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Simple Summary: Pancreatic cancer progression involves interactions between cancer cells and stro-
mal cells in harsh tumor microenvironments, which are characterized by hypoxia, few nutrients, and
oxidative stress. Clinically, cancer cells overcome therapeutic interventions, such as chemotherapy
and radiotherapy, to continue to survive. Activation of the adaptation mechanism is required for
cancer cell survival under these conditions, and it also contributes to the acquisition of the malignant
phenotype. Stromal cells, especially pancreatic stellate cells, play a critical role in the formation of a
cancer-promoting microenvironment. We here review the roles of key molecules, hypoxia inducible
factor-1 and KEAP1-NRF?2, in stress response mechanisms for the adaptation to hypoxia and oxidative
stress in pancreatic cancer cells and stellate cells. Various cancer-promoting properties associated with
these molecules have been identified, and they might serve as novel therapeutic targets in the future.

Abstract: Pancreatic cancer is intractable due to early progression and resistance to conventional
therapy. Dense fibrotic stroma, known as desmoplasia, is a characteristic feature of pancreatic cancer,
and develops through the interactions between pancreatic cancer cells and stromal cells, including
pancreatic stellate cells. Dense stroma forms harsh tumor microenvironments characterized by
hypoxia, few nutrients, and oxidative stress. Pancreatic cancer cells as well as pancreatic stellate
cells survive in the harsh microenvironments through the altered expression of signaling molecules,
transporters, and metabolic enzymes governed by various stress response mechanisms. Hypoxia
inducible factor-1 and KEAP1-NRF?2, stress response mechanisms for hypoxia and oxidative stress,
respectively, contribute to the aggressive behaviors of pancreatic cancer. These key molecules for
stress response mechanisms are activated, both in pancreatic cancer cells and in pancreatic stellate
cells. Both factors are involved in the mutual activation of cancer cells and stellate cells, by inducing
cancer-promoting signals and their mediators. Therapeutic interventions targeting these pathways are
promising approaches for novel therapies. In this review, we summarize the roles of stress response
mechanisms, focusing on hypoxia inducible factor-1 and KEAP1-NRF2, in pancreatic cancer. In
addition, we discuss the potential of targeting these molecules for the treatment of pancreatic cancer.

Keywords: HIF-1; KEAP1; NRF2; hypoxia; microenvironment; oxidative stress; pancreatic stellate
cells

1. Introduction

The prognosis of pancreatic cancer is poor, despite improvements in therapeutic
options, and incidences are increasing [1]. Patients with pancreatic cancer are generally
diagnosed at an advanced, unresectable stage. In these cases, the median survival time
is less than 12 months [2]. Clinically detectable pancreatic cancer develops through the
long-lasting interactions between cancer cells and host cells, which persists for more than
10 years [3]. Conventional chemotherapeutic agents, such as gemcitabine, induce resistance
in cancer cells through continuous administration [4]. These therapeutic interventions act as
constant stressors that lead to the selection of malignant cancer cells, resulting in therapeutic
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resistance and poor prognosis. Perpetuated adaptation to a harsh microenvironment and
therapeutic intervention itself forms a feedforward loop for the malignant phenotype of
cancer cells. Pancreatic cancer cells can survive in a harsh microenvironment, characterized
by poor nutrients, low oxygen, and/or immunosuppression, for a long time. In this review,
we summarize the roles of stress response mechanisms in pancreatic cancer. In addition,
we discuss the potential of targeting these stress response mechanisms for the treatment of
pancreatic cancer.

2. Dense Fibrotic Stroma in Pancreatic Cancer

Dense fibrotic stroma, known as desmoplasia, is a characteristic feature of pancreatic
cancer [5]. Desmoplasia develops through the interactions between pancreatic cancer
cells and stromal cells, including pancreatic stellate cells (PSCs) [6]. PSCs play critical
roles in the development of pancreatic fibrosis by producing extracellular matrix (ECM)
proteins, such as collagen and fibronectin [6]. Interaction between cancer cells and PSCs
enhances the malignant potential of pancreatic cancer cells, such as epithelial-mesenchymal
transition (EMT) [7] and cancer stem cell-related marker expression [8]. Soluble factors from
PSCs activate multiple signaling pathways, such as the signal transducer and activator
of transcription 3, Akt, p38 mitogen-activated protein kinase, and extracellular signal-
regulated kinase in pancreatic cancer cells [9]. A previous study tested the sonic hedgehog
inhibitor IPI-926 in a pancreatic cancer mouse model, which improved the response to
chemotherapy for a short period [10]. However, longer administration or deletion of PSCs
paradoxically promoted cancer progression, resulting in the shorter survival of model
mice [11]. Another study identified a cancer progression-suppressing population in PSCs
expressing the undifferentiated mesenchymal stem cell marker meflin [12]. Deletion of this
glycosylphosphatidylinositol-anchored protein promoted pancreatic cancer progression,
suggesting that a simple deletion strategy for PSCs is insufficient.

Due to the limited formation of an efficient vascular network, dense stroma forms
harsh tumor microenvironments for pancreatic cancer cells and PSCs, characterized by
hypoxia, few nutrients, oxidative stress, and acidic extracellular pH [13,14]. Further-
more, several types of cells, such as myeloid-derived suppressor cells, tumor-associated
macrophages, regulatory T cells, cancer-associated fibroblasts, and mast cells, act for im-
munosuppression in the tumor microenvironment [15]. Increased reactive oxygen species
(ROS) production from myeloid-derived suppressor cells suppressed T cell functions,
leading to immunosuppression in a wide variety of cancer models, such as mammary
carcinoma, colon carcinoma, and lung carcinoma [16]. ROS also induced M2 polariza-
tion of tumor-associated macrophages, resulting in immunosuppression in lung cancer
models [17]. ECM proteins such as fibronectin and laminin stimulated ROS production
in cancer cells, leading to an increase of oxidative stress [18]. Different concentrations of
ROS exert biphasic biological effects on cancer progression [19,20]. Activation of multi-
ple signaling pathways by adequate levels of ROS promotes cancer progression via EMT
induction and growth promotion. However, a higher level of ROS triggers cell death via
apoptosis, necrosis, and ferroptosis. Antitumor drugs such as paclitaxel and daunoru-
bicin induced necrosis of cancer cells through the increased intracellular levels of ROS in
pancreatic cancer [21]. This severe microenvironment gives continuous stresses to both
pancreatic cancer cells and PSCs. Pancreatic cancer cells as well as PSCs survive in the harsh
microenvironments through the altered expression of signaling molecules, transporters,
and metabolic enzymes governed by various stress response mechanisms. Several stress
response mechanisms enable adaptation to the microenvironment and cancer cell survival.
Hypoxia and oxidative stress are two major stressors that directly lead to cell death. The
adaptation mechanisms for these conditions have been studied, and the central regulators
of hypoxia and oxidative stress responses have been identified: hypoxia-inducible factor-1
(HIF-1) and NRF2, respectively [22,23]. These mechanisms also yield growth advantages,
metabolic reprogramming, and malignant phenotypes of cancer cells. Furthermore, these
mechanisms play pivotal roles in PSCs, contributing to the formation of a cancer-promoting



Cancers 2022, 14, 411

30f16

microenvironment. These complex interactions have been studied in the past decade,
leading to the identification of significant contributions to pancreatic cancer progression
and therapy resistance.

3. Hypoxia-Inducible Factor 1: A Central Machinery for Hypoxia Response Mechanism

Desmoplasia physically hampers blood perfusion, resulting in low oxygen pressure
within the pancreatic cancer microenvironment. Intraoperative measurements of pancreatic
cancer oxygenation revealed significant hypoxia compared to adjacent normal pancreas [24].
Cellular adaptation to hypoxia has been well-studied, and the transcriptional factor HIF-1
has been identified as a central machinery. HIF-1 is a heterodimer composed of an o-
subunit and a 3-subunit. This heterodimer recognizes hypoxia-responsive elements of
HIF-1 target genes and upregulates their expression in response to hypoxia [22]. The
expression level of HIF-1 is stable; however, HIF-1o expression increases under hypoxic
conditions. The low oxygen detection mechanism relies on the interplay between HIF-
lx and proteasomal degradation. Under normoxia, Pro402 and Pro564 of HIF-1« are
hydroxylated by prolyl hydroxylase, which facilitates ubiquitination by the von Hippel-
Lindau (VHL) tumor suppressor protein. Hypoxic conditions attenuate hydroxylation of
HIF-1«, leading to stabilization and nuclear translocation [22]. The major role of HIF-1 is
induction of vascular endothelial growth factor (VEGF), a potent angiogenic factor [25].
Cancer cells proliferate by using this reaction to promote neovascularization, which aids
in the dissemination of cancer cells. Following an increase in HIF-1, its target genes
trigger metabolic reprogramming, such as increased glucose uptake, glycolysis, lactate
production, and amino acid utilization. These effects are mediated by the upregulation
of glucose transporters (GLUT1 and GLUTS3), glycolytic enzymes (hexokinase, pyruvate
kinase, lactate dehydrogenase, and others), and amino acid transporters in various types
of cancer [26-28]. In addition to reactive activation of HIF-1, constitutive activation of
HIF-1« by loss-of-function mutation of the VHL gene is the causative mutation of von
Hippel-Lindau disease, a familial cancer syndrome characterized by renal cell carcinoma,
pheochromocytoma, and hemangioblastoma (central nervous system and retina) [29].

4. Effects of Hypoxia on Pancreatic Cancer Cells

Glucose-deprived hypoxic conditions induce glucose transporters and the angiogenic
factor VEGF in pancreatic cancer cells [30]. Another study that identified transcriptional
induction of hepatocyte growth factor activator by HIF-1 led to the activation of the hep-
atocyte growth factor/c-Met signaling pathway and invasiveness of pancreatic cancer
cells [31]. The urokinase-type plasminogen activator receptor (uPAR) plays a pivotal role
in angioinvasion to establish distant metastasis. The promoter region of the uPAR gene
contains a HIF-1 binding site, and hypoxic treatment upregulated uPAR expression and the
invasive capacity of pancreatic cancer cells [32]. HIF-1 activation also induced metabolic re-
programming in pancreatic cancer cells. Hypoxic treatment of human pancreatic cancer cell
lines increased prolyl 4-hydroxylase subunit alpha 1 in a HIF-1-dependent manner [33]. The
prolyl 4-hydroxylase subunit alpha 1 stabilized HIF-1¢, acting as a positive feedback loop.
The prolyl 4-hydroxylase subunit alpha 1 contributed to glycolytic activity, cellular prolif-
eration, and chemoresistance. Pyruvate dehydrogenase converts pyruvate to acetyl-CoA,
which is essential for mitochondrial oxidative phosphorylation [34]. Hypoxia-induced
repression of pyruvate dehydrogenase activity was mediated by pyruvate dehydrogenase
kinase 1 in pancreatic cancer cells [35]. This metabolic reprogramming led to glycolysis
dependence, and knockdown of HIF-1« or pyruvate dehydrogenase kinase 1 restored pyru-
vate dehydrogenase activity and repressed xenografted tumor growth in immunodeficient
mice, suggesting a contribution of pyruvate dehydrogenase repression in pancreatic cancer
progression [35]. Hypoxia-induced HIF-1 activation affected the migratory ability of cancer
cells. Treatment of human pancreatic cancer cells with hypoxia changed cellular morphol-
ogy as spindle-like cells with less cell-to-cell adhesion, compatible to EMT [36]. Along with
the HIF-1x accumulation, the EMT-inducing transcriptional factor TWIST expression was
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observed. Knockdown of HIF-1c led to the loss of TWIST induction and EMT induction
by hypoxia. Hypoxia induced pro-fibrogenic factors such as connective tissue growth
factor (CTGF) via HIF-1. CTGF plays a pivotal role in renal fibrosis and skin fibrosis [37,38].
CTGEF protected pancreatic cancer cells from hypoxia-mediated apoptosis [39]. CTGF also
contributed to gemcitabine-resistant phenotype in cancer cells [40]. Furthermore, HIF-1
mediated immune evasion and enhanced cancer stem cell properties and autophagy in
pancreatic cancer cells [41].

In addition to these conventional growth factors and signaling molecules, hypoxia
also affects the expression of microRNAs such as miR-21 and miR-210 [42,43]. MicroRNAs
are single-stranded non-coding RNAs consisting of 21-24 nucleotides, which have various
regulatory roles in cellular functions [44]. MiR-210 is referred to as “hypoxiamiR”, which
is robustly induced by hypoxia in a wide variety of cells [43]. Elevated expression of
miR-210 was associated with poor survival of patients with pancreatic cancer, suggesting
its cancer-promoting role [45]. In addition to hypoxia, PSCs by themselves induced miR-
210 expression in pancreatic cancer cells [46]. Inhibition of miR-210 in pancreatic cancer
cells suppressed PSC-induced EMT, suggesting a role of miR-210 in the cancer-promoting
interactions between PSCs and cancer cells. MiR-21 regulated migration, invasion, and
chemoresistance in pancreatic cancer cells [47]. The cancer-promoting miR-21 expression
was also increased by hypoxia in a HIF-1x-dependent manner [42]. MiR-21 overexpression
promoted pancreatic cancer cell proliferation, even under hypoxia. Another hypoxia-
inducible miRNA, miR-301a, induced gemcitabine resistance in human pancreatic cancer
cells. Overexpression of miR-301a also induced gemcitabine resistance [48]. This microRNA
directly targeted TAp63 and PTEN, which led to the resistance to gemcitabine. MiR-
301a was also released from hypoxic cancer cells via a small extracellular vesicle called
exosome. The exosomal miR-301a repressed PTEN in recipient macrophages, leading to
M2 polarization in pancreatic cancer [49]. These M2 type macrophages promoted the EMT
of cancer cells, contributing to the malignant phenotype. In summary, hypoxia affects
multiple functions of cancer cells by a wide variety of mediators (Figure 1).
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Figure 1. Effects of hypoxia in pancreatic cancer cells. EMT, epithelial-mesenchymal transition; HGFA,
hepatocyte growth factor activator; HIF-1, hypoxia-inducible factor 1; PAHA1, prolyl 4-hydroxylase
subunit alpha 1; PDH, pyruvate dehydrogenase; PDK1, pyruvate dehydrogenase kinase 1; uPAR,
urokinase-type plasminogen activator receptor; VEGEF, vascular endothelial growth factor.
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5. Effects of Hypoxia on PSCs

Hypoxia also affects the cellular functions of PSCs. Hypoxia induced migration, type I
collagen production, and VEGF production in PSCs [50]. Conditioned media of PSCs increased
the tube formation on Matrigel in vitro and directed vessel formation in nude mice in vivo. [50].
ECM proteins, such as periostin, deposits around the capillaries of pancreatic cancer, and
hypoxia increased periostin expression in PSCs [51]. Similarly, hypoxia-treated PSCs secreted
significant amounts of CTGE which promoted the invasive potential of pancreatic cancer
cells [52]. Knockdown of CTGF by RNA interference blunted this effect. CTGF expression
was observed in PSCs within surgically resected pancreatic cancer tissue, along with the
marker of hypoxia, carbonic anhydrase 9 [52]. Hypoxia altered the ECM fiber organization
produced by PSCs. A gelatin-based 3D matrix culture enabled the recapitulation of cell-free 3D
matrices produced by PSCs. Hypoxia altered ECM fiber organization as a parallel pattern of
fibronectin, which promoted the directional migration of pancreatic cancer cells [53]. Despite
the cancer-promoting roles of PSCs, other types of cells, such as islet cells, are damaged by
PSCs. A previous study showed that PSCs reduced insulin expression and induced f3-cell
apoptosis [54]. Diphenylene iodonium (DPI), an inhibitor of PSC activation, protected islet
cells in WBN/Kob rats, an experimental model of chronic pancreatitis [54]. Hypoxia-activated
PSCs increased (3-cell death via elevated ROS production in PSCs [55]. Interestingly, hypoxia
also affects the cancer-suppressing effects of PSCs. PSCs produce lumican, a small leucine-rich
proteoglycan, which inhibited pancreatic cancer cell growth via EGFR reduction and reduction
of Akt activity [56]. Expression of stromal lumican was correlated with reduced metastatic
recurrence and longer survival [56]. Hypoxia repressed lumican production from PSCs through
the increased autophagic flux supported by HIF-1« and activation of AMP-regulated protein
kinase. Reduction of lumican production was reversed by autophagy inhibition [57]. The
hypoxic microenvironment itself recruited macrophages by chemical chemokines 2 production,
which activated PSCs [58]. Chemical chemokines 2 derived from hypoxic cancer cells recruited
macrophages, and these macrophages increased «SMA expression in PSCs. Compared to
cancer cells, hypoxia-regulated microRNAs are few in PSCs. Hypoxia increased miR-4465 and
miR-616-3p in PSCs, leading to increased proliferation, migration, and invasion of pancreatic
cancer cells via exosomal transmission [59]. These effects were mediated by PTEN reduction,
which was a direct target of miR-4465 and miR-616-3p [59]. Taken together, responses to
hypoxia in cancer cells and PSCs result in mutual activation, which further promotes a cancer-
promoting microenvironment synergistically (Figure 2).
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Figure 2. Effects of hypoxia in PSCs. CCL2, chemical chemokines 2; CTGF, connective tissue growth
factor; VEGF, vascular endothelial growth factor.
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6. KEAP1-NRF2 System: A Central Machinery for Oxidative Stress Response

Energy production by oxygen respiration coincides with the lethal damage caused
by increased oxidative stress. Increased oxidative and electrophilic stressors need to
be scavenged immediately to prevent cell death and organ damage. The KEAP1-NRF2
system is the central machinery that regulates oxidative stress responses [23,60]. NRF2
is a transcription factor that recognizes antioxidant response elements in its target genes.
NRF2 binds to DNA as a heterodimer with small musculo-aponeurotic fibrosarcoma
proteins. NRF2 interacts with cAMP responsive element binding protein and BRG1, a
histone acetyltransferase and a component of the SWI/SNF chromatin remodeling com-
plex, respectively, leading to an increase in target gene transcription [61]. Under normal
conditions, NRF2 is degraded by proteasomes. KEAP1 forms a ubiquitin ligase complex,
which binds to NRF2 to promote degradation by ubiquitination [23]. Increased ROS
and electrophilic xenobiotics attack disulfide bonds within KEAP1, resulting in a con-
formational change that prevents binding to NRF2. NRF2 translocates into the nucleus
and activates the transcription of target genes. KEAP1 is a thiol-based sensor molecule
containing many cysteine residues. To date, three major cysteine residues of KEAP1 have
been identified, which are critical for ubiquitin ligase complex activity. Interestingly,
these cysteine residues are affected by distinct electrophiles [61]. A wide variety of trans-
porters and metabolic enzymes are included in NRF2 target genes, leading to a reduction
in oxidative stress. Detoxication/antioxidant enzymes include cysteine/glutamate trans-
porter, glutathione peroxidase, glutathione peroxidase, glutathione S-transferase, heme
oxygenase 1, Nqol, and thioredoxin [60]. After the reduction of oxidative stress, the
KEAP1 structure recovers and NRF2 is again degraded (Figure 3). Mutation-based
activation of NRF2 exists in cancer cells, leading to constitutive activation [62]. Loss-
of-function mutations in KEAPI, degradation-resistant NRF2 mutations, and defective
mutations of ubiquitin ligase CUL3 have been reported in lung or esophageal cancer
cells [62]. Epigenetic silencing of KEAPI and increased accumulation of competitive
inhibitors of NRF2 binding, such as p62, also contribute to NRF2 activation in a wide
variety of cancers. KEAPI- or NRF2-mutation-based constitutive activations have been
reported in non-small cell lung cancer and esophageal cancer [63-65]. The existence of
KEAP1 or NRF2 mutations in patients with non-small cell lung cancer was correlated
with poor responses to chemotherapy, suggesting that NRF2 activation causes resistance
to therapeutic intervention. Alternative activation of NRF2 via p62 has been reported in
hepatocellular carcinoma (HCC). Accumulation of p62 was essential for NRF2 activation
and c-Myc induction in HCC and contributed to the survival of HCC-initiating cells [66].
Another study reported that Ser351 phosphorylation of p62 further increased Nrf2 ac-
tivation, leading to metabolic reprogramming and an increased malignant phenotype
in a mouse model of HCC. In human HCC, Ser349-phosphorylated p62 (corresponding
to mouse Ser351) accumulation was frequently observed in hepatitis C virus-positive
patients with HCC [67]. In pancreatic cancer, overexpressed ataxia-telangiectasia group
D-associated gene products bind to KEAP1, leading to NRF2 activation [68].
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Figure 3. NRF2 activation by oxidative stress. ARE, antioxidant response element; ROS, reactive
oxygen species.

7. Effects of NRF2 Activation in Pancreatic Cancer Cells

Activation of NRF2 in pancreatic cancer has been identified in a cell line that is resis-
tant to chemotherapeutic agents. The human pancreatic cancer cell line MIAPaCa-2 was
exposed to low-dose gemcitabine for 6 months, and a gemcitabine-resistant cell line was
established. This cell line showed increased intracellular ROS and NRF2 accumulation and
elevated the expression of NRF2 target genes [69]. NRF2 knockdown by RNA interference
sensitized pancreatic cancer cells to gemcitabine, suggesting that NRF2 activation is essen-
tial for acquiring resistance. Crosstalk between NRF2 and other cancer-promoting signals
also contributes to the malignant phenotype. The inducer of EMT, transforming growth
factor-31 signaling, was attenuated by knockdown of NRF2 in pancreatic cancer cells [70].
PanIN lesions of surgically resected human pancreas tissue showed increased expression of
nuclear NRF2 and decreased expression of E-cadherin, compared to normal pancreatic duct
epithelium [70]. Accumulation of p62 also activated NRF2 in pancreatic cancer, leading to
accelerated carcinogenesis. Pancreas-specific mutant K-ras expression and deletion of IxB
kinase « promoted pancreatic cancer by increasing inflammation. The inflamed pancreatic
parenchyma revealed p62 accumulation, and the deletion of p62 attenuated cancer progres-
sion [71]. The major oncogene K-ras, frequently mutated in pancreatic cancer, also activated
Nrf2. Pancreas-specific expression of K-ras, together with other oncogenic B-raf mutations
or Myc overexpression, resulted in the activation of Nrf2, which reduced intracellular
ROS and increased cellular proliferation [72]. Introduction of N#f2-null background into
the KPC mouse, a pancreatic cancer model driven by pancreas-specific mutant K-ras/p53
expression [73], delayed pancreatic cancer development via the attenuation of mRNA
translation [74]. In this study, pancreatic organoids from KPC mice and Nrf2-null KPC mice
were established, and Nrf2-null organoids showed vulnerability to AKT inhibition. An-
other study compared the development of precancerous lesions, pancreatic intraepithelial
neoplasm (PanIN), and progression to invasive cancer between KPC mice and Nrf2-null
KPC mice [75]. Nrf2 deletion reduced both PanIN formation and progression to invasive
cancer. In the Nrf2-null KPC mouse, PanIN lesions showed reduced expression of Nqol
and increased 8-OHdG expression, a hallmark of increased oxidative stress. Cancer cell
lines derived from Nrf2-null KPC mice showed lower expression of Nrf2 target genes, such
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as ABC transporters, glutathione S-transferases, and UDP glucuronyl transferases. Pancreatic
cancer cell lines lacking Nrf2 were vulnerable to gemcitabine and the oxidative stress
inducer, diethyl maleate (DEM). These studies highlighted the cancer-promoting role of
NRF2 in pancreatic cancer (Figure 4).
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Figure 4. Effects of NRF2 activation in pancreatic cancer cells. ABC, ATP binding cassette; TGF-$1,
transforming growth factor-f1.

However, the pancreas-specific constitutive activation of Nrf2 with mutant K-ras led
to unexpected results. The addition of the pancreas-specific deletion of Keapl in KPC
mice resulted in body weight loss and weakness, and most mice died within 2 months
after birth [76]. In these mice, pancreatic tissues showed loss of acinar cells and islet cells,
which were substituted by fibrous tissues. This phenomenon depended on mutant K-ras
expression and Keapl deletion, and the Nrf2 target Nqol expression was elevated in the
pancreas. This lethal phenotype, as well as progressive pancreatic atrophy, were rescued
by the addition of Nrf2-null background or N7f2*/~ background, suggesting that Nrf2 is
associated with a specific threshold for the development of pancreatic atrophy. On the
other hand, the same set of genetic alterations in the liver resulted in different outcomes.
In the previous study, the liver-specific expression of mutant K-ras and deletion of p53 in
mice led to the development of cholangiocarcinoma [77]. The liver-specific mutant K-ras
and pb3 expression with Keapl deletion accelerated cholangiocarcinoma formation. The
addition of Keapl deletion caused an increase in Sox9/Nqo1 positive bile ducts, suggesting
differentiation towards the ductal cell lineage [78]. In a lung cancer model, lung-specific
K-ras expression and Keapl deletion worsened the survival of mice; however, attenuation
of Keapl expression in immune cells improved survival [79]. This study suggested that
Nrf2 activation in the cancer microenvironment suppresses progression. Collectively,
NRF2 activation during carcinogenesis and roles of NRF2 are organ-, stage- and cellular
context-specific [80].

8. Oxidative Stress and PSC Activation

In addition to hypoxia, oxidative stress activates PSCs. Stimulation of isolated PSCs
with inducers of oxidative stress, such hydrogen peroxide, activated multiple signaling
pathways [81]. This treatment increased collagen production, thereby promoting fibrosis.
The key components of the ROS-producing enzyme NADPH oxidase were expressed in
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PSCs. DPI treatment attenuated platelet-derived growth factor-BB, interleulin-13, and
angiotensin II-induced ROS production, leading to the inhibition of PSC activation [82].
A wide variety of stimuli increase oxidative stress in PSCs, leading to their activation.
Oxidative stress-inducing treatments such as ethanol, acetaldehyde, and high glucose
activated PSCs [83,84], which were blocked by N-acetylcysteine treatment, suggesting that
ROS plays a central role in PSC activation. Another free radical scavenger, edaravone,
decreased inflammatory cytokine production and PSC activation in a dibutylin dichloride-
induced chronic pancreatitis rat model [85]. PSCs also affected the oxidative stress response
of cancer cells. PSC-derived interleukin-6 and stromal-derived factor-1 o activated NRF2 in
pancreatic cancer cells, leading to increased proliferation and ROS detoxification [86]. These
lines of evidence suggested that oxidative stress responses in PSCs substantially contribute
to cancer progression. In a previous study, a global Nrf2 knockout was introduced into
KPC mice [75]. The Nrf2-null KPC mouse also lacked Nrf2 in PSCs. There were less
stromal cells surrounding PanINs in Nrf2-null KPC mice, suggesting attenuation of the
cancer-promoting effects of PSCs. Indeed, PSCs isolated from Nrf2-null mice showed less
proliferation, migration, and activation by serum stimulation [87]. Nrf2-null PSC-derived
conditioned medium did not increase cancer cell proliferation in vivo. Furthermore, co-
injection of Nrf2-null PSCs with cancer cells into the dorsal flank of immunodeficient mice
failed to increase subcutaneous tumor size, compared to wild-type PSCs. The subcutaneous
tumor derived from the Nrf2-null PSC co-injection contained fewer «-SMA-positive PSCs
compared to the wild-type PSC co-injected tumor. Interestingly, even the co-injection of the
Nrf2-null pancreatic cancer cell line and wild-type PSCs increased the size of subcutaneous
tumors, suggesting that Nrf2 in PSCs plays a pivotal role in the tumor-promoting interaction
between cancer cells and PSCs. The growth-promoting roles of conditioned medium from
Nrf2-null PSCs were not recovered by N-acetylcysteine treatment, indicating that alteration
of specific downstream targets of Nrf2 at basal condition, rather than under oxidative stress
condition, is involved in these phenomena. These studies suggested cancer promoting
roles of NRF2 in PSCs (Figure 5).
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9. Application to Therapeutic Strategy

Because activation of stress response mechanisms plays a pivotal role in pancreatic can-
cer progression, these mechanisms might serve as novel therapeutic targets for pancreatic
cancer. For hypoxia, inhibition of HIF-1 was used to overcome the malignant phenotype.
The orally active HIF-1« translation inhibitor PX-478 sensitized pancreatic cancer cells
to radiation, both in vitro and in vivo. This treatment caused acute tumor microvessel
decompression and improved blood flow [88]. Hypoxic conditions have also been targeted
using cytotoxins acting under hypoxic conditions. TX-2098, a hypoxic cytotoxin, decreased
the viability of pancreatic cancer cells under hypoxic conditions and suppressed VEGF pro-
duction. This agent also exhibited antitumor activity in a subcutaneous implantation model,
suggesting in vivo efficacy [89]. Downstream molecules of HIF-1, such as CTGE, might also
serve as therapeutic targets for pancreatic cancer. Pamrevlumab, a human monoclonal anti-
body that targets CTGFE, enhanced the effects of neoadjuvant chemotherapy in pancreatic
cancer [90]. Treatments with pamrevlumab increased the potential for surgical resection in
patients with locally advanced pancreatic cancer. Treatment with this monoclonal antibody
caused the cleavage of Ctgf in KPC mouse tumors, and reduced the expression of an anti-
apoptotic protein, the X-linked inhibitor of apoptosis protein [91]. Pancreatic cancer cells
with methylthioadenosine phosphorylase deficiency revealed aberrant HIF-1 activation,
and these cells were vulnerable to dual inhibition of glycolysis and de novo purine synthe-
sis by 2-deoxy-d-glucose and l-alanosine, respectively [92]. Continuous activation of HIF-1
led to increased glycolysis and purine synthesis, creating an “Achilles’ heel” in cancer cells.
These studies suggested that adaptation to certain environments can lead to dependence
on specific metabolic pathways, thereby becoming targetable. On the other hand, several
agents have been reported to suppress the activation of PSCs under hypoxic conditions.
Administration of resveratrol, a polyphenolic compound, to a mutant K-ras/p53 based
pancreatic cancer mouse model repressed cancer progression and desmoplasia formation.
In vitro experiments confirmed the inhibitory effects of resveratrol on interleukin-6, VEGEF,
and stromal-derived factor-1 « production in PSCs [93]. Recently, melatonin, produced
by the pineal body, was shown to induce apoptosis in PSCs under hypoxic conditions.
Melatonin treatment increased endoplasmic reticulum stress and apoptosis in PSCs in a
dose-dependent manner [94].

Several NRF2 inhibitors have been reported to exhibit antitumor activity. For example,
clobetasol propionate promoted NRF2 reduction by enhancing 3-TrCP degradation. This
treatment led to an increase in ROS and suppressed cellular proliferation in KEAP1 mutated
lung cancer cells [95]. Similarly, the small molecule inhibitor ML385, which interferes
with DNA binding of the transcriptional complex containing NRF2 for the target gene,
sensitized KEAPI-deficient lung cancer cells to carboplatin [96]. The compound NSC84167
could selectively induce apoptosis in NRF2-activated pancreatic cancer cells [97]. Using a
reporter assay-based high-throughput assay, a recent study identified the plant alkaloid
derivative, halofuginone, as a potent NRF2 inhibitor [98]. This agent acts as a potent
inhibitor of protein synthesis, resulting in the depletion of proteins with short half-lives,
such as NRF2. Halofuginone triggered an amino acid depletion reaction, represented by
increased phosphorylation of eukaryotic translation initiation factor 2A and general control
nonderepressible 2. This agent also attenuated the growth of NRF2-activated cancer cells,
both in vitro and in vivo. In a study that tested the combined administration of halofugi-
none and gemcitabine in pancreatic cancer, halofuginone administration sensitized KPC
mouse-derived pancreatic cancer cell lines to gemcitabine in vitro and in vivo, along with
reduction of aldehyde dehydrogenase 3al (Aldh3al) [99]. This effect was observed in
halofuginone-treated KPC mouse pancreas, and the subcutaneous tumors of immunodefi-
cient mice received KPC cell line implantation. The Nrf2 inducer DEM increased aldh3al
expression in KPC mouse-derived pancreatic cancer cell lines, which was lost in Nrf2-null
cell lines. Similarly, dexamethasone treatment decreased NRF2 expression in Panc-1 cells,
which was attenuated by glucocorticoid receptor knockdown. Dexamethasone-sensitized
Panc-1 cells to gemcitabine and 5-fluorouracil, and N-acetylcysteine blocked this effect [100].
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In contrast, NRF2 activators also revealed therapeutic effects in experimental models of
pancreatic cancer. Sulforaphane, the glucosinolate derivative from cruciferous vegetables,
inhibited pancreatic cancer progression under high-glucose conditions. NRF2 activation in-
hibited cancer cell invasion in this context [101]. Another Nrf2 inducer, dimethyl fumarate
(DMEF), used in the treatment of multiple sclerosis, revealed antitumor effects in pancreatic
cancer cells. DMF repressed mitochondrial respiration and glycolysis at the same time,
leading to metabolic crisis and cancer cell death [102]. Further studies are warranted to
clarify whether inhibition or activation of NRF2 become beneficial for pancreatic cancer
treatment, according to biological contexts.

Metabolic reprogramming caused by stress responses may also be a therapeutic target.
Lung cancer cells with constitutive NRF2 activation altered amino acid metabolism and
purine nucleotide synthesis, yielding growth advantages [103]. NRF2-active K-ras mutant
lung cancer cells showed increased sensitivity to CB-839, a glutaminase inhibitor [104].
Because pancreatic cancer cells frequently harbor mutant K-ras, a recent study assessed the
relationship between NRF2 activation and CB-839 sensitivity in pancreatic cancer. Estab-
lished murine pancreatic cancer cell lines from Keap1-null, Nrf2*/~ KPC mouse pancreatic
cancer cells showed increased nuclear accumulation of Nrf2 [105]. These cell lines were
more sensitive to CB-839 treatment than KeapI-null and Nrf2-null KPC mouse pancreatic
cancer cell lines. Furthermore, combined treatment with DEM and CB-839 reduced the
viability of KPC lines. This phenomenon was also observed in the K-ras mutant human
pancreatic cancer cell lines, Panc-1 and MiaPaCa-2, but not in the K-ras wild-type BxPC3.
The combination of NRF2 induction and certain interventions in the metabolic pathway
may be a novel approach for pancreatic cancer. Inhibition of the NRF2 target also improved
the efficacy of therapeutic intervention under hypoxic conditions. Inhibitors of heme
oxygenase-1, zinc protoporphyrin, and tin protoporphyrin IX inhibited the proliferation of
pancreatic cancer cells under hypoxia. Furthermore, treatment with these agents sensitized
cancer cells to gemcitabine. Administration of zinc protoporphyrin and gemcitabine to
immunodeficient mice bearing orthotopic implantation of pancreatic cancer reduced tumor
weight and metastasis [106]. Disrupting the NRF2-HIF-interaction might be useful for
overcoming the hypoxia-induced resistance of pancreatic cancer cells [107]. Pancreatic
cancer cells undergo tidal changes in the tumor microenvironment, especially hypoxia
and oxidative stress. Further studies are needed to clarify the crosstalk between hypoxia
responses and oxidative stress responses.

10. Conclusions

In this review, we have summarized the current knowledge on stress response mech-
anisms and pancreatic cancer progression. Activation of these stress responses is indis-
pensable for the survival of cancer cells and the acquisition of a malignant phenotype.
In addition, stress responses in PSCs also play a pivotal role in establishing a cancer-
promoting microenvironment. The use of HIF-1 or NRF2 inhibitors revealed efficacy
in vitro and in vivo, which requires further validation in clinical settings. Recently, the
concept referred to as “synthetic lethality” is emerging in the cancer research field [108]. De-
pendence to stress response mechanisms in cancer cells or PSCs could be an ideal target for
this therapy concept. Sensitization to glutaminase inhibition by NRF2 activation is a good
example [105]. Dissection of these complex mechanisms is essential for the development of
effective therapies for pancreatic cancer.
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