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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer that lack effective therapeutic strate-
gies. The response rate of PDAC for treatment with gemcitabine, a current first-line chemotherapeutic for this tumor, 
is lower than 20%. Identifying key targetable molecules that mediate gemcitabine resistance and developing novel 
strategies for precision PDAC medicine are urgently needed. Most PDACs have either intratumoral hypoxia or high 
reactive oxygen species (ROS) production; cytotoxic chemotherapy can elevate ROS production in PDACs. Although 
excessive ROS production leads to oxidative damage of macromolecules such as DNA, pancreatic cancer cells can 
survive high DNA damage stress levels. Therefore, identifying molecular mechanisms of overcoming ROS-induced 
stress in pancreatic cancer cells is important for developing novel therapeutic strategies. ROS-induced DNA damage 
is predominantly repaired via poly (ADP-ribose) polymerase 1 (PARP1)-mediated DNA repair mechanisms. A recent 
clinical trial reported that PARP inhibitors are effective in treating pancreatic patients carrying BRCA mutations. 
However, only less than 10% of pancreatic cancer patients bearing BRCA mutated tumors. Activation of the recep-
tor tyrosine kinase c-MET positively correlates with poor prognosis for PDAC, and our previous study showed that 
nuclear c-MET can phosphorylate PARP1 at tyrosine 907 under ROS stimulation to promote DNA repair. As described 
herein, we proposed to expand PARP inhibitor-targeted therapy to more pancreatic cancer patients regardless of 
BRCA mutation status by combining olaparib, a PARP inhibitor, with c-MET inhibitors as we demonstrated in our pre-
vious studies in breast cancer. In this prospective study, we found that ROS-inducing chemotherapeutic drugs such 
as gemcitabine and doxorubicin stimulated nuclear accumulation of c-MET in BxPC-3 and L3.6pl pancreatic cancer 
cells. We further showed that combining a c-MET inhibitor with gemcitabine or a PARP inhibitor induced more DNA 
damage than monotherapy did. Moreover, we demonstrated the synergistic antitumor effects of c-MET inhibitors 
combined with a PARP inhibitor or gemcitabine in eliminating pancreatic cancer cells. These data suggested that 
accumulation of ROS in pancreatic cancer cells promotes nuclear localization of c-MET, resulting in resistance to 
both chemotherapy and PARP inhibitors. Our findings suggest that combining c-MET inhibitors with PARP inhibitors 
or gemcitabine is a novel, rational therapeutic strategy for advanced pancreatic cancer.
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Introduction

Pancreatic cancer has become the fourth lead-
ing cause of death in the United States, and it 
is also one of the most aggressive and lethal 
cancers worldwide [1, 2]. The 5-year relative 
survival rate is 9%, which is the lowest among 
all types of cancer [2]. As a characteristic of 

pancreatic ductal adenocarcinoma (PDAC) in 
particular, destruction of adjacent structures 
leads to the pain and reduced quality of life [3]. 
Surgical resection is the only strategy that can 
potentially cure PDAC, and adjuvant chemother-
apy has increased survival rates for pancreatic 
cancer patients [1]. However, for patients who 
are ineligible for surgical interventions due to 

http://www.ajcr.us


Nuclear c-MET mediates resistance to olaparib and gemcitabine in PDAC cells 

237	 Am J Cancer Res 2021;11(1):236-250

locally advanced or metastatic PDAC, chemo-
therapy and targeted therapy are by far the 
best options to extend survival. Unfortunately, 
treatment with gemcitabine, a first-line chemo-
therapeutic agent, was effective in less than 
20% of pancreatic cancer patients [4]. Fur- 
thermore, resistance of PDAC to chemotherapy 
is a major challenge. In pancreatic cancer 
patients, small-molecule inhibitors targeting 
tyrosine kinases, such as tivantinib, cabozan-
tinib, and crizotinib, are currently under clinical 
trial investigations [5, 6]. However, in a phase 2 
trial, treatment with cabozantinib failed to  
benefit patients with PDAC [7, 8]. While most 
targeted therapies for PDAC are currently in 
phase 1 clinical trials, identifying effective ther-
apeutic strategies for advanced PDAC is urgent-
ly needed.

PDAC is composed with dense stroma that 
occupied 60-90% of the volume of tumor [9]. In 
the tumor environment generated by its compli-
cated stromal compartments, PDAC commonly 
has intratumoral hypoxia and high reactive oxy-
gen species (ROS) production [10]. Although 
ROS induce oxidation of macromolecules such 
as DNA, proteins, and lipids, pancreatic cancer 
cells can survive ROS-induced stress at rela-
tively high but tolerable levels. Recent evidence 
suggests that NADPH oxidase-mediated pro-
duction of ROS plays a pivotal role in the devel-
opment of gemcitabine resistance [12, 13]. 
Therefore, understanding the molecular mech-
anisms used by PDAC to overcome ROS-
induced cellular stress is important. An inhibi-
tor of poly(ADP-ribose) polymerase 1 (PARP1), a 
key protein in repairing ROS-induced DNA dam-
age [14], is one of the targeted therapeutic 
agents that can stimulate accumulation of  
ROS and ROS-induced DNA damage [15-17].  
A recent clinical trial showed that treatment 
with a PARP inhibitor benefited patients with 
advanced pancreatic cancer and germline 
breast cancer susceptibility protein (BRCA) 
mutations [18]. At the end of 2019, the U.S. 
Food and Drug Administration approved olapa-
rib for patients with deleterious germline BRCA-
mutated metastatic PDAC as a maintenance 
treatment. However, less than 10% of PDAC 
patients carry BRCA mutations [19]. Therefore, 
our goal is to extend PARP inhibitor-based ther-
apy to PDAC patients regardless of BRCA muta-
tion status by combining a PARP inhibitor with 
other targeted therapeutic agents.

Among the targeted therapeutic agents under 
investigation in PDAC clinical trials, we chose 
c-MET inhibitors as our first priority in develop-
ing a combination treatment with a PARP inhibi-
tor. In our previous studies, we demonstrated 
that c-MET translocates from the cell mem-
brane into the nucleus in response to ROS in 
breast cancers [20], and we further showed 
that c-MET phosphorylates PARP1 at the tyro-
sine 907 (Tyr907) residue, resulting in PARP 
inhibitor resistance in breast, ovarian, and liver 
cancer cells [21-24]. However, the stimuli for 
nuclear c-MET localization may vary by cancer 
type [25]. The correlations among high oxida-
tive microenvironment, c-MET nuclear translo-
cation and therapeutic resistance in PDAC is 
unknown. Therefore, there is a need to charac-
terize the function of nuclear c-MET in PDAC for 
developing effective therapeutic strategies. In 
the present study, we first demonstrated that 
ROS-inducing chemotherapeutic drugs like 
gemcitabine and doxorubicin promote nuclear 
accumulation of c-MET in PDAC cell lines, which 
may partially explain their resistance to chemo-
therapy. Using H2O2 as the source of ROS, we 
showed that treatment with H2O2 induced 
nuclear c-MET translocation in a dose- and 
time-dependent manner in PDAC cell lines. We 
further showed that c-MET interacted with 
PARP1 in the nucleus and that PARP1 phos-
phorylation at Tyr907 was partially inhibited by 
treatment with tivantinib, a selective c-MET 
inhibitor. Moreover, combinations of c-MET 
inhibitors with a PARP inhibitor enhanced DNA 
damage and had a synergistic effect in elimi-
nating pancreatic cancer cells. Our data sug-
gested that ROS-induced cellular stress pro-
motes nuclear localization of c-MET, which 
results in the resistance of pancreatic cancer 
cells to chemotherapy as well as PARP inhibitor-
based therapy. As described herein, we pro-
posed combining c-MET inhibitors with a PARP 
inhibitor or gemcitabine as a new therapeutic 
strategy for advanced pancreatic cancer.

Materials and methods

Antibodies and reagents

The antibodies used in this study were those 
against c-MET (C-12, sc-10; Santa Cruz Bio- 
technology, Santa Cruz, CA), lamin B1 (12987-
1-AP; Proteintech, Rosemont, IL), calregulin (sc-
11398; Santa Cruz Biotechnology), α-tubulin 
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(T5168; Sigma-Aldrich, St. Louis, MO), phos-
phorylated nuclear factor (NF)-κB (Ser536, 
#3036S; Cell Signaling Technology, Danvers, 
MA), nuclear factor-κB (#4764; Cell Signaling 
Technology), phosphorylated Akt (Ser473, 
#3787; Cell Signaling Technology), Akt (#9272S; 
Cell Signaling Technology), phosphorylated 
p44/42 mitogen-activated protein kinase 
(Thr202/Tyr204, #4370T; Cell Signaling Te- 
chnology), p44/42 (Erk1/2, #4695T; Cell 
Signaling Technology), hypoxia-inducible factor-
1α (NBP2-75978SS; Novus Biologicals, Lit- 
tleton, CO), GAPDH (sc-32233; Santa Cruz Bio- 
technology), PARP (11040-RP01; Sino Biolo- 
gical, Wayne, PA, and 9532S; Cell Signaling 
Technology), phosphorylated γH2AX (Ser139, 
#9718P; Cell Signaling Technology), phosphory-
lated BRCA1 (Ser1524, #9009P; Cell Signaling 
Technology), phosphorylated Chk1 (Ser345, 
#2348P; Cell Signaling Technology), phosphor-
ylated p53 (Ser15, #9286P; Cell Signaling 
Technology), p53 (sc-56182; Santa Cruz Bio- 
technology), and phosphorylated tyrosine 
(4G10, #05-321; MilliporeSigma, Burlington, 
MA). A murine anti-phosphorylated Tyr907-
PARP1 antibody was generated as described 
previously [21].

Gemcitabine (G-4199), crizotinib (C-7900),  
and olaparib (O-9201) were purchased from  
LC Laboratories (Woburn, MA); tivantinib 
(#17135) was obtained from Cayman Chemical 
(Ann Arbor, MI); and H2O2 (#216763) was  
purchased form Sigma-Aldrich. VECTASHI- 
ELD PLUS Antifade Mounting Medium with  
DAPI (H-2000) was purchased from Vector 
Laboratories (Burlingame, CA).

Cell culture

The human PDAC cell lines BxPC-3 and L3.6pl 
were obtained from the ATCC (Manassas, VA) 
and maintained in Dulbecco’s modified Eagle’s 
medium/Nutrient Mixture F-12 supplemented 
with 10% fetal bovine serum at 37°C in a 
humidified incubator with a 5% CO2 atmo-
sphere. The cell lines were validated via short 
tandem repeat DNA fingerprinting at The 
University of Texas MD Anderson Cancer 
Center, and the cells were negative for myco-
plasma infection.

Cell fractionation

Nuclear and non-nuclear cell fractionations 
were conducted as described previously [20]. 

Briefly, PDAC cells were harvested at 80-90% 
confluence and lysed in Nori lysis buffer (20 
mM HEPES, pH 7.0, 10 mM KCl, 0.5% NP-40, 2 
mM MgCl2, 2 mM Na3VO4, 1 mM PMSF, 0.15 
mg/ml aprotinin) on ice for at least 10 min. 
Next, cells were homogenized using a tight 
Dounce tissue grinder. After cell lysates were 
centrifuged at 1500×g for 5 min, the superna-
tants were collected as non-nuclear cell frac-
tions. Nuclei pellet were further washed with 
the lysis buffer before solubilized in NTEN buf-
fer (150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, 
pH 8.0, 0.5% NP-40, protease inhibitor mix-
ture). Finally, cell extracts were centrifuged at 
maximum speed for at least 10 min. The super-
natant was collected as a nuclear fraction.

Western blot analysis

Cell lysates and immunoprecipitants were sep-
arated on 8% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels and transferred 
onto 0.22-μm polyvinylidene fluoride mem-
branes. The membranes were blocked and 
incubated with primary antibodies at 4°C over-
night, which was followed by horseradish perox-
idase-conjugated secondary antibody hybrid-
ization. The signals were detected using Clarity 
Max ECL Western Blotting substrates (Bio-Rad, 
Hercules, CA). Images of the membrane were 
quantified using the Image Studio Lite software 
program (version 5.2; LI-COR, Lincoln, NE). 
Tubulin or GAPDH was used as a loading 
control.

To detect proteins in cell fractionation samples. 
25-40 μg of total proteins were loaded in each 
lane of a gel for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The same 
amounts of nuclear and non-nuclear fraction 
protein fractions were used in Western blot 
analysis. The nuclear envelope protein lamin B 
was used to indicate the cell nuclear fraction. 
Calregulin was used to indicate the presence of 
endoplasmic reticulum proteins.

Immunofluorescence and confocal microscopy

BxPC-3 and L3.6pl cells were seeded on cham-
ber slides (Labtek, Scotts Valley, CA) for at least 
18 h before the treatments indicated in each 
experiment. After treatment, the cells were 
fixed with 4% paraformaldehyde, permeabilized 
with 0.2% Triton X-100/PBS, blocked with 5% 
goat serum/PBS with Tween 20, and stained 
with the indicated primary or fluorescence-
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labeled secondary antibodies. Primary antibod-
ies were diluted in 3% goat serum/PBS with 
Tween 20 at the following ratios: anti-c-MET 
antibody, 1:100; anti-PARP1 antibody, 1:100; 
and anti-phosphorylated γH2AX (Ser139) anti-
body, 1:200. DNA was counterstained with a 
DAPI-containing mounting solution before cells 
were examined and imaged under a Zeiss LSM 
710 laser microscope (White Plains, NY). 
Results of florescent signals were processed 
and analyzed using ZEN software (version 2.3; 
Zeiss) and ImageJ software (Fiji, 1.53c; National 
Institutes of Health, Bethesda, MD).

Immunoprecipitation

The BxPC-3 cells were pre-incubated with or 
without 1 μM tivantinib for 4 h before being 
stimulated with 5 mM H2O2 for 25 min prior to 
lysate collection. In brief, cells were lysed in 
NETN buffer (150 mM NaCl, 1 mM EDTA, 20 
mM Tris-HCl, pH 8.0, 0.5% NP-40, 1% PMSF, 
protease inhibitor cocktail), and 500 μg of total 
protein per sample was used for immunopre-
cipitation, whereas 100 μg of total protein was 
collected as the input. Cell lysates were incu-
bated with 1 μg of a primary antibody or anti-
IgG antibody at 4°C overnight and then incu-
bated with SureBeads Protein G Magnetic 
Beads (Bio-Rad) for 2 h. Next, the beads were 
washed three times with PBS with Tween 20. 
Precipitants were eluted from the magnetic 
beads using a sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis sample buffer 
and subjected to Western blotting.

Cell viability assay

BxPC-3 (1,800 cells/well) and L3.6pl (2,400 
cells/well) cells were seeded in a 96-well plate 
and cultured overnight before treatments were 
administered. Culture media containing drugs 
or inhibitors were refreshed on the third day of 
treatment. After treatment for 96 h, cells were 
incubated for 2 h with 0.5 mg/ml thiazolyl  
blue tetrazolium bromide (Sigma-Aldrich), and 
formazan crystals were dissolved in dimethyl 
sulfoxide. The optical density at 590 nm was 
measured, and survival percentages were cal-
culated by normalizing the optical density value 
for each treatment group according to that for 
the control group. Combination index (CI) exper-
iments were designed as suggested by Chou 
[26]. Results were analyzed using CompuSyn 
software (CompuSyn, Paramus, NJ). All experi-
ments were performed in triplicate.

Colony formation assay

BxPC-3 (1,500 cells/well) and L3.6pl (1,800 
cells/well) cells were seeded into a 12-well 
plate 18 h before the treatments, as indicated. 
Inhibitor-containing media were refreshed 
every 3 days. After treatment for 10-14 days, 
cells were fixed using 4% paraformaldehyde. 
Cell colonies were stained with 0.5% crystal vio-
let before being quantified. The colony forma-
tion rate was calculated by normalizing the 
number of colonies in each well according to 
those in the vehicle-treated well in each group. 
All experiments were performed in triplicate.

Statistical analysis

Signal intensities in Western blots images were 
analyzed using Image Studio Lite (version 5.2). 
Signals for c-MET were normalized according to 
those for loading control proteins such as lamin 
B and calregulin in each sample before being 
normalized to the signals of those in the control 
groups. Results were quantified individually for 
each independent repeated experiment. Fold 
changes in Western blot signals were analyzed 
using a nonparametric Friedman test with  
the Prism 8.0 software program (GraphPad 
Software, San Diego, CA). The co-localization 
coefficients for c-MET in nuclei were analyzed 
and processed using ZEN software (version 
2.1). The different co-localization coefficients 
were compared using an unpaired nonparamet-
ric Mann-Whitney test with Prism 8.0. The 
γH2AX foci per nucleus were analyzed and 
counted using ImageJ (Fiji, 1.53c). The γH2AX 
focus counts were compared using a nonpara-
metric Kruskal-Wallis test with Prism 8.0. P  
values less than 0.05 were considered 
significant.

Results

Chemotherapeutic drugs promote nuclear c-
MET translocation in pancreatic cancer cells

Although we reported that treatment with ROS-
producing agents such as H2O2 and doxorubicin 
can induce nuclear c-MET translocation in 
breast cancer cells [20], whether gemcitabine 
can induce a similar phenomenon in pancreatic 
cancer cells is unknown. Therefore, we first 
investigated whether nuclear c-MET accumula-
tion positively correlates with ROS generation. 
We stimulated BxPC-3 and L3.6pl PDAC cells 
with multiple concentrations of H2O2, and we 
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found that the accumulation of nuclear c-MET 
occurred in an H2O2 dose-dependent manner 
and that exposure to 1 mM H2O2 induced sig-
nificant nuclear c-MET transport (Figure 1A). 
Time-course experiments demonstrated that 
15-min H2O2 stimulation was sufficient for 
inducing nuclear c-MET accumulation in both 
BxPC-3 and L3.6pl cells (Figure 1B). To count 
the BxPC-3 and L3.6pl cells containing nuclear 
c-MET, we performed immunofluorescent stain-
ing of them. Immunostaining for c-MET in the 
control group demonstrated that it was mainly 
located outside the nuclei under normal culture 
conditions (Figure 1C). c-MET then aggregated 
in the perinuclear region and nuclei in respon- 
se to H2O2 stimulation. Quantitative analyses 
showed more BxPC-3 and L3.6pl cells contain-
ing nuclear c-MET after H2O2 stimulation than 
under normal culture conditions (Figure 1C). 
Taken together, these results demonstrated 
that c-MET can efficiently translocate into the 
nucleus under H2O2 stimulation in a dose- and 
time-dependent manner.

To determine whether nuclear c-MET translo- 
cation can be stimulated by chemotherapy,  
we treated BxPC-3 and L3.6pl cells with three 
clinical first-line chemotherapeutic agents: 
gemcitabine, cisplatin, and doxorubicin. We 
observed that accumulation of nuclear c-MET 
in both cell lines varied in response to treat-
ment with the three drugs (Figure 2A). Par- 
ticularly, we found significant accumulation of 
c-MET in the nucleus after gemcitabine- and 
doxorubicin-based treatment. However, cisplat-
in-induced nuclear c-MET accumulation was 
not markedly different from that in vehicle-
treated cells. We further confirmed the activa-
tion of ROS-responding pathways in these 
PDAC cells using treatment with H2O2 as a posi-
tive control. Expression of representative  
molecules in response to ROS, such as Ser- 
536-phosphorylated nuclear factor-κB, Ser473-
phosphorylated Akt, and Thr202- and Tyr204-
phosphorylated Erk, was much higher after 
treatment with gemcitabine and doxorubicin 
than after the vehicle in both BxPC-3 and L3.6pl 
cells (Figure 2B), demonstrating activation of 
ROS-induced cellular response. In summary, 
treatment with gemcitabine and doxorubicin 
activated the ROS pathway and promoted 
nuclear c-MET translocation in pancreatic can-
cer cells.

Inhibition of c-MET activity sensitizes PDAC 
cells to treatment with gemcitabine

Because exposure to gemcitabine promotes 
nuclear c-MET accumulation and nuclear local-
ized receptor tyrosine kinases are known to 
regulate cellular responses to stress [25], we 
asked whether inhibition of c-MET activity can 
sensitize PDAC cells to treatment with gem-
citabine. To that end, we chose two c-MET 
inhibitors used clinically: tivantinib, which is a 
specific inhibitor of c-MET activity, and crizo-
tinib, which can inhibit the activity of multiple 
kinases, including c-MET [27, 28]. We treated 
BxPC-3 and L3.6pl cells with gemcitabine and 
crizotinib or tivantinib and then examined the 
synergistic effects of these two combinations 
using the CI. In brief, a CI below 1 indicates syn-
ergistic effects of drugs [26]. In the BxPC-3 and 
L3.6pl cells, both combinations had good syn-
ergistic effects (CI < 0.5) in killing most of the 
tumor cells (fraction affected (Fa) > 0.8) (Figure 
3A). Also, whereas both combinations had simi-
lar synergistic effects in BxPC-3 cells, the com-
bination of crizotinib and gemcitabine had a 
greater synergistic effect than the combination 
of tivantinib and gemcitabine did in L3.6pl cells.

Using γH2AX foci as indicators of DNA  
breakage, we found that although gemcitabine 
and tivantinib can induce DNA breaks by  
themselves, the combination of these two 
agents induced formation of more γH2AX  
foci than the single-agent treatments did 
(Figure 3B). Moreover, we found that the combi-
nation treatment significantly activated the 
molecules involved in DNA damage response, 
including Ser15-phosphorylated p53, Ser15- 
24-phosphorylated BRCA1, and Ser345-pho- 
sphorylated Chk1 (Figure 3C). These results 
showed that severe DNA damage occurred in 
both BxPC-3 and L3.6pl cells when treated with 
the combination of tivantinib and gemcitabine. 
Taken together, these data demonstrated syn-
ergy between gemcitabine exposure and c-MET 
inhibition.

Nuclear c-MET interacts with PARP1 and phos-
phorylates PARP1 in response to ROS in PDAC 
cells

On the basis of the findings described above, 
we asked the question of why inhibition of 
c-MET activity can increase the sensitivity of 
PDAC cells to treatment with gemcitabine 
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Figure 1. Chemotherapeutic drugs and H2O2 can induce c-MET nuclear accumulation in pancreatic cancer cell lines. 
A. BxPC-3 and L3.6pl cells were treated with increasing concentrations of H2O2 for 30 min and subjected to cellular 
fractionation. Both nuclear and non-nuclear cell fractions were examined by Western blotting with the indicated 
antibodies. Fold changes in three independent experiments are shown in the histograms as mean (± standard 
deviation [S.D.]) values. *P < 0.05; **P < 0.01. n.s., not significant. B. BxPC-3 and L3.6pl cells were incubated 
with 5 mM H2O2 for duration of times as indicated before being harvested for Western blotting. Fold changes in 
three independent experiments are shown in the histograms as mean (± S.D.) values. *P < 0.05; **P < 0.01. n.s., 
not significant. C. BxPC-3 and L3.6pl cells were treated with 5 mM H2O2 for 30 min before immunostaining with an 
anti-c-MET antibody (green fluorescence) and DAPI (pseudocolored red). Images of anti-c-MET antibody- and DAPI-
stained cells were merged to show the nuclear locations of c-MET (yellow). Insets, enlarged views of nuclear c-MET 
localization. Scale bars, 20 μm. Z-stack images with a 0.25-μm interval between each slice are shownin sequence 
to demonstrate that c-MET localized into the nucleus under H2O2 stimulation. Scale bars, 20 µm. Statistical analyses 
were performed using the co-localization coefficients for nuclear c-MET and DAPI. Each nucleus is represented by a 
dot (n > 60). Quantification results are shown as mean (± S.D.) values. ***P < 0.001. 

through induction of excessive DNA damage. 
Our previous experience with breast cancer 
showed that although c-MET mostly acts as a 
membrane receptor kinase, it plays important 
roles in DNA damage repair [21-24]. We specu-
lated that, as in breast cancer cells, c-MET can 
interact with PARP1 in pancreatic cell lines. To 
confirm this, we conducted an immunoprecipi-
tation assay to examine the interaction between 
c-MET and PARP1. As expected, c-MET inter-
acted with PARP1 in both BxPC-3 and L3.6pl 
cells, and PARP1 precipitation with c-MET 
increased in response to ROS exposure (Figure 
4A and 4B, left panel). We further found that 
the interaction between PARP1 and c-MET can 
be partially interrupted by pretreating cells with 
tivantinib. We also observed ROS-induced co-
localization of c-MET and PARP1 in nuclei under 
a confocal microscope (Figure 4C).

Because c-MET is a well-known tyrosine kinase, 
we examined the tyrosine phosphorylation of 
PARP1 in PDAC cells using antibodies against 
pan-tyrosine phosphorylation (clone 4G10) and 
Tyr907-phosphorylated PARP1. Substantially 
lower pan-tyrosine and Tyr907 phosphorylation 
was observed in cells treated with tivantinib 
and H2O2 than in cells treated with H2O2 alone 
(Figure 4A and 4B, right panel). This indicated 
that Tyr907 is one of the PARP1 tyrosine sites 
phosphorylated by c-MET in PDAC cells. Taken 
together, these data suggested that in PDAC 
cells, c-MET translocated into the nucleus, 
where c-MET interacted with and phosphory-
lated PARP1 in response to exposure to H2O2.

Combined inhibition of c-MET and PARP1 ac-
tivity has a synergistic antitumor effect

Because c-MET interacted with PARP1 in pan-
creatic cancer cells, we then asked if a combi-
nation treatment with c-MET and PARP inhibi-

tors can have a synergistic antitumor effect. 
We examined the CIs for the c-MET inhibitors 
crizotinib and tivantinib combined with a PARP 
inhibitor (olaparib). Both combinations exhibit-
ed synergy (CI < 1) in BxPC-3 and L3.6pl cells 
(Figure 5A). We further performed a colony for-
mation assay to validate the synergy observed 
in these CI experiments. Consistent with the CI 
measurement, the combination of tivantinib 
and olaparib suppressed the clonogenicity of 
the PDAC cells more than either agent did alone 
in both BxPC-3 and L3.6pl cells (Figure 5B).

Moreover, we examined DNA damage and  
the activation of DNA repair pathways in 
response to treatment with the combination of 
tivantinib and olaparib in PDAC cells. We found 
more γH2AX foci per nucleus in BxPC-3 cells 
treated with this combination than in cells 
treated with either agent alone, demonstrating 
that the combination of tivantinib and olaparib 
induced excessive DNA damage in these cells 
(Figure 5C). Also, elevated levels of Ser15-
phosphorylated p53, Ser1524-phosphorylated 
BRCA1, and Ser345-phosphorylated Chk1 indi-
cated activation of DNA damage responses in 
both BxPC-3 and L3.6pl cells after simultane-
ous treatment with tivantinib and olaparib 
(Figure 5D). Thus, simultaneous inhibition of 
c-MET and PARP activity can be an effective 
approach to improve the treatment of PDAC.

Discussion

Increasing evidence suggests that treatment 
with gemcitabine induces ROS production in 
pancreatic cancer cells and thus leads to meta-
bolic reprogramming and promotes stem-like 
characteristics in cancer cells [12, 29]. This 
phenomenon may compromise the efficacy of 
and induce resistance to chemotherapy for 
pancreatic cancer [29]. Therefore, we focused 



Nuclear c-MET mediates resistance to olaparib and gemcitabine in PDAC cells 

243	 Am J Cancer Res 2021;11(1):236-250

Figure 2. A. BxPC-3 and L3.6pl cells were treated with gemcitabine (BxPC-3, 200 nM; L3.6pl, 120 nM), cisplatin 
(BxPC-3, 2.5 μM; L3.6pl, 2 μM), or doxorubicin (BxPC-3, 600 nM; L3.6pl, 400 nM) for 8 h and subjected to cellular 
fractionation followed by Western blotting with the indicated antibodies. The nuclear envelope protein lamin B and 
endoplasmic reticulum protein calregulin were used to indicate nuclear and nonnuclear fractions, respectively. Anti-
lamin B and -calregulin antibodies were hybridized at the same time to detect potential cross-contamination of the 
fractions. Fold changes in three independent experiments are shown in the histograms as mean (± S.D.) values. *P 
< 0.05. n.s., not significant. B. BxPC-3 and L3.6pl cells were treated with gemcitabine (BxPC-3, 200 nM; L3.6pl, 120 
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Figure 3. Targeting c-MET with tivantinib and crizotinib sensitizes pancreatic cancer cells to treatment with gem-
citabine. A. The synergistic effects of gemcitabine (GEM) and c-MET inhibitors in BxPC-3 and L3.6pl cells as mea-
sured using a cell viability assay after 96 h of treatment with them. Crizo, crizotinib; Tivan, tivantinib. B. BxPC-3 cells 
were treated with tivantinib (0.4 μM), gemcitabine (16 nM), or a combination of the two (Combo) for 16 h before 
immunofluorescent staining. Representative images of γH2AX (green fluorescence) and DNA (pseudocolored red) 

nM), cisplatin (BxPC-3, 2.5 μM; L3.6pl, 2 μM), or doxorubicin (BxPC-3, 600 nM; L3.6pl, 400 nM) for 6 h or different 
concentrations of H2O2 for 25 min. Cells were lysed and subjected to Western blotting with the indicated antibodies. 
GAPDH was used as a loading control. 
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in the cells are shown. Scale bars, 20 μm. The histogram shows mean (± S.D.) values (n > 80). CTRL, control. ***P 
< 0.001. C. BxPC-3 and L3.6pl cells were treated with gemcitabine (BxPC-3, 16 nM; L3.6pl, 8 nM), tivantinib (0.4 
μM), or a combination of the two for 16 h. Next, cells were lysed and subjected to Western blotting with the indicated 
antibodies. GAPDH was used as a loading control.

on identifying an assessable combination  
therapy for pancreatic cancer by determining 
whether strategies proposed for breast cancer 
treatment can also benefit pancreatic cancer 
patients. Herein, we demonstrated for the first 
time that the chemotherapeutic drugs gem-
citabine and doxorubicin, serving as ROS-
induced cellular stress, promote nuclear local-
ization of c-MET, which results in the resistance 
of pancreatic cancer cells to chemotherapy as 
well as PARP inhibitor-based therapy. We fur-
ther proposed new therapeutic strategies com-
bining c-MET inhibitors and a PARP inhibitor or 
gemcitabine for advanced pancreatic cancer.

With rapid progress in the development of a 
novel targeted therapy for cancer, improve-
ments in PDAC treatment have lagged behind 
the advances made for other malignancies. The 
5-year overall survival rate in PDAC patients 
worldwide only improved from 2.5% in 1970-
1977 to 8% in 2007-2013 (https://ourworldin-
data.org/cancer), and the 5-year relative sur-
vival rate was only 10% in the United States in 
2010-2016 (www.seer.cancer.gov). For the 
majority of PDAC patients, cytotoxic chemother-
apy remains the standard of care. However, in 
patients with advanced pancreatic cancer, 
combinations of cytotoxic therapeutic agents, 
such as combining nab-paclitaxel and gem-
citabine treatment, only provide subtle improve-
ments in overall survival time, usually from 
weeks to months [30]. Although numerous tar-
geted agents have emerged for pancreatic can-
cer treatment, such as erlotinib [31] and beva-
cizumab [32], most of them have been less 
effective than expected, possibly because of 
the disease’s heterogeneity and a lack of appro-
priate biomarkers for PDAC. We previously 
reported that c-MET can translocate into the 
nucleus and phosphorylate PARP1 at Tyr907 
under ROS stimulation to promote DNA repair, 
resulting in the resistance of triple-negative 
breast cancer to treatment with a PARP inhibi-
tor [20, 21]. However, whether ROS can stimu-
late nuclear c-MET translocation and whether 
the same PARP inhibitor-resistant mechanism 
applies to pancreatic cancer are unknown. By 
expanding our findings regarding breast cancer 

to PDAC, we found that ROS inducing chemo-
therapeutic agents can induce nuclear accu-
mulation of c-MET and that the PARP1 Tyr907 
site is phosphorylated in PDAC cells in response 
to treatment with H2O2.

Researchers observed that the c-MET receptor 
and its ligand hepatocyte growth factor are 
upregulated in PDACs [33]. Upregulation of 
c-MET occurs in the early stages of PDAC devel-
opment [34]. Recently, researchers examined 
multiple hepatocyte growth factor/c-Met inhibi-
tors in early-phase clinical trials, demonstrating 
minimal benefits in PDAC patients [5]. In the 
present study, we found that the chemothera-
peutic drugs gemcitabine and doxorubicin 
enhanced the nuclear accumulation of c-MET. 
Combination treatment with c-MET inhibitors 
and a PARP inhibitor effectively reduced the 
colony formation of tumor cells while increasing 
the incidence of DNA breaks, demonstrating 
that this combination led to an imbalance in 
DNA damage and repair in PDAC cells. Our find-
ings suggest that our study is a promising step 
in broadening the spectrum of targeted therapy 
in PDAC patients. For PDAC patients carrying 
tumors with high c-MET activity levels, combi-
nation treatment with a c-MET inhibitor and 
gemcitabine may produce an antitumor effect 
with a lower dose of gemcitabine than a single 
agent strategy, which may alleviate the side 
effects of cytotoxic chemotherapy. A previous 
study showed that crizotinib, one of the pan-
kinase inhibitors that can target c-MET, increas-
es the blood concentration of gemcitabine, 
improving the antitumor effect of this drug [35]. 
Our findings provide additional mechanisms 
underlying the synergy of crizotinib and gem-
citabine and strengthen the rational basis  
for combining a c-MET inhibitor with first-line 
ROS-generating chemotherapeutic agents su- 
ch as gemcitabine and doxorubicin. However, 
because we found that treatment with cisplatin 
cannot induce nuclear accumulation of c-MET, 
further studies are needed to determine wheth-
er the combination of a c-MET inhibitor and cis-
platin can provide a therapeutic benefit similar 
to that of the combination of a c-MET inhibitor 
and gemcitabine in PDAC patients.
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Figure 4. c-MET interacts with PARP1 and phosphorylates it at Tyr907. (A and B) BxPC-3 (A) and L3.6pl (B) cells were 
treated with 5 mM H2O2 for 30 min in the presence or absence of the c-MET inhibitor tivantinib (2 μM, pretreated 
for 4 h). The cells were then subjected to co-immunoprecipitation (IP) with an anti-PARP antibody followed by West-
ern blotting with the indicated antibodies. Tubulin and IgG were used as controls. (C) BxPC-3 and L3.6pl cells were 
treated with 5 mM H2O2 for 30 min before being fixed, permeabilized, and blocked. The cells were then incubated 
with anti-DAPI (blue fluorescence), anti-c-MET (green fluorescence), and anti-PARP1 (red fluorescence) antibodies. 
Insets, enlarged views of the interaction between c-MET and PARP1. Scale bars, 20 μm. CTRL, control.
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Figure 5. Potential therapeutic strategy targeting c-MET and PARP in pancreatic cancer cells. A. The synergistic ef-
fects of the PARP inhibitor olaparib (Ola) and c-MET inhibitors in BxPC-3 and L3.6pl cells were measured using a cell 
viability assay after 96 h of treatment. Crizo, crizotinib; Tivan, tivantinib. B. BxPC-3 and L3.6pl cells were treated with 
tivantinib, olaparib, or both at the indicated concentrations for 10-14 days. The cells were then fixed and stained for 
colony formation assay. The number of colonies formed was normalized according to that in the control group (no 
treatment). Mean (± S.D.) values from three independent experiments are shown in the histogram. *P < 0.05. C. 
BxPC-3 cells were treated with tivantinib (0.4 μM), olaparib (120 μM), or both (Combo) for 16 h before immunofluo-
rescent staining. Representative images of γH2AX (green fluorescence) and DNA (pseudocolored red) in the cells 
are shown. Scale bars, 20 µm. The histogram shows mean (± S.D.) values (n > 80). ***P < 0.001. D. BxPC-3 and 
L3.6pl cells were treated with olaparib (BxPC-3, 60 μM; L3.6pl, 8 μM) and tivantinib (0.4 μM) either alone or com-
bined for 16 h. The cells were then lysed and hybridized with the indicated antibodies in Western blotting. GAPDH 
was used in Western blotting as a loading control.

Investigators have evaluated PARP inhibitors in 
pancreatic cancer clinical trials [36], and our 
previous study found that nuclear c-MET con-
tributes to PARP inhibitor resistance in breast 
cancer cells [21]. In the present study, we dem-
onstrated that nuclear c-MET interacted with 
and phosphorylated PARP1 in response to ROS 
stimulation in PDAC cells. This phenomenon is 
similar to our previous findings of breast cancer 
studies [20, 21]. Therefore, our findings report-
ed herein suggest that nuclear c-MET also con-
tributes to the PARP inhibitor resistance of pan-
creatic cancer. Indeed, by treating PDAC cells 
with olaparib combined with either tivantinib or 
crizotinib, we demonstrated that the combina-
tion of a PARP inhibitor and a c-MET inhibitor 
has a synergistic effect in eliminating PDAC 
cells by increasing DNA damage in them. 
Further mechanistic research and efficacy eval-
uations involving patient-​derived preclinical 
models are important for guiding the develop-
ment of this new therapeutic approach and 
understanding biological and clinical respons-
es of PDAC to it. The present study implies that 
a combination treatment with a c-MET inhibitor 
and PARP inhibitor will benefit PDAC patients 
regardless of their BRCA mutation status. Our 
findings also may contribute to broadening the 
therapeutic applications of PARP inhibitors in 
the future.

In summary, our data suggest that the use of 
chemotherapy promotes the nuclear localiza-
tion of c-MET in tumor cells, resulting in resis-
tance to PARP inhibitor-based therapy and che-
motherapy. We propose new therapeutic strat-
egies combining c-MET inhibitors and a PARP 
inhibitor or gemcitabine for advanced pancre-
atic cancer.
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