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ABSTRACT

Pancreatic stellate cells (PSC), a prominent stromal cell, contribute to the
progression of pancreatic ductal adenocarcinoma (PDAC). We aim to investigate the
mechanisms by which PSC promote cell proliferation in PDAC cell lines, BxPC-3 and
AsPC-1. PSC-conditioned media (PSC-CM) induced proliferation of these cells in a
dose- and time-dependent manner. Nrf2 protein was upregulated and subsequently,
its transcriptional activity was increased with greater DNA binding activity and
transcription of target genes. Downregulation of Nrf2 led to suppression of PSC-CM
activity in BxPC-3, but not in AsPC-1 cells. However, overexpression of Nrf2 alone
resulted in increased cell proliferation in both cell lines, and treatment with PSC-CM
further enhanced this effect. Activation of Nrf2 pathway resulted in upregulation
of metabolic genes involved in pentose phosphate pathway, glutaminolysis and
glutathione biosynthesis. Downregulation and inhibition of glucose-6-phosphate-
dehydrogenase with siRNA and chemical approaches reduced PSC-mediated cell
proliferation. Among the cytokines present in PSC-CM, stromal-derived factor-1 alpha
(SDF-1a) and interleukin-6 (IL-6) activated Nrf2 pathway to induce cell proliferation
in both cells, as shown with neutralization antibodies, recombinant proteins and
signaling inhibitors. Taken together, SDF-1a and IL-6 secreted from PSC induced PDAC
cell proliferation via Nrf2-activated metabolic reprogramming and ROS detoxification.

INTRODUCTION

Pancreatic cancer is the fourth leading cause
among men and women in cancer-related deaths, with
more than 80% of cases contributed by pancreatic ductal
adenocarcinoma (PDAC) [1]. The lethality of PDAC is
mainly attributed by its aggressive and invasive growth,
rapid development of distant metastases, resistance to
therapy, and escape from immune control, all of which have
been associated with its dense stroma or desmoplasia [2,
3]. PDAC stroma is very heterogeneous and comprised of
pancreatic stellate cells, blood vessels, immune cells, and
abundant of extracellular matrix. The cellular composition
in PDAC stroma is constantly changing during disease
progression [3], hence understanding the molecular

mechanism of pancreatic epithelial-stroma interactions can
provide useful insights into the biology of this fatal disease.

Pancreatic stellate cells (PSC) are thought to be
responsible for the profound desmoplasia observed in
PDAC [4]. Under pathological conditions including
cancer, quiescent PSC can be activated by reactive oxygen
species (ROS) to acquire myofibroblast-like phenotype [5,
6]. Subsequently, activated PSC secrete various soluble
factors to modulate PDAC phenotypes including cell
proliferation, migration, invasion and metastasis [2, 3,
7—-10]. PSC also promote stem cell phenotype in PDAC,
which may contribute to the radio- and chemo-resistance
frequently observed in patients [11]. Hence, it is crucial to
identify and understand the signaling pathways utilized by
PSC in its pro-tumorigenic action in PDAC.
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Maintaining physiological ROS levels are
extremely important to sustain PDAC cellular function
[12]. Having constantly higher intracellular ROS
levels than normal cells, PDAC requires an effective
oxidative defense and cytoprotective system to
counteract oxidative stress-mediated cell death. This
can be achieved by activation of nuclear factor erythroid
2 (Nrf2) transcription factor, a master regulator of
antioxidant-response element (ARE)-driven genes
mainly encoding antioxidant and detoxifying enzymes
[13]. Nrf2 is abnormally upregulated in PDAC compared
to normal pancreatic tissues [14, 15]. In fact, elevated
Nrf2 nuclear expression predicts worse survival in PDAC
patients [16]. As increased Nrf2 levels are also shown
to promote PDAC cell proliferation and acquisition of
drug resistance [15], it is unclear if Nrf2 activation can
be triggered by extracellular factors, such as PSC.

In this study, we investigated whether PSC
secretory factors could activate Nrf2 signaling pathway
to induce PDAC cellular proliferation. We demonstrated
that secretion from PSC increased Nrf2 nuclear activity
and induced transcription of genes involved in ROS
detoxification and pentose phosphate pathways.
Consequently, intracellular ROS levels were decreased
while purine nucleotide synthesis was elevated.
Overexpression studies showed that Nrf2 activation
was required for PSC-induced PDAC cell proliferation,
likely due to the coupling effects of oxidative stress
sensing and metabolic reprogramming mechanisms. We
further showed that these effects could be induced by the
paracrine actions of IL-6 and SDF-1a found in the PSC
secretion. Our results suggest a new mechanism by which
PSC-derived soluble factors can trigger a redox defense
mechanism through activation of Nrf2 signaling, in
promoting PDAC aggressiveness.

RESULTS

PSC-CM promotes PDAC cell proliferation in a
dose- and time-dependent manner

Treatment of AsPC-1 and BxPC-3 cells with PSC
conditioned media (PSC-CM) showed a dose- and time-
dependent increase in cell viability (Figure 1A). Notably,
1 pg/ul of PSC-CM at 72 h caused a significant increase
in cell viability of BxPC-3 (185 £ 12%) and AsPC-1 (153
+ 4%). The increased cell viability was partly due to the
enhanced cell proliferation, as evidenced by increased
BrdU incorporation in these cells (BxPC-3: 55 + 0.1%;
AsPC-1:32+0.1%) (Figure 1B), and increased cell number
(BxPC-3: 180 + 3%; AsPC-1: 157 + 2%) (Figure 1C),
closely within the range induced by complete media.
These effects were specific to PSC-CM, as similar results
were not observed with conditioned media from fibroblasts
derived from normal and cancerous endometrial tissues
(Supplementary Figure S1).

PSC-CM activates intracellular Nrf2 signaling in
PDAC cells

Treatment of PSC-CM induced higher Nrf2
mRNA expression in both AsPC-1 (2.9-fold) and BxPC-
3 cells (1.9-fold) while its negative regulator, Keapl
was downregulated in BxPC-3 cells (0.5-fold) with
no significant change in AsPC-1 cells (Figure 2A).
Subsequently, Nrf2 protein was upregulated after PSC-
CM treatment (Figure 2B), with at least 2-fold increase
in Nrf2 localization in the nuclear than in the cytoplasmic
extracts of PSC-CM-treated cells (Figure 2C). Using an
ARE-promoter luciferase construct, we further showed
that PSC-CM induced greater Nrf2 transactivation
activity in AsPC-1 cells (3.5-fold) than in BxPC-3
cells (1.5-fold) (Figure 2D). Despite pronounced Nrf2
activation by PSC-CM, only selective Nrf2 cytoprotective
genes were induced (Figure 2E). In both cells, AKR1cl
had the greatest induction in BxPC-3 (2.8-fold) and in
AsPC-1 cells (4.7-fold). This was followed by NQOI1
and CAT expression, both of which were induced at least
2.0-fold in BxPC-3 cells and 1.5-fold in AsPC-1 cells,
respectively. Other Nrf2 target genes, HMOX1, SODI,
SOD2 and SOD3 were not significantly affected by
PSC-CM treatment. Taken together, these data indicate
that extracellular factor like PSC soluble factors could
activate Nrf2 transcriptional activity in PDAC cells, and
such effects seemed to be more evident in AsPC-1 than in
BxPC-3 cells.

Nrf2 activity is required for PSC-induced PDAC
cell proliferation

To determine whether Nrf2 activity is required for
PSC-CM-induced cell proliferation, we downregulated
Nrf2 protein expression using RNAi approach. Nrf2 mRNA
was reduced to 43% and 25% in BXPC-3 and AsPC-1 cells,
respectively when compared to untransfected control cells
(mock) (P<0.05), with minimal changes in cells transfected
with control siRNA (Figure 3A). These results suggest that
the effect of Nrf2-siRNA is specific, which subsequently led
to 50% and 70% reduction in protein expression in BxPC-3
and AsPC-1 cells, respectively (Figure 3B). Moreover, the
transcription of its target genes was also markedly reduced
following Nrf2 downregulation, with more than 50%
reduction for AKR1cl and NQO1 (P<0.05 when compared
to control siRNA) (Figure 3C).

Reduced Nrf2 protein level led to a greater decrease
in cell viability in BxPC-3 (38% inhibition) than in AsPC-
1 cells (21% inhibition) (P<0.05 when compared to control
siRNA) (Figure 3D), although greater Nrf2 knockdown
was observed in the latter. Expectedly, intracellular ROS
levels were significantly elevated to almost 5-fold increase
in Nrf2-silenced PDAC cells when compared to the
control cells (P<0.05) (Figure 3E). In the presence of Nrf2
siRNA, the proliferation-promoting effect of PSC-CM
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was markedly decreased in BxPC-3 cells (18% increase),
when compared to cells treated with control siRNA (41%
increase) (P<0.05) (Figure 3D). This was not observed in
AsPC-1 cells, where PSC-CM-induced cell proliferation
was not significantly affected by Nrf2 downregulation. In
both cases, we observed a drop in intracellular ROS levels
upon treatment with PSC-CM (Figure 3D), likely due to
reactivation of Nrf2 signaling in these cells (Figure 3E).
This suggests that Nrf2 activity is required to maintain
PDAC cell viability, and to some extent, is required for the
increased proliferation effects induced by PSC secretion,
at least in BxPC-3 cells.

We further transfected Nrf2-expressing plasmid in
both PDAC cells and observed an increase in mRNA levels
of Nrf2 (~5 to 6-fold) and its target genes (Supplementary
Figure S2A). Nrf2 overexpression resulted in a significant
~2-fold increase in cell viability in both BxPC-3 and
AsPC-1 (P<0.05 when compared to control vector)
(Figure 4A). Moreover, greater cell proliferation was
observed when these cells were treated with PSC-CM,
with an additional 33% and 48% increase in BxPC-3 and
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AsPC-1, respectively (P<0.05 when compared to untreated
cells) (Figure 4A). Notably, the proliferation-promoting
effects of PSC-CM in Nrf2 overexpressing cells were
less evident than in control cells. This could be explained
by the moderate induction of Nrf2 mRNA and its target
genes by PSC-CM (Supplementary Figure S2B). Despite
sustained Nrf2 activation, there was only a slight drop
of intracellular ROS levels in Nrf2 overexpressing cells
(Figure 4B), indicating that reducing intracellular ROS
levels may not be the only mechanism by which activated
Nrf2 signaling promote cell proliferation in PDAC cells.
Taken together, our data suggests that PSC soluble factors
induced PDAC cell proliferation via Nrf2 activation.

PSC-CM activates metabolic pathways and ROS
detoxification via Nrf2

Nrf2 was recently shown to promote lung cancer
cell proliferation by activating metabolic pathways
[17]. However, it is unclear if similar mechanisms were
adopted by Nrf2 in PDAC cells. We examined key genes
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Figure 1: PSC-CM promotes PDAC cell proliferation. Cells were treated with PSC-CM for 24-72 h before determination of A.
cell viability using MTT assay (72 h), B. cell proliferation using BrdU assay (72 h), and C. trypan-blue cell counting assay (72 h). All
experiments were performed in triplicates, and data are expressed as mean = SD. All data are statistically significant (P<0.05, versus control
media (media containing 1% FBS)), unless stated otherwise. NS, not significant.
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involved in three metabolic pathways regulated by Nrf2:
pentose phosphate pathway (PPP), glutaminolysis and
glutathione biosynthesis pathway. Glucose-6-phosphate
dehydrogenase (G6PD), phosphogluconate dehydro-
genase (PGD), transketolase (TKT), transaldolase
(TALDOL1), phosphoribosyl pyrophosphate amido-
transferase (PPAT) and methylenetetrahydrofolate
dehydrogenase 2 (MTHFD2) are enzymes involved
in PPP that generates de novo nucleotide and NADPH
equivalents. Transcription of these enzymes were
significantly induced in both BxPC-3 and AsPC-1 cells
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following treatment of PSC-CM (P<0.05 when compared
to untreated cells), with the exception of TKT and
MTHFD2 in AsPC-1 cells (Figure 5A). Genes encoding
enzymes for glutaminolysis and glutathione synthesis
(malic enzyme 1 (MEL), isocitrate dehydrogenase
1 (IDH1), GCL catalytic subunit (GCLC) and GCL
modifier subunit (GCLM)) were also significantly
upregulated in these cells, except for ME1 in AsPC-1
cells (Figure 5A). These genes were Nrf2 target genes, as
Nrf2 gene knockdown significantly downregulated their
expression in both cells (Supplementary Figure S3).
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Figure 2: PSC-CM activates Nrf2 signaling in PDAC cells. A, B. Cells were treated with PSC-CM (1.0 pg/ul, 72 h) before
measuring Nrf2 and Keapl mRNA with qRT-PCR (A), and Nrf2 protein expression with Western blotting (B). Densitometry analysis was
shown in relative ratio against control sample. C. Nrf2 protein subcellular localization was examined in cells treated with PSC-CM (1.0 pg/
ul, 72 h) using immunoblot. Cyclophilin A and lamin B1 were used as loading control for cytoplasmic and nuclear extracts, respectively.
Densitometry analysis was shown in relative ratio against untreated cells. D. Cells were transfected with ARE promoter reporter construct
for 5 h, before treatment with PSC-CM (1.0 pg/ul, 72 h). ARE promoter activity was determined in relative to internal renilla luciferase
activity and normalized with protein content between samples. E. The mRNA expression of Nrf2-regulated genes in cells after treatment
with PSC-CM (1.0 pg/pl, 72 h) was determined using qRT-PCR. All experiments were performed in triplicates, and data are expressed as
mean + SD. *, P<0.05 versus cells treated with media containing 1% FBS.
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Moreover, we observed a further ~2-fold increase
in the expression of these metabolic genes, including
TKT, MTHFD2 and ME1 by PSC-CM treatment when
Nrf2 was downregulated (Figure 5B). In particular,
PGD, MTHFD2, GCLM and GCLC transcription were
greater in AsPC-1 than in BxPC-3 cells, which may
explain the higher AsPC-1 cell proliferation induced by
PSC-CM despite downregulation of Nrf2. Interestingly,
when Nrf2 is overexpressed, only PPAT and MTHFD2
were upregulated in both cells, while ME1 and IDH1
were significantly induced in AsPC-1 upon treatment
with PSC-CM (Figure 5C). This suggests that PDAC
cells may utilize the non-oxidative arm of PPP and
glutaminolysis pathways to induce further proliferation
when Nrf2 is overexpressed.
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Induction of metabolic pathways by PSC-CM
led to increased metabolites required in glycolysis,
glutaminolysis and nucleotide synthesis (Figure 5D).
Ribose S5-phosphate (RS5P), a critical substrate for
nucleotide synthesis, and inosine 5’-monophosphate
(IMP) were significantly increased in both PSC-CM-
treated PDAC cells (P<0.05) (Figure 5D). In addition,
the concentration of glutamate and malate was increased
at least 20-fold and 5-fold, respectively in both cells.
To further demonstrate the role of PPP in PSC-induced
PDAC cell proliferation, we treated the cells with a G6PD
inhibitor (DHEA) in the presence of PSC-CM. BxPC-
3 showed significant cell inhibition (~95% inhibition)
while AsPC-1 was slightly resistant to the inhibitor
(~80% inhibition) at 100 uM (Figure SE). A more specific
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Figure 3: Nrf2 activation is required for PSC-induced PDAC cell proliferation. A, B. Cells were transfected with control or
Nrf2 siRNA (100 nM) for 72 h before determining Nrf2 expression at mRNA (A) and protein expression (B) levels using qRT-PCR and
Western blotting, respectively. Densitometry analysis was shown in relative ratio against untreated cells. C. The mRNA level of Nrf2 target
genes following Nrf2 knockdown were determine. D, E. PDAC cells were treated with Nrf2 or control siRNA for 72 h before treatment
with PSC-CM (1.0 pg/ul, 72 h). Cell viability (D, top panel) and intracellular ROS levels (D, bottom panel) were measured using MTT
and DCF-DA assay, respectively. Nrf2, AKR1cl and NQO1 mRNA expression was determined using qRT-PCR (E). All experiments were
performed in triplicates, and data are expressed as mean + SD. *, P<0.05.
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downregulation of G6PD protein expression using siRNA
led to a significant decrease in cell viability of BxPC-3
(41% inhibition) and AsPC-1 (46% inhibition). Further
treatment with PSC-CM only marginally increased the
proliferation (22-24% increase) of cells with G6PD
knockdown when compared to mock (Figure SF and
Supplementary Figure S4). These data strongly suggest
that modulation of metabolic pathways by Nrf2 signaling
is critical for PSC-induced cell proliferation in PDAC.

PSC secrete IL-6 and SDF-1a to activate Nrf2
signaling in PDAC

To determine the possible soluble factors in PSC-CM
that may be responsible for activating Nrf2 signaling, we
examined a panel of cytokines and growth factors using
ELISA kits (Figure 6). Among the soluble factors tested,
growth-promoting oncogene alpha (GRO-a) showed the
highest level (4534.89 + 19 pg/ml), followed by stromal-
derived factor-1 alpha (SDF-1a) (553.87 £ 17.68 pg/ml)
and vascular endothelial growth factor (VEGF) (120.63
+ 4.94 pg/ml) (Figure 6A). When compared to control
media, GRO-a remained the cytokine with the greatest
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fold change (32.3-fold), followed by SDF-1a (4.8-fold)
and IL-6 (2.9-fold) (Figure 6A). However, treatment with
recombinant protein (rh) GRO-a did not increase PDAC
cell proliferation (Figure 6B). Both BxPC-3 and AsPC-1
cells responded to 100 ng/ml rhSDF-1a with 151.5 +3.9%
and 156.3 £ 2.6%, respectively (Figure 6B), with activation
of Nrf2 and its metabolic target genes expression (Figure
6C). Inhibition of SDF-1a effect using neutralizing antibody
led to a significant decrease in proliferation in BxPC-3 (46
+ 1.5%) and AsPC-1 (35 £ 2.8%) (Figure 6D).
Interestingly, rhIL-6 treatment induced cell
proliferation only in BxPC-3 (153.5 + 7.8% at 200 ng/
ml), but not in AsPC-1 (100.14 £+ 3.6% at 200 ng/ml)
(Figure 6B). Yet, some Nrf-2 target genes were induced
by the treatment (Figure 6C), and neutralization of IL-6
in PSC-CM resulted in a significant decrease in both cells
(BxPC-3: 30 + 1.2%; AsPC-1: 36 + 2.7%) (Figure 6D).
To further investigate whether IL-6 can induce PDAC cell
proliferation, we inhibited its downstream signaling using
AD412 (a JAK3 inhibitor) and Stattic (a Stat3 inhibitor),
and observed a dose-dependent inhibition in both AsPC-1
and BxPC-3 cell proliferation (Supplementary Figure S5).
These data suggest that IL-6 and SDF-la could
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Figure 4: Nrf2 gene overexpression enhances PSC-induced PDAC cell proliferation. Cells were transfected with control or
Nrf2 expressing vectors for 5 hours, before treatment with PSC-CM (1.0 pg/ul, 72 h). Cell viability A. and intracellular ROS levels B. were
measured using MTT and DCF-DA assay, respectively. All experiments were performed in triplicates and data are expressed as mean =+

SD. *, P<0.05.
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Figure 5: PSC activates metabolic pathways and ROS detoxification in PDAC cells via Nrf2 activity. A-C. Genes involved
in metabolic pathways and ROS detoxification were determined using qPCR in (A) cells treated with control media or PSC-CM (1.0 pg/
ul, 72 h), (B) cells transfected with Nrf2 siRNA for 72 h before treated with control media or PSC-CM (1.0 pg/ul, 72 h), and (C) cells
transfected with Nrf2 cDNA plasmid for 5 h before treated with control media or PSC-CM (1.0 pg/ul, 72 h). D. Extracts from cells treated
with either control media or PSC-CM (1.0 pg/pl, 72 h) were subjected to UHPLC-MS/MS analysis to determine the concentration of various
metabolites. E. Cells were treated with PSC-CM with/without DHEA, before measurement of cell viability. F. Following transfection with
G6PD or control siRNA, cells were treated with control media or PSC-CM (1.0 pg/pl, 72 h) before measurement of cell viability. Data are
expressed as mean + SD. *, P<0.05 versus cells treated with control media (A-D) or PSC-CM (E). NS, not significant.
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independently activate Nrf2 signaling and may be partly
responsible for PSC-induced cell proliferation.

DISCUSSION

Our study showed that PSC secretion induced
PDAC cellular proliferation by activating antioxidant
and metabolic programs via Nrf2. Specifically, 1L-6
and SDF-la promoted Nrf2 transcriptional activity to
induce genes involved in ROS detoxification and purine
nucleotide synthesis, to create a more reduced intracellular
environment that favors cell proliferation (Figure 7).
Our study provides further evidence delineating the role
of PSC, as an extracellular factor, in activating PDAC
intracellular redox signaling to induce cell proliferation.

Desmoplasia in PDAC is mainly due to PSC
activation as a result of acute and chronic inflammation
within the pancreas [18]. PSC lose their periacinar
star-shaped morphology and demonstrate increased
proliferation with enhanced production of cytokines,
growth factors, miRNAs and deposition of extracellular
matrix proteins [18, 19]. Such secretion stimulates PDAC
cell proliferation, pancreatosphere formation, invasion
and metastasis [7, 20, 21]. PSC co-migrate with PDAC
cells to establish a metastatic niche for the tumor cells

A Activation

A Proliferation TGF-B1, VEGF, FGF-2,
AECM deposition TNF-a, Sonic Hedgehog
AMigration

AMMPs

PSC

Other soluble factors
(PDGF, TGF-B1, ECM
proteins, MMPs,
TIMPs, collagen-1,
Endothelin-1, TRAIL, IL-1,
IGF-1, Periostin, COX-2,
FGF)

[22], and resulted in increased metastatic lesion in animal
models [3]. PSC may also contribute to hypovascularity
and hypoxia, two prominent features in PDAC [23,
24]. Hence, PSC may have an active role in inducing
oxidative stress pathways to support a growth-permissive
microenvironment for tumor cells.

Despite studies supporting the role of high ROS in
PDAC survival [23, 25-27], a recent study suggested that
low intracellular ROS levels mediated by Nrf2 activity are
essential for PDAC carcinogenesis [28]. Human PDAC
tumors and cell lines often exhibit Nrf2 activation and
low ROS levels compared to normal pancreatic duct cells
[15]. Elevated Nrf2 activity was also observed in other
cancers, which was linked to cellular proliferation and
development of drug resistance [29-31]. While somatic
mutations in Nrf2 and Keapl genes are rare in PDAC
[15], a dysregulated Nrf2/Keapl system may allow
persistent Nrf2 activation, and thus represent an important
mechanism by which PDAC sense and adapt to oxidative
stress, as observed in other tissues exposed to chronic
inflammation [32]. Our data suggests that external factor
such as PSC could lead to Nrf2 activation to promote
PDAC progression.

Our study showed that PSC soluble factors induced
ROS detoxification and purine nucleotide synthesis via

PDAC cell

Cell membrane

Nucleus

Metabolic genes expression

(1) Purine nucleotide
synthesis

@ ROS detoxification

v

A Proliferation

Figure 7: Schematic diagram illustrating the pathways activated by PSC soluble factors to induce PDAC cell
proliferation. PDAC cells secrete various soluble factors, among which include TGF-B1, VEGF, FGF-2 and sonic hedgehog to recruit
and activate PSC. In turn, activated PSC secrete cytokines, matrix metalloproteinases, structural proteins and others, which promote PDAC
progression including enhancing proliferation [55]. We showed that IL-6 and SDF-1a secreted by PSC activate their receptor and the
subsequent downstream signaling cascade, via Nrf2 transcription factor. Increased Nrf2 activates metabolic gene expression that governs
purine nucleotide and NADPH synthesis to promote ROS detoxification and cell proliferation. IL-6 is also known to activate JAK/Stat3
signaling pathway, which induce c-Myc transcription which is important for PDAC cell proliferation.
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Nrf2 activity. As a master regulator of cellular redox
homeostasis, Nrf2 upregulates ARE-bearing genes
products to confer defense mechanism [33] and induces
cellular proliferation via metabolic genes involved in PPP
and glutaminolysis [17]. Hence, it is likely that increased
synthesis of purine nucleotide, a major product of PPP
activation, led to increased PDAC cell proliferation.
Moreover, NADPH generated from these pathways
is critical for proper cellular redox homeostasis [34].
Complete G6PD knockout in embryonic stem cells led to
deprivation of NADPH production, and this resulted to a
higher cell kill by potent oxidant [35]. Therefore, PSC-
induced PDAC cell proliferation may partly be explained
by ROS detoxification and purine nucleotide synthesis.

In the absence of PSC, higher nuclear Nrf2 was
observed in AsPC-1 cells than in BxPC-3 cells. Transient
silencing of Nrf2 mRNA translation in AsPC-1 cells did
not markedly affect proliferation. Yet, Nrf2 overexpression
enhanced cell proliferation significantly, indicating
that Nrf2 downstream signaling may be consistently
activated even in the absence of PSC. The sustained
Nrf2 signaling in AsPC-1 may be due to activating
KRAS mutation [28]. Oncogenic KRAS is a key driver
mutation in PDAC tumorigenesis [36] and is shown
to render lower intracellular ROS levels by activating
Nrf2 programs [37]. KRAS mutation is also essential
in promoting glutaminolysis in PDAC to fuel anabolic
processes in supporting cell growth [38, 39]. PDAC relies
on non-canonical pathway of glutamine utilization to fuel
tricarboxylic acid cycle, in which malate and pyruvate are
required to maintain cellular redox state via increasing
NADPH/NADP" ratio [40].

Our study suggests that IL-6 and SDF-lo from
PSC secretion may be responsible for Nrf2 activation in
PDAC cells. The role of IL-6 was rather limited in AsPC-1,
probably due to low levels IL-6 receptor expression [41, 42].
Furthermore, IL-6 can partially synergize oncogenic KRAS
to activate ROS detoxification program [43]. Nevertheless,
inhibition of IL-6 signaling resulted in delayed PDAC
progression from pancreatic intraepithelial neoplasia, and
reduced primary tumor growth and recurrences in vivo [43,
44]. While it is unclear whether Nrf2 is a target gene of
IL-6, Nrf2 nuclear translocation and transcriptional activity
were significantly reduced in IL-6 knockout mice [45].
Activation of Nrf2 in PDAC may exert a positive feedback
to further enhance IL-6 signaling, as there is a known ARE
sequence within the promoter of IL-6 [46].

We observed that SDF-1a/CXCR4 signaling
activation induced PDAC cell proliferation, regardless of
KRAS mutation status. SDF-1a has been implicated in
proliferation, invasion, metastasis and chemoresistance of
PDAC [47-49]. Nrf2 can directly bind to the promoter of
the receptor, CXCR4, and activate its transcription [50].
Moreover, SDF-1a and IL-6 pathways crosstalk leads
to the growth promoting effects [51]. More studies are
needed to understand how Nrf2 transcriptional activity

can be induced by various cytokine signaling, as PSC
from different patients may have distinct secretory content
with varying growth-promoting effects [2]. Ablation of
alpha smooth muscle actin-positive myofibroblasts in a
transgenic PDAC mouse model was shown to exacerbate
tumor progression leading to decreased overall survival,
arguing the exact role of PSC in PDAC progression [52].

In conclusion, our study provides the evidence
that PSC-derived soluble factors are contributing to the
maintenance of a reduced intracellular environment and
metabolic reprogramming, which is favorable for PDAC
development and progression. Delineating the molecular
convergence downstream of Nrf2 pathway may provide
further insights into novel therapeutic targets, in the effort
to improve prognosis of PDAC.

MATERIALS AND METHODS

Chemicals

Dehydroisoandrosterone (DHEA) was purchased from
Acros Organics (Geel, Belgium) and 2',7'-dichlorofluorescein
diacetate (DCF-DA) was obtained from Life Technologies
(CA, USA). Glucose 6-phosphate, 6-phosphogluconate,
ribose 5-phosphate, inosine 5-monophosphate, glutamate,
malate, 4-nitrobenzoic acid and 3-(4,5-dimethylthiazol-2-
yl)-2 5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (MO, USA). Stattic and AD412 were
obtained from Santa Cruz Biotechnology (Texas, USA).

Cell culture

Human pancreatic adenocarcinoma cells (PDAC) such
as BxPC-3 and AsPC-1, and immortalized human normal
endometrial fibroblast cells (T-HESC) were purchased from
American Type Culture Collection (VA, USA). Human
pancreatic stellate cells (PSC) were isolated from the
resected pancreas tissues of patients undergoing operation
for pancreatic cancer as previously described [53], under
the approval by the Ethics Committee of Tohoku University
School of Medicine (article#: 2009-79 and 2014-1-132),
while human endometrial adenocarcinoma primary fibroblast
cells (EC6/Fib) were isolated from resected endometrium
tissues [54]. PDAC and EC6/Fib were maintained in RPMI-
1640, while PSC were maintained in DMEM/F-12 media,
all supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Life Technologies) at 37°C in 95%
humidified atmosphere of 5% CO..

Preparation of fibroblasts conditioned media

Fibroblasts (PSC, T-HESC and EC6/Fib) were
grown with complete media to 70-80% confluency in
48 h before changing to media with 0% or 1% FBS for
additional 72 h. Supernatant were concentrated with
Amicon Ultra-15 centrifugal filter (Merck Millipore, MA,
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USA) by centrifugation at 5000 x g at 4°C for 1 h, and
the protein was quantified using Bradford assay (BioRad,
CA, USA).

Cell viability and proliferation assays

Briefly, 1 x 10* cells were plated into 96-well plate
for 24 h and serum-starved for additional 24 h, before
treated with complete media, control media (media
containing 1% FBS) or fibroblast conditioned media (1.0
pg/ul) with or without chemicals, recombinant proteins
or neutralizing antibodies (BioLegend, CA, USA) for
subsequent 24-72 h. At the end of treatment, MTT solution
(5 mg/ml) was added into each well, followed by 4 h
incubation at 37°C. The formazan crystals were dissolved
with sodium dodecyl sulfate before reading the absorbance
using CHAMELEON™YV plate reader (Hidex, Finland) at
570 nm with reference wavelength of 630 nm.

To measure cell proliferation, we determined BrdU
incorporation into the cellular DNA using an ELISA-
based approach (Cell Signaling Technology, MA, USA).
Cells were seeded and treated as described above, and
at the end of treatment, BrdU solution was added for 24
h. Following fixation and denaturation, the cells were
labeled with antibodies and washed before added with
TMB substrate. Color development was terminated
with a STOP solution, and measured at 450 nm using
CHAMELEON™Y plate reader. In addition, the cells
were also stained with 0.04% trypan blue to count
for number of viable cells, using neubauer improved
hemocytometer (Sigma Aldrich).

Intracellular ROS measurement

The cells were treated with 10 pM DCF-DA for
20 min at 37°C in a dark, before lysed with 1% Triton-X
100 for 5 min at room temperature. The fluorescence was
observed with inverted fluorescence microscope (Nikon
Eclipse Ti, NY, USA) and measured at 485/535 nm using
CHAMELEONT™YV plate reader.

Real time quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Life
Technologies) and 1 ng RNA was converted into cDNA
using RevertAid first strand cDNA synthesis kit (Thermo
Scientific, MA, USA). The forward and reverse primers
sequence used are listed in Supplementary Table S1.
qRT-PCR was performed using an ABI StepOne Plus
(Applied Biosystem, CA, USA) in 40 cycles using 5x
Evagreen qPCR mix (Solis BioDyne, Tartu, Estonia), 10
pmol/ul forward and reverse primers, 10 ng/pl cDNA and
water. Each data point was performed in triplicates and
normalized with housekeeping gene, GAPDH. Relative
expression of treated cells was calculated against untreated
cells using the AAC(t) method.

Western blot analysis

Total cell lysates were harvested using lysis
buffer containing 0.1% Triton-X 100, 0.1% SDS, 50
mM Tris, 150 mM NaCl and protease and phosphatase
inhibitors, while the cytoplasmic and nuclear cell lysates
were prepared using NE-PER kit (Thermo Scientific).
Protein concentration was quantified using Bradford
assay (BioRad). Proteins (25 ng) were resolved on 10-
12% SDS-PAGE before transferred to polyvinylidene
difluoride membrane. The membrane was first blocked
in 5% non-fat dry milk before probed with antibodies of
human Nrf2 (Novus Biologicals, CO, USA), lamin B1,
cyclophilin A (Cell Signaling Technology) and B-actin
(Santa Cruz Biotechnology, Texas, USA). After washing,
the blots were probed with secondary antibody conjugated
with horseradish peroxidase (Santa Cruz Biotechnology).
Detection was performed using ECL detection reagent
(Amersham, Sweden); visualization and densitometry
analysis was performed using gel documentation system
(UVP, CA, USA).

ARE-promoter transactivation activity

Briefly, 1 x 10* cells were co-transfected with
pGL4.37[luc2P/ARE/Hygro] containing a firefly
luciferase construct, and pGL4.74[hRluc/TK] (Promega,
Madison, USA) containing a renilla luciferase construct,
using Lipofectamine LTX (Life Technologies). After 5 h
of transfection, the cells were treated with control media
or PSC-CM (1.0 pg/ul) for 72 h. Luciferase activities
were measured using Tecan multiplate reader (Mannedorf,
Switzerland) and relative ARE induction was determined
by calculating the ratio of firefly luciferase reading with
renilla luciferase reading, after normalized with protein
content.

Transient Nrf2 and G6PD gene silencing and
overexpression

Approximately 1 x 10* cells were seeded in 96-
well plate in complete media without antibiotic overnight.
Before transfection, 100 nM of ON-TARGETplus siRNA
targeting Nrf2 or G6PD, ON-TARGETplus siControl and
DharmaFECT 2 (Thermo Scientific) were diluted individually
in OptiMEM (Life Technologies) for 5 min. Both siRNA and
siControl solution were mixed with DharmaFECT 2 solution
for additional 20 min before treating the cells in the presence
of complete media without antibiotics for 48 h. To induce Nrf2
gene expression, 1 x 10 cells were seeded in 96-well plate in
complete media. Before transfection, 100 ng of Nrf2 ORF and
control vector (OriGene, MD, USA), and Lipofectamine LTX
with PLUS reagent (Life Technologies) were individually
incubated with OptiMEM (Life Technologies) for 30 min.
Both vectors were mixed with Lipofectamine solution before
transfection for 5 h.
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Metabolite extraction and measurement

The metabolite extraction was prepared according to
Sheikh et al [55]. Briefly, 1 x 107 cells were resuspended
in 150 pl water and lysed with two cycles of freeze-thaw,
followed by ultrasonic homogenization for 30 sec on ice.
Cell lysates were added with methanol containing internal
standard (4-nitrobenzoic acid), vortexed and incubated
on ice for 15 min. Subsequently, chloroform was added
into the solution, prior to vortex and centrifugation at
13000 rpm for 10 min at 15°C. The two phases separated
were transferred to a fresh tube, before mixing with
chilled acetonitrile and further incubation at -80°C for
2 h. Following centrifugation at 13000 rpm for 10 min
at 4°C, the supernatants were transferred to fresh tubes,
dried under vacuum and resuspended in 50% acetonitrile/
water. Samples were injected into Thermo Scientific
Dionex Ultimate 3000 Rapid Separation LC coupled to an
Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo
Scientific) and separation was achieved on a Hypersil
GOLD aqueous column (Thermo Scientific) using a 20
min gradient with mobile phases consisting of 95% water
and 5% acetonitrile. MS analysis was performed using the
Thermo Scientific Xcalibur 3.0 software.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism version 5 (GraphPad, CA, USA). The difference
between two groups was analyzed by two-tailed Student
t test. The difference between three or more groups
was analyzed by one-way analysis of variance multiple
comparisons (ANOVA). Bars in the figures were
considered statistically significant different at P<0.05.
Data shown as mean + standard deviation (SD).
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