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Abstract

Pancreatic tumors are highly desmoplastic and poorly-vascularized, and therefore must develop 

adaptive mechanisms to sustain their survival under hypoxic condition. Extracellular vesicles (EV) 

play vital roles in pancreatic tumor pathobiology by facilitating inter-cellular communication. 

Here we studied the effect of hypoxia on the release of EV and examined their role in adaptive 

survival of pancreatic cancer (PC) cells. Hypoxia promoted the release of EV in PC cell lines, 

MiaPaCa and AsPC1, wherein former exhibited a far greater induction. Moreover, a time-

dependent, measurable and significant increase was recorded for small EV (SEV) in both the cell 

lines with only minimal induction observed for medium (MEV) and large EV (LEV). Similarly, 

noticeable changes in size distribution of SEV were also recorded with a shift toward smaller 

average size under extreme hypoxia. Thrombospondin (apoptotic bodies marker) was exclusively 

detected on LEV, while Arf6 (microvesicles marker) was mostly present on MEV with some 

expression in LEV as well. However, CD9 and CD63 (exosome markers) were expressed in both 

SEV and MEV with a decreased expression recorded under hypoxia. Among all sub-fractions, 

SEV was the most bioactive in promoting the survival of hypoxic PC cells and HIF-1α 
stabilization was involved in heightened EV release under hypoxia and for their potency to 

promote hypoxic cell survival. Altogether, our findings provide a novel mechanism for the 
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adaptive hypoxic survival of PC cells and should serve as the basis for future investigations on 

broader functional implications of EV.
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INTRODUCTION

Pancreatic cancer (PC) is one of the most lethal malignancies. It became the third-leading 

cause of cancer-related death in the United States and its incidence and mortality rates 

continue to increase with each coming year (Siegel, Miller, & Jemal, 2018, 2019). Poor 

clinical outcome of PC is attributed to its delayed diagnosis, aggressive nature and unusual 

therapeutic resistance (Gnanamony & Gondi, 2017; Qiu et al., 2018). Difficult clinical 

management of PC could be explained by its anatomical location, asymptomatic 

progression, genetic makeup and unique histopathological characteristics (Bhardwaj et al., 

2016; Corbo, Tortora, & Scarpa, 2012; Khan et al., 2017). Pancreatic tumors are highly 

desmoplastic characterized by extensive deposition of extracellular matrix and poor 

vasculature (Erkan et al., 2009). As a result, PC cells encounter moderate to extreme 

hypoxia during the course of their progression, which alter their cellular and behavioral 

properties (Hidalgo, 2012). In addition, adaptive responses of the PC cells to hypoxia also 

impact the tumor microenvironment eventually contributing to the aggressive disease 

progression and therapy resistance (Dauer, Nomura, Saluja, & Banerjee, 2017; Gnanamony 

& Gondi, 2017; He et al., 2016). However, underlying mechanisms remain poorly 

understood.

Extracellular vesicles (EV) have gained significant attention in recent years as important 

mediators of inter-cellular communication (Carrasco, Soto-Heredero, & Mittelbrunn, 2019; 

Mathieu, Martin-Jaular, Lavieu, & Thery, 2019). EV are shed by nearly all types of cells and 

as a proxy of the donor cells they carry their surface molecules and bioactive cellular 

material (protein, lipids, nucleotides, etc.) (Mathieu et al., 2019; Patel, Patton, Singh, 

Khushman, & Singh, 2016; Philley et al., 2017). It has been shown that EV are not only 

capable of altering the properties of those cells that are in close proximity but also travel to 

distant sites to have functional consequences by transferring their bioactive cargo (Allenson 

et al., 2017; Guo et al., 2019). EV are broadly categorized into three major groups (apoptotic 

bodies, microvesicles and exosomes) based on their biogenesis. Emerging data from our lab 

and others have shown that EV serve as sensors of the cellular microenvironment changes 

potentially helping the cells to adjust and respond to the environmental cues (Ban, Lee, Im, 

& Kim, 2015; Patel et al., 2017; Samuel et al., 2018).

In the present study, we examined the effect of hypoxia on the release of EV by the 

pancreatic tumor cells as an adaptive response mechanism. We observed that hypoxia 

enhances the release and size distribution of EV by pancreatic tumor cells, which have 

functional significance in promoting their adaptive survival. Mechanistically, we show that 

HIF-1α plays an important role in altered release of EV and their potency to promote cell 
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survival. These data should serve as the leads for future investigations on diverse 

implications of EV in acute and severe adaptive response of pancreatic tumor cells to 

hypoxia.

MATERIALS AND METHODS

Cell lines and reagents

Pancreatic cancer cell lines (MiaPaCa and AsPC-1) were procured from ATCC (Manassas, 

VA). Roswell Park Memorial Institute Medium-1660 (RPMI), phosphate buffer saline 

(PBS), penicillin (10,000 U/ml), streptomycin (10,000 μg/ml), and trypsin-EDTA were from 

HyClone Laboratory (Logan, UT); fetal bovine serum (FBS) was from Atlanta Biologicals 

(Atlanta, GA); extracellular-free FBS was from System BioScience (Palo Alto, CA); 

antibodies against thrombospondin1, CD9, ARF6, CD63 and HIF-1α were from Abcam 

(Cambridge, MA); horseradish peroxidase (HRP)-conjugated β-actin, CoCl2 and siRNAs 

against HIF-1A were from Sigma Aldrich (St Louis, MO); anti-mouse or anti-rabbit HRP-

conjugated secondary antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); 

sodium dodecyl sulphate polyacrylamyde gel electrophoresis (SDS-PAGE) reagents and 

protein DC assay kit were from Bio-Rad (Hercules, CA). Scrambled sequence siRNAs were 

from Dharmacon (Lafayette, CO); XtremeGene™ siRNA Transfection Reagent was from 

Roche (Indianapolis, IN) and phosphatase inhibitor (PPI) cocktail (HALT 100x) was from 

Invitrogen (Carlsbad, CA).

Cell culture, treatment and transfection

Cells were maintained as described earlier (Srivastava et al., 2015). Intermittent cell line 

authentication was done either in-house or commercially by short-tandem repeats (STR) 

genotyping (Genetica DNA Laboratories, Burlington, NC). For hypoxia treatment, cells 

were seeded at a density of 1.2 × 106 or 3.5 × 106 in 60 mm or 100 mm glass dishes, 

respectively, and allowed to attach for 24 h. To facilitate cell attachment, glass dishes were 

pre-incubated with attachment factor (0.1% gelatin) for 30–60 min at 37ºC and attachment 

factor removed followed by washing with PBS. Media was replaced with fresh RPMI-1640 

media supplemented with extracellular vesicles free FBS prior to incubation of cells in 

hypoxia (moderate; 1.0%, extreme; 0.1% O2). To achieve hypoxia-independent HIF-1α 
stabilization cells were treated with CoCl2 (100 µM) under normoxic culture conditions, 

HIF-1α stabilization was analyzed by western blotting. Vehicle (PBS) only treatment served 

as control. For transient transfection, cells were grown to 50–70% confluence and incubated 

with 100 nM each of short-interfering RNA (siRNA) against HIF1A (siHIF-1A) or non-

targeted scrambled sequence (siScr) for 48 h using XtremeGene™ siRNA Transfection 

Reagent as per manufacturer’s instructions.

Isolation of extracellular vesicles from conditioned media

Conditioned media (CM) from control or treated cells was collected and centrifuged at 300 

× g for 10 min to remove cell debris. Thereafter, CM was subjected to centrifugation at 

2,000 × g for 30 min to pellet large size EV (LEV), at 16,500 ×g for 30 min to collect 

moderate size EV (MEV) and 120,000 × g for 2 h to pellet of small EV (SEV) under cold 

temperature settings (4°C).
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Size determination of extracellular vesicles by dynamic light scattering (DLS)

EV sub-fractions collected from normoxic or hypoxic cell were resuspended in deionized 

water to a final concentration of 0.5µg/µl. Then 1µl of resuspended EV sub-fractions was 

added into 999 µl of deionized water (1:1000), transferred into a cuvette and EV size 

analyzed through Dynamic Light Scattering (DLS or photon correlation spectroscopy) on 

DelsaMax Pro (Beckman, CA, USA). DLS was measured as the intensity of the light 

scattered by the suspended particles as a function of time and algorithmically extrapolated as 

particle hydrodynamic size distribution. To minimize particle interference due to 

electrostatic forces or collisions, we gently sonicated our diluted samples in a bath sonicator 

for few seconds before analysis.

Protein quantification and Immunoblotting

Protein-based quantitation of isolated EV or cell lysates was done using the protein DC 

assay kit as described earlier (Patel et al., 2019). For immunoblotting, total protein (10/40 

µg) isolated in NP40 buffer supplemented with protease 1X phosphatase inhibitor (PPI) 

cocktail was loaded on to SDS-Polyacrylamide gel and resolved by electrophoresis. 

Subsequently, resolved protein bands were transferred on to PVDF membrane and probed 

with specific antibodies against thrombospondin (THBS1), ARF6, CD9, CD63, HIF-1α and 

β-actin. Membranes were incubated with horse radish peroxidase-labelled respective 

secondary antibodies and signal detected using the SuperSignal west femto maximum 

sensitivity substrate kit (Thermo Scientific, Logan, UT, USA) on a ChemiDoc Imaging 

System (Bio-Rad, Hercules, CA).

Cell viability assay

For cell viability assays, PC cells (1.2×106/dish) were seeded in 60mm glass dishes and 

allowed to adhere overnight. Next day, media was replaced with 5% vesicle-free media 

mixed with EV derived from control or treated cancer cells, and cells incubated under 

extreme hypoxia for different time points (0–72 h). Cell viability was measured using the 

Trypan Blue exclusion assay on an automated Countess® cell counter (Invitrogen).

Statistical analysis

All experiments were performed at least three times and numerical data expressed as mean ± 

SD. Wherever appropriate, the data were also subjected to unpaired two-tailed Student’s t 

test or one-way ANOVA. p < 0.05 was considered statistically significant.

RESULTS

Hypoxia increases the release of extracellular vesicles from pancreatic cancer cells

Two well studied pancreatic cancer cell lines, MiaPaCa and AsPC1 (Deer et al., 2010), were 

incubated under either normoxic or hypoxic (moderate; 1.0% O2 and extreme; 0.1% O2) 

culture conditions for 48h and conditioned media (CM) collected. After removal of dead cell 

debris by low speed centrifugation, extracellular vesicles (EV) were isolated by 

ultracentrifugation and their overall yield determined by protein quantitation. Significant 

increase in levels of EV was recorded in MiaPaCa cells under both moderate and extreme 
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hypoxia; however, it was evident in AsPC1 cells only under extreme hypoxic condition (Fig. 

1A). To determine if the hypoxia has similar or differential effect on the release of different 

EV subtypes, we sub-fractionated them into large (LEV), medium (MEV) and small size 

vesicles (SEV) by differential centrifugation (as outlined in Supplementary Fig. 1). A greater 

release of SEV, compared to other EV subtypes, was observed with increasing hypoxia in 

both the cell lines (Fig. 1B). In subsequent experiments, we studied the release kinetics of all 

EV subtypes at 12 h time intervals for 48 h. SEV in MiaPaCa cells under normoxia 

accumulated in the conditioned media (CM) for up to 24h followed by a decrease at later 

time points. However, under both moderate and extreme hypoxia, their levels kept on 

increasing in the CM (Fig. 1C, left panel). On the other hand, release of LEV and MEV, 

although increased, did not significantly differ between normoxia or hypoxia conditions in 

MiaPaCa cells. In AsPC1 cells, LEV and MEV release remained largely similar under 

normoxia and hypoxia except for significant difference recorded in MEV release at 24 h. 

However, release of SEV in these cells continued to increase with the increase of incubation 

time under both normoxia and hypoxia with significantly greater release recorded under 

extreme hypoxia condition. Interestingly, SEV release under extreme hypoxia dramatically 

increased relative to that under moderate hypoxia or normoxia at 12 h and decreased sharply 

thereafter with a biphasic rise after 36 h (Fig. 1 C, right panel).

Hypoxia causes a shift in size distribution of released extracellular vesicles

Having observed variable patterns of release in different sub-fractions of EV from MiaPaCa 

and AsPC1 cells, we next analyzed their size distribution using the Dynamic Light 

Scattering analysis. We observed that size distribution of EV sub-fractions shifted to upper 

or lower size range in hypoxic conditions and this shift was dissimilar for different sub-

fractions (Fig. 2A and B). In MiaPaCa cells (Fig. 2A), LEV showed a decrease in average 

size under moderate hypoxia (616.9±217.9nm), which increased somewhat under extreme 

hypoxia (751.6±129.9nm), compared to that under normoxic condition (732.6±198.6nm). 

On the other hand, average size of MEV and SEV increased under moderate hypoxia 

(404.4±55.6nm and 136.7±29.5nm, respectively) and decreased slightly under extreme 

hypoxia (280.5±51.2nm and 98.5±49.2nm, respectively), compared to that under normoxia 

(358.7±55.3nm and 121.3±23.8nm, respectively). In AsPC1 cells (Fig. 2B), LEV exhibited a 

nominal decrease in average size under both moderate and extreme hypoxia (919.6±237.4nm 

and 796.4±340.2nm, respectively) compared to that (949.3±188.1nm) under normoxia. 

However, MEV in these cells showed a slight decrease (415.7±80.4nm) and increase 

(471.5±63.7 nm) under moderate and extreme hypoxia, respectively, compared to normoxia 

(465.0±64.0 nm). Whereas, SEV exhibited an increase (135.3±31.9 nm) under moderate 

hypoxia and a dramatic decrease (57.9 ±24.9nm) under extreme hypoxia compared to that 

(111.8±48.1 nm) under normoxia. Overall, the most noticeable changes were observed for 

SEV in both the cell lines under extreme hypoxia (Fig. 2A and B).

Characterization of isolated sub-fractions based on defined markers of apoptotic bodies, 
microvesicles and exosomes

In general, most LEV, MEV and SEV should correspond to apoptotic bodies, microvesicles 

and exosomes, respectively (Mathieu et al., 2019). Therefore, to characterize our isolated 

sub-fractions from normoxic or hypoxic cells, we probed them for known markers of 
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apoptotic bodies (thrombospondin 1, THBS1), microvesicles (Arf6) and exosomes (CD9 and 

CD63) by immunoblotting using specific antibodies. Data revealed that apoptotic body 

marker THBS1 was exclusively expressed in LEV population isolated from both the cell 

lines with the exception of LEV in 1% O2 of AsPC1 (Fig. 3A and B). Arf6 was 

predominantly expressed in MEV in both the cell lines, but was also detected on LEV 

specially in AsPC1 cells (Fig. 3B). CD9 and CD63 were expressed differentially in EV sub-

fractions from the two cell lines (Fig. 3A and B). CD63 appeared either as a smear or 

multiple bands due to its heavy glycosylation. MEVs from MiaPaCa cells had the highest 

expression of CD9 under both normoxia and hypoxia, whereas in AsPC1 cells, CD9 

expression was greatest in SEVs under normoxia, which then decreased and shifted to 

MEVs and LEVs with increasing hypoxia (Fig. 3A and B). CD63 was expressed in all sub-

fractions of EVs from MiaPaCa cells under normoxia, but its expression decreased 

significantly with decreasing oxygen levels (Fig. 3A). In AsPC1 cells, CD63 was mostly 

expressed on SEV under normoxia, which decreased to negligible levels with increasing 

hypoxia (Fig. 3B).

Small extracellular vesicles provide the most survival benefit to cancer cells under hypoxia

Extracellular vesicles have emerged as important mediators of cellular communications that 

play important role in physiology and pathobiology (Guo et al., 2019; Patel et al., 2017; 

Taylor & Gercel-Taylor, 2011). Since we observed an increased release of EV under 

hypoxia, we evaluated if they have a role in acute survival response of pancreatic cancer 

cells. MiaPaCa and AsPC1 cells were treated with different sub-fractions of EV isolated 

from respective cells under normoxia and hypoxia (0.1% O2) and subjected to hypoxia for 

72 h. Growth was monitored at 24 h time intervals by automated cell counting. We observed 

that LEV from hypoxic cells provided no survival benefit to pancreatic cancer cells under 

hypoxia over those derived from normoxic cancer cells. However, hypoxic MEV were able 

to sustain the growth to some extent in both the cell lines (Fig. 4A and B). Interestingly, we 

observed that even the MEV from normoxic cells supported the hypoxic growth in AsPC1 

cells, when compared to the growth of these cells treated with hypoxic or normoxic LEV 

(Fig. 4A). In contrast, we observed that SEV from hypoxic cells provided the most 

noticeable survival benefit in both MiaPaCa and AsPC1 cells (Fig. 4A and B). More 

importantly, even the SEV from normoxic cells were able to support the survival under 

hypoxia in AsPC1 cells (Fig. 4B).

Enhanced release and potency to promote hypoxic survival of small extracellular vesicles 
is dependent on hypoxia inducible factor −1 α stabilization

Hypoxia inducible factor-1α is considered a master regulator of the adaptive cellular 

responses to hypoxia (Semenza, 2000). Therefore, we investigated if it had a role in 

enhanced release of EV and their effect on hypoxic survival of PC cells. PC cells (MiaPaCa 

and AsPC1) were treated with either vehicle (PBS) or CoCl2, which stabilizes HIF-1α under 

normoxic conditions to mimic a hypoxic state. After 6 h of treatment, HIF-1α stabilization 

was confirmed by immunoblot analysis in both the PC cell lines (Figure 5A). In parallel 

experiments, we treated PC cells with CoCl2 for 48h and isolated SEV from the conditioned 

media. Estimation of exosome yield demonstrated that hypoxia mimetic treatment led to a 

significant increase in SEV release in both PC cell lines as compared to that observed 
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vehicle only treated cells (Figure 5B). Next, we examined the effect of CoCl2-derived SEV 

on the tumor cell viability under hypoxia. The data demonstrated that SEV derived from 

CoCl2-treated cells were able to provide a significant survival advantage to pancreatic cancer 

cells under hypoxia as compared to those derived from vehicle-treated cells (Figure 5C). To 

further confirm the role of HIF-1α in the release of SEV and their potency to promote 

hypoxic survival of PC cells, we silenced its expression by RNA interference (Fig. 6A). 

When these HIF-1α-silenced cells were subjected to hypoxia, a significant decrease in their 

SEV release capability was detected as compared to the control PC cells that had been 

transfected with scrambled sequence siRNAs (Fig. 6B). More importantly, these SEVs also 

lost their potency to provide the survival benefit to the hypoxic PC cells (Fig. 6C).

DISCUSSION

Cancer cells encounter a variety of microenvironmental stress during their progressive 

journey (Ackerman & Simon, 2014; Chen, Bobak, Stasyk, & Kunz-Schughart, 2018; Cook 

et al., 2004). Clearly, they must find ways to adapt to these changing environmental 

pressures to not only sustain their growth, but to evolve to a state of heightened malignancy. 

In this study, we have generated evidence to suggest an important adaptive survival 

mechanism for the PC cells under acute hypoxia. Pancreatic cancer is one of the deadliest 

cancers with unique histopathological characteristics (Neoptolemos et al., 2018). Extensive 

desmoplasia and poor vasculature make pancreatic tumors highly hypoxic, which is an 

important reason for their poor clinical outcome (Couvelard et al., 2005; Hoffmann et al., 

2008; Mangge et al., 2017). We observed that increasing hypoxia promoted the release of 

EV by pancreatic tumor cells, and their uptake helped cancer cells survive better under 

hypoxia. Moreover, we found that stabilization of HIF-1α, an established master regulator of 

adaptive hypoxic response, was vital for enhanced release of EV and their potency to sustain 

the hypoxic survival of pancreatic tumor cells.

Extracellular vesicles (EV) are getting increasing recognition as important mediators of cell-

cell communication. Although initially believed to serve as trash bags to get rid of unwanted 

cellular material, EV are now established as functional entities that are capable of altering 

the properties of the recipient cells through transfer of bioactive cargo (Patel et al., 2017; 

Wang et al., 2018). Furthermore, it has also been demonstrated that their biogenesis and 

shedding can be influenced by extracellular stimuli, which holds broader functional 

significance (Ban et al., 2015; Kanchanapally et al., 2019; Patel et al., 2017). In our study, 

we observed that hypoxic stress stimulated the release of EV by pancreatic tumor cells and 

the most consistent and noticeable differences were reported for small size EV (SEV). This 

is similar to our prior observation where chemotherapeutic insult promoted increased 

shedding of SEV (Kanchanapally et al., 2019; Patel et al., 2017). Interestingly, we also 

observed cell line-specific differences in the level of induction of EV release. While both 

MiaPaCa and AsPC1 cells exhibited increased release of EV under hypoxia, the level of 

induction was considerably higher in MiaPaCa cells (4.2 fold) as compared to AsPC1 cells 

(1.6 fold). This could likely be due to the differences in their genetic makeup. MiaPaCa cells 

harbor a TP53 mutation that result in altered gain-of-function (Deer et al., 2010). On the 

other hand, TP53 mutation in AsPC1 cells leads to a non-translated gene product (Deer et 

al., 2010). Since a role of p53 has been reported in the development of EV (Novo et al., 
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2018; Sun et al., 2016), it is likely that different p53 mutations and/or other genetic 

dissimilarities underlie the differential shedding of EV by these two cell lines, which should 

be investigated in future studies.

Extracellular vesicles are mainly categorized into three groups viz. apoptotic bodies (AB), 

microvesicles (MV) and exosomes (Exo) (Thery et al., 2018). These EV subtypes, in 

general, differ in size ranges, of which AB are the largest (800–5000 nm diameter), MV 

medium (50–1000 nm diameter) and smallest of them are Exo (50–150 nm diameter). 

However, variability in their size exists and their true identity is only defined based on the 

presence of biomarkers reflecting their distinctive biogenesis (Thery et al., 2018). AB are 

formed during apoptosis when cells disintegrate into membrane vesicles, whereas MV 

directly bud off the plasma membranes for not yet clearly understood reasons(Mathieu et al., 

2019). Exo, on the other hand, are released when multi-vesicular bodies (MVB) exocytose 

(Patel et al., 2016). We observed an effect of hypoxic stress on the size distribution of 

different size-based isolated sub-fractions of EV. Specially, SEV, which exhibited the most 

heightened release under hypoxia, shifted toward a smaller size distribution (~19% and 48% 

decrease on an average for MiaPaCa and AsPC1 cells, respectively) under extreme hypoxia 

(0.1% O2). Interestingly, a slight increase in size of SEV was observed under moderate 

hypoxia (1.0% O2) in both the cell lines. Although underlying reason(s) for this altered size 

distribution are not clear, one could argue that since under hypoxia metabolites become 

limiting, smaller size shift could be a strategy of cells to restrict their loss. However, an 

increased release of EV under hypoxia counters this argument. In additional findings, we 

observed that while the markers of AB were expressed by the LEV in both the cell lines, 

there was some overlap between MV marker, ARF6, in MEV and LEV sub-fractions. 

THBS1, thrombospondin 1, was incidentally found to decrease with increase in hypoxia. 

Given the fact that THBS1 serves multiple biological functions, it may be the cellular 

response to hypoxia which leads to the downregulation of THBS1, rather than reduced 

apoptosis (Bienes-Martinez et al., 2012; Xu et al., 2017). On the other hand, the expression 

of Exo markers, CD9 and CD63, was detected in all (LEV, MEV and SEV) sub-fractions 

that varied between sub-fractions and was altered significantly under normoxia and hypoxia. 

These data could either suggest that under hypoxic stress, a subgroup of EV subtypes exhibit 

drastic changes in size distribution, or less restrictive expression of the assigned biomarkers. 

Indeed, there are reports suggesting the existence of larger size Exo in cancer and wider size 

distribution of MV as well (Antonyak et al., 2011; Meehan, Rak, & Di Vizio, 2016). 

Moreover, it is also reported that no biomarker is absolutely specific for any of the EV 

subtypes (Thery et al., 2018).

Lastly, we also observed that heightened release of EV, especially SEV, had a functional 

relevance in supporting the hypoxic survival of pancreatic tumor cells. In addition, we found 

that the increased release and their potency to promote survival was dependent on HIF-1α 
stabilization. HIF-1α is well established as an important regulator of adaptive cellular 

responses to hypoxia (Semenza, 2000). Being a transcription factor, it regulates the 

expression of a variety of genes to promote hypoxia adaptation pathways; both acute and 

chronic (cell cycle arrest, survival, metabolic switching, angiogenesis, etc.). However, its 

role in promotion of EV release is not yet established. Furthermore, it is also not yet 

established how hypoxia influences the EV cargo composition in pancreatic tumor cells to 

Patton et al. Page 8

J Cell Biochem. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impart hypoxic survival benefit. Some studies do suggest for the involvement of HIF-1α in 

the biological properties imparted by hypoxic EV. For example, EV from hypoxic 

glioblastoma multiforme (GBM) cells carry Bcl-2 interacting protein 3 (BNIP3) 

(Kucharzewska et al., 2013). BNIP3 is a HIF-1α responsive gene and has been shown to 

promote survival via a variety of mechanisms (Burton, Eisenstat, & Gibson, 2009; Gang et 

al., 2015). A recent study in pancreatic cancer, however, reported that EV derived from 

hypoxic tumor cells contained miR-301a, which was involved in M2 macrophage 

polarization (Wang et al., 2018). In other studies, EV derived from a variety of cancer cells 

grown under hypoxia are shown to contain miR-21 (Dong et al., 2019; Li et al., 2016), a 

downstream target of HIF-1α, which plays important roles in hypoxic tumor cell survival 

(Mace et al., 2013; Polytarchou et al., 2011). Therefore, it is imperative that we investigate 

the differences in cargo composition of normoxic and hypoxic cell-derived EV. Furthermore, 

these studies should be expanded in 3-D culture and organoids using patient-derived tissues 

to more closely mimic in vivo tumor conditions. 3-D culturing of cancer cells has been 

shown to impact their functional attributes pertaining to cell survival and malignant behavior 

(DelNero et al., 2015; Volkmer et al., 2008; Whitman, Lin, Kenney, Albertini, & Lockett, 

2019). It may also be helpful in establishing relevant hypoxia gradient that the tumor cell 

experience in vivo (DelNero et al., 2015). Altogether, our studies provide important novel 

data to support a novel hypoxia survival mechanism. Future studies are warranted to 

examine the wider implications of EV derived from hypoxic pancreatic tumor cells to 

improve clinical management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hypoxia increases the release of extracellular vesicles (EV) from pancreatic cancer 
cells.
(A) Conditioned media from pancreatic cancer cells (MiaPaCa and AsPC1) cultured under 

normoxia and hypoxia (moderate, 1.0% O2; extreme, 0.1% O2) for 48 h, was collected and 

total EV isolated by ultracentrifugation (120,000g for 2h). (B) Differential 

ultracentrifugation was performed to isolate size-based sub-fractions of EV (large, 2000g × 

30min; moderate, 16500g × 30min; small 120,000g × 120min). (C) To examine the release 

kinetics, cells were incubated under normoxia or hypoxia (1.0% O2; 0.1% O2) for 0–48 h 

and EVs sub-fraction isolated at 12 h time intervals. In all experiments, EV pellets were 

suspended in equal volume of PBS and EV release estimated by measuring the protein 

concentration. Data is presented as mean ±S.D. of biological replicates.
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Figure 2. Size distribution analysis of different extracellular vesicles (EV) sub-fractions by 
dynamic light scattering.
EV sub-fractions were isolated from (A) MiaPaCa and (B) AsPC1 cells cultured under 

normoxia or hypoxia (1.0% and 0.1% O2) for 48 h. Freshly isolated EV were re-suspended 

in PBS and their hydrodynamic diameters (in nm) recorded on a zeta-sizer. Data is presented 

as mean ± S.D. from ten readings.
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Figure 3. Expression of protein markers of apoptotic bodies, microvesicles and exosomes in 
different EV sub-fractions.
Total protein was isolated from different EV sub-fractions collected from conditioned media 

of (A) MiaPaCa and (B) AsPC1 cells grown under normoxia or hypoxia (1.0% and 0.1% 

O2) for 48 h. Following quantification, equal amount of proteins were resolved on SDS-

PAGE, blotted on a PVDF membrane and probed by antibodies specific for different marker 

proteins (THBS1, apoptotic bodies; Arf6, microvesicles; CD9 and CD63, exosomes). (WCL: 

whole cell lysate, THBS1: thrombospondin)
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Figure 4. Small extracellular vesicles (EV) are the most potent in providing the survival benefit 
to pancreatic cancer cells under hypoxia.
Different EV sub-fractions collected from (A) MiaPaCa and (B) AsPC1 cells cultured under 

normoxia or hypoxia (0.1% O2) were used to treat cancer cells under hypoxia (0.1% O2) and 

their effect on cell viability measured by trypan blue dye exclusion assay. NORLEV; 

NORMEV; NORSEV and HYPLEV; HYPMEV; HYPSEV represent large, moderate and small 

sized EVs from cells cultured under normoxia and hypoxia, respectively.
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Figure 5. Effect of hypoxia mimetic agent, cobalt chloride, on the release of extracellular vesicles 
(EVs) and their effect on pancreatic tumor cell viability under hypoxia.
(A) Pancreatic cancer cells were treated with vehicle or CoCl2 (100µM) for 6 h and total 

protein isolated. Expression of HIF-1α was examined in treated cells by immunoblotting. β-

actin served as a loading control. (B) Conditioned media from cells treated with either 

vehicle or CoCl2 (100µM) was collected after 48 h and small EVs isolated by ultra-

centrifugation. EV release was estimated by measuring the protein concentrations. (C) Small 

EV collected from MiaPaCa and AsPC1 cells treated either with vehicle or CoCl2 (100µM) 
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were used to examine their effect on survival of hypoxic cells (0.1% O2). Viability was 

measured at 24 h time-intervals up to 72 h. Data presented is mean ± S.D. from three 

replicates.
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Figure 6. HIF-1α mediates the effect of hypoxia on the release of extracellular vesicles (EV) and 
their effect on hypoxic survival of pancreatic cancer cells.
(A) Pancreatic cancer cells were transiently transfected for 24 h with either scrambled 

(siScr) or HIF-1α (siHIF-1A)-targeting siRNA prior to incubation under hypoxia (0.1% O2) 

for 6h. HIF-1α silencing was confirmed by immunoblotting. (B) Small EVs were isolated 

from control or HIF-1A-silenced cells after incubation either normoxia or hypoxia and their 

yield measured by protein quantitation. (C) Small EV collected from siScr and siHIF-1A 

treated MiaPaCa and AsPC1 cells cultured in normoxia or hypoxia were used to examine the 
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effect on survival of hypoxic cells (0.1% O2) at 48h. Data is presented as mean ± S.D. from 

three replicates.
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