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ABSTRACT

One of the key factors that correlates with poor survival of patients with pancreatic cancer is the
extent of hypoxic areas within the tumor tissue. The adaptation of pancreatic cancer cells to
limited oxygen delivery promotes the induction of an invasive and treatment-resistant pheno-
type, triggering metastases at an early stage of tumor development, which resist in most cases
adjuvant therapies following tumor resection. In this article, the authors summarize the evidence
demonstrating the significance of hypoxia in pancreatic cancer pathogenesis and discuss the
possible hypoxia-induced mechanisms underlying its aggressive nature. We then conclude with
promising strategies that target hypoxia-adapted pancreatic cancer cells.

Introduction

The treatment of several types of cancer has benefited
from recent advances in understanding cancer biology;
however, pancreatic cancer has lagged significantly
behind other tumors, such as breast, colon, and stomach,
in terms of improvement of survival. Based on the most
recent Surveillance, Epidemiology and End-Results
Program from National Cancer Institute in United States
data regarding gastrointestinal cancers,[1] the overall 5-
year survival rate of colorectal cancer is around 65%,
stomach cancer around 30% while pancreatic cancer is
only about 7%. Furthermore, the deaths from the former
two diseases have been declining over the past 15 years
while the same is not true for pancreatic cancer. The
commonly fatal outcome of pancreatic cancer can be
explained by two main reasons: the fraction of people
diagnosed when the disease is localized is roughly 40%,
25%, and 10% for colon, stomach, and pancreatic cancers,
respectively, and thus, surgery can potentially cure only
less than 10% of patients diagnosed with pancreatic can-
cer. Second, even in patients with localized disease, the 5-
year survival rate for pancreatic cancer patients is only
around 20% although it is 90% and 65% for colon and
stomach cancer, respectively. While there are significant
tumor-associated morbidities, e.g. obstruction (gastric
outlet and bile duct), biliary sepsis, venous thromboem-
bolism, and tumor cachexia, contributing to mortality,
epidemiological studies indicate that pancreatic cancer
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cells spread and develop micrometastases at an early
stage and that these cells do not respond well to current
adjuvant chemo- and/or radiotherapies. Therefore, it is
obvious that pancreatic carcinogenesis fosters an aggres-
sive phenotype at an early stage, which seems to be
distinct from other gastrointestinal tumors.

The genomic changes that drive pancreatic carcino-
genesis have been analyzed in depth and mutations of
KRAS, TP53, SMAD4, and CDKN2A are found to be the
most prevalent.[2,3] Recently, whole genome sequen-
cing has deepened our understanding of the muta-
tional landscape of pancreatic cancer.[3] Patterns of
chromosomal structural variation can classify pancreatic
ductal adenocarcinomas (PDAC) into four subtypes with
potential clinical implications: Depending on the distri-
bution of mutations and genomic alterations, the sub-
types were termed stable, locally rearranged, scattered,
and unstable. A significant proportion harbored focal
amplifications, many of which contained druggable
oncogenes (ERBB2, MET, FGFR1, CDK6, PIK3R3, and
PIK3CA), but at low prevalence. While the role of these
mutations in determining the prognosis of patients
with pancreatic cancer is debated, the variety and the
prevalence of the mutations in a cohort of patients who
are long-term survivors (>10 years) were found to be
similar to patients with short survival.[4] However, these
results were based on only 35 patients and did not
analyze the chronological order in which the mutations
occurred, which had been shown to be an important
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factor.[5] Nevertheless, it indicates that processes other
than mutations are vital for the prognosis. A similar
conclusion can be drawn from a highly innovative
study performed on autopsies of seven patients with
advanced pancreatic cancer where the clones that car-
ried the mutations found only in individual metastatic
foci were in close proximity to each other within the
primary tumor.[6] In contrast, the cells representing the
parental clone were homogenously scattered through-
out the tumor suggesting that local environmental
influences may have driven the metastatic trait of the
founder cells. In this regard, a fundamental player
directing the aggressive behavior of pancreatic cancer
is the tumor microenvironment characterized by exten-
sive desmoplasia and hypoxia. These two biological
features nurture each other favoring the progression
and treatment-resistance of pancreatic cancer. In a
recent report, Moffitt et al. studied the gene expression
patterns of more than 200 PDAC and normal tissue
samples as well as several cell lines by using a virtual
microdissection method and identified two tumor-
specific and two stroma-specific expression signatures
that were independent predictors of prognosis.[7] It will
be interesting to analyze in the future whether there is
an association between hypoxia-specific genes and
these four subtypes. In the current review article, we
will focus on the role of hypoxia and its interplay with
desmoplasia in promoting the progression of pancrea-
tic cancer and reveal targets that are being exploited
for the treatment of this deadly disease.

Role of hypoxia in pancreatic cancer
pathogenesis

Why is PDAC a hypoxic tumor?

Clinical investigations have made it obvious that
hypoxia is a common feature of several solid tumors.
While normal tissue generally receives an oxygen (O,)
pressure of 30-50 mmHg, it drops to below 2.5 mmHg
in up to 50-60% of locally advanced solid tumors.[8]
When O, levels were measured in patients with various
solid tumors using pO, histography, pancreatic cancer
was found to be the most hypoxic one [9] and intrao-
perative pO, measurements of seven resectable pan-
creatic cancers further supported the hypoxic
microenvironment.[10] A very recent study using a 2-
nitroimidazole-based compound, which stains selec-
tively the severely hypoxic areas, demonstrated that
only 10% of the tumor area (range 1-26%) was marked
as severely hypoxic.[11] This result is somewhat surpris-
ing as larger areas of hypoxia were expected based on
previous studies, suggesting that the sensitivity and

specificity of detection methods for hypoxia are differ-
ent. Nonetheless, when all available data is considered,
it is reasonable to conclude that pancreatic cancer
tissue has limited O, supply.

Several mechanisms contribute to the hypoxic milieu
of PDAC. The major mechanism underlying reduced
tumor oxygenation is the insufficient and aberrant vascu-
lature that cannot deliver the necessary blood supply to
all sites of the tumor tissue. There is ample evidence that
angiogenesis induced by the growing tumor is leaky and
ineffective,[12] resulting in areas where O, levels cannot
sustain the physiological oxidative phosphorylation. In
the case of pancreatic cancer, angiographic studies
demonstrated specific tumor vessels only in a minority
of tumor samples,[13] a finding later confirmed by color-
flow sonography.[14] In contrast to many other solid
tumors, PDAC cells not only produce angiogenic sub-
stances but also produce antiangiogenic factors like
angiostatin, endostatin, and pigment epithelium-derived
factor that actively suppress angiogenesis resulting in
reduced O, delivery, which leads to the development of
hypoxic regions.[15-18] In addition, stromal cells in PDAC
might contribute to this hypoxia both by amplifying the
production of antiangiogenic substances or physically by
compressing the capillaries through extracellular matrix
deposition in the periacinar spaces. Importantly, hypoxia
is an important activator of pancreatic stellate cells (PSC),
the major fibroblastic cells of the pancreas, perpetuating
the vicious cycle of hypoxia and fibrosis (Figure 1). It is
probable that the already fibrotic, hypovascular microen-
vironment of pancreatic cancer is one of the reasons for
the failure of antiangiogenic therapies in pancreatic can-
cer in the clinical setting. For example, a double-blind,
placebo-controlled, randomized phase lll trial of gemci-
tabine and bevacizumab (a humanized monoclonal anti-
body that recognizes and blocks VEGF-A) versus
gemcitabine and placebo in patients with advanced pan-
creatic cancer, could not show any benefit for the addi-
tion of this antiangiogenic agent.[19] Furthermore, recent
compelling evidence shows that the relationship
between angiogenesis (indirectly hypoxia) and fibrosis is
quite complex: disruption of fibrosis promoted angiogen-
esis in one study [20] while it inhibited angiogenesis and
aggravated tissue hypoxia in another one.[21] Therefore,
fibrosis, hypoxia, and impaired angiogenesis play multi-
faceted and not always concerted roles in pancreatic
carcinogenesis.

Clinical significance of hypoxia and
hypoxia-inducible factor-1 in pancreatic cancer

Based on the observations summarized above, it is clear
that pancreatic cancer cells are forced to evolve under
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Figure 1. Hypoxia in pancreatic cancer tissue is generated via the intricate relationship between pancreatic cancer cells and the
stromal/stellate cells. The crosstalk between pancreatic cancer and stromal cells initiates a cascade of events instigating the latter to
deposit a dense extracellular matrix (ECM) that compromises capillary function and the former to secrete antiangiogenic factors
limiting new vessel formation. The combination of these events diminishes the blood flow resulting in formation of hypoxic areas
within the tumor tissue. The response to hypoxia, mainly mediated by hypoxia-inducible-factor-1 (HIF-1), further enhances the
stromal/stellate cell activity creating a vicious cycle leading to severely hypoxic/anoxic areas throughout the tumor tissue. In this
harsh environment, HIF-1 also acts as the master regulator to initiate adaptive responses of pancreatic cancer cells allowing them to
survive by enhanced aerobic glycolysis, inhibition of apoptosis, and sustained proliferation while increasing the aggressiveness of
the disease via treatment resistance, maintenance of cancer stem cell (CSC) features and invasion/metastasis.

very low O, levels implicating that adaptive responses
to hypoxia have a prominent role in pancreatic cancer
progression. Relatively novel descriptive studies have
shown that in human PDAC, micro- and macronecrosis
can be observed in the majority of cases and that the
presence of necrosis is associated with unfavorable
prognosis, implying a potential tumor-promoting role
associated with the severely hypoxic/necrotic pheno-
type.[22]

When O, availability is reduced, cells respond to
restore energy production, minimize the potential
damage of aberrant oxidative phosphorylation, i.e. reac-
tive oxygen species (ROS), and secrete angiogenic fac-
tors to increase O, delivery. This extensive re-calibration
of metabolic and signaling pathways is orchestrated
mainly by a transcription factor known as hypoxia-indu-
cible factor-1 (HIF-1). When O, levels drop below a
threshold, the prolyl residues of HIF-1a subunit cannot
be hydroxylated, which prevents the binding of von
Hippel-Lindau protein that normally recruits an

E3-ubiquitin ligase for targeting it by proteasomal
degradation.[23] The stabilized HIF-1a then dimerizes
with HIF-1, the constitutively expressed subunit, to
bind to hypoxia-regulated genes.[24] Accordingly, HIF-
1 is a widely used marker of hypoxia although it should
be noted that the expression of this protein can also be
controlled independent of O, levels, e.g. by a-ketoglu-
tarate.[25]

Several studies have shown the significance of HIF-1
in predicting the poor outcome of pancreatic cancer
patients. For example, HIF-1a mRNA expression was
found to have a sensitivity of 87% and specificity of
56% in predicting short-term (<6 months) vs long-term
(6-60 months) survival in a cohort patients whose par-
affin-embedded tissues were microdissected for analy-
sis.[26] Likewise, a meta-analysis of eight clinical studies
demonstrated that expression of HIF-1a correlated with
lymph node metastasis and advanced tumor stage cul-
minating into poor survival.[27] In fact, HIF-1a may play
a role even in early stages of pancreatic cancer
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pathogenesis as the G1790A single-nucleotide poly-
morphism in the HIF-1a gene was found to be signifi-
cantly more frequent in patients vs healthy volunteers.
[28] In addition to HIF-1, HIF-2 has also cancer-promot-
ing roles and these transcription factors act on over-
lapping and distinct targets.[29] In pancreatic cancer
pathogenesis, HIF-2 has been implicated in the progres-
sion of pancreatic intraepithelial neoplasia (PanIN) to
PDAC by fine-tuning the levels of [-catenin and
SMAD4; however, the exact mechanism of this relation-
ship has to be elucidated.[30] Taken together, there is a
strong clinical correlation between HIF-1 expression
and pancreatic cancer aggressiveness, which in fact is
not surprising given the ability of HIF-1 to induce sev-
eral cellular pathways that reprogram metabolism and
thereby sustain proliferation under unfavorable condi-
tions, inhibit apoptosis resulting in treatment resis-
tance, switch on invasiveness leading to metastasis,
and mediate the crosstalk with tumor stroma (Figure 1).

The role of metabolic reprogramming induced by
hypoxia in pancreatic cancer pathogenesis

It appears that HIF-1 has been present since early
stages of evolution including simple metazoan species
to modulate the switch from oxidative phosphorylation
to glycolysis depending on the availability of O,.
Several glycolytic genes are upregulated by HIF-1 and
therefore conventionally it has been assumed that HIF-1
is essential for cell viability under hypoxia since it can
maintain ATP production when O, is limited.[25]
However, ATP levels were not reduced in mouse
embryonic fibroblasts in which the HIF-1 gene was
knocked-out challenging this hypothesis.[31] In fact,
HIF-1 was essential for survival under prolonged
hypoxia, not because it can sustain ATP levels, but
mainly due to restraining ROS production, which occurs
due to aberrant oxidative phosphorylation when O, is
limited.[31,32] Thus, under hypoxia, glucose is actively
shunted away from mitochondria to limit the potential
for ROS production from the oxidation of pyruvate
produced from glucose catabolism. HIF-1 also shifts
the source of acetyl-coenzyme A used for the synthesis
of fatty acids from glucose-derived pyruvate to gluta-
mine-derived a-ketogluterate,[33,34] which further con-
tributes to shunting of glucose away from mitochondria
into lactate synthesis. By favoring glycolysis over oxida-
tive phosphorylation, malignant cells can also spare
their pyruvate to build the carbon skeletons necessary
for the new nucleic acid and membrane synthesis
required for cellular growth.[25,35]

With regard to the metabolic reprogramming of
pancreatic cancer cells under hypoxia, HIF-1 expression

was found to upregulate the expression of several gly-
colytic enzymes consistent with previous reports.[36]
Upregulated glycolysis appears to protect the cells
from apoptosis induced by glucose deprivation that
can occur in areas of hypoxia where the perfusion by
aberrant vasculature is insufficient.[37] In line with
these reports, increased levels of key glycolytic enzymes
were also observed in hypoxic portions of a transgenic
pancreatic cancer model, although the role of HIF-1 was
not investigated in this study.[38] In the same study, a
comprehensive metabolic analysis revealed a symbiotic
relationship between normoxic and hypoxic PDAC cells
through the exchange of lactate consumed by the for-
mer and produced by the latter fractions of the tumor.
This symbiosis, which was also shown in colon cancer
cells,[39] uncovers the capability of adaptation to
hypoxia in PDAC for sustaining the growth of not only
the cells growing under low O, tension but also the
cells with sufficient oxygenation.

Hypoxia is also shown to induce the expression of
glutaminase 2, which converts glutamine to gluta-
mate, in PDAC cells.[38] A novel hypothesis was
offered to explain how high intracellular glutamine
levels support the viability of hypoxic PDAC cells:
Glutamine and glucose are both used in the hexosa-
mine biosynthetic pathway, of which its final
product, uridine-diphosphate-N-acetyl-glucosamine
(UDP-GIcNACQ), regulates the O-GlcNacylation of sev-
eral proteins that are important for survival under
hypoxia. Although it was not demonstrated which
proteins are involved in cell Vviability, an
O-GlcNacylation inhibitor, azaserine, was toxic to
PDAC cells grown under hypoxic conditions.[38]
Another reason of high glutamine uptake in hypoxic
PDAC cells may be to maintain fatty acid synthesis as
shown for other tumor types [33,34,40] although this
phenomenon has not yet been demonstrated specifi-
cally in pancreatic cancer cells. However, a clue for
increased amino-acid catabolism mediated by HIF-1
in pancreatic cancer comes from a study in which
knockdown of HIF-1 inhibited the body weight loss
induced by implantation of MiaPaCa-2 cells in an
orthotopic xenograft mouse model.[41] Taken
together, induction of both glucose and glutamine
metabolism by hypoxia seems to mediate the adapta-
tion of pancreatic tumor cells to unfavorable environ-
mental conditions.

Surprisingly, to date there are no reports investigat-
ing the role of HIF-1 expression in regulating the redox
homeostasis of PDAC cells. Previous studies have
shown that HIF-1 shifts glucose away from mitochon-
dria by inhibiting pyruvate dehydrogenase [32] while
it optimizes the cytochrome oxidase subunits to



reduce electron leakiness, and thereby ROS production
from mitochondria.[42] Furthermore, HIF-1 induces
mitochondrial autophagy by increasing the expression
of Bcl2/adenovirus-E1B-19-kDa-interacting  protein
(BNIP3) in order to remove the mitochondria damaged
by excess ROS.[31] Interestingly, BNIP3 was reported to
be downregulated in all pancreatic carcinoma samples
via hypermethylation of its promoter, which supported
the survival of pancreatic cancer cells under hypoxia.
[43] Furthermore, another study demonstrated that
BNIP3 was present in precursors of PDAC, PanIN
grade 2 and 3, but was silenced in 59% of the carci-
noma cases suggesting that silencing of BNIP3 is a late
event in pancreatic cancer pathogenesis.[44] Finally,
upregulation of this protein by 5-aza-2'-deoxycytidine
sensitizes pancreatic cancer cells to hypoxic condi-
tions.[45] Thus, a mechanism that contributes to pro-
tection of cells from excess oxidative damage under
hypoxia also renders them sensitive to the same envir-
onmental condition, indicating that PDAC cells pay the
price of adapting to survival in low O, tension by
elevated intracellular ROS (Figure 2). Given that low
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ROS is associated with resistance to chemotherapy,[46]
which is a common feature of pancreatic cancer, it is
likely that pancreatic cancer cells may have a highly
upregulated antioxidant system underlying their resis-
tance to both hypoxia and chemotherapy simulta-
neously. To this end, oncogenic Kras mutations (e.g.
Kras G12D), which are present in more than 90% of
PDAC, have been proven to foster low intracellular
ROS levels. Here, oncogenic Kras activates expression
of a series of antioxidant genes via nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) and also mediates
an unusual metabolic pathway of glutamine to gener-
ate NADPH. This can then be used as the reducing
power for ROS detoxification, leading collectively to
low ROS levels in pancreatic preneoplastic cells and
in cancer cells. In adult stem cells and cancer stem
cells (CSCs), low ROS levels have been associated with
the formation of a proliferation-permissive intracellular
environment and with perseverance of self-renewal
capacities. Therefore, it is conceivable that low intra-
cellular ROS levels may contribute significantly to
oncogenic Kras-mediated PDAC formation.[47] On the

protects

loss of BNIP3

sazi|iqels

+ROS —

proliferation
invasion

Figure 2. There is a complex relationship between hypoxia-inducible-factor-1 (HIF-1), reactive oxygen species (ROS), and Kras. When
0, is limited, the electrons propagating through electron transport chain complexes have a tendency to leak increasing the
formation of ROS. ROS, in turn, stabilizes HIF-1, which reprograms the metabolism of the cell and increases mitochondrial
autophagy to limit oxidative damage. However, Bcl2/adenovirus-E1B-19-kDa-interacting protein (BNIP3), which governs mitochon-
drial autophagy and is a proapoptotic protein, is silenced in pancreatic cancer cells thereby preventing apoptosis in the hypoxic
environment. Therefore, ROS production should be increased in these cells. However, there is a controversy whether ROS is
beneficial or harmful for pancreatic cancer cells: While increased ROS sustains proliferation and invasion, it also reduces the
threshold for treatment-induced cell death and prevents a cancer stem cell (CSC) phenotype. In addition, mutated Kras upregulates
antioxidant pathways via nuclear factor (erythroid-derived 2)-like 2 (Nrf2), suggesting that ROS levels are fine-tuned in pancreatic
cancer cells by the level of hypoxia to balance between its beneficial and harmful effects facilitating the adaptive process to

fluctuating environmental conditions.
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other hand, some PDAC cells are reported to produce
high levels of ROS, in particular superoxide that in fact
contributes to proliferation and invasiveness of these
cells [48-50] and therefore the complex relationship
between hypoxia, ROS, and treatment resistance in
pancreatic cancer requires further research (Figure 2).

It is clear that the harsh environment created by low
perfusion forces PDAC cells to reprogram their metabo-
lism in order to survive and sustain proliferation. In
general, the core of the metabolic changes appears to
further exacerbate aerobic glycolysis activated by
mutated oncogenes, e.g. Kras. Oncogenic Kras is
known to regulate pancreatic cancer metabolism by
increasing glucose uptake and channeling it into multi-
ple anabolic pathways.[51] Furthermore, Kras-driven
cells are shown to also depend on glutamine metabo-
lism [52] resonating the metabolic changes induced by
hypoxia as outlined below. Thus, the combination of
Kras mutations and the hypoxic environment renders
pancreatic cancer cells less dependent on glucose-
mediated oxidative phosphorylation giving them the
flexibility to metabolize various nutrients and thereby
survive and grow in a wide spectrum of environmental
conditions (Figures 1 and 2). While these metabolic
changes contribute to aggressiveness of the PDAC, it
also opens the gap between normal and pancreatic
cancer cell metabolism which then may create a win-
dow of selectivity for targeting PDAC without causing
significant toxicity.

The role of hypoxia for inhibiting apoptosis and
causing chemoresistance

It is usually assumed that a major reason for why PDAC
is notoriously resistant to chemotherapy is that the low
perfusion due to aberrant vasculature combined with
the highly desmoplastic stroma limits the amount of
drug that reach the cancer cells. However, it was shown
by using '*C-labeled gemcitabine that there was a mini-
mal reduction in drug levels in the hypoxic areas as
compared to well-perfused areas of the tumor and that
only a 4% decrease was measured even at tumor sites
more than 100 pM away from the blood vessels.[53]
However, there is also evidence for the inverse correla-
tion between the extent of stroma and the concentra-
tion of a chemotherapeutic agent, i.e. gemcitabine.[54]
These contradictory results can be explained by the
hypothesis that chemoresistance in at least the hypoxic
portions of PDAC is not simply due to poor drug deliv-
ery, but mainly a consequence of intrinsic mechanisms
associated with hypoxia-inducible pathways and/or
oncogenic mutations that lead to the evolution of resis-
tant cancer clones.

Hypoxia has been associated with resistance to che-
motherapy and radiotherapy for several decades with
the simple notion that it slows down the cell cycle and
thereby limits the number of cells that these treatment
modalities can target, as their mechanism of toxicity
depends on DNA synthesis and proliferation. However,
more than a decade ago as the details of hypoxia-
inducible pathways started to be delineated, hypoxia
was found to cause chemo and/or radioresistance inde-
pendent of cell cycle arrest.[55] At low O, levels, resis-
tance to gemcitabine is induced via activation of
phosphoinositide 3-kinase/protein-kinase B (PI3K/Akt)
and nuclear-factor-kappa-light-chain enhancer of acti-
vated B-cells (NF-kB) signaling pathways [56] both of
which strongly upregulate various antiapoptotic
mechanisms (reviewed in [57,58]). Moreover, both of
these pathways interact with HIF-1, which in turn can
induce proapoptotic proteins like BNIP3,[59] Noxa [60]
or NIX [61] while it can also downregulate other proa-
poptotic proteins like Bid and Bax [62] or upregulate
antiapoptotic proteins like Bcl-X_ [63] revealing the
dichotomy in its ability to modulate apoptosis. In the
case of PDAC, the hypoxia-inducible proapoptotic pro-
tein BNIP3 is silenced both via epigenetic changes [43]
as well as through clonal elimination of BNIP3-positive
cells,[44] which supports the antiapoptotic role of HIF-1
since proapoptotic pathways such as BNIP3 are most
likely downregulated. Thus, it would be interesting to
investigate epigenetic changes in multiple proapoptotic
genes in PDAC cells to further clarify the role of HIF-1 in
apoptosis.

Several other studies have shown a negative correla-
tion between HIF-1 expression and gemcitabine sensi-
tivity in PDAC cells [64,65] while one study showed a
direct relationship between hypoxia and multidrug
resistance such that knock-down of HIF-1a downregu-
lated the expression of multidrug resistance 1(MDR1)
gene under hypoxia-mimicking conditions.[66] MDR1
expresses the P-glycoprotein, which can actively trans-
port a number of chemotherapy drugs against their
gradient reducing their intracellular concentration and
thereby toxic activity.[67] Overall, there is strong evi-
dence supporting the role of hypoxia and HIF-1 in
treatment resistance of PDAC cells, but the mechanisms
underlying this phenomenon appear to be complex
and sometimes even contradictory. Thus, with the cur-
rent data, the interaction between chemo/radiotherapy
and hypoxia or HIF-1 is not completely understood.
Moreover, a recent publication showing that gemcita-
bine-induced oxidative stress in fact stabilizes HIF-1a
via NF-kB pathway further adds to the challenge of
understanding the complex interaction between ther-
apy-resistance and hypoxia-inducible pathways.[68]



Hypoxia induces epithelial-to-mesenchymal
transition and CSC-like properties resulting in
invasiveness and metastasis of pancreatic
cancer cells

One of the major reasons for the poor prognosis of
pancreatic cancer is that it is a systemic disease at an
early stage and therefore surgical resection does not
cure the majority of patients. Hypoxia is presumed to
play a major role in causing the metastatic phenotype
of PDAC since the expression of HIF-1a has been corre-
lated with poor survival in several studies.[26-28]
Metastasis is a multistep process starting with invasion
followed by intravasation, survival in blood, extravasa-
tion, colonization, and finally growth of micrometastatic
foci to macrometastatic disease.[69] The initial step of
metastasis is the acquisition of a metastatic cell pheno-
type that can initiate the migration, a process known as
endothelial-to-mesenchymal transition (EMT).[70] Of
note, there is another type of migration called ‘amoe-
boid leukocyte-like’;[71] however, the extent of this
phenotype in cancer metastasis is less studied, espe-
cially in the context of pancreatic cancer, and therefore
will not be discussed in this review. Nevertheless, EMT
means that cancer cells acquire mesenchymal features
such as dissolution of adhesion to the extracellular
matrix and loss of cell polarity, all culminating into
becoming an invasive cell.[70] Moreover, EMT sustains
the survival of a cancer cell in blood and metastatic
sites by endowing it with stem-cell like features and
inhibiting apoptosis.[72,73] Furthermore, cells that
underwent EMT can also migrate collectively at the
forefront of the cancer invasion creating tracks that
other cancer cells can exploit.[74] Another movement
type initiated by EMT is characterized by a nest of
tumor cells diffusely infiltrating into a tissue, known as
‘tumor budding,” which has been shown to be a nega-
tive prognostic indicator in several types of gastroin-
testinal cancers,[75] including pancreatic cancer.[76,77]
Thus, the mesenchymal phenotype induced by hypoxia
is a key step for the metastatic cascade. In addition to
EMT, hypoxia-induced signaling has been shown to
play a role in most, if not all, of the steps involving
metastasis [78] and therefore it is not surprising to find
robust evidence that pancreatic cancer, with its severely
compromised oxygenation is a highly metastatic tumor
type.

One of the first experimental evidence to show that
tumor hypoxia correlates with the metastatic potential
of pancreatic cancer was published in a study using an
orthotopic xenograft of two pancreatic cancer cell lines
whereby tumor hypoxia correlated well with the meta-
static burden.[79] In a different model, in which
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orthotopic primary xenografts were used, there was a
strong association between hypoxia and metastasis for-
mation.[80] Interestingly, in this study, no correlation
between hypoxia and EMT was observed although EMT
has been associated with invasiveness and metastasis
of almost all types of tumors,[72,73] including pancrea-
tic cancer.[81] Furthermore, there are several reports
demonstrating induction of EMT by hypoxia in PDAC
cells.[82-85] One reason for these contradictory results
could be the method of assessing hypoxia, which was
different in these studies: In one study 2-nitroimidazole
was used,[80] while HIF-1a expression was utilized in
others.[64,82-85] 2-nitroimidazole becomes detectable
in tissues with pO, less than 10 mmHg, while HIF-1a is
stabilized in a wide range of oxygen levels and more
importantly can even become activated by oxygen-
independent mechanisms.[25] Thus, the level of
hypoxia that can induce EMT requires further investiga-
tion although there is no doubt that HIF-1a plays a
major role in the initiation of metastasis in pancreatic
cancer.

While the relationship between HIF-1a expression
and EMT in pancreatic cancer is clear, a recent article
demonstrated that not every pancreatic cancer cell type
acquires the same migratory potential when exposed to
hypoxia.[85] Cell types that had a high CSC-like pheno-
type based on colony-forming capacity, aldehyde dehy-
drogenase activity, and tumorigenicity in mice had a
higher migratory capacity under hypoxia as compared
to cells with low CSC features.[85] On the other hand,
CSCM9M cells already have an upregulated migratory
potential even under normoxia since they express EMT
markers, low E-cadherin, and high Vimentin, which gets
further augmented by hypoxia. In contrast, CSC'°% cells
display an epithelial histology, which can also get trans-
formed into a mesenchymal type by exposure to
hypoxia, albeit more slowly and less robust than
CSCM9M cells. This difference can become significant in
a clinical situation since CSC™9" cells can increase their
invasiveness even in intermittent hypoxia, which occurs
frequently in solid tumors, whereas CSC' cells require
a more prolonged time in low O, levels.[86] Moreover,
intermittent [84,87] and sustained [88] hypoxia has
been shown to induce CSC markers in pancreatic cancer
cells further supporting the intricate relationship
between CSC, EMT, and the oxygen levels in the
tumor microenvironment.

Several other pathways have been implicated in the
mechanism of hypoxia-induced invasiveness of pancrea-
tic cancer cells. These include NF-kB,[83] membrane-
type-2 matrix metalloproteinase,[89,90] quiescin-sulfhy-
dryl-oxidase-1 (QSOX1),[91] chemokine (C-X3-C motif)
receptor-1 (CX3CR1),[92] and lysyl-oxidase (LOX).[93] In
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addition, the Hedgehog (Hh) signaling pathway, which
has been shown to induce PanIN in addition to enhan-
cing the tumorigenicity of PDAC [94] and which is one of
the ‘core’ signaling pathways of pancreatic cancer,[2] can
be induced by hypoxia via a ligand-independent
mechanism.[95] Up-regulation of this pathway leads to
EMT via direct up-regulation of the Hh pathway tran-
scription factor Gli1, even when Hh ligands are down-
regulated.[82] Finally, in a murine model of PDAC driven
by oncogenic KRAS/Mek-mTOR signaling, massive tumor
necrosis associated with heightened hypoxia in the pri-
mary tumor also correlated with enhanced metastatic
spread.[96] One of the links between the hypoxic/necro-
tic cells and metastasis was found to be higher level of
endoplasmic reticulum stress induction by hypoxia in
these cells as compared to cell types that are non-necro-
tic and metastatic.[97] While an impairment in hypoxia-
induced VEGF-A secretion was offered as a possible
mechanism for the necrotic phenotype, a strong correla-
tion between hypoxia-induced endoplasmic reticulum
stress and the same phenotype points to a more com-
plicated mechanism underlying the relationship
between hypoxia, necrosis and metastasis.[97] In conclu-
sion, the integration of hypoxia-inducible and several
oncogenic pathways triggers and augments the inva-
siveness and CSC-features of pancreatic cancer cells,
facilitating the metastatic potential of pancreatic cancer
and current data suggests that the cross-talk between
these cellular processes may be context and tumor
dependent.

Hypoxia modulates the stroma of pancreatic
cancer

The abundant extracellular matrix (ECM) in PDAC is
produced by activated PSCs, which have a significant
role in the progression of PDAC such that there is a
survival difference between patients that have PSC-rich
vs PSC-poor stroma.[98] This is further supported by
preclinical evidence demonstrating that co-injection of
PSCs and PDAC cells increases the tumor growth, meta-
static foci and regional invasion.[99-101] While several
pathways are offered to explain how PSCs render PDAC
more aggressive, an obvious mechanism is based on
the distortion of blood vessels by the fibrotic stroma
resulting in decreased blood and lymphatic flow and
thereby development of hypoxic regions.[102,103] In
addition, PSCs have been shown to increase endostatin
production of PDAC cells further resulting in diminished
blood flow.[17] Although previous reports demonstrate
that when cultured under hypoxia, PSCs secrete proan-
giogenic factors,[104] this effect is inhibited by the
endostatin produced by PDAC via cleavage of collagen

XVIII by matrix metalloproteinase-12.[17] It was also
shown that the low O, levels increases the activity of
PSCs creating a positive feedback loop for the propaga-
tion of the hypoxic areas in the tumor. Furthermore,
hypoxic PSCs secrete connective tissue growth factor
that enhances the invasiveness of PDAC cells. Finally,
activation of HIF-1a induces the secretion of Sonic
Hedgehog (sHH), which then stimulates fibrous tissue
deposition via Hh-signaling pathway.[105] Taken
together, there is a highly dynamic relationship
between PSC-induced fibrotic stroma and hypoxia,
amplifying each other advancing the progression of
PDAC (Figure 1).

Targeting hypoxia in pancreatic cancer

Strategies to increase tumor perfusion by
antifibrotic therapies

PDAC is likely the most desmoplastic epithelial tumor. It
is also the most hypoxic tumor with partial tissue oxy-
gen pressure of less than 3 mmHg.[8,9,106] Due to the
strong association of hypoxia with fibrosis and pre-
sumed tumor supportive role of PSCs, antifibrotic ther-
apy was seen as a new hope against ineffective drug
delivery in PDAC. To improve tumor perfusion and
hence better drug delivery, different approaches have
been undertaken. Inhibition of sHH signaling to deplete
the stroma initially proved to be effective in a genetic
mouse model of PDAC and paved the way for a clinical
trial.[54,61] This trial, however, was stopped prema-
turely in 2012 due to increased mortality in the therapy
arm.[107] Further research revealed that the optimistic
results of the first study was an artifact of a suboptimal
experimental setup and chronic depletion of sHH or
knock-out of this pathway increased the aggressiveness
of the tumor in the same genetic mouse model of
PDAC.[20]

Another attempt to deplete the stroma by using an
agent to enzymatically degrade a major extracellular
matrix component (Hyaluronan) seems to be more effec-
tive. In line with the experimental data prolonging sur-
vival of PDAC-bearing mouse,[108,109] a phase Il clinical
trial showed promising results as addition of pegylated-
human-recombinant hyaluronidase (PEGPH20) to nab-
paclitaxel/gemcitabine doubled the progression-free
survival in a group of patients who had tumors with
high hyaluronic-acid content.[110] These conflicting
results show that the multifaceted role of stroma in
PDAC should not be simplified in categories like
tumor-supportive or tumor-restrictive. It requires a bet-
ter understanding of the stromal function and more
effective therapies for different cells (i.e. CSCs) that are



likely kept at bay in the stroma.[111] Interestingly, the
so-called ‘normal’ stromal gene expression pattern of
the identified four gene-expression patterns in PDAC
was associated with tumor-restraining features while
the ‘activated’ stroma included genes that promoted
tumor growth, shedding some light on the contradicting
roles of PDAC stroma. Thus, antistromal therapy should
better be tailored to the individual patient.

Strategies to inhibit HIF-1 pathway

The reports summarized above provide a clear rationale
for targeting hypoxia-inducible pathways in pancreatic
cancer. Since the master regulator of these pathways is
HIF-1, agents that can inhibit its function should
demonstrate clinical activity in PDAC. An antisense oli-
godeoxynucleotide that specifically targets HIF-1a
(EZN-2968) was tested in a pilot clinical trial, which
was unfortunately closed prematurely when the spon-
sor of the trial halted further development of this agent.
[112] 10 patients were treated and grade 3 or 4 toxi-
cities were negligible while two out of six patients
biopsied had significant decreases in HIF-1a protein
levels although none of the patients had a decrease in
the HIF-1-target genes lessening the interest in further
development of this agent. Another compound derived
from melphalan, PX-478, which inhibits HIF-1a expres-
sion in pancreatic cancer leading to reduced tumor
growth preclinical,[113] demonstrated limited clinical
activity in a phase | study (published in abstract form,
[114]) and currently this agent is not being tested in
another trial. An interesting compound that may be
efficacious in pancreatic cancer is the well-known car-
diac glycoside, digoxin, which is shown to inhibit HIF-1a
synthesis effectively at a relatively low concentration,
but there is no registered clinical trial testing this
hypothesis.[115] An agent that has been shown to
decrease HIF-1 as well as the CSC features of pancreatic
cancer is a plant-derived agent, triptolide,[116,117] and
its derivative is now being tested in advanced gastro-
intestinal cancers including pancreatic cancer
(NCT01927965).

Besides targeting directly HIF-1, another strategy is
to eliminate the signals that upregulate HIF-1a expres-
sion. Oncogenic KRAS activates robust Mek/Erk signals
that phosphorylate the tuberous sclerosis complex and
activates the mammalian target of rapamycin (mTOR)
pathway in PDAC. In turn, mTOR mediates the transla-
tion of HIF-1a [118] and therefore mTOR inhibitors may
have a role in pancreatic cancer. However, despite its
success in pancreatic neuroendocrine tumors,[119] sin-
gle-agent everolimus had minimal clinical activity in
gemcitabine-refractory pancreatic cancer.[120] Two
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other small studies confirmed this disappointing
result.[121] However, recently Kong et al. have shown
that while single inhibition of mTOR was ineffective,
dual inhibition of Mek (downstream of mTOR) and
PI3K effectively induced cancer cell apoptosis.[96]
Furthermore, in a separate study in which everolimus
was combined with capecatibine, moderate clinical
activity was observed,[122] indicating that combination
of mTOR inhibition with another targeted therapy or
cytotoxic agent that is active in pancreatic cancer may
show clinical benefit.

As mentioned above, one of the major events that
protect the cells from damage under hypoxia is the
limitation of ROS production by HIF-1-mediated meta-
bolic reprogramming. Thus, it is not surprising that
elevated ROS, in addition to low O, levels, can also
stabilize HIF-1a as a protective mechanism from excess
oxidative damage. Based on this contention, it has been
reported that attenuation of ROS by either antioxidants
[123] or extracellular superoxide dismutase [124] sup-
presses HIF-1a activity leading to reduced tumor
growth or hepatic metastasis. However, currently there
is no clinical application in pancreatic cancer based on
this intriguing preclinical data.

Evidently, despite the data revealing the significant
role of HIF-1 activity in PDAC, compounds that can
inhibit its activity or expression in patients is still
eagerly awaited. Nonetheless, there is a strong possi-
bility that the selective inhibition of this ubiquitously
expressed transcription factor that has multiple roles
in human physiology is toxic. Furthermore, there is
limited but sufficient evidence implicating alternative
hypoxia-inducible pathways modulating the progres-
sion of pancreatic cancer. As mentioned above, a
mechanism by which HIF-2a promotes the progression
of PanIN lesions to PDAC via upregulation of B-catenin
and SMAD4 has been reported.[30] Therefore, meth-
ods that can exploit the decreased oxygen availability
in PDAC cells as a whole, rather than targeting indivi-
dual pathways, should demonstrate greater clinical
efficacy.

Strategies to exploit the metabolic reprogramming
in PDAC due to hypoxia

The metabolic alterations induced by hypoxia further
enhance the glycolytic pathway, which is already
turned on by the oncogenic transformation regardless
of the oxygen level. While in the presence of O,, inhibi-
tion of this pathway does not appear to produce suffi-
cient energy depletion that can kill the cell, in an
environment that limits O, availability glycolytic inhibi-
tors are shown to produce significant toxicity.[125] In
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preclinical studies, 2-deoxy-D-glucose (2-DG) demon-
strated promising results in killing hypoxic portions of
several types of tumors [126] although there was lim-
ited activity in a phase | clinical trial, which combined it
with docetaxel in refractory solid tumors.[127] However,
pancreatic cancer was not present in this cohort of
patients and therefore further studies are required to
assess the clinical potential of 2-DG in PDAC.
Furthermore, a close analog of 2-DG, 2-fluoro-deoxy-
D-glucose was shown to be an even more potent gly-
colytic inhibitor,[128] which may also be efficacious in
pancreatic cancer treatment. 3-bromopyruvate is
another compound which can target hypoxic tumor
cells via selective uptake through monocarboxylate-
transporter-1,[129] but has been halted in its develop-
ment due to unexpected toxicity via its alkylating prop-
erties.[130] However, it has been reengineered by
microencapsulating in a complex with [B-cyclodextrin
and has demonstrated a strong antitumor effect with
no discernible toxicity in an orthotopic pancreatic can-
cer model.[131] Collectively, these articles provide a
rationale for further developing glycolytic inhibitors
for clinical use in PDAC patients either alone or most
likely with cytotoxic therapy as they can target the
treatment-resistant portions of the tumor while
chemo- or radiotherapy can eliminate the well-oxyge-
nated areas.

Direct targeting of hypoxic PDAC cells via
compounds that get activated under low O,
tension

When O, is limited, certain chemical moieties have the
potential to be metabolized by enzymatic reduction.
Based on this concept, several compounds have been
synthesized, which undergo reductive reaction to pro-
duce cytotoxic agents (reviewed in [132]). Among these
compounds, TH-302 has been tested in pancreatic can-
cer extensively and there is already clinical evidence for
its activity. It is a 2-nitroimidazole-based prodrug and
after undergoing redox cycling, it produces ifosfamide,
which is a well-established DNA cross-linking toxin.[133]
In a randomized phase Il trial, combination of TH-302
with gemcitabine significantly prolonged progression-
free survival as compared to gemcitabine alone (5.6 vs
3.6 months) without any toxicity resulting in treatment
discontinuation in patients with advanced pancreatic
cancer.[134] A phase Il trial is currently being con-
ducted (NCT01746979) to explore the effect of TH-302
on overall survival. Furthermore, it is being tested also
as a single agent (NCT01833546) and in combination
with nab-paclitaxel (NCT02047500). Thus, TH-302
appears to be a promising agent to selectively target

the hypoxic areas of PDAC and paves the way for
developing other hypoxia-activated prodrugs, i.e.
agents that can induce toxicity via mechanisms other
than DNA damage. It is important to note that this drug
should continue to be used in combination with other
chemotherapeutic agents as circulating cancer cells or
newly developing hematogenous metastasis may - for
a period - have a higher oxygen concentration in their
vicinity preventing conversion of TH-302 to its active
form by hypoxia.

Conclusions

There is no doubt that oncogenic mutations in pancrea-
tic cancer are one of the major obstacles in successful
treatment since the ones that occur at the earliest
stages of cancer development (PanIN) like KRAS and
p53 are associated with aggressiveness and therapy
resistance. The contribution of the microenvironment
to the fatal outcome of PDAC is also substantial. One of
the tumor-promoting factors in the PDAC microenvir-
onment is hypoxia, which arms the cancer cells with
several mechanisms to overcome intrinsic and extrinsic
damage generated by rapid tumor growth in unfavor-
able conditions. Furthermore, hypoxia promotes the
invasiveness and metastatic potential of PDAC via indu-
cing EMT and CSC pathways, which all culminate into
the aggressive phenotype of this disease. Finally, while
the desmoplastic stroma appears to be one of the
major reasons for the generation of hypoxic areas in
PDAC, hypoxia in turn can induce further fibrosis creat-
ing an amplifying loop between these two central com-
ponents of pancreatic cancer pathogenesis. These
diverse pathways are governed by various hypoxia-
inducible pathways although HIF-1 has been studied
most. It is important to note that HIF-1 can also be
induced by oxygen-independent mechanisms and
therefore studies that correlate HIF-1 expression with
hypoxia needs to be interpreted with caution.
Nevertheless, our better understanding of how hypoxia
is generated in PDAC and strategies to target them
should translate into significant clinical improvements
in the future.

Expert commentary

Pancreatic cancer has one of the worst prognoses of all
human malignancies. One of the key features responsible
for its aggressive phenotype is the severely hypoxic/
anoxic microenvironment covering a significant portion
of the tumor. Adaptation to hypoxia renders pancreatic
cancer resistant to conventional chemo- and/or radio-
therapy and promotes its early metastatic phenotype.



Thus, targeting the hypoxic microenvironment of pan-
creatic cancer should significantly impact on clinical out-
come. However, this is not a straightforward task as the
complex relationship between the cancer cells, stromal
components, hypoxia, and adaptive responses to limited
oxygen availability results in unpredictable outcomes
when one of these elements is targeted. Thus, intelli-
gently designed drugs that are active under hypoxic
conditions and/or drugs that target the stroma of pan-
creatic cancer appear to be promising in the future.

Five-year view

No significant progress has been achieved in the systemic
treatment of pancreatic cancer since FOLFIRINOX and
nab-Paclitaxel/Gemcitabine have been established as
first-line palliative therapy. Therefore, the results of sev-
eral ongoing trials targeting the tumor microenviron-
ment and/or hypoxia, such as the phase Il trial testing
the hypoxia-activated agent, TH302 in combination with
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gemcitabine, are eagerly awaited. A positive result of the
latter will accelerate the development of other hypoxia-
activated prodrugs that are in the pipeline. It is clear,
however, that targeting the severely hypoxic areas of
pancreatic cancer is not the final answer for improving
the dismal outcome of this disease. Further, hypoxia-
activated drugs do not circumvent all the obstacles for
killing cancer cells in hypoxic areas of the tumor such as
the delivery of the agent to an area with diminished
blood flow (although this assumption is challenged by
some evidence) or drug-resistant mechanisms induced
by hypoxia-inducible pathways. Once these pathways
supporting the treatment-resistant and metastatic phe-
notype of pancreatic cancer are induced by hypoxia, they
may be retained independent of the oxygen levels creat-
ing a natural resistance to hypoxia-targeting agents.
Thus, it is important to characterize the complex mechan-
isms underlying the formation of hypoxic areas for avoid-
ing the induction of hypoxia-inducible pathways as well
as for enhanced drug delivery. To achieve this task

Key issues

areas.

oxygen-independent pathways.

factor.

clinical development.

e Pancreatic cancer is significantly more hypoxic when compared to other solid tumors. However, while there
are several methods to measure the extent of hypoxia in pancreatic cancer tissues in vivo, their sensitivity
and specificity differ significantly compromising the assessment of the amount and localization of hypoxic

e When oxygen is limited, hypoxia-inducible pathways become activated, which in turn initiate a cascade of
events that reinforces the aggressiveness of pancreatic cancer.

e Among hypoxia-activated pathways, the most studied is hypoxia-inducible factor-1 (HIF-1), which governs
metabolism, apoptosis, and invasion-related mechanisms. Thus, the outcome of high HIF-1 is poor survival of
pancreatic cancer patients; however, it should be noted that its expression can be up-regulated also by

e Adaptation of hypoxia forces pancreatic cancer cells to acquire metabolic alterations that allow them to
utilize various types of nutrients. On the other hand, these metabolic alterations may also be vulnerable for
targeting, and agents for this purpose are under development.

e A key feature of hypoxia adaptation is epithelial-to-mesenchymal transition, which is one of the initiating
factors of the metastatic cascade. Several signaling pathways have been implicated in epithelial-to-mesench-
ymal transition; however, the exact mechanisms remain elusive.

e While HIF-1 is responsible for several of the hypoxia-related features of pancreatic cancer that underlie its
fatal clinical course, currently there is no promising clinical agent that can effectively target this transcription

e A unique feature of pancreatic cancer histology is the extensive desmoplasia that surrounds the tumor
tissue. There is a highly complex relationship between fibrosis and hypoxia amplifying each other and
thereby reinforcing the metastatic and treatment-resistant phenotype of pancreatic cancer.

e There are contradictory reports regarding the role of components of oncogenic pathways, extracellular
matrix, and the tumor microenvironment in pancreatic cancer progression and therefore clinical application
of any promising target requires extensive preclinical investigation to avoid unexpected outcomes. The
failure of the Hedgehog signaling inhibitor trial is a good example regarding this issue.

e There are several strategies to target the hypoxic portions of pancreatic cancer that are under preclinical and
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targeting the tumor stroma may be a promising strategy,
which is supported by the results of the phase Il trial
testing recombinant hyalurinodase. Therefore, other
agents with antistromal activity should be expected in
the next few years. However, attacking tumor stroma
may also not significantly alter the clinical course of the
disease as the abundant fibrosis may have additional
roles other than generation of hypoxia and supporting
tumor cell survival, i.e. limiting the growth and invasion
of cancer cells. Taken together, we will most likely not
witness a big breakthrough in the treatment of pancrea-
tic cancer within next 5 years. However, there will be
better understanding of the complex association
between the tumor microenvironment and pancreatic
cancer pathogenesis with major advances in identifica-
tion of tumor initiating or CSCs that are one of the key
reasons for treatment-failure after current therapy (sur-
gery, chemotherapy, and radiation). ldentification of
genomic, proteomic or metabolic alterations of these
cells in the next few years should inspire novel strategies
to treat this deadly disease.
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