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Expression of Heat Shock Protein 70 Modulates the Chemoresponsiveness

of Pancreatic Cancer
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Background/Aims: Heat shock protein (HSP) 70 is consti-
tutively overexpressed in pancreatic cancer cells (PCCs) and
appears to confer protection against chemotherapeutics. We
investigated whether modulating HSP 70 increases chemo-
responsiveness to gemcitabine in PCCs. Methods: Varying
concentrations of quercetin and gemcitabine, either alone
or in combination, were added to PCCs (Panc-1 and Mia-
PaCa-2). MTT assay was performed to analyze cell viability.
HSP 70 expression was assessed by Western blot analysis.
Apoptosis was determined by measuring caspase-3 activity.
Western blot for the LC3-Il protein detected the presence of
autophagy. Results: HSP 70 levels were not affected by the
incubation of Panc-1 and MiaPaCa-2 cells with gemcitabine,
whereas with quercetin, the levels were reduced in both
cell lines. The viability of both Panc-1 and MiaPaCa-2 cells
significantly decreased with gemcitabine treatment but not
with quercetin. A combination of gemcitabine and quercetin
decreased the viability of both cell lines in a dose-dependent
manner, which was more pronounced than gemcitabine
treatment alone. Treatment with either gemcitabine or
quercetin augmented caspase-3 activity in both cell lines,
and a combination of these compounds further potentiated
caspase-3 activity. LC3-Il protein expression was negligible
with gemcitabine treatment but marked with quercetin. The
addition of gemcitabine to quercetin did not potentiate LC3-Il
protein expression. Conclusions: Modulation of HSP 70 ex-
pression with quercetin enhanced the chemoresponsiveness
of PCCs to gemcitabine. The mechanism of cell death was
both apoptosis and autophagy. (Gut Liver 2013;7:739-746)
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INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer-relat-
ed death across the world' and the fifth most common cause of
cancer-related mortality in Korea.”” The prognosis of pancreatic
cancer is dismal with 5-year survival rate being approximately
500 for all stages combined.” Although resection with curative
intent is the treatment modality that can somewhat increase
survival in these patients, up to 25% to 30% at best, only about
15% to 20% of patients can benefit from pancreatectomy,” and
the majority of patients have unresectable disease at clinical
presentation or diagnosis.® Therefore, many efforts have been
put into improving the survival of patients with both resectable
and unresectable pancreatic cancer. Although some progress
has been made, current chemotherapy and radiotherapy either
alone or in combination are only modestly effective*” and thus,
the results of intensive research and therapeutic achievements
are still far from satisfactory.

Gemcitabine, which is a currently available representative
chemotherapeutic agent against pancreatic cancer, has been
shown to provide little benefit with regards to prolonging the
survival and to moderately improve the quality of life of the
patients suffering from this devastating disease.”” Even with
the combination of erlotinib, improvement in the survival of
patients with advanced pancreatic cancer was only small, albeit
statistically significant.' Gemcitabine is known to exert its ef-
fect in pancreatic cancer by causing apoptosis of malignant
cells,""” but the presence and overexpression of heat shock pro-
tein (HSP) in these cells has been shown to confer resistance to
gemcitabine."”

HSP is an intracellular protein that is widely present in many
types of cells and plays an important role in protecting cells
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from various harmful stimuli.'*"

HSP is present in pancreatic
cells and HSP 70, a stress induced HSP, has been shown in ani-
mal models to protect pancreatic acinar cells from injury and
cell necrosis due to acute pancreatitis.”"” This HSP 70 is also
found in pancreatic cancer cells (PCCs), and overexpression of
HSP 70 is believed to contribute to carcinogenesis by inhibit-
ing apoptosis.®” Since a natural flavonoid quercetin is known
to reduce the expression of HSP 70 by inactivating the heat
shock transcription factor,” it can be expected that quercetin
would decrease the resistance and increase the efficacy of gem-
citabine against PCCs by acting as a chemosensitizer. Therefore,
the study was conducted to see whether reducing the HSP 70
expression in PCCs would modulate chemoresponsiveness to
gemcitabine, thereby enhancing its efficacy, and to investigate
if there is additional mechanism involved in PCC death other
than apoptosis.

MATERIALS AND METHODS
1. Materials

Quercetin was purchased from Sigma-Aldrich (St Louis, MO,
USA). Gemcitabine was a kind donation from Dong-A Pharma-
ceutical (Seoul, Korea). The following antibodies were purchased
from Abcam (Cambridge, UK): mouse monoclonal anti-HSP
70 (ab2787), rabbit anti-B-actin (ab8227), and rabbit anti-B-
tubulin (ab6046). The following antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA): goat anti-
mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP)
(sc-2005) and goat antirabbit IgG-HRP (sc-2004). Rabbit anti-
LC3B polyclonal antibody was purchased from Cell Signaling
Technology (Danvers, MA, USA). PCCs (Panc-1 and MiaPaCa-2)
were from Korean Cell Line Bank (Seoul National University,
Seoul, Korea). Dulbecco’s modified eagle medium (DMEM) and
fetal bovine serum (FBS) were purchased from HyClone (Logan,
UT, USA). Penicillin-streptomycin was acquired from WelGENE
Inc. (Daegu, Korea). Culture dishes and plastic labware were
from BD Falcon (Franklin Lakes, NJ, USA). Caspase-Glo assay
kit was purchased from Promega (Madison, WI, USA). All other
reagents were from Sigma-Aldrich.

2. Cell culture and treatment

PCCs (Panc-1 and MiaPaCa-2) were cultured in DMEM con-
taining 10% heat-inactivated FBS and 1% penicillin-streptomy-
cin at 37°C in a humidified atmosphere with 5% CO,. Cells were
seeded into 96-well plates using 1x10" cells per well for viability
measurements. Cells were plated in six-well plates at a density
of 2.5x10° cells per well and were then incubated overnight at
37°C for analysis of protein and apoptosis. Various concentra-
tions of quercetin (10, 50, 100, and 200 M) and gemcitabine
(0.01, 0.1, 1, and 10 pg/mL) were dissolved in DMSO and added
to cells at the indicated concentrations in serum-free medium,
and incubated for varying times at 37°C.

3. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide salt (MTT) assay

Cell viability was determined using a colorimetric assay based
on the uptake of MTT by viable cells. Cells were seeded into a
96-well plate at 1x10° cells per well and allowed to adhere over-
night. After treatment with quercetin and gemcitabine either
alone or in combination at various concentrations for 24 hours,
10 pL of MTT (0.5 mg/mL) was added to each well of the plate
followed by incubation at 37°C to form blue formazan crystals.
After 2 hours, the residual MTT was carefully removed and the
crystals were dissolved by incubation with 150 pL of DMSO
for 30 minutes. The plates were then shaken for 1 hour and the
absorbance was measured at 570 nm with spectrophotometry.
All experiments were done in quadruplicate and repeated three
independent times.

4. Western blot analysis

Cultured cells were solubilized in lysis buffer (50 mM Tris-
HCI [pH 8.0], 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100)
for 20 minutes on ice using a homogenizer. It was then cleared
by centrifugation for 15 minutes at 13,000 xg. Supernatants of
the lysates were used to determine the protein concentration
by Pierce bicinchoninic acid assay. An equal amount of lysates
was run onto 10% SDS-polyacrylamide gels, and blotted to the
nitrocellulose membrane (Millipore, MA, USA). After confirming
equal protein loading by staining with Ponceau S, the mem-
branes were blocked with 5% skim milk for 1 hour at room tem-
perature, and incubated with mouse monoclonal anti-HSP 70,
rabbit anti-B-actin, and rabbit anti-B-tubulin for measurement
of HSP 70 levels; to measure LC3-II protein levels, rabbit anti-
LC3B polyclonal antibody was used. After two times washes in
Tris-Buffered Saline Tween-20, the blots were incubated with
goat antimouse IgG-HRP and goat antirabbit IgG-HRP. After
extensive washing, the immune complexes were detected using
the ECL system (Amersham Pharmacia Biotech, Piscataway, NJ,
USA).

5. Caspase-3 activity analysis

Detection of apoptosis was performed by measuring caspase-3
activity with Caspase-Glo assay kit according to the manu-
facturer’s instructions. Cells were seeded into a 96-well white
opaque plate and a corresponding optically clear 96-well plate
at 1x10" cells per well and then allowed to adhere overnight.
The following day, cells were treated with varying concentra-
tions of quercetin and gemcitabine either alone or in combina-
tion for 24 hours. At the end of the incubation time, 100 pL of
Caspase-Glo reagent was added to each well. Plates were gently
mixed and incubated at room temperature for 2 hours. The lu-
minescence of each sample was then read in a luminometer.



6. Statistical analysis

Statistical analysis of the samples was performed using
the Predictive Analytics Software Statistics (PASW version
18.0; IBM Co., Armonk, NY, USA). Data are expressed as the
means+standard error. Unpaired Student t-test was used to ana-
lyze the significance of the difference between the control and
each experimental test condition. A value of p<0.05 was con-

sidered statistically significant.
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RESULTS

1. Reduction of HSP 70 enhances chemoresponsiveness to
gemcitabine

1) HSP 70 Western blot analysis

Incubation of Panc-1 and MiaPaCa-2 cells with gemcitabine
did not significantly change the level of HSP 70 at concentra-
tions 0.01, 0.1, 1, and 10 pug/mL (Fig. 1A and C). However, treat-
ment with quercetin inhibited the expression of HSP 70 in a
rather dose-dependent manner for Panc-1 cells. The expression
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Fig. 1. Effect of gemcitabine and quercetin on heat shock protein (HSP) 70 expression in (A, B) Panc-1 and (C, D) MiaPaCa-2 cells. Western blot
performed to assess the expression of HSP 70 shows that gemcitabine treatment did not significantly affect HSP 70 expression in both (A) Panc-1
and (C) MiaPaCa-2 cells at all concentrations. However, (B) quercetin treatment reduced HSP 70 expression in a dose-dependent manner in Panc-
1 cells, and (D) significantly inhibited HSP 70 expression at all concentrations in MiaPaCa-2 cells.
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of HSP 70 in MiaPaCa-2 cells was also inhibited by quercetin
treatment but was not dose-dependent (Fig. 1B and D).

2) MTT assay

Gemcitabine decreased the number of both Panc-1 and
MiaPaCa-2 cells in a dose-dependent manner compared to the
control (Fig. 2A and C). The reduction in cell viability of Panc-1
and MiaPaCa-2 with gemcitabine treatment became significant
beginning at a concentration of 0.1 and 0.01 ug/mL, respec-
tively. As for the effect of quercetin on cell viability, the number
of Panc-1 cells significantly decreased only at a concentration
of 200 uM. Although quercetin treatment showed tendency to
slightly reduce cell viability of MiaPaCa-2 cells, it was not sig-
nificant at all concentrations (Fig. 2B and D).

To see the additive effect of gemcitabine and quercetin, Panc-

A

1 and MiaPaCa-2 cells were treated both with a fixed dose of
quercetin (50 uM), which did not significantly affect the viabil-
ity of cells, and varying concentrations of gemcitabine. When
Panc-1 and MiaPaCa-2 cells were treated with both compounds,
the cell viability significantly decreased at all concentrations in
a dose-dependent manner (Fig. 3). This decrease was more pro-
nounced compared to when only gemcitabine was added to the
cells.

2. Mechanism of PCC death is apoptosis supplemented
with autophagy

1) Effect of gemcitabine and quercetin either alone or in
combination on caspase-3 activation

Addition of 1 pg/mL gemcitabine increased caspase-3 activ-

ity in both Panc-1 and MiaPaCa-2 cells by 1.38 and 1.46 folds,
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Fig. 2. Effects of gemcitabine and quercetin on the viability of (A, B) Panc-1 and (C, D) MiaPaCa-2 cells. The cell viability measured using MTT
assay demonstrates that the presence of gemcitabine reduced the viability of (A) Panc-1 and (C) MiaPaCa-2 cells in a relatively dose-dependent
manner, which became significant above concentrations of 0.1 and 0.01 pg/mL, respectively. (B) The viability of Panc-1 cells significantly de-
creased only when incubated with 200 pM quercetin, (D) whereas quercetin treatment had no significant effect on the viability of MiaPaCa-2 cells,
regardless of the concentration. Each bar represents the number of cells as a percentage compared with the control.

DMSO, dimethyl sulfoxide.

*p<0.01 vs control; p<0.05.



respectively. Treatment of Panc-1 and MiaPaCa-2 cells with 50
uM quercetin for 24 hours resulted in a 1.36-fold and 1.22-fold
increase in caspase-3 activity compared with control, respec-
tively. Incubation of Panc-1 and MiaPaCa-2 cells with both
gemcitabine and quercetin led to a 1.56-fold and 1.98-fold in-
crease in caspase-3 activity, respectively (Fig. 4).

2) Induction of autophagy with gemcitabine and quercetin
in MiaPaCa-2

To further investigate the cell death mechanism, LC3-1I west-

ern blot was performed to analyze the presence of autophagy
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in MiaPaCa-2 cells. Induction of LC3-II protein expression was
negligible with 10 pg/mL gemcitabine (3.1-fold) but was re-
markable with 100 pM quercetin (72.9-fold). Combination of
gemcitabine and quercetin resulted in 60.6-fold increase in LC3-
II protein expression (Fig. 5).

DISCUSSION

The result of our study shows that reducing the HSP 70
expression in PCCs (Panc-1 and MiaPaCa-2) enhances che-
moresponsiveness to gemcitabine, and that the underlying
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Fig. 3. Additive effect of gemcitabine and quercetin on the viability of (A) Panc-1 and (B) MiaPaCa-2 cells. Incubation of Panc-1 and MiaPaCa-2
cells with various concentrations of gemcitabine and a fixed dose of quercetin (50 pM) led to a significant dose-dependent reduction in cell viabil-
ity at all concentrations in Panc-1 cells and above 0.1 pg/mL in MiaPaCa-2 cells. This reduction was more pronounced compared with the effect
of gemcitabine treatment alone. Each bar represents the number of cells as a percentage compared with the control.
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Fig. 4. Effect of gemcitabine and quercetin either alone or in combination on caspase-3 activation. The presence of either gemcitabine or quer-
cetin increased caspase-3 activity in both (A) Panc-1 and (B) MiaPaCa-2 cells. Caspase-3 activity further increased when Panc-1 and MiaPaCa-2
cells were treated with both gemcitabine and quercetin.
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Fig. 5. Induction of autophagy in MiaPaCa-2 cells with gemcitabine
and quercetin. MiaPaCa-2 cells treated with gemcitabine showed a
negligible increase in LC3-II protein expression, whereas quercetin
dramatically increased the protein’s expression. A combination of
gemcitabine and quercetin did not further augment LC3-II protein
expression.

mechanism of cell death is apoptosis which is supplemented
with autophagy by quercetin. Evidence that HSP 70 expression
reduction enhances chemoresponsiveness to gemcitabine is that
addition of quercetin to increasing concentration of gemcitabine
in PCCs significantly decreased the cell viability at all concen-
trations when compared to the PCC treated with gemcitabine
alone (Fig. 3). Evidence that the mechanisms through which
cell death occur are apoptosis and autophagy is that caspase-3
activity was enhanced in the presence of the combination of
quercetin and gemcitabine compared with when the cancer cells
were treated with either quercetin or gemcitabine alone (Fig. 4),
and that LC3-II protein expression was evident with quercetin
treatment, respectively (Fig. 5).

A previous report has shown that HSP 70 was constitutively
elevated in PCC lines (Panc-1 and MiaPaCa-2)."® We could see
that similar to their findings with Panc-1 cells, HSP 70 expres-
sion assessed by Western blot showed a reduction of more
than 50% of control starting from 50 WM quercetin and above.
However, unlike their study, cell viability was not significantly
affected up until the addition of 200 uM quercetin. As for the
MiaPaCa-2 cells, HSP 70 expression was reduced to almost 50%
of control with 50 pM quercetin, but this reduction was not
dose-dependent. In addition, different from the previous study,®
various doses of quercetin used in our experiment did not sig-
nificantly affect cell viability in MiaPaCa-2 cells. Therefore, to
see the inhibitory effect of HSP 70 on the efficacy of gemcitabi-
ne in cancer cell death, the quercetin concentration of 50 pM
was chosen since at this concentration, HSP 70 expression sig-

nificantly decreased to about 50% but did not affect cell viabil-
ity. As expected, inhibition of HSP 70 expression with quercetin
augmented the effect of gemcitabine on cancer cell death at all
concentrations in Panc-1 cells and at concentrations above 0.1
pg/mL in MiaPaCa-2 cells, suggesting the potential role of HSP
70 in modulating chemoresponsiveness in pancreatic cancer.

Possibility of the beneficial role of modulating HSP 70 with
quercetin to sensitize cancer cells during chemotherapy has
been demonstrated by Sliutz et al."” using fibrosarcoma WEHI-S
cell line that was transfected to overexpress HSP 70. In their ex-
periment, they found that the concentration necessary for anti-
neoplastic drugs (gemcitabine and topotecan) to exert cytotoxic
activity became markedly lower when these cells were pretreat-
ed with quercetin to inhibit the expression of HSP 70. Although
quercetin was not pretreated but was added simultaneously with
gemcitabine in the present experiment, similar result could be
observed as mentioned above. Since treatment of gemcitabine
alone did not affect HSP 70 expression in both Panc-1 and Mia-
PaCa-2 cells in our study, the enhanced cytotoxic activity could
be attributed to the down-regulating effect of quercetin on HSP
70 expression.

The mechanism of cell death by gemcitabine is known to oc-
cur through apoptosis,'"'> and HSP 70 has been demonstrated to
interact with and inhibit multiple steps, perhaps simultaneously,
along both the intrinsic and extrinsic pathways of caspase-
dependant apoptosis.”” Studies that looked into the role of HSP
70 in inhibiting intrinsic apoptosis pathway have shown that
HSP 70 decreased cytosolic calcium level,” stabilized lyso-

02! prevented

somes thereby reducing the release of cathepsins,
Bax translocation that resulted in inhibition of pore formation
in the mitochondria which led to impairment of cytochrome

22 interfered with the formation of apoptosome by

¢ release,
directly associating with Apaf-1,”* etc. In addition to the afore-
mentioned studies on intrinsic apoptosis pathway, HSP 70 has
also been shown to inhibit extrinsic apoptosis pathway by bind-
ing to the death receptors DR4 and DR5 leading to the inhibi-
tion of tumor necrosis factor-related apoptosis-induced ligand
assembly and resultant inhibition of death-inducing signaling
complex activation.”” Based on the role of HSP 70 in prevent-
ing apoptosis, inhibition of HSP 70 has been evaluated and was
shown to induce apoptosis in PCCs.""” In this regard, it could
be speculated that inhibition of HSP 70 expression would fur-
ther enhance the efficacy of gemcitabine now that protection
against apoptosis is suppressed. In line with this speculation,
our result showed that induction of apoptosis by gemcitabine
was further augmented by addition of quercetin. However, this
induction of apoptosis was not so profound and could only
marginally explain the enhanced efficacy of gemcitabine in the
presence of decreased HSP 70 expression. Therefore, another
mechanism of death, i.e., autophagy, was investigated.
Autophagy is a lysosomal degradation pathway in which in-
jured or long-lived intracellular organelles and excessive or un-



necessary proteins are eliminated to maintain homeostasis, thus
protecting the cells during stress conditions such as nutrient
starvation.” However, the observation that autophagy occurs
in dying cells during cancer therapy led the researchers to con-
sider autophagy as an alternative way to cell death.” Although
gemcitabine had negligible effect on inducing autophagy in
our experiment, the impact of quercetin on autophagy was
quite pronounced. This remarkable increase in autophagy by
quercetin could be attributed to the inhibition of HSP 70, but
two contradictory points mandate explanation. First, our result
shows that cell viability of MiaPaCa-2 cells was not so much
affected with quercetin treatment despite considerable increase
in autophagy. To detect the presence of autophagy, we have
used LC3 as its marker. LC3 is known to exist in two forms:
LC3-I which is cytosolic and LC3-II which is membrane-bound.
During autophagy, LC3-I converts to LC3-II. Since LC3 associ-
ates with the membrane of autophagosomes, measuring the
membrane-bound form LC3-II can be regarded as a reasonable
marker of autophagy. Nevertheless, the completion of autoph-
agy requires fusion with lysosomes to form autolysosome and
thus, it might be postulated that quercetin mainly induces the
formation of autophagosome and that gemcitabine is required
to ultimately instigate the formation of autolysosome that leads
to autophagic cell death. Second, among three types of au-
tophagy, i.e., macroautophagy, microautophagy, and chaperon-
mediated autophagy, HSP 70 has been shown to be involved in
chaperon-mediated autophagy.” Therefore, up-regulation rather
than down-regulation of HSP 70 would facilitate chaperon-
mediated autophagy and this also contradicts the speculation
that inhibition of HSP 70 would enhance autophagy by quer-
cetin. Thus, the question still remains whether up-regulating or
down-regulating HSP 70 is beneficial in modulating chemore-
sponsiveness. To make matters more complicated, a study by
Adachi et al.”” has interestingly demonstrated that induction of
HSP 70, rather than inhibition of HSP 70, enhanced the efficacy
of gemcitabine-induced cytotoxicity in PCCs.

Many studies have shown that HSP 70 is frequently and pref-
erentially overexpressed in high-grade or malignant cells com-
pared to their surrounding normal or low-grade cells in a va-
riety of cancers. This overexpression has been demonstrated to
correlate with poorer survival in endometrial cancer,” high risk
for disease recurrence in node-negative breast cancer,’' increase
in tumor size in cervical cancer,” poor prognosis in malignant
melanoma,” etc. However, elevated HSP 70 did not always cor-
relate with poor prognosis and/or decreased treatment response
in all cancers. In renal cell carcinoma, the proportion of cells
that expressed HSP 70 was significantly higher in renal cancer
cells compared to normal renal cells, but its expression was
paradoxically associated with favorable prognosis.* In osteosar-
coma, HSP 70 was significantly overexpressed in osteosarcoma
cells compared with its normal counterpart, but the overexpres-
sion of HSP 70 correlated with good response to neoadjuvant

Hyun JJ, et al: HSP 70 and Pancreatic Cancer 745

chemotherapy.”” Therefore, it is conceivable to think that the
correlation between expression of HSP 70 and response to ther-
apy or prognosis could be cancer specific.

There are some limitations to this study. First, only LC3-
II protein expression was analyzed to assess the presence of
autophagy. LC3-II protein is expressed on the membrane of
autophagosome, but it might not necessarily mean that this
results in the formation of autolysosome. Therefore, further
study would be necessary to actually observe the occurrence of
autophagy and to discern between the formation of autophago-
some and autolysosome. Second, nuclear factor-xB (NF-kB) was
not analyzed. External stimuli, such as gemcitabine, activate
the apoptotic pathway but at the same time initiate the anti-
apoptotic pathway. To which side the balance would be tilted
depends on many factors but the relationship between HSP 70
and NF-kB seems to be fundamental in getting a better insight
regarding its interaction with HSP 70 in PCCs. This would be
crucial in unraveling the seeming contradictory role of HSP 70
in apoptotic cell death as has been demonstrated by Adachi et
al.”

Many studies have shown that HSP 70 is overexpressed in
many types of cancer cells that lead to unfavorable outcome,
and pancreatic cancer does not seems to be an exception. Our
study has shown that inhibition of HSP 70 increased the effica-
cy of gemcitabine, and that the mechanism of death was apop-
tosis, albeit marginal, with gemcitabine having negligible effect
on autophagy. Although quercetin notably suppressed HSP 70
expression and remarkably induced autophagy, it did not sig-
nificantly affect cell survival. Thus, appreciable cytotoxic effect
cannot be expected with quercetin alone. Therefore, it could be
concluded that HSP 70 expression is related to chemoresistance
in PCCs and that manipulating HSP 70 could favorably contrib-
ute to enhancing the efficacy of currently available chemothera-
peutic agents, such as gemcitabine, against pancreatic cancer.
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