better understood.

After treating with DMTC, pancreatic cancer cells exhibited 
multi nuclei and induced apoptosis. PLK1 is phosphorylated 
by Aurora A kinase and the active protein could phosphorylate 
cyclin B-Cdk1, which is responsible for mitotic entry.43 PLK1 
activation is also essential for RhoA accumulation, which func-
tions as an upstream regulator of contractile ring formation. 
As a result, PLK1 inactivation is detrimental for cleavage fur-
row ingression during anaphase and results in cytokinesis fail-
ure.4,44,45 Inactivation of PLK1 would prevent both mitosis entry 
and completion of cell division. When the PLK1 activation was 
inhibited by DMTC, cells displayed multinucleation and became 
apoptotic, due to failure of cytokinesis and DNA separation.

Patients with pancreatic cancer are often resistant to conven-
tional chemotherapy and the amount of drugs for clinical treat-
ment is limited. To develop new synergistic drug combinations 
thus seems imperative.46,47 Gemcitabine is a kind of pyramidine 
antimetabolite that perturbs with DNA synthesis, which is used 
clinically as an anti-pancreatic cancer drug.35 Concerning that 
DMTC prevents cell proliferation of pancreatic cancer cell line 
and induces apoptosis, we further discuss the potential effect 
of drug combination. The result suggested DMTC acted syn-
ergistically with Gemcitabine at lower concentration, and the 
two drugs showed antagonistic effect at high concentration. 
Gemcitabine inhibits DNA duplication by activating DNA 
damage checkpoints, which further prevents cell divisions. The 
activated checkpoints allow time for DNA repair and prevent 
genotoxic stress. DNA damage would lead to different possible 
results, and they are known as checkpoint recovery, checkpoint 
adaptation and cell apoptosis. PLK1 was found to regulate several 
important components of the DNA damage checkpoint complex 
to silence the checkpoint signal and involved in all the three pro-
cesses.48-50 We suggest that Gemcitabine induced DNA damage 
and stimulated checkpoint activation, DMTC silenced PLK1 
and maintained the integrity of checkpoint. As a consequence, 

Discussion

At present, many chemotherapy drugs are being used as major 
treatment options for patients with cancer, but their severe side 
effects sometimes increase patients suffering from the disease. As 
a consequence, developing new drugs that are able to target pro-
liferation cells specifically is both rewarding and challenging.37,38 
It is suggested that PLK1 regulates mitotic progress by acting 
at DNA damage checkpoint, the defect of which is associated 
with various mitotic failures.39 Overexpression of PLK1 has been 
found in human tumors and clinical studies have revealed the 
correlation between decreased survival rate and increased PLK1 
expression level. Therefore PLK1 is seen as a novel diagnostic 
marker and a drug target, with several PLK1 inhibitors underway 
for clinical studies.40

Pancreatic cancer is a disease with high lethality, owing to the 
difficulty in its diagnosis and the resistance that many patients 
displayed to conventional treatment. Pancreatic cancer is now the 
fourth most common cause of cancer related death in the world. 
In this study, we found that the expression level of PLK1 was 
upregulated in pancreatic cancer cell lines and that PLK1 overex-
pression correlated with tumor aggressiveness and poor progno-
sis. Concerning the key roles of PLK1 in cell proliferation and its 
specific activity during mitosis progress, inhibitors of PLK1 were 
expected to work as effective agents in treating pancreatic cancer.

DMTC is an ATP-competitive inhibitor of PLK1 and our 
molecular modeling simulated the association of DMTC and 
PLK1. The model indicated that DMTC bound the same pocket 
as ATP, which also inhibited PLK1 kinase activity. ATP bind-
ing pocket is conservative in PLKs and other kinases,41,42 so it 
is possible that this ATP-competitive inhibitor would target 
other kinases besides PLK1. The remarkable effects of DMTC 
in reducing cell proliferation might also be due to its ability to 
inhibit more potential targets.

When pancreatic cancer cells were treated with DMTC, the 
cell proliferation was inhibited and the reduction displayed dos-
age dependent manner. As a positive regulator of mitosis, PLK1 

Figure 4. DMTC causes the accumulation of cells with abnormal nuclei and triggers apoptosis in pancreatic cancer cells. (A) Immunofluorescence 
images of microtubules (red) and DNA (blue) in EPP85 cells treated for 24 h with 20 nM DMTC or the DMSO control. (B) Cells were treated with 20 nM 
DMTC or DMSO (control) for 0, 24 or 48 h, and the percentage of cells with abnormal nuclei was then quantified by immunofluorescence staining of 
microtubules and DNA as in (A). Values, averages of three independent experiments; bars, SD; **p < 0.01. (C) Quantitation of apoptosis by annexin V/PI 
staining in EPP85 cells treated for 72 h with 20 nM DMTC or DMSO (control).
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Toronto Research Chemicals. Sulforhodamine B (SRB), crys-
tal violet, 4', 6-diamidino-2-phenylindole (DAPI) and mouse 
monoclonal antibodies against α-tubulin and β-actin were from 
Sigma-Aldrich. The rabbit monoclonal antibody against PLK1 
was purchased from Cell Signaling Technology. Horseradish 
peroxidase-conjugated anti-mouse and anti-rabbit second-
ary antibodies were obtained from Amersham Biosciences. 
Rhodamine-conjugated anti-mouse secondary antibody was 
from Jackson ImmunoResearch Laboratories.

Cell culture. Human pancreatic cancer cell lines BxPC-3, 
EPP85, PANC-1 and the normal human pancreatic cells were 
cultured in Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum (FBS). Human pancreatic cancer 
cell line AsPC-1 was cultured in RPMI 1640 medium supple-
mented with 10% FBS. Human pancreatic cancer cell line 
CFPAC-1 was cultured in Iscove’s modified Dulbecco’s medium 
supplemented with 10% FBS. All cells were grown at 37°C in a 
humidified atmosphere with 5% CO

2
.

RT-PCR. Total RNAs were isolated using the TRIzol reagent 
following standard protocols (Invitrogen). Two micrograms of 
total RNA were used to synthesize the cDNA with M-MLV 
reverse transcriptase (Promega). Forward primer 5'-AAG TGG 
GTG GAC TAT TCG G-3' and reverse primer 5'-CAG GAG 
ACT CAG GCG GTA T-3' were used to examine the expression 
of the human PLK1 gene by PCR. Primers used for the GAPDH 
gene were 5'-ATC ACT GCC ACC CAG AAG AC-3' (forward) 
and 5'-ATG AGG TCC ACC ACC CTG TT-3' (reverse). A total 
of 30 cycles were used to amplify PLK1, whereas 25 cycles were 
used to amplify the internal standard GAPDH.

Western blotting. Proteins were resolved by sodium dodecyl 
sulfate PAGE and transferred onto polyvinylidene difluoride 
membranes (Millipore). The membranes were blocked in Tris-
buffered saline containing 0.05% Tween 20 and 5% fat-free dry 
milk, and incubated first with primary antibodies and then with 
horseradish peroxidase-conjugated secondary antibodies. Specific 
proteins were visualized with enhanced chemiluminescence 
detection reagent according to the manufacturer’s instructions 
(Pierce Biotechnology).

Molecular modeling. DMTC was docked onto the 2.1 Å 
coordinates obtained from the crystal structure of PLK1 kinase 
domain,32 using standard docking method.51

In vitro cell proliferation assay. Cells were seeded in 96-well 
plates at a density of 1 × 104 cells per well and they were treated 
with gradient concentrations of drugs the following day. After 
72 h of drug treatment, the SRB assay was performed as described 
previously.52 The percentage of cell proliferation as a function 
of drug concentration was plotted to determine the IC

50
 value, 

which stands for the drug concentration needed to prevent cell 
proliferation by 50%.

Colony formation assay. Cells grown in 6-well plates at a den-
sity of 200 cells per well were treated with DMTC for 72 h. After 
2 weeks of culture, the colonies were fixed with methanol and 
stained with 0.1% crystal violet. The number of colonies in each 
well was then counted.

Immunofluorescence microscopy. Cells grown on glass cov-
erslips were fixed with cold (-20°C) methanol for 5 min and 

incorrectly duplicated DNA failed to enter mitosis and ended 
up in apoptosis. When the cells were treated with more doses of 
DMTC, PLK1 inactivation would lead to checkpoint adaptation 
and chromosome separation. When using drugs at high concen-
trations, the drugs displayed antagonistic effect. The pharmaco-
logical studies indicate the potent usage of the two drugs and 
suggest optimal combination concentration.

Materials and Methods

Materials. 5-(5,6-dimethoxybenzimidazol-1-yl)-3-(4-methane-
sulfonyl-benzyloxy)-thiophene-2-carboxamide (DMTC) was 
purchased from Calbiochem. 2'-deoxy-2', 2'-difluorocytidine 
hydrochloride (known as gemcitabine) was obtained from 

Figure 5. Treatment interaction effects of DMTC and gemcitabine in 
inhibiting EPP85 cell proliferation. (A) Cells were treated with varying 
concentrations of gemcitabine alone for 72 h, and the percentage of 
cell proliferation was measured by SRB-based in vitro cell proliferation 
assay. (B) Cells were treated with varying concentrations of DMTC and 
gemcitabine in combination at a fixed ratio of 1:10 for 72 h, and the 
percentage of cell proliferation was measured as in (A). Values, averages 
of three independent experiments; bars, SD (C) Treatment interaction 
effects of DMTC and gemcitabine were determined by calculating the 
CI values for each fraction affected using the CalcuSyn program. CI < 1, 
synergistic interactions; CI = 1, additive interactions; CI > 1, antagonistic 
interactions.
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were then determined by calculating the combination index (CI) 
values for each fraction affected using the commercially available 
CalcuSyn program (Biosoft), which is based on the median-effect 
principle of Chou and Talalay.36 The CalcuSyn program auto-
matically analyzes a data set using both the mutually exclusive 
assumption (similar mechanisms of action of both drugs) and 
the mutually nonexclusive assumption (dissimilar mechanisms of 
action of both drugs). The CI equation determines the additive 
effect of drug combinations, such that synergism is defined as a 
more than expected additive effect, and antagonism is defined as 
a less than expected additive effect. Thus, CI values less than 1 
correspond to synergistic drug interactions, CI values equal to 1 
correspond to additive interactions and CI values greater than 1 
correspond to antagonistic interactions.
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then washed with phosphate-buffered saline (PBS) for 5 min. 
Nonspecific sites were blocked by incubating with 2% bovine 
serum albumin in PBS for 30 min. Cells were incubated with 
mouse monoclonal anti-α-tubulin antibody for 2 h and then 
rhodamine-conjugated anti-mouse secondary antibody for 2  h 
followed by staining with DAPI for 10 min. Coverslips were 
mounted with 90% glycerol in PBS and examined with an 
Olympus fluorescence microscope.

Annexin V/propidium iodide (PI) staining assay. The 
annexin V/PI staining assay was performed by using the Alexa 
Fluor 488 annexin V/PI apoptosis assay kit following the manu-
facturer’s protocol (Molecular Probes). Briefly, cells were washed 
with PBS and then resuspended in the binding buffer (10 mM 
HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl

2
). Cells were 

incubated with Alexa Fluor 488-conjugated annexin V and PI for 
15 min at room temperature in the dark. The binding buffer was 
then added and cells were analyzed by flow cytometry.

Analysis of combined drug effects. Cells were treated with a 
range of DMTC or gemcitabine concentrations alone and in com-
bination at a fixed ratio of 1:10 for 72 h. At the end of this period, 
the inhibition of cell proliferation was measured for each condi-
tion. Treatment interaction effects of DMTC and gemcitabine 
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