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Abstract

Piperlongumine (PL) is an alkaloid that inhibits glutathione S-transferase pi 1 (GSTP1) activity, resulting in elevated reactive
oxygen species (ROS) levels and cancer-selective cell death. We aimed to identify stress-associated molecular responses
to PL treatment in pancreatic ductal adenocarcinoma (PDAC) cells. GSTP1 directly interacts with JNK, which is activated
by oxidative stress and can lead to decreased cancer cell proliferation and cell death. Therefore, we hypothesized that JINK
pathways are activated in response to PL treatment. Our results show PL causes dissociation of GSTP1 from JNK; robust
INK, c-Jun, and early ERK activation followed by suppression; increased expression of cleaved caspase-3 and cleaved
PARP; and nuclear translocation of Nrf2 and c-Myc in PDAC cells. Gene expression analysis revealed PL caused a > 20-fold
induction of heme oxygenase-1 (HO-1), which we hypothesized was a survival mechanism for PDAC cells under enhanced
oxidative stress. HO-1 knockout resulted in enhanced PL-induced PDAC cell death under hypoxic conditions. Similarly,
high concentrations of the HO-1 inhibitor, ZnPP (10 uM), sensitized PDAC cells to PL; however, lower concentrations
ZnPP (10 nM) and high or low concentrations of SnPP both protected PDAC cells from PL-induced cell death. Interestingly,
the JNK inhibitor significantly blocked PL-induced PDAC cell death, Nrf-2 nuclear translocation, and HMOX-1 mRNA
expression. Collectively, the results demonstrate JNK signaling contributes to PL-induced PDAC cell death, and at the same
time, activates Nrf-2 transcription of HMOX-1 as a compensatory survival mechanism. These results suggest that elevating
oxidative stress (using PL) while at the same time impairing antioxidant capacity (inhibiting HO-1) may be an effective
therapeutic approach for PDAC.
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Introduction

JNK and ERK both belong to the mitogen-activated pro-
tein kinase (MAPK) family and regulate cellular processes
including cell proliferation, survival, and apoptosis [1, 2].
A range of stimuli including growth factors, cytokines, and
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oxidative stress activate JNK [3, 4]. Depending on the signal
and duration, JNK activation leads to divergent responses,
with transient JNK activation promoting cell survival [5] and
prolonged JNK activation promoting cell death [6]. Simi-
larly, ERKSs are activated by a number of signals including
growth factors, cytokines, mitogens, and oxidative stress [7].
Although ERK signaling is primarily known to promote cell
proliferation and cell survival, recently it has been well doc-
umented that reactive oxygen species (ROS)-induced ERK
activation leads to cell cycle arrest and apoptosis in various
cells [8—11]. Modulation of these kinase pathways signifi-
cantly affects tumor growth. Further, the cellular response
to MAPK activation is tissue-dependent and influenced by
the microenvironment [12].

Piperlongumine (PL) is an alkaloid obtained from the
Piper longum plant that elevates ROS levels to induce
cancer-selective cell death [13, 14]. Reports indicate PL


http://orcid.org/0000-0002-7880-3845
http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-019-01553-9&domain=pdf
https://doi.org/10.1007/s10495-019-01553-9

Apoptosis (2019) 24:730-744

731

activates JNK signaling and results in apoptosis in a variety
of human cancer cell lines including colorectal [15], breast
and prostate [16], and cholangiocarcinoma [17]. Similarly,
PL activates ERK signaling and results in cell death in colo-
rectal [18] and hepatocellular carcinoma [19]. We have pre-
viously reported that PL inhibits PDAC cell proliferation
in vitro and in vivo by enhancing ROS and DNA damage
[20]. However, the signaling mechanisms that lead to PDAC
cell death are unknown for this agent.

A primary target of PL is glutathione S-transferase pi-1
(GSTP1), a phase II enzyme that detoxifies electrophiles
by conjugating them to glutathione. In non-stressed cells,
GSTP1 binds to JNK1 and inhibits its activity. In an oxi-
dative stress environment, GSTP1 dissociates from JNK,
resulting in JNK activation, and subsequent effects on cell
survival, apoptosis, and tumorigenesis [21-23]. GSTPI is
overexpressed in a variety of cancer types and has been pro-
posed as a therapeutic target to overcome multidrug resist-
ance [24].

Heme oxygenase-1 (HO-1) is an antioxidant enzyme that
is upregulated in response to oxidative stress [25]. We have
previously shown that PL treatment of PDAC cells results
in a robust increase in HO-1 gene expression [26]. HO-1
catabolizes heme to carbon monoxide, iron, and biliverdin,
which is an antioxidant that protects cells from apoptosis
[27, 28]. Both JNK [29] and ERK signaling pathways con-
tribute to oxidative stress-induced HO-1 gene expression
[30]. Inhibition of HO-1 has been proposed as a target of
cancer therapy.

In this study, we investigated the signaling mechanisms
that contribute to PL-induced PDAC cell death. We focused
on JNK and ERK signaling because both of these pathways
are activated in response to oxidative stress [31] and there is
evidence that PL alters these pathways in other tumor types
[17, 18]. We also evaluated the cytotoxic effects of inhibiting
HO-1 activity in the presence of PL. The results from this
report suggest PL signals through JNK and ERK to cause
PDAC cell death, and inhibition of HO-1 in combination
with PL enhances PDAC cell death. Therefore, manipulat-
ing the redox balance in PDAC cells is a viable treatment
approach.

Materials and methods
Reagents

Piperlongumine (PL) was purchased from Indofine Chemi-
cal Company. PL was dissolved in 100% DMSO at a stock
concentration of 100 mM and diluted in medium to work-
ing concentrations. SP600125 and zinc (II) protoporphyrin
IX (ZnPP) were purchased from Sigma-Aldrich, and tin
protoporphyrin IX (SnPP) was purchased from Enzo. All

antibodies and U0126 were purchased from Cell Signaling
Technologies. The CellTox™ Green assay was purchased
from Promega. A co-immunoprecipitation kit, GST activity
fluorescent assay, RNA extraction kits, and nuclear extrac-
tion kits were purchased from Thermo Fisher Scientific.

Cell culture

PDAC cell lines (MIA PaCa-2 and PANC-1) were purchased
from the American Type Culture Collection and grown at
37 °C with 5% CO,. MIA PaCa-2 cells were cultured in
DMEM high-glucose medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (Atlanta Bio-
logicals), 2.5% horse serum (Corning), and 1% antibiotic/
antimycotic solution (penicillin, streptomycin, ampho-
tericin B; Hyclone). PANC-1 cells were cultured in DMEM
high-glucose medium supplemented with 10% fetal bovine
serum and 1% antibiotic/antimycotic solution. The cell
lines were sub-cultured by enzymatic digestion with 0.25%
trypsin/l mM EDTA solution (Thermo Fisher Scientific)
when they reached approximately 70% confluency.

Cell toxicity assay

PANC-1 cells and MIA PaCa-2 (5000 cells/well) were
seeded in 96-well black plates. After 24 h, cells were treated
with different concentrations of PL (0-100 uM) for 72 h. A
cell toxicity assay was performed by adding 100 pL of the
CellTox™ Green Reagent (2X) to each well and incubat-
ing the plates for 15 min at room temperature in dark. The
fluorescence was measured at 490 nm excitation and 525 nm
emission. The data represent the average + standard devia-
tion for three independent experiments.

Co-immunoprecipitation assay

The assay was performed according to the manufactur-
er’s instructions. Briefly, PANC-1 cells were treated with
10 pM of PL for 24 h and cells were lysed with 100 pL of
1X lysis solution supplemented with 1% protease and phos-
phatase inhibitors. The total cell lysates were centrifuged at
13,000xg for 5 min to pellet the insoluble material. Total
protein (100 pg) was incubated with 25 pL of agarose beads
immobilized with JNK antibody and immunoprecipitation
was performed by gentle rocking at RT for 2 h. After incuba-
tion, the agarose beads were centrifuged at 800xg for 1 min,
washed 3 times with lysis buffer (200 pL), and each wash
was followed by a 1-min centrifugation at 800xg. After the
final wash, the beads were eluted using 50 pL of elution
buffer. Next, 5 pL of SDS sample buffer was added to the
beads, and the samples were boiled and then loaded onto
10% SDS-PAGE gels. Following protein transfer to nitro-
cellulose membrane (Amersham™ Protran™ 0.2 pm NC
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Life Sciences), INK and GSTP1 expression were detected
by western blotting as described below.

Glutathione S-transferase activity assay

GST activity was measured using a GST fluorescent activ-
ity kit according to the manufacturer’s protocol. Briefly,
MIA PaCa-2 cells were treated with PL (0, 10, 100 uM)
for 6 h. After 6 h, the cells were homogenized, centrifuged,
and supernatant was collected for GST activity. The samples
were placed into a 96-well plate with appropriate standards
and controls. The fluorescence emission was read at 460 nm
with excitation at 390 nm. The data represent the aver-
age + standard deviation for three independent experiments.

Cell viability assay

MIA PaCa-2 and PANC-1 cells (4000/well) were seeded
into 96-well plates. MIA PaCa-2 and PANC-1 cells were
pre-treated with SP600125 or U0126 for 2 h and then treated
with PL for 24 h. The cell viability was evaluated by adding
10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) reagent to each well and incubating
the plates for 3 h at 37 °C. MTT reagent was removed and
DMSO (100 pl/well) was added to solubilize the crystals.
The absorbance was measured at 570 nm using a xMark
Microplate Spectrophotometer (BioRad).

Cytoplasmic and nuclear protein extraction

Cytoplasmic and nuclear protein extraction was performed
as per the manufacturer’s protocol (Thermo Scientific).
Briefly, PDAC cells were harvested using trypsin and cen-
trifuged to collect cell pellets. Cell pellets were re-suspended
in cytoplasmic extraction reagent I (CERI), vortexed vigor-
ously for 15 s, and CERII added, extracts vortexed again
for 5 s and centrifuged at maximum speed (16,000xg). The
supernatant was collected (cytoplasmic fraction) and the pel-
let re-suspended in nuclear extraction reagent (NER) and
vortexed for 15 s, incubated for 10 min, repeated three times,
and centrifuged at maximum speed to collect the nuclear
fraction.

Western blotting

Total protein was isolated from the PDAC cell pellets using
an SDS lysis buffer (Cell Signaling Technologies) contain-
ing protease and phosphatase inhibitors (Roche). Samples
were briefly vortexed to dissociate cells. Forty pug of total
protein isolated from vehicle control or treated cells were
separated on 10% SDS—polyacrylamide gels at 100 V for
2 h. Proteins were transferred to nitrocellulose membranes at
100 V for 70 min at 4 °C. Blots were then probed overnight
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at 4 °C with primary antibodies. The next day, blots were
rinsed with 1 X TBS-tween (0.1%) and probed with second-
ary antibody for 1 h at RT. The western blots were analyzed
using SuperSignal West Femto Chemiluminescent Sub-
strate (Thermo Fisher Scientific) and images were captured
using the Multilmage™ Light Cabinet (Alpha Innotech).
The expression level of p-JNK, p—c-Jun, p-ATF-2, p-ERK,
cleaved caspase-3, cleaved PARP, c-Myc, HO-1, and Nrf-2
were normalized to total t-JNK, t-c-Jun, and t-ATF-2,
t-ERK, p-actin, GAPDH, or histone H3 expression, respec-
tively. Immunoblots were performed in triplicate, and the
images in the figures represent one typical replicate. Densi-
tometry was performed using Image J software according to
our previously published manuscript [32].

RNA extraction

Total RNA was extracted from PDAC cells using an RNA
isolation kit. Briefly, 350 uL of lysis solution was added to
confluent cells. Cell lysates were transferred to microcen-
trifuge tubes and 200 uL of 100% ethanol was added. The
tubes were vortexed vigorously for 10 s and clarified lysates
with ethanol were transferred onto columns and centrifuged
for 1 min. Next, 400 uL of wash solution was added and
tubes were centrifuged for 1 min. This step was repeated
three times. Afterwards, the columns were placed into fresh
elution tubes, 30 pL of nuclease-free water was added to the
columns, and the tubes were centrifuged at 200X g for 2 min
followed by 12,000xg for 1 min at 4 °C.

Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was isolated from PDAC cell pellets (PANC-1
and MIA PaCa-2) using an RNA isolation kit as described
above. One pg of total RNA was reverse transcribed into
cDNA using the qScript cDNA synthesis kit, qScript reac-
tion mix, and qScript reverse transcriptase (Quanta Bio-
sciences). Steady-state mRNA levels of apoptosis and
survival genes were determined for the cDNAs by reverse
transcriptase quantitative polymerase chain reaction (RT-
gPCR) using PrimePCR™ assays, Apoptosis and Survival
Tier 1 H96, human, (Bio-Rad). The PCR reaction mix
contained PrimePCR Assay (dried in well), SYBR Green
Super mix (10 pL), cDNA (2 uL corresponding to the
cDNA reverse transcribed from 10 ng RNA), and nuclease-
free water (8 puL). The 96-well plate was then run on the
MXpro 96 at 95 °C for 2 min, then 40 cycles of 95 °C for
5 s and 60 °C for 30 s. Data were processed and analyzed
using PrimePCR™ Analysis Software provided by Bio-Rad
(www.bio-rad.com/PrimePCR). The PrimePCR plates were
run three times for three independent replicates. Further-
more, to validate HO-1, CDKNIA, HSPAIA, MYC levels,
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primers were designed using Prime Express software (ver-
sion 2.0; Applied Biosystems) and synthesized by Integrated
DNA Technology or Sigma Aldrich, see Table 1 for primer
sequences. A melt curve was done and one distinct peak
was observed for all primer sets. The fold change in mRNA
expression was calculated by comparing the 18S rRNA-
normalized threshold cycle numbers (CT) in the ZnPP or
PL-treated PDAC cells with those in the DMSO treated, or
SP600125 + PL-treated PDAC cells, respectively. Duplicate

wells were run for each experiment, and the experiments
were performed in triplicate.

HO-1 knockout using CRISPR/Cas9

A HO-1 knock out cell line was created using the pSpCas9
BB-2A-GFP (Genescript, USA) vector, containing a sin-
gle guide RNA (sgRNA) sequence (5'-TGGAGCGTCCGC
AACCCGAC-3), targeting HO-1. Transfections using

Table 1 RT-qPCR primer

Forward primer sequence

Reverse primer sequence

AATTCTCTTGGCTGGCTTCCT
GGACAGCAGAGGAAGACCATGT
CACCAAGCAGACGCAGATCTT
GAAAAGGCCCCCAAGGTAGTT

CATAGGCTCCTTCCTCCTTTCC
GCCGTTTTCGACCCTGAGA
CAACAGATTGTTGTCTTTCGTCATG
TTTCCGCAACAAGTCCTCTTC

Gene name
sequences
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Fig.1 Effect of PL on PDAC cell death, GST activity, and JNK
signaling. a PANC-1 and MIA PaCa-2 cells were treated with PL
(0-100 uM) for 72 h. The cell death percentages were analyzed by a
CellTox Green assay. The data shown in the plot represent the aver-
age percent death relative to the vehicle-treated control + SD for three
independent experiments for both cell lines. Letters denote statisti-
cally significant differences in % cell death across treatment concen-
tration (p<0.05). b MIA PaCa-2 cells were treated with PL (0, 10
or 100 uM) for 6 h and GST activity was assessed via a GST activ-
ity fluorescent assay. The data shown in bar graph represent average
GST activity (mU/mL) relative to vehicle treated-control+SD for
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three independent replicates. Letters denote statistically significant
differences (p<0.05). ¢ PANC-1 cells were treated with or without
PL (10 uM) for 24 h. JNK protein complexes were pulled down using
JNK-coated beads and western blotting for JINK and GSTP1 was done
using western blotting. The experiment was performed at least three
times, and the results shown above represent one typical experiment.
d PANC-1 and e MIA PaCa-2 cells were treated with PL (10 uM)
for 0-24 h. The phosphorylation of JNK and its effectors (c-Jun
and ATF-2) were assessed using western blot. The experiment was
repeated at least three times, and results shown above represent one
typical experiment
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Lipofectamine 2000 (Invitrogen, USA) were performed
according to the manufacturer’s instructions. Cells express-
ing high GFP were selected by single cell sorting into a
96-well plate containing media with antibiotics. Western
blots for HO-1 were used to confirm knockout clones. Parent
Capan-1 and HO-1 knockout cells were treated with different
concentrations of PL and cultured for 48 h under hypoxia
(4% oxygen) in a hypoxia chamber (Heracell VIOS 160i
Tri-Gas CO2, Fisher, USA). Cell viability was measured by
MTT assay (Promega, USA) as per manufacturer protocol.

Fig.2 JNK inhibition blocks
PL-induced cell death and phos-
phorylation of JNK effectors in 1501
PDAC cells. a PANC-1 and b b
MIA PaCa-2 cells were treated
with vehicle control (C), or
pre-treated with SP600125 (SP;
10 uM) and then treated with
PL (10 uM) for 48, and 24 h,
respectively. The cell viability
percentage were analyzed by

100

% Cell Viability
8
1

PANC-1

Statistical analysis

Treatment estimates, standard errors, and significance were
determined using fixed effects and mixed effects linear mod-
els. Where appropriate, model effects included treatment,
gene, experiment, and experimental unit. All analyses were
performed using the MIXED procedure in SAS software
version 9.4 (SAS Institute, Cary NC).
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Fig.3 PL induces expression of A ‘ B
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Results PL significantly decreases GST activity in PDAC cells

PL causes PDAC cell death
in a concentration-dependent manner

Previously, we have shown PL reduces cell viability via
inhibition of the cell cycle and cell proliferation in several
pancreatic cancer cell lines both in vitro and in vivo [20,
33]. In this study, we used the CellTox™ Green assay to
determine the effect of PL on MIA PaCa-2 and PANC-1 cell
viability. The assay involves a fluorescent dye that binds to
the DNA of dead or damaged cells. The two PDAC cell lines
were treated with PL (0—100 uM) for 72 h and the percent-
age of cell death was determined. The results show that PL
caused concentration-dependent cell death in both cell lines
as compared to the DMSO-treated control (Fig. 1a). MIA
PaCa-2 cells were more sensitive to PL than were PANC-1
cells with a 50% growth inhibitory (Gls,) concentration of
6.5 uM compared to 13.2 uM, respectively.

in a concentration-dependent manner

Previous reports suggest PL increases ROS levels by bind-
ing to and inhibiting GSTP1 activity [33, 34]. Therefore,
we determined if PL could inhibit global glutathione
S-transferase (GST) activity in PDAC cells. We treated MIA
PaCa-2 cells with PL (0, 10, or 100 uM) for 6 h and evalu-
ated the activity of GST using a GST fluorescent activity kit.
PL treatment of MIA PaCa-2 cells significantly (p <0.05)
decreased GST activity in a concentration-dependent man-
ner with GST activity for 0, 10, or 100 uM PL being 166.7,
64.2, and 21.5 mU/mL, respectively (Fig. 1b).

PL reduced association of GSTP1 with JNK in PDAC
cells

Previous reports have shown GSTP1/JNK dissociation can
occur upon oxidative stress or direct binding of an inhibitor
to GSTP1 [21, 22]. To determine if PL causes dissociation of
JNK from GSTPI, we treated PANC-1 cells with PL (10 uM
for 24 h) and pulled down JNK protein complexes via a co-
immunoprecipitation assay. Western blotting for JNK and
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Fig.4 PL treatment alters ERK A
signaling and MEK inhibition

blocks PL-induced cell death

in PDAC cells. a PANC-1

and MIA PaCa-2 were treated

with PL (10 uM) for 0-24 h.

The phosphorylation of ERK

assessed using western blot.

The experiment was repeated

at least three times, and results

shown above represent one

typical experiment. b PANC-1

and ¢ MIA PaCa-2 cells were

treated with vehicle control (C),

or pre-treated with U0126 (UO;

10 uM) for 2 h, PL (10 uM) for

24 h, or their combination. The B

cell viability percentages were

analyzed by MTT assay. The 150+
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GSTP1 was done for control and PL-treated cells. PL treat-
ment resulted in the reduced association of GSTP1 with JINK
(Fig. 1c). These data provide evidence the PL inhibits the
interaction of GSTP1 and JNK, which could lead to INK
activation.

PL activates JNK signaling and its downstream
effectors in PDAC cells

PL has been shown to activate JNK signaling in colon can-
cer cells [15]. To determine if PL also activates the JNK
pathway in PDAC cells, we treated PANC-1 and MIA
PaCa-2 cells with PL and evaluated the expression of phos-
phorylated JNK and two of its downstream effectors, c-Jun
and ATF-2, via western blotting. PL treatment (10 uM for
0-24 h) of PDAC cells resulted in robust JNK activation
within 15 min that diminished by 3 h in PANC-1 cells but
remained elevated in MIA PaCa-2 cells (Fig. 1d, e). c-Jun
and ATF-2 were also activated by PL treatment in both cell
lines (Fig. 1d, e). c-Jun showed a more sustained activation
in PANC-1 compared to MIA PaCa-2 cells; however, ATF-2
activation was more sustained in MIA PaCa-2 compared to
PANC-1. These data indicate that PL treatment results in
the activation of the INK signaling pathway in PDAC cells.
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JNK inhibition blocks PL-induced PDAC cell death

To determine if JNK is involved in PL-induced PDAC cell
death, we used SP600125 to block JNK activation and
determined the subsequent effect on PL-induced PDAC
cell death. We pre-treated PANC-1 or MIA PaCa-2 cells
with SP600125 (10 uM for 2 h) then treated cells with PL
(10 uM) for 48 or 24 h, respectively, before analyzing cell
viability using an MTT assay. Addition of SP600125 par-
tially reversed the cytotoxic effects of PL for both PDAC
cell lines (Fig. 2a, b). The percentage of viable cells fol-
lowing treatment with PL alone or SP600125 + PL was
17.45% vs. 59.61% for PANC-1 and 62.6% vs. 85.03%
for MIA PaCa-2, respectively. We then determined if
SP600125 could block PL-induced phosphorylation of
JNK effectors (c-Jun and ATF-2). PANC-1 and MIA
PaCa-2 cells were pre-treated with SP600125 (SP; 10 uM
for 2 h) followed by PL treatment (10 uM for 3 h). Pre-
treatment with SP600125 slightly, but insignificantly,
blocked the phosphorylation of c-Jun and ATF-2 in both
cell lines (Fig. 2c—f), which indicates additional signal-
ing mechanisms other than JNK could activate c-Jun and
ATF-2 in PL-treated cells.
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PL alters expression of apoptosis and cell
survival-associated genes

To identify the mechanisms associated with PL-induced cell
death, we used an apoptosis and survival pathway RT-qPCR

10
0

10

plate to evaluate the effects of PL on gene expression in
MIA PaCa-2 cells. MIA PaCa-2 cells were treated with PL
(10 uM, for 6 h), RNA was isolated and gene expression was
assessed using the RT-qPCR pathway plates. PL treatment
of MIA PaCa-2 cells resulted in upregulation of a number of
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«Fig.5 Heme oxygenase-1 inhibition sensitizes PDAC cells to PL
treatment. a PANC-1 and MIA PaCa-2 cells were treated with differ-
ent concentration of ZnPP (0-20 uM). b PANC-1 and ¢ MIA PaCa-2
cells were treated vehicle control (C) treated with ZnPP (10 pM) or
PL (10 pM) for 24 h, or their combination. d PANC-1 and e MIA
PaCa-2 cells were treated vehicle control (C) treated with ZnPP
(10 nM) or PL (10 pM) for 24 h, or their combination. The cell via-
bility percentage were analyzed by MTT assay. The data shown in
the bar graphs represent the average percent viability relative to the
vehicle-treated control+SD for three independent experiments for
both cell lines. Treatments with bars that do not share a letter have
differences that are statistically significant at p<0.05. f HO-1 pro-
tein expression in PDAC cells treated with ZnPP (0-10 pM) was
determined using western blotting. PANC-1 and MIA PaCa-2 cells
were treated with vehicle control (C), ZnPP (10 pM), PL (10 pM),
or their combination for 24 h. g The mRNA expression of HMOX1
was assessed using RT-PCR. h HO-1 i Cleaved caspase-3 and cleaved
PARP protein expression in PDAC cells treated with ZnPP or PL was
determined using western blotting

genes including HMOX1, HSPAIA, CASP3, CDKNIA, MYC,
and PIK3CG and downregulation of a number of genes
including BCL2, NFkBI1, AKT3 genes (Fig. 3a). The largest
fold change in gene expression was observed for HMOX1
(31.7-fold increase). We validated the RT-qPCR plate results
with our own primer sets (Supplemental Table 1). We con-
firmed PL elevates HMOXI, CDKNIA, HSPAIA, and MYC
RT-qPCR (Fig. 3b). These results suggest PL alters expres-
sion of apoptosis and survival-associated genes.

PL causes apoptosis in MIA PaCa-2 cells

Previously, we reported that a caspase-3 inhibitor (zVAD-
fmk) blocks PL-induced cell death in PANC-1 and MIA
PaCa-2 cells [33]. Furthermore, previous reports have shown
PL activates JNK signaling and results in apoptosis in vari-
ous cancer cells [15, 16]. Therefore, to determine if PL
induces apoptosis in PDAC cells, we treated MIA PaCa-2
cells with PL and evaluated the activation of caspase-3
and PARP via western blotting. PL treatment (10 uM for
24 and 48 h) of PDAC cells results in robust cleaved cas-
pase-3 and cleaved PARP (Fig. 3c), suggesting apoptosis is
induced in these cells by PL. To our surprise, we found that
PL increased nuclear expression of c-Myc protein in PDAC
cells (Fig. 3d).

PL alters ERK signaling in PDAC cells

The experiments above suggest that JNK is partially respon-
sible for PL’s cytotoxic effects in PDAC cells. Since ROS-
induced ERK signaling is associated with reduced cell
proliferation, and we have previously reported PL activates
ERK signaling in colon cancer cells [18], we aimed to iden-
tify the effects of PL on ERK signaling. We treated PDAC
cells (PANC-1 and MIA PaCa-2) with PL and evaluated the

@ Springer

expression of phosphorylated ERK relative to total ERK. PL
treatment (10 uM for 0-24 h) of PANC-1 or MIA PaCa-2
cells resulted in an initial ERK activation within 15 min that
diminished by 3 h in both cell lines (Fig. 4a). However, at 12
and 24 h, phosphorylated ERK expression was reduced in
both PL-treated PDAC cell lines. These results suggest PL
leads to an early ERK signaling response that is ultimately
suppressed over time.

ERK inhibition blocks PL-induced PDAC cell death

To determine if ERK signaling is involved in PL-induced
PDAC cell death, we utilized a pharmacological MEK
inhibitor (U0126) to block downstream ERK activation and
determined the subsequent effect on PL-induced PDAC
cell death. PANC-1 and MIA PaCa-2 were pre-treated with
U0126 (10 uM for 2 h) then treated with PL (10 uM for
24 h). Cell viability was evaluated using an MTT assay.
Addition of U0126 partially reversed the cytotoxic effects
of PL for both PDAC cell lines (Fig. 4b, c). The percentage
of viable cells following treatment with 10 uM PL alone or
pre-treatment with 10 uM U0126 were 22.4% and 53.8% for
PANC-1 and 8.6% and 35.9% for MIA PaCa-2, respectively
(Fig. 4b, c).

Pharmacological inhibition of HO-1 yields mixed
results in PDAC cells

HO-1 is an antioxidant enzyme frequently up-regulated in
response to oxidative stress. However, there is some sug-
gestion in literature that HO-1 can actually contribute to
cell death [35]. To determine if the robust increase in HO-1
expression we observed in PL-treated cells was cytoprotec-
tive or cytotoxic, we used pharmacological inhibitors of
HO-1 (zinc or tin protoporphyrin; ZnPP or SnPP) and deter-
mined the effect on PL-induced PDAC cell death. ZnPP was
cytotoxic to PDAC cells at all concentrations tested (63 nM
to 20 pM; Fig. 5a). Higher concentrations of ZnPP (10 uM)
sensitized PDAC cells to PL treatment (Fig. 5b, c), while
lower concentrations of ZnPP (10 nM) did not (Fig. 5d, e).
ZnPP increased HO-1 mRNA (Fig. 5f) and protein (Fig. 5g)
expression alone and in combination with PL (Fig. 5h).
Higher concentrations of ZnPP (10 pM) blocked PL-induced
cleaved caspase-3 expression in PDAC cells, while lower
concentrations of ZnPP (10 nM) did not (Fig. 51).

SnPP (at high or low concentrations; 10 pM or 10 nM) is
not cytotoxic to PDAC cells (Fig. 6a). SnPP partially blocks
PL-induced cell death at both high (Fig. 6b, ¢) and low con-
centrations (Fig. 6d, e). Unlikely ZnPP, SnPP fails to induce
HO-1 protein expression at 10 uM in PDAC cells (Fig. 6f).
However, SnPP at low and high concentrations blocks PL-
induced cleaved caspase-3 and PARP expression in PDAC
cells (Fig. 6g). Collectively, these data suggest that non-toxic
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Fig.6 Heme oxygenase-1 inhibition sensitizes PDAC cells to PL
treatment. a PANC-1 and MIA PaCa-2 cells were treated with differ-
ent concentration of SnPP (0-100 pM). b PANC-1 and ¢ MIA PaCa-2
cells were treated vehicle control (C) treated with SnPP (10 pM) or
PL (10 pM) for 24 h, or their combination. d PANC-1 and e MIA
PaCa-2 cells were treated vehicle control (C) treated with SnPP
(10 nM) or PL (10 pM) for 24 h, or their combination. The cell via-
bility percentage were analyzed by MTT assay. The data shown in the
bar graphs represent the average percent viability relative to the vehi-

concentrations of a HO-1 inhibitor protect PDAC cells from
PL-induced cell death.

HO-1 knockout sensitizes PDAC cells to PL-induced
cell death

Since ZnPP and SnPP experiments generated variable
results at different concentrations,, we used CRISPR to
knockout HO-1 and more definitively determine the role of
HO-1 in PL-induced cell death. Western blotting showed

cle-treated control+SD for three independent experiments for both
cell lines. Treatments with bars that do not share a letter have differ-
ences that are statistically significant at p<0.05. f HMOX1 protein
expression in PDAC cells treated with SnPP (0-10 pM) was deter-
mined using western blotting. g MIA PaCa-2 cells were treated with
vehicle control (C), ZnPP (10 nM, 10 pM), PL (10 pM), or their com-
bination for 24 h. The expression of cleaved caspase-3 and cleaved
PARP were determined using western blotting

complete loss of HO-1 expression in the knockout PDAC
cells (Fig. 7a). HO-1 knockout cells were more sensitive
to increasing concentrations of PL than parent cells under
hypoxic conditions (Fig. 7b). These data demonstrate that
HO-1 plays arole in protecting PDAC cells from PL-induced
cell death in response to the enhanced stress signals the cells
experience.
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Fig.7 Heme oxygenase-1 knockdown sensitizes PDAC cells to
PL treatment. a Western blotting was done to confirm knockout of
HMOXT1 in Capan-1 cells. b Control and HMOX1 knockout Capan-1
cells were treated with PL (2, 5, and 10 uM) and cell viability was
determined using MTT assays. The data shown in the bar graphs

JNK inhibition blocks PL-induced nuclear
translocation of Nrf2 and HMOX1 mRNA expression
in PDAC cells

The results presented above showed PL activated JNK sign-
aling and increased HO-1. To determine if PL-induced JNK
signaling contributed to HMOX1 expression, we evaluated
the effect of the JNK inhibitor on HMOX1 gene expression.
JNK inhibition blocked PL-induced HMOX1 mRNA expres-
sion in PDAC cells (Fig. 8a). Since Nrf2 is the primary tran-
scription factor regulating HMOX1 mRNA expression, we
then determined the effect of PL and JNK inhibition on Nrf2
nuclear localization. PL resulted in Nrf2 translocation to the
nucleus (Fig. 8b), and JNK inhibition blocks PL-induced
translocation to nucleus in PDAC cells (Fig. 8c). Collec-
tively, these results suggest PL results in JNK activation,
which leads to Nrf2 nuclear translocation and expression
of HMOXI (Fig. 8d). In this context, increased HMOXI
appears to be a compensatory response to the elevated stress
levels encountered by PL treatment.

Discussion

PDAC is one of the most aggressive solid tumors with a
S-year survival rate of only 8% [36]. Understanding the
mechanism(s) underlying the cytotoxic effects of an alter-
native therapy such as PL is essential for determining its
therapeutic potential for PDAC. Our data demonstrate that
PL induces PDAC cell death by activating MAPK signaling
pathways and altering expression of apoptosis and survival-
associated genes. We found that pharmacological inhibi-
tion of JNK or MEK inhibits PL-induced PDAC cell death.
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control +SD for three independent experiments for both cell lines.
Treatments with bars that do not share a letter have differences that
are statistically significant at p<0.05

Further, PL treatment led to a large increase in HO-1 mRNA
and protein expression, which when inhibited or knocked
out resulted in greater toxicity to PDAC cells. These results
indicate PL elicits an oxidative stress response mediated
through MAPK pathways that leads to PDAC cell death,
and at the same time, triggers a cytoprotective response that,
if blocked, can increase PL’s toxicity.

In our study, PL activates JNK signaling and its down-
stream-effectors, which results in increased expression of
cleaved caspase-3 and cleaved PARP in PDAC cells, both
hallmarks of apoptosis. Our results are in concordance
with previous studies showing PL induces apoptosis via
the JNK pathway in several cancer types, and JNK inhibi-
tion with N-acetyl-L-cysteine (NAC) or SP600125 blocks
PL-induced ROS production and apoptosis [15-17, 37].
These reports suggest that INK-signaling pathway might be
a major mediator in PL-induced cancer cell death. Addi-
tionally, we observed PL affects ERK signaling in PDAC
cells with an initial increase in ERK activation followed by
decreased activity at 12 and 24 h. Previous studies have also
reported PL induces ERK signaling at early time points (up
to 1 [18] and 3 h [17]), and that PL induces cell death via
ERK signaling in colon cancer cells [18] and ERK inhibition
with U0126 blocked PL-induced apoptosis in cholangiocar-
cinoma cells [17]. Collectively, the results from our study
along with previous reports demonstrate that JNK and ERK
signaling are major mediators of PL-induced apoptosis in
cancer cells.

Oxidative stress is enhanced in cancer cells relative to
normal cells due to higher metabolic demands [38]. Con-
sequently, cancer cells are more sensitive to therapies that
perturb redox balance than are normal cells [39]. PL disrupts
redox balance by inhibiting the phase II conjugating enzyme
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Fig.8 JNK inhibition blocks PL-induced translocation of Nrf2 into
nucleus in PDAC cells. a MIA PaCa-2 cells were treated with vehi-
cle control (C) or pretreated with SP (10 pM) or UO (10 pM) for 2 h
and then treated with PL (10 pM) for 6 h. The mRNA expression of
HMOX1 was assessed using RT-PCR. 18S rRNA was used to nor-
malize the data. The data shown in the bar graphs represent mRNA
expression in fold change relative to the vehicle-treated control +SD
for three independent experiments for both cell lines. Treatments with

GSTP1 [34], which plays an important role in detoxifica-
tion of electrophiles. We found PL treatment of PDAC cells
resulted in reduced global glutathione S-transferase activ-
ity in PDAC cells. We also noted decreased association of
GSTP1 with JNK when PDAC cells were treated with PL.
It is possible that PL directly bound to GSTP1 to inhibit its
interaction with JNK (Fig. 8d) [34]. It is also possible that
PL directly increased ROS and the added oxidative stress
resulted in GSTP1 dissociation from JNK and subsequent

Cell death

bars that do not share a letter have differences that are statistically
significant at p<0.05. b MIA PaCa-2 cells were treated with vehicle
control (C) or PL (10 pM) for 6 h. ¢ MIA PaCa-2 cells were treated
with vehicle control (C) or pretreated with SP (10 pM) for 2 h and
then treated with (10 pM) for 6 h. The expression of Nrf2 in cytoplas-
mic and nuclear protein extract was determined using western blot-
ting. d Proposed mechanism for JNK-mediated PL-induced PDAC
cell death

JNK signaling [21]. Either way, PL results in enhanced oxi-
dative stress and MAPK signaling.

MAPK signaling activates transcription factors that influ-
ence gene expression to help mitigate redox imbalance.
Under stress conditions, the transcription factors NFkB,
Nrf2, and AP1 are all known to induce expression of phase
II antioxidant enzymes such as HO-1 [40]. In this study,
PL caused Nrf2 nuclear translocation which was associated
with increased HO-1 mRNA and protein levels, and a JNK
inhibitor blocked this response. In support of these results,
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previous studies have shown a JNK inhibitor is able to block
transcriptional activation of HO-1 [29].

The role of HO-1 in the stress response is widely thought
to be cytoprotective [41]. HO-1 breaks down heme into three
active products; carbon monoxide (CO), ferrous ions, and
biliverdin, which is converted into the antioxidant biliru-
bin [42]. Among many functions, CO has antiproliferative
and apoptotic properties which prevent tissue injury [43].
We used two different HO-1 inhibitors, ZnPP and SnPP, to
determine if the HO-1 induced by PL is cytoprotective or
cytotoxic. ZnPP, but not SnPP, was cytotoxic by itself, and
a high concentration (10 uM) enhanced PL-induced PDAC
cell death, suggesting a cytoprotective effect of HO-1. A low
concentration (10 nM) of ZnPP or either concentration of
SnPP blocked PL-induced cell death, suggesting a cytotoxic
effect of HO-1. SnPP is less toxic than ZnPP and it is possi-
ble that the concentrations we tested did not actually inhibit
HO-1 enzymatic activity. Indeed, we did not detect increased
HO-1 protein in response to SnPP which is an indicator
HO-1 may not have been inhibited. Further, we evaluated
cell viability after 2 h of SnPP pretreatment and 24 h after
PL treatment, which may have not been enough time to see
a cytotoxic effect of the HO-1 inhibitor. Previous studies
have reported similar results to ours indicating that SnPP
alone does not affect cell proliferation, while ZnPP does
[44]. The reduced cell proliferation was through decreased
expression of cyclin D1 and independent of HO-1 expression
[44, 45]. Similarly in our study, high concentration of ZnPP
did not cause apoptosis (as evidenced by a lack of cleaved
caspase-3 and PARP expression), but reduced cell viabil-
ity in an MTT assay. Since we observed variable responses
of HO-1 inhibitors on PDAC cell viability and markers of
apoptosis, we utilized CRISPR/Cas9 technique to genetically
inhibit HO-1 expression and evaluate its effect on PDAC
cell viability. In our study, knockout of HO-1 enhanced PL-
induced PDAC cell death, which suggests HO-1 serves a
cytoprotective function in PDAC cells exposed to increased
oxidative stress. In support of this, knockdown of HO-1 or
its enzymatic inhibition with ZnPP sensitized pancreatic
[46], myeloid leukemia [47], liver [48], hepatoma [49], and
melanoma [50], cancer cells to chemotherapy or radiation.
Our results are in contrast to a previously published report
suggesting HO-1 played an important role in mediating PL-
induced cell death [35]. The authors showed knockdown of
HO-1 or its pharmacological inhibition blocked the abil-
ity of PL to induce apoptosis in human breast cancer cells
(MCF7). The discrepancies could be due to differences in
tumor type (breast vs. pancreatic), inhibitor concentration
(unclear in the previous study), or cell culture conditions
(hypoxic vs. normoxic conditions). These reports along with
our data suggest that functional inhibition of HO-1 is a better
method to elucidate the role of HO-1 in cancer.

@ Springer

In summary, we have identified new mechanisms by
which PL induces PDAC cell death. Specifically, PL acti-
vates MAPK (JNK and ERK) signaling which leads to
changes in gene expression and activation of apoptotic sign-
aling (cleaved caspase and PARP) that induces PDAC cell
death. Further, we have determined the robust increase in
HO-1 due to PL treatment is a compensatory mechanism to
try to protect cells from oxidative-stress induced cell death,
as inhibition or knockout of HO-1 enhances the effects of
PL. These results provide new insight into how PL influ-
ences PDAC cells and suggest altering the redox balance in
PDAC cells is an effective therapeutic approach.
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