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Abstract: Intratumoral hypoxia is a common feature of solid tumors. Recent advances in 

cancer biology indicate that hypoxia is not only a consequence of unrestrained tumor growth, 

but also plays an active role in promoting tumor progression, malignancy, and resistance to 

therapy. Hypoxia signaling is mediated by the hypoxia-inducible factors (HIFs), which are not 

only stabilized under hypoxia, but also by activated oncogenes or inactivated tumor suppressors 

under normoxia. Hypoxia is a prominent feature of the tumor microenvironment of pancreatic 

tumors, also characterized by the presence of a fibrotic reaction that promotes, and is also 

modulated by, hypoxia. As the mechanisms by which hypoxia signaling impacts invasion and 

metastasis in pancreatic cancer are being elucidated, hypoxia is emerging as a key determinant 

of pancreatic cancer malignancy as well as an important target for therapy. Herein we present an 

overview of recent advances in the understanding of the impact that hypoxia has in pancreatic 

cancer invasion and metastasis.
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Introduction
Pancreatic cancer is a disease with very poor prognosis. The median survival rate, 

which currently remains as low as 5% over a period of 5 years after diagnosis, has 

not improved over recent decades.1 Unfortunately, diagnosis frequently occurs after 

pancreatic cancer has already spread beyond the pancreas, a point after which therapy 

remains largely palliative. Reasons for late diagnosis include frequent clinical presenta-

tion with only mild symptoms and the lack of early detection markers. Furthermore, 

current treatments for pancreatic cancer are seldom curative because relapse is very 

common. Early detection tools and improved therapies are, therefore, needed to man-

age patients at risk as well as those already diagnosed. A fundamental step toward the 

development of better diagnostic and therapeutic approaches is a deep understand-

ing of the biology of pancreatic cancer. In this regard, very important contributions 

have been made in past decades, including the identification of driver mutations and 

precursor lesions, the generation of relevant genetically engineered mouse (GEM) 

models, the isolation of cancer-initiating cells, and the identification of the pancreatic 

cancer stroma as a driver of malignancy that also promotes drug resistance. A number 

of reviews have addressed these important advances in pancreatic cancer biology.2–8 

An emerging player in pancreatic cancer progression is hypoxia, a condition of low 

oxygen availability, to which cancer and stromal cells are often exposed as tumors 

evolve. Intratumoral hypoxia is a common feature of cancers and affects many aspects 

of tumor biology, as summarized in several review articles.9–13 Pancreatic cancer is 
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highly hypoxic and, in this review, we focus on the impact that 

hypoxia has on the ability of pancreatic cancer cells to invade 

and metastasize. Hypoxia activates signaling pathways in 

both cell-autonomous and non-cell-autonomous manners in 

cancer and stromal cells, which directly affect the activation 

of pro-invasive programs in cancer cells, facilitate the main-

tenance of invasiveness by favoring a hypoxic environment, 

or aid pro-invasive interactions between cancer and stromal 

cells. In the first part of this article we present an overview 

of the cellular components of the pancreas, pancreatic tumor 

precursor lesions, and tumors, as well as the main features of 

pancreatic cancer invasion. In the second part, we summa-

rize the current understanding of the cellular and molecular 

mechanisms by which hypoxic signaling promotes invasion 

and metastasis in pancreatic cancer.

Pancreatic cancer biology
The tissue architecture of the exocrine pancreas is composed of 

epithelial and mesenchymal tissues, which undergo important 

changes upon malignant transformation. Epithelial changes 

follow some established patterns that have helped clinicians 

and researchers to identify precursor lesions and understand 

some of the events that lead to tumor initiation. Recent 

discoveries indicate that epithelial plasticity is an important 

event in pancreatic tumor initiation and suggest that invasion 

and metastatic spreading may be initiated  earlier than antici-

pated during pancreatic cancer  progression.  Furthermore, 

changes associated with the glandular  mesenchyme are 

also prominent during pancreatic cancer progression, as the 

stroma associated with the tumor contains tumor-associated 

stromal cells that display important  phenotypic modifications 

with respect to the stroma  associated to the normal tissue. 

Epithelial and mesenchymal cells within the tumor generate 

a pathological microenvironment that changes dynamically 

as the tumor progresses, and in turn, promotes invasion and 

malignancy of the cancer cells.

The pancreas
Pancreatic ductal adenocarcinoma (PDAC), the most 

  common type of pancreatic cancer, arises from the malig-

nant  transformation of the exocrine pancreas, a gland whose 

normal function is the secretion of digestive enzymes to the 

intestinal tract. Histologically, the exocrine compartment 

of the pancreas is an epithelial tubuloalveolar gland. The 

 functional unit of this gland is referred to as an alveolus or 

acinus, and it is comprised of three main epithelial cell types: 

acinar, ductal, and centroacinar cells (Figure 1). Acinar cells 

group into small clusters to form the acini and secrete the 

components of the pancreatic juice to the central alveolar 

lumen. Ductal cells line the conducts that collect and trans-

port the secretions of the acinar cells. The morphology of 

the ductal epithelial cells changes progressively, from almost 

squamous at the smaller intercalated ducts, to cuboidal in 

inter- and intralobular ducts, and finally to columnar in the 

main pancreatic duct draining the pancreatic juice into the 

duodenum. The cells at the terminal end of the ductal tree, 

in contact with the acinar lumen, are known as centroacinar 

cells (Figure 1). This third pancreatic exocrine cell popula-

tion expresses markers of pancreatic embryonic progeni-

tors and exhibits tissue stem cell properties in vitro.14 Also 

within the exocrine pancreas is an additional subset of cells 

expressing markers of pancreatic embryonic progenitors, 

which are found in close proximity to the larger pancreatic 

ducts. These cells, which are not well studied, reside within 

structures known as pancreatic duct glands.15 The pancreatic 

stroma that surrounds acini and ducts contains a noncellular 

component formed by extracellular matrix proteins, and a 

cellular component including neurons, endothelial cells, 

resident macrophages, adipocytes, fibroblasts, and pan-

creatic stellate cells (PSCs). This rare cell population was 

discovered in close proximity to pancreatic acini by the pres-

ence of vitamin A-containing cytoplasmic lipid  droplets.16,17 

 Pancreatic fibroblasts secrete the interstitial collagen and 

other structural components of the extracellular matrix, but 

the normal function of PSCs in the healthy organ is still a 

matter of investigation. Another noncellular component, 

the basement membrane, surrounds acini and ducts, as well 

as local blood vessels separating them from the interstitial 

stroma (Figure 1). All these cellular and noncellular compo-

nents of the exocrine pancreas will be subjected to substantial 

histological and functional changes upon the initiation and 

progression of PDAC.

Pancreatic cancer and precursor lesions
PDAC arises from the successive accumulation of genetic 

mutations in the epithelium of the exocrine pancreas. These 

mutations frequently include activating mutations in the onco-

gene k-Ras and inactivating mutations in the tumor suppressor 

genes CDKN2A, TP53, and SMAD4.7,18,19 Although activating 

mutations in k-Ras are almost universally present in PDAC, 

the mutational landscape of PDAC is complex, and several 

additional genetic lesions have been described that affect a 

variety of signaling pathways, such as DNA damage control, 

Hedgehog signaling, integrin signaling, and apoptosis.20

Histological and molecular analysis of the human pan-

creas has led to the proposal of a progression model in which 
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PDAC originates from pancreatic preneoplastic lesions such 

as pancreatic intraepithelial neoplasia (PanIN) through a 

series of successive mutational events.21–23 Histologically, 

PanINs have the appearance of an abnormal ductal epithe-

lium and are often associated with the atrophy of the normal 

acini and the presence of inflammation and fibrosis – exces-

sive deposition of extracellular matrix proteins (Figure 2). 

Human PanIN lesions (classified from 1 to 3 [see Figure 2]) 

are considered nonmalignant, but frequently contain muta-

tions in k-Ras,24,25 indicating that k-Ras mutation is an early 

oncogenic event in the progression of PDAC. The develop-

ment of GEM models of pancreatic cancer that recapitulate 

the histological features of PDAC has provided great insight 

into the initiation of this disease. The expression of a consti-

tutively active allele of k-Ras in the mouse pancreas leads to 

the formation of PanIN lesions with high penetrance, some 

of which spontaneously progressed to PDAC,26 suggesting 

that PanIN lesions are precursors of PDAC. The hypothesis 

that PDAC progresses through a series of mutational events 

following the activation of k-Ras was further supported by 

different GEM models of PDAC that combined mutations 

in k-Ras with other known driver mutations found in human 

PDAC. For instance, the combination of an activating muta-

tion in k-Ras with an inactivating mutation in the tumor 

suppressor TP53 led to the rapid onset of PDAC lesions with 

almost full penetrance.27 A number of GEM models of PDAC 

that combine k-Ras mutations with mutations in additional 

driver genes have helped to dissect the molecular pathways 

regulating PDAC initiation and progression, and provided 

tools for finding early markers of the disease and exploring 

novel therapies.5

Despite the fact that cells within PanIN lesions are 

histologically very similar to ductal epithelial cells, 

some studies have questioned the ductal origin of PanIN 

Figure 1 Diagram of the main anatomic features of the exocrine pancreas.
Notes: The exocrine pancreas, which secretes pancreatic juice to the duodenum, is a glandular structure formed by a number of functional units or acini (1). The secretion 
of each acinus drains into small intercalated ducts (2), which then drain into interlobular ducts (3). each acinus is formed by the secretory acinar cells (4), which have basally 
located nuclei and contain abundant zymogen granules in the cytoplasm, whose content is secreted to the center of the acinus through their apical membranes. Acini also 
contain ductal cells (5) and centroacinar cells in contact with the acinar lumen. each acinus is surrounded by a basement membrane (clear dotted sheet) that separates the 
epithelial cells from the stromal component of the gland. The stroma is composed of interstitial fibroblasts (6), pancreatic stellate cells (7) – characterized by the presence 
of cytoplasmic vitamin A-containing droplets – and a loose interstitial extracellular matrix (8). Sparse blood vessels, also surrounded by a basement membrane, can be found 
within the interstitial stroma (9) of the normal gland.
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Figure 2 Diagram of the histology of precursor lesions and PDAC.
Notes: The progression model from normal exocrine pancreas to PDAC is depicted as diagrams of representative tissue sections (left column) and their corresponding 
magnifications (right column). The normal exocrine pancreas is formed by pancreatic acini surrounded by stromal tissue containing fibroblasts and pancreatic stellate cells. 
each acinus contains ductal (not depicted), centroacinar, and acinar cells that contain zymogen granules and are separated from the stroma by a basement membrane (black). 
Recent studies indicate that acinar cells may be the epithelial cell type targeted by oncogenic transformation during PDAC initiation, although a centroacinar or ductal origin 
for PDAC cannot be completely ruled out (see text for details). PaniN lesions already contain mutations in K-RAS and are characterized by a columnar epithelium resembling 
the ductal epithelium. Cells in PaniN-1 often contain mucin in the cytoplasm and present normal nuclei located basally. PaniN-2 lesions are characterized by hyperplasia 
(excessive cell proliferation), which leads to papillary protrusions into the lumen. The epithelium often becomes pseudostratified, and not all nuclei are basally located, 
indicating initial loss of epithelial polarity. Nuclei are abnormally shaped. PaniN-3 is the most advanced precursor lesion and displays extensive hyperplasia with papillary 
protrusions into the lumen, loss of epithelial polarity, and abnormally shaped nuclei that pile up. in PDAC, cells become mesenchymal and invasive, cross the basement 
membrane, and migrate through the stroma. The integrity of the basement membrane is the main histological feature that differentiates PaniN-3 and PDAC, although recent 
studies indicate that cells may cross the basement membrane earlier during the progression of the disease (see text for details). Note that the stroma surrounding the lesions 
and the cancer cells also evolves during the progression of PDAC, becoming more dense and fibrotic. Fibrosis starts in PanIN-1 lesions and progressively increases through 
PaniN-2 and -3 until the formation of the intense desmoplastic reaction that characterizes PDAC (see text for details).
Abbreviations: PaniN, pancreatic intraepithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma.
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and PDAC, favoring instead the hypothesis that PanIN 

and PDAC originate in the acinar/centroacinar compart-

ment,28,29 an idea also suggested after histological analysis 

of human PDAC samples.30 Recently, lineage tracing 

experiments in mice have shown that the expression of 

mutant k-Ras in cells expressing Sox9 (a marker of ductal 

and centroacinar cells) rarely led to PanIN formation, 

whereas expression of mutant k-Ras in cells expressing 

Ptf1a (a marker of acinar cells) led to the formation of 

PanIN lesions with high penetrance.31 These results indi-

cate that acinar cells in the exocrine pancreas of mice 

are likely the main cell type targeted by mutant k-Ras to 

initiate PanIN and PDAC.

But, why do PanIN cells resemble ductal cells? The ini-

tiation of PDAC by mutant k-Ras in mice is associated with 

the phenomenon of acinar-to-ductal metaplasia (ADM),28,29,32 

which leads to the phenotypic conversion of acinar cells 

into ductal-like cells. This conversion likely occurs through 

persistent activation of a dedifferentiation program leading 

to the acquisition of ductal-like characteristics by acinar 

cells.32 During pancreatitis, a risk factor for PDAC,33,34 

 tissue injury may lead to the aberrant activation of this 

acinar regeneration program leading to ADM acceleration 

of oncogene-induced PDAC.29 Acinar cells reprogrammed 

to ductal-like cells during ADM might be more susceptible 

to oncogenic transformation and PanIN formation, although 

a direct cell lineage relationship between ADM and PanIN 

remains to be proven. Nevertheless, it seems clear that acinar 

cell plasticity is a novel contributor to the development of 

PanIN and PDAC.31

In summary, current studies support a model in which 

PDAC often arise from the successive accumulation of 

mutations in PanIN lesions, which are preneoplastic lesions 

initiated by early mutation events in the pancreatic acinar 

cells. This extremely simplified model obviously does not 

account for the complexity of this disease. For instance, 

 different premalignant lesions in addition to PanIN give rise 

to PDAC.35,36 Furthermore, under different oncogenic insults, 

centroacinar or distal ductal cells may also initiate PanIN 

and/or PDAC in mice.37,38 Understanding the role of cellular 

plasticity and ADM in the origin of PDAC, the possible dif-

ferent cellular origins of PDAC, and how that may relate to 

PDAC subtypes and/or other pancreatic cancers, along with 

a better understanding of the crosstalk between the cancer 

cells and their microenvironment, should help researchers 

to tackle the complexity of this disease and improve therapy 

and early detection.

invasion and metastasis  
in pancreatic cancer
Cancer malignancy is associated with the ability of  cancer 

cells to spread outside their tissue of origin, forming 

secondary tumors or metastasis. Invasive migration is a 

prerequisite for metastasis and a hallmark of cancer.39 PDAC 

is highly  invasive, extending to regional areas that include 

peritoneum, portal vein, and regional nerves,7 and also 

metastasizes to regional lymph nodes and distant organs, 

such as liver and lungs. Metastatic disease is the main cause 

of mortality by PDAC, whereas local and regional invasion 

may impede tumor resection and are important causes of 

 morbidity, as they may lead to jaundice, duodenal  obstruction, 

and severe pain derived from perineural invasion.40 As in 

other cancer types, metastasis to regional lymph nodes is a 

negative prognostic factor in PDAC.41,42

In order to invade, cancer cells have to cross the epithelial 

basement membrane, a specialized region of the extracellular 

matrix that separates epithelium from mesenchyme. Indeed, 

the presence of an intact basement membrane is the main 

histological feature used to differentiate premalignant 

lesions such as carcinoma in situ (PanIN-3 in the pancreas 

[see Figure 2]) from malignant carcinoma.43 A recent study, 

however, suggests that invasion may start earlier than under-

stood during the progression of PDAC, as preneoplastic 

cells from premalignant PanIN-3 lesions delaminated from 

the epithelia, crossed the basement membrane, entered the 

circulation, and seeded the liver in a mouse model of PDAC.44 

Whether these disseminated cells actually form metastasis 

is not known, but early precancerous cell dissemination fol-

lowed by metastasis has also been described in a mouse model 

of breast cancer.45 The possibility of early dissemination 

indicates that pancreatic primary tumor and metastasis may 

form and evolve simultaneously44 rather than sequentially,46 

which would be consistent with a previously proposed model 

of early dissemination.47,48 It would be very important to 

address whether cells disseminated from PanIN lesions are 

capable of forming metastatic lesions because of the impact 

in clinical and preclinical studies.

After the epithelial basement membrane is crossed, inva-

sive ability is successively required at different steps of the 

metastatic cascade to migrate through the  surrounding stroma, 

breach endothelial basement membranes, and reach the circu-

latory systems.49 Once in the capillary bed of distant organs, 

invasive traits facilitate extravasation (exit from the circulatory 

systems), which precedes dissemination. Disseminated cells 

may remain dormant in distant organs, either as solitary cells or 
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as micrometastasis, before acquiring unrestricted proliferation 

and forming clinically detectable metastatic disease.49 The 

mechanisms that regulate dormancy after dissemination are a 

subject of intense investigation due to their clinical implica-

tions. Maintaining disseminated cells in a dormant state would 

restrain the formation of metastasis and perhaps shift cancer 

from a life-threatening condition to a chronic disease. Whether 

the early onset of metastatic disease in PDAC is a result of an 

inherently short period of dormancy of pancreatic cancer cells 

or to some other factor(s) is unknown.

PDAC stroma and microenvironment
The tumor stroma surrounds and infiltrates the tumor 

 parenchyma (cancer cells) and influences cancer progres-

sion.50,51 The stroma of PDAC is characterized by an exten-

sive fibrotic stroma (or desmoplastic reaction) with a strong 

immune infiltration and low vascularization.4 The stroma of 

PDAC often represents the majority of the tumor volume.52 

More importantly, stroma of pancreatic tumors is a major 

driver of tumor malignancy53 and a physical barrier for 

therapy.54 Cancer-associated fibroblasts (CAFs), activated 

PSCs, immune cells, endothelial cells, adipocytes, nerve 

cells, extracellular matrix proteins, cytokines, and growth 

factors are the main components of the PDAC stroma. The 

tumor stroma contributes to the generation of the conditions 

of acidosis, low abundance of nutrients, and reduced 

oxygen availability (hypoxia) that characterize the tumor 

 microenvironment. CAFs and activated PSCs drive fibrosis 

in PDAC. CAFs secrete type-I collagen and proteoglycans 

to the extracellular matrix, and a distinct subpopulation of 

these cells participates in immune suppression.55 Pancreatic 

cancer cells induce the transdifferentiation (or “activation”) 

of PSCs, which leads to phenotypic and functional changes 

including exit from quiescence and increased secretion 

of type-I collagen, fibronectin, osteopontin, periostin,53 

and other extracellular matrix components of the fibrotic 

stroma.56,57 Furthermore, interactions between activated 

PSCs and cancer cells are established to support disease 

progression. For instance, activated PSCs increase tumor 

size and metastasis after orthotopic co-injection with human 

pancreatic cell lines in mice,58,59 and support the self-renewal 

of human pancreatic cancer stem cell-like populations in 

vitro.60,61 Immune cells are also recruited to the stroma 

of mouse K-Ras-driven PDAC62 and human tumors.63,64 

Immunosuppressive M2 macrophages at the invasive front 

of human PDAC tumors may promote lymphatic metastasis 

through the induction of lymphangiogenesis.63 Indeed, the 

“activated stroma index” – a measure of PSC activity – and 

the abundance of tumor-infiltrating macrophages are negative 

prognostic values in human PDAC.53,63,64 The effects of the 

stroma in PDAC seem to extend beyond the primary tumor, 

as PSCs may disseminate along with PDAC cells, perhaps 

to establish the metastatic stroma.65

The formation of a tumor stroma may initially represent 

a defense mechanism, but the stroma eventually evolves to 

support and promote malignant progression.66 In fact, com-

ponents of the wound healing response, such as inflammation 

and fibrosis, are already present in PanIN lesions and become 

exacerbated in PDAC.4 Moreover, several findings indicate 

that a pathological stroma might promote cancer initiation. 

For instance, pancreatitis induces stromal changes, such as 

activation of PSCs and fibrosis,67 or increased immune infil-

tration,68 which may contribute to the initiation of PDAC. 

Along these lines, infiltrating macrophages have recently 

been shown to contribute to ADM during pancreatitis.69

As tumors progress, stroma and parenchyma change and 

adapt to each other in a dynamic fashion. In a constantly 

evolving tumor microenvironment, the availability of oxygen 

depends on tumor size, perfusion patterns, and stromal 

reaction. This generates a dynamic pattern of intratumoral 

hypoxia, which has clinical relevance due to its effects in 

cancer progression, metastasis, and resistance to therapy.70 

Hypoxia, and its implication in invasion and metastasis in 

PDAC, will be the main focus of the next section.

Hypoxia in pancreatic cancer
A study reporting direct measurement of oxygenation in 

human PDAC tumors71 analyzed the oxygen partial  pressure 

(pO
2
) of PDAC and adjacent normal pancreatic tissue 

 immediately before surgical resection by inserting a probe 

into the exposed organ. Despite the small number of patients 

enrolled in this study, the result was striking, as the average 

oxygenation of PDACs was highly decreased when compared 

to normal tissue (median pO
2
 of tumors was between 0 and 

5.3 mmHg, whereas median pO
2
 of normal adjacent tissue 

was between 9.3 and 92.7 mmHg). These results indicate 

that human PDACs are highly hypoxic. In mouse models 

of PDAC, measurement of hypoxia after systemic adminis-

tration of pimonidazole (a chemical that becomes reduced 

in low oxygen environments and binds to thiol-containing 

molecules inside cells, forming adducts that can be detected 

by antibodies) revealed the presence of frequent intratumoral 

hypoxic areas.72 A similar result was observed in orthotopic 

implants of human PDAC samples into mice,73 supporting 

the idea that intratumoral hypoxia is an important component 

of the PDAC microenvironment.
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Sensing and responding to hypoxia
The main molecular mechanism by which oxygen homeostasis 

is maintained in tissues is regulated by the  hypoxia-inducible 

factors (HIFs).74 This transcriptional regulator is a  heterodimer 

consisting of a constitutively expressed HIF-1β subunit and 

an oxygen-regulated HIF-α subunit. There are three isoforms 

of HIF-α (HIF-1α, HIF-2α, and HIF-3α), and each may 

heterodimerize with HIF-1β to form the HIF-1, HIF-2, and 

HIF-3 transcriptional regulators. The HIF-1/2α proteins are 

made unstable in normoxia by a mechanism that includes 

the hydroxylation of proline residues by specific prolyl 

hydroxylases.75 Proline hydroxylation of HIF-1/2α facilitates 

their binding to the von Hippel–Lindau protein (pVHL), 

which targets them for degradation by the proteasomal 

pathway. The activity of prolyl hydroxylases, which require 

oxygen for their catalytic activity, is decreased in hypoxia, 

thereby preventing the binding of HIF-α to pVHL and pro-

moting oxygen-dependent HIF-α accumulation. HIF-1 and 

HIF-2 transcriptional regulators activate partially overlapping 

sets of genes that regulate glycolysis, erythropoiesis, angio-

genesis, and pH homeostasis, with an overall contribution to 

the cellular and organismal adaptation to hypoxia.11 Further-

more, HIFs interact with other transcriptional regulators such 

as Notch,76 p53, and myc11 to regulate additional downstream 

pathways. Also, HIF-dependent signaling may be activated 

in normoxia, generally by signals that increase cell prolifera-

tion, which will likely result in an overall increased oxygen 

demand. Examples include signaling through growth fac-

tors,77 activated oncogenes,78 and inactivated tumor suppres-

sors.79 For instance, pancreatic cancer cell lines in the absence 

of hypoxia have detectable HIF-1α protein, which is probably 

stabilized through the PI3K/Akt pathway.80 In human PDAC 

samples, HIF-1α expression correlates with tumor size,81 bad 

prognosis,82 advanced stage, presence of lymph node metas-

tasis,83 and a higher incidence of hepatic metastasis.84 HIF-2α 

expression was elevated in human and mouse PanIN lesions 

when compared to normal exocrine pancreas or PDAC.85 

Lack of HIF-2α in the pancreatic epithelial compartment of a 

 Ras-induced GEM model of PanIN led to increased formation 

of early PanIN lesions and decreased progression of these to 

high-grade PanIN.85 It would be very interesting to determine 

the relative contributions of hypoxia, HIF-1, and HIF-2 to 

ADM, PanIN formation, and progression to PDAC.

Causes and consequences of hypoxia
Poor perfusion and/or high oxygen demand cause intratumoral 

hypoxia, mostly due to an accelerated rate of tumor growth. 

Hypoxic cancer cells promote angiogenesis in a process 

known as the “angiogenic switch”.86 However, PDAC is a 

poorly vascularized tumor, displaying even less vascular-

ization than the normal surrounding pancreatic  tissue.54,87,88 

Consequently, the existence of a robust angiogenic switch 

in PDAC might even be questioned.4 Indeed, microvessel 

density was not correlated with hypoxia in patient-derived 

PDAC tumors implanted in mouse pancreas after pimonida-

zole administration,73 suggesting that hypoxia may not be 

sufficient to increase angiogenesis in PDAC tumors. Why 

PDAC is poorly vascularized and how pancreatic cells thrive 

in a highly hypoxic and hypovascular environment, seemly 

without robust angiogenesis, is not entirely understood. The 

specific microenvironment of the desmoplastic reaction, as 

well as the activation of a metabolic switch in PDAC cancer 

cells, is likely to hold some answers to that question. For 

instance, PSCs increase the production of angiostatic factors 

by pancreatic cancer cells, which overcome the proangio-

genic effects of vascular endothelial growth factor (VEGF) 

secreted by PSCs inside the tumor stroma.87 Hypoxic tumor 

areas in mouse models of PDAC are highly glycolytic and 

release lactate, which is metabolized by nearby normoxic 

cancer cells to sustain proliferation.72 Additionally, pancreatic 

cancer cells catabolize glutamine in addition to glucose,89 an 

ability that increases pancreatic cancer cell survival under 

hypoxia.72 The combination of a Notch inhibitor with gem-

citabine (the standard of care in PDAC) in a mouse model of 

PDAC has shown a survival benefit by disrupting the tumor 

vasculature.90 This indicates that, despite being hypovascular, 

PDAC relies on the tumor vasculature for its maintenance. 

The apparently poor angiogenic response of PDAC tumors 

to hypoxia may contribute to further sustain the conditions 

of low oxygenation.

Although robust angiogenesis does not seem to occur 

in response to hypoxia in PDAC, hypoxia has a profound 

effect in the tumor stroma because it increases the des-

moplastic reaction.91 Furthermore, migration of cancer 

cells away from the suboptimal conditions of hypoxic 

areas toward blood  vessels is considered a trigger of 

invasiveness and metastasis;92 along these lines, a cor-

relation between hypoxia, cancer cell proliferation, and 

spontaneous metastasis is found in human PDAC samples 

growing orthotopically in mice.73 The prognostic value of 

hypoxia in human PDAC is currently being analyzed in a 

clinical trial (NCT01248637). A recent study monitored 

HIF-1α activity in vivo during tumor  progression by using 

a human pancreatic cancer line engineered to express a 

reporter of HIF-1α activity.93  Interestingly, the authors 

observed that the activity of HIF-1α accompanied local 
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invasion, peritoneal dissemination, and liver metastasis 

of pancreatic cells.93

Hypoxia and pancreatic cancer  
invasion and metastasis
Cellular invasiveness is required at different steps of the 

metastatic cascade, and it is also needed for regional  invasion. 

Several cellular mechanisms are associated with cancer cell 

invasion, including epithelial-to-mesenchymal transition 

(EMT) and invasive migration (ability to migrate while 

remodeling the extracellular matrix). Both mechanisms are 

neither mutually exclusive nor completely dependent, and 

are the subject of intense investigation due to their importance 

in cancer malignancy. EMT and invasive migration are 

 regulated through homotypic interactions (between can-

cer cells themselves), or through heterotypic interactions 

(between cancer and stromal cells), and also by tumor 

microenvironmental cues such as hypoxia. Next, we will 

discuss recent advances in the regulatory role of hypoxia-

dependent signaling in cancer cell invasion and metastasis 

and how hypoxia mediates the interaction between cancer and 

stromal cells to induce invasion and metastasis in PDAC.

Hypoxia and eMT in pancreatic cancer
The acquisition of invasiveness by epithelial cancers, such 

as PDAC, is associated with aberrant epithelial plasticity, 

which is evidenced by the pathological (ectopic and often 

incomplete) reactivation of an EMT program.94 This pro-

gram, controlled by a network of transcription factors,95 

promotes cellular changes that allow epithelial cancer 

cells to acquire mesenchymal characteristics, become 

migratory, and invade (Figure 3). These changes affect cell 

 polarity, cell–cell junctions, and the cellular cytoskeleton.96 

Although  EMT- independent programs may also facilitate 

cancer cell invasion,97 the importance of activating the EMT 

program for tumor progression extends beyond increasing 

invasiveness, because EMT in cancer is associated with the 

acquisition of cancer stem cell-like properties98 as well as 

drug resistance in different cancer cells, including PDAC.99

Hypoxia triggers EMT in cancer through a number of 

mechanisms.100 Analysis of tumor sections from a mouse 

model of PDAC driven by mutant Ras and lack of Ink4a/Arf 

revealed that cells residing in hypoxic areas (marked after 

pimonidazole administration) exhibit decreased expression 

of E-cadherin (epithelial marker) and increased expression of 

N-cadherin (mesenchymal marker), indicating activation of 

EMT in hypoxic areas of pancreatic tumors.72 The existence 

of early events of EMT during PDAC initiation in a mouse 

model of PDAC driven by mutant Ras and lack of p53 has 

recently been described using lineage tracing of yellow 

fluorescent protein (YFP)-labeled pancreatic epithelial cells 

and immunodetection of the mesenchymal markers Zeb1, 

Slug, and Snail1.44 In this study, the authors observed EMT 

(detected as YFP-positive cells expressing mesenchymal 

markers) as early as in PanIN2 lesions. Furthermore, some 

of the cells engaged in EMT, delaminated from the PanIN 

lesions, and were found in the stroma, indicating that the 

epithelial basement membrane in PanIN lesions was already 

compromised, at least in mouse models.44 YFP-labeled cells 

expressing mesenchymal markers were detected as circulat-

ing tumor cells in the blood, displayed markers of cancer 

stem cells, and seeded the liver before any evidence of 

Hypoxia

B
A

Figure 3 Hypoxia potentiates invasive steps in PDAC.
Notes: Hypoxia in the tumor microenvironment potentiates PDAC cell invasiveness 
by inducing molecular pathways that affect (A) the cancer cells and (B) the tumor 
stroma. (A) Hypoxia promotes eMT and also facilitates the invasive migration of 
cancer cells through extracellular barriers. Upon eMT, epithelial cells lose the 
attachment to their neighboring cells within the epithelial layer and acquire a migratory 
phenotype. The process of invasion starts when PDAC cells breach the epithelial 
basement membrane that separates the epithelium from the stroma (black). invasion 
is aided in vitro and possibly in vivo by the formation of proteolytic protrusions 
named invadopodia (1) that locally digest the basement membrane, generating pores 
that cancer cells use to cross it and reach the stroma (2). Once in the stroma, 
PDAC cells display invasive directed migration, aided by eMT and the proteolytic 
activity of invadopodia (3) toward blood (5) or lymphatic vessels to intravasate and 
disseminate through the circulation. PDAC cells are likely to use invadopodia to 
cross endothelial basement membranes (4) and reach the circulation. (B) Hypoxia 
affects the tumor stroma by promoting the profibrotic activity of cancer-associated 
fibroblasts (6) and pancreatic stellate cells (7), which further increases hypoxia in the 
tumor microenvironment, and also by promoting the crosstalk between cancer and 
stromal cells to increase cancer cells invasiveness (see text for details). Hypoxia may 
also affect the recruitment and activation of macrophages (8), which also interact 
with cancer cells to facilitate invasion, for instance, during intravasation. Hypoxia 
is a determinant of PDAC invasiveness through the activation of cell autonomous 
and non-cell-autonomous mechanisms that operate in both cancer and associated 
stroma.
Abbreviations: eMT, epithelial-to-mesenchymal transition; PDAC, pancreatic 
ductal adenocarcinoma.
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PDAC.44 It is not known whether PanIN lesions are hypoxic 

when compared to the normal acini, but this would be con-

ceivable because PanIN lesions are already surrounded by 

a fibrotic stroma. If so, hypoxia in PanIN lesions could act 

as an early trigger of EMT and dissemination. Whereas a 

number of studies in vitro have revealed molecular pathways 

that regulate EMT in pancreatic cancer,101 the activation of 

EMT by hypoxia in pancreatic cancer is less studied. Some 

mechanisms include increased expression of Twist102 and the 

activation of additional signaling pathways such as Hedgehog 

and nuclear factor kappa-light-chain-enhancer of activated 

B cells (NFκB), as summarized in Table 1.

Hypoxia, invasion, and extracellular 
matrix remodeling in pancreatic cancer
During invasion, cancer cells cross a number of extracellular 

matrix barriers, including the epithelial basement membrane, 

the interstitial collagen, and the endothelial basement mem-

branes (lymphatic and/or hematoid), which are approached 

from either the adluminal or the luminal side during intra- and 

extravasation, respectively. The detailed mechanisms that 

cancer cells employ to negotiate all these barriers is a matter 

of intense investigation, and both proteolysis-dependent103 

and -independent104 mechanisms have been proposed. It is 

plausible that both types of invasion are used by cancer cells 

in vivo depending on the mode of migration (single-cell or 

collective), the composition of the extracellular barrier, the 

tissue of origin, the tumor microenvironment, the route of 

dissemination, and the site of metastasis. For instance, cancer 

cells that transit the interstitial matrix through tunnels created 

by CAFs,105 enter the blood vessels at sites where activated 

macrophages are present,106 or enter the circulation through the 

discontinuous basement membrane of lymphatic vessels,107 are 

likely less dependent on proteolysis, at least during those steps 

of metastasis, than cells that transit as single cells through the 

dense interstitial matrix of fibrotic tumors.

Cancer malignancy begins when cancer cells cross the 

epithelial basement membrane, a specialized sheet-like 

extracellular matrix structure formed by a highly cross-linked 

mixture of laminin, type-IV collagen, nidogen, and proteo-

glycans.108,109 During embryonic development and immune 

surveillance in vivo, cells cross basement membranes by 

mechanisms that include breakage by physical force or 

 sliding to generate temporary gaps.110 The exact mecha-

nism by which cancer cells cross the epithelial basement 

membrane in vivo is not known, as the role of proteases 

has not been formally proven in vivo.110 Whereas defective 

turnover could compromise the integrity of basement mem-

branes adjacent to tumors in the absence of proteolysis,111 

a critical role for proteolysis in invasion through mesothelial 

basement membrane ex vivo is demonstrated by the pres-

ence of type-IV collagen degradation products adjacent to 

invading cells and by the need for the catalytic activity of the 

membrane-anchored membrane type 1 matrix metalloprotei-

nase MT1-MMP in that process.112 Schoumacher et al used a 

similar ex vivo system, whereby cancer cells were plated on 

top of rat peritoneal basement membrane and imaged over 

time with confocal fluorescence microscopy.113 This system 

allowed the visualization of individual cancer cells during 

the process of crossing the intact basement membrane in 

vitro. The basement membrane was crossed within 5–7 days 

through a proteolytic-dependent mechanism mediated by the 

elaboration of invadopodia.113 Invadopodia are subcellular 

protrusive structures that contain cytoskeletal and signaling 

proteins as well as membrane-anchored metalloproteases 

that mediate focal pericellular proteolysis of extracellular 

matrix proteins.114–116 Whether invading through basement 

membranes or through interstitial tissue, cancer cells are 

likely to use invadopodia to perform regulated proteolysis 

during proteolytic-dependent invasion (Figure 3), although 

the existence of proteolytic-dependent invadopodia-

independent invasion has not been formally ruled out. The 

need for proteolysis in order for cells to migrate through 

interstitial collagen is supported by the observation of col-

lagen proteolytic degradation products adjacent to cells 

invading through the extracellular matrix in xenografted 

Table 1 Current studies on eMT induction by hypoxia in pancreatic cancer

Hypoxic conditions EMT markers Mechanism Increased  
migration

Increased 
invasion

Increased  
metastasis

Reference

3% oxygen (48 h) e-cadherin, Snail, vimentin Hedgehog pathway ND Yes ND 147
1% oxygen (72 h) Slug, Snail, Twist ROS, HiF-1α, NFκB Yes Yes Yes 148
1% oxygen (48 h) e-cadherin, Slug, Twist,  

vimentin, Zeb1
ND Yes ND ND 149

3% oxygen (48 or 72 h) e-cadherin, Snail, α-SMA HiF-1α, ROS, veGF Yes Yes ND 150

Abbreviations: α-SMA, α-smooth muscle actin; eMT, epithelial-to-mesenchymal transition; h, hours; HiF-1α, hypoxia-inducible factor 1α; NFκB, nuclear factor kappa-light-
chain-enhancer of activated B cells; ND, not determined; ROS, reactive oxygen species; veGF, vascular endothelial growth factor.
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tumor sections.117 Recently, invadopodia-like structures 

have been observed in vivo in the Caenorhabditis elegans 

gonadal anchor cell118 and in xenografted breast  cancer 

cells.117 A number of proteins necessary for  invadopodia 

formation, including cortactin, Tks5, N-WASP, and MT1-

MMP are necessary for tumor growth and/or metastasis 

in vivo,117,119–123 suggesting an important role for invadopodia 

during cancer progression and malignancy in vivo. A recent 

study indicated a relationship between EMT and invadopodia 

formation;121 however, it is unknown whether invadopodia 

formation precedes or follows EMT at the onset of cancer 

invasiveness in vivo.

Human pancreatic cancer cells elaborate invadopodia.124–126 

Interestingly, recent reports indicate that hypoxia induces the 

formation of invadopodia in different cancer cells.125,127,128 

Increased invadopodia formation under hypoxia (Figure 4) 

represents an additional mechanism by which hypoxia induces 

cancer cell invasiveness. In human pancreatic cancer cells, 

hypoxia increases the formation of invadopodia as well as 

their activity (measured by the local proteolytic degrada-

tion of gelatin) through HIF-1α-dependent activation of the 

Notch signaling pathway.125 Activation of Notch signaling 

under hypoxia led to increased protease-dependent shedding 

of the membrane-anchored epidermal growth factor (EGF) 

receptor ligand Heparin-binding EGF-like growth factor 

(HB-EGF). Soluble HB-EGF, in turn, induced the formation 

of invadopodia in a non-cell autonomous manner through 

the  activation of the EGF  receptor.125 These findings indicate 

that hypoxia elicits a complex signaling pathway that couples 

cell contact- dependent signaling (mediated by Notch) with 

paracrine signaling (mediated by protease-dependent release 

of soluble HB-EGF), as summarized in Figure 5. Although the 

 contribution of Notch signaling to cancer progression in 

pancreatic cancer seems to be context-dependent,129 these 

data suggest that hypoxia-activated Notch potentiates pan-

creatic cancer cell invasion and metastasis. Likewise, the 

effect of HB-EGF-dependent activation of the EGF receptor 

in invadopodia formation and activity in pancreatic cancer 

cells125 indicates a function for the EGF receptor pathway 

in PDAC invasion and metastasis in addition to its recently 

reported roles in the induction of Ras-driven PDAC in 

mice.130–132 Furthermore, activation of paracrine signaling 

by hypoxia suggests that hypoxia might affect not only the 

behavior of cells that reside in hypoxic areas, but also that of 

cells that reside in nearby normoxic areas. Increased shedding 

of HB-EGF under hypoxia would allow paracrine signaling 

through the EGF receptor, which could be activated in nearby 

normoxic cells located within the diffusion limit of HB-EGF. 

Normoxia

F-actin

A B

D

F

C

E

Gelatin

Merge

Hypoxia

Figure 4 Hypoxia increases invadopodia formation in human PDAC cells.
Notes: The human PDAC line BxPC3 was cultured under normoxia or hypoxia 
(1% oxygen) for 16 hours on coverslips covered by fluorescein isothiocyanate-
conjugated gelatin (green). Cells were processed for detection of invadopodia by 
F-actin labeling with Alexa468-conjugated phalloidin (red). Nuclei were stained 
with DAPi (blue). invadopodia are detected as F-actin-rich dots (arrowheads in 
A and B) that display local protease activity by digesting the gelatin (black areas 
indicate absence of gelatin upon invadopodia activity; arrowheads in C and D). 
Gelatin degradation often co-localizes with invadopodia (arrowheads in E and F). 
Size bar: 10 µm.
Abbreviations: DAPi, 4′,6-diamidino-2-phenylindole; PDAC, pancreatic ductal 
adenocarcinoma.

The possibility of a crosstalk between hypoxic and normoxic 

areas of tumors has not been formally proven in vivo, but it 

is also suggested by the release of lactate under hypoxia72 

and its possible effect in the proliferation of normoxic cells. 

Additional mechanisms by which hypoxia induces invasive-

ness in pancreatic cancer include the increased expression 

of urokinase-type plasminogen activator receptor, which 

promotes increased invasion and intravasation of pancreatic 

cells into the chicken chorioallantoic membrane model,133 as 

well as the HIF-1α-mediated induction of the actin-bundling 

protein fascin, which increased the expression of MMP-2 in 

human pancreatic cell lines.134 Based on knowledge from 

other cancer types, hypoxia could also promote invadopodia 

formation in pancreatic cancer cells through the generation of 

reactive oxygen species by nicotinamide adenine dinucleotide 

phosphate (NADPH)  oxidases, which regulate invadopodia 

formation135 and facilitate glioblastoma invasion in vivo.136
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Hypoxia, tumor stroma, and invasion  
in pancreatic cancer
The stroma of PDAC tumors is also often hypoxic, as indicated 

by the increased expression of HIF-1α in stromal cells from 

human tumor sections.81,137–139 The presence of hypoxia in the 

stroma of PDAC has also been observed after  pimonidazole 

administration to mice bearing PDAC tumor patient xeno-

grafts.140 A number of studies indicate that hypoxia and the 

pancreatic cancer desmoplastic  reaction are interdependent 

and potentiate each other. PSCs in culture respond to hypoxia 

through increased HIF-1α expression, increased motility,91 

and elevated alpha-smooth muscle actin (SMA) expression 

(a marker of activation).87 Furthermore, PSCs under 

hypoxia display increased synthesis and secretion of type-I 

collagen,87,91 periostin, and fibronectin,87 which potentiate the 

desmoplastic reaction under hypoxia. Hypoxia also affects 

the hypovascularity of the pancreatic stroma, which further 

reinforces hypoxia in the tumor microenvironment. For 

instance, PSCs under hypoxia stimulate the production of 

the angiostatic factor endostatin by pancreatic cancer cells, 

which may reduce angiogenesis.87 Also in line with these find-

ings, hypoxia induces the expression of the Sonic Hedgehog 

ligand in pancreatic cancer cells, which acts in a paracrine 

manner, binding to the Patched-1 receptor in fibroblasts and 

promoting the secretion of type-I collagen and fibronectin, 

which may contribute to the  desmoplastic reaction.139 A recent 

report indicates that pancreatic CAFs elaborate invadopodia 

in response to phorbol esters.141 It would be interesting to 

Protease

HB-EGF

EGFR

EGFR

Hypoxia

Invadopodia

HIF-1α

HIF-1α

NIC

Notch
receptor

Notch
ligand

Figure 5 Cell-contact-dependent signaling and paracrine activation of the eGF receptor are coupled under hypoxia to promote invadopodia formation in pancreatic cancer 
cells.
Notes: in pancreatic cancer cells, hypoxia promotes HiF-1α-dependent activation of the Notch signaling pathway, which mediates cell-contact-dependent signaling upon 
binding of a transmembrane ligand to a transmembrane receptor expressed in adjacent cells. Upon ligand binding, the receptor is cleaved by proteolysis to release a Notch 
intracellular domain (NiC) that travels to the nucleus (N) and partners with HiF-1α to promote gene transcription. Activation of Notch signaling under hypoxia promotes 
protease-dependent shedding of the eGF receptor ligand HB-eGF (red). Upon shedding, the transmembrane HB-eGF becomes soluble and signals in autocrine, juxtacrine, or 
paracrine fashions. Activation of the eGF receptor by soluble HB-eGF promotes invadopodia (depicted in orange) formation and increases cancer cell invasiveness. 
Adapted with permission from Díaz B, Yuen A, iizuka S, Higashiyama S, Courtneidge SA. Notch increases the shedding of HB-eGF by ADAM12 to potentiate invadopodia 
formation in hypoxia. J Cell Biol. 2013;201(2):279–292.125

Abbreviations: eGF, epidermal growth factor; eGFR, epidermal growth factor receptor; HB-eGF, heparin-binding epidermal growth factor; HiF-1α, hypoxia-inducible 
factor 1α.
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determine if hypoxia directly or indirectly (for instance, 

through HB-EGF shed under hypoxia by cancer cells) affects 

invadopodia formation in CAFs as a means to increase the 

remodeling of the stroma and facilitate the invasion of pan-

creatic cancer cells.

Hypoxia, therefore, is an important determinant of the 

desmoplastic reaction through a process that implicates 

the activation of a signaling crosstalk between cancer and 

stromal cells. In addition, the desmoplastic reaction could 

be considered as an effector of hypoxia that activates a 

positive feedback loop to maintain and further increase 

hypoxia and desmoplasia, which, in turn, activates invasion 

and metastasis.

Hypoxia in additional steps of the  
metastatic cascade in pancreatic cancer
The effects of hypoxia in additional steps of the metastatic 

cascade are still to be defined, but some studies in other 

 cancer types indicate that hypoxia or hypoxia signaling 

(upon non-hypoxic activation of HIFs) could affect all the 

steps of the metastatic cascade, including intravasation 

in blood or lymphatic vessels, survival in the circulation, 

margination, extravasation, formation of the pre-metastatic 

niche,  angiogenesis in the secondary tumor, and, perhaps, 

regulation of dormancy.142,143 Secondary pancreatic tumors 

might also be hypoxic since pimonidazole staining is detected 

in small liver metastatic lesions in mice bearing patient-

derived pancreatic tumor xenografts.73 Although hypoxia 

induces lymphangiogenesis in cancer,143,144 the formation of 

new lymphatics is not detected in PDAC,145 which leads to 

the suggestion that lymphatic metastasis in PDAC occurs at 

peritumoral rather than intratumoral lymphatic vessels.146 

Lymphatic spreading is an important feature of PDAC, and 

hypoxia signaling may be an important contributor to lymph 

node metastasis, as these lesions show detectable levels of 

HIF-1α.81 Along these lines, implantation of a human pan-

creatic cancer line expressing an HIF-1α reporter into mouse 

pancreas showed elevated HIF-1α activity after spreading 

from the pancreas to the abdominal cavity, peritoneum, and 

liver.93 High levels of VEGF, a target of HIF-1α, were found 

in the ascites from these mice,93 suggesting that hypoxic sig-

naling is active over the course of dissemination to different 

target tissues in PDAC. In addition to affecting lymphatic 

nodes, liver, and lungs, PDAC often displays perivascular, 

perineural, and intraneural invasion.40 The cellular and 

molecular mechanisms that regulate these processes are not 

well defined, and further investigation is needed to delin-

eate the possible implication of EMT, protease-dependent 

invasion, and hypoxia signaling in those alternative routes 

of tumor dissemination.

Conclusion
Hypoxia is an emerging determinant of pancreatic tumor 

malignancy. A number of studies have elucidated effector sig-

naling pathways that mediate the pro-invasive and metastatic 

effects of hypoxia signaling in PDAC, and many new path-

ways will be identified in the near future. Hypoxia signaling 

in pancreatic cancer cells induces EMT and the formation of 

invadopodia, which are phenotypic changes associated with 

the activation and maintenance of a pro-invasive program, in 

large part by promoting the ability of cancer cells to cross the 

epithelial basement membrane and initiate invasion. Hypoxia 

signaling also affects stromal cells promoting the activation of 

macrophages, CAFs, and PSCs, and the secretion of specific 

extracellular matrix components that contribute to generate 

the extensive desmoplastic stroma characteristic of PDAC. 

Hypoxia may even promote invasion in a non-cell-autonomous 

manner through paracrine stimulation of invadopodia for-

mation, suggesting that the effect of hypoxia in cancer cell 

invasiveness may extend to cells surrounding hypoxic regions 

of tumors. Furthermore, hypoxia signaling is likely important 

for completing all the steps of the metastatic cascade, although 

the effector pathways are not yet well understood. In addition 

to its effects on cancer malignancy, hypoxia also reduces the 

efficacy of chemo- and radiotherapy. Furthermore, hypoxia 

induced by antiangiogenic therapy contributes to therapy 

failure.142 All these findings point to hypoxia as an important 

therapeutic target in PDAC, a disease in urgent need of novel 

therapeutic approaches.
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