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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is one of 
the most aggressive and difficult to treat cancers with tumors 
typically exhibiting high levels of chronic hypoxia. Hypoxia 
activates hypoxia-inducible factors (HIFs) that mediate cellular 
responses to adapt to low oxygen environments. Hypoxia 
also causes endoplasmic reticulum (ER) stress, increasing 
activating transcription factor 4 (ATF4), a master regulator of 
the unfolded protein response (UPR) pathway that mediates 
cellular response to ER stress. ATF4 is overexpressed in PDAC 
and is associated with poor prognoses. While ATF4 promotes 
cell proliferation and tumorigenesis, most studies have been 
conducted under normoxia or acute hypoxia. The functions of 
ATF4 in chronic hypoxia remain largely unexplored. Using 
siRNA knockdown experiments of healthy skin fibroblast 
cells WS1 and PDAC cell lines PANC-1 and Mia-PaCa2 to 
analyze mRNA and protein expression levels, a novel ATF4 
function was identified, in which it decreases HIF2α mRNA 
and increases HIF1α mRNA in chronic hypoxia while having 
no effect in acute hypoxia. A scratch assay was used to show 
that ATF4 decreases cell migration in chronic hypoxia as 
opposed to the increase in cell migration ATF4 imparts in 
acute hypoxia. Colony formation assay and cell viability 
assay showed that ATF4 promotes colony formation and cell 

viability in both chronic and acute hypoxia. In addition to the 
differential response of ATF4 in chronic hypoxia compared 
with acute hypoxia, this is the first time ATF4 has been impli-
cated in regulation of response to hypoxia via interaction with 
HIF proteins in PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the most 
aggressive cancers with a 5-year survival rate of 8-10% (1-3). 
Hypoxia, a stress condition in which oxygen levels are insuf-
ficient for typical cellular function, contributes to PDAC 
pathophysiology and treatment resistance (4). Protein synthesis 
in the endoplasmic reticulum (ER) demands more energy 
and oxygen compared with other cellular processes (5,6); as 
such hypoxia significantly hinders protein translation and 
folding (7). This results in accumulated misfolded or unfolded 
proteins activating ER stress sensors, thus triggering the 
unfolded protein response (UPR) (Fig. 1) (7,8). Within the UPR 
pathway, activating transcription factor 4 (ATF4) is one of the 
master regulators that activates transcription of genes required 
for amino acid metabolism, synthesis and transport (7). These 
genes, among others, generally alleviate hypoxia-induced ER 
stress to promote cell recovery and homeostasis (7,9-11).

PDAC exhibits enhanced cellular response to hypoxic 
stress and significantly higher ATF4 expression compared 
with healthy pancreatic cells (12-14). Numerous chemothera-
peutic drugs are ineffective in PDAC due to ATF4 functions 
that promote drug resistance in hypoxia (14). ATF4 is unique 
in the UPR pathway because it is translated more efficiently 
in hypoxia compared with normoxia (7,15). This higher trans-
lation efficiency is orchestrated by upstream open reading 
frames (uORFs) in the mRNA transcript that promote transla-
tion of a truncated, inactive protein under normal conditions 
and initiate translation of functional ATF4 protein under cell 
stress conditions, such as hypoxia. Increased ATF4 protein 
expression in hypoxia is also promoted by post-translational 
modifications that stabilize the protein (16).

In addition to activating ATF4 in the UPR pathway, cells 
also respond to hypoxia by activating hypoxia-inducible 
factors (HIFs), a family of proteins that initiate hypoxia-
response pathways (17). HIFs are well known for their roles as 
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transcription factors in hypoxia because they activate the tran-
scription of genes that promote cell adaptation during oxygen 
deprivation  (17). HIF1α and HIF2α subunits are capable 
of transcribing genes that play important roles in cancer 
progression such as carbonic anhydrase IX (CA9) and octamer-
binding transcription factor 4 (Oct4), among others (18,19). 
Independent of its transcriptional functions, HIF2α is also a 
translational factor that forms a complex with other proteins to 
activate an alternative cap-dependent translation mechanism 
to synthesize proteins from select mRNA that are necessary 
for response to hypoxia (17,20-22). In chronic hypoxia, the 
canonical translation initiation pathway is inhibited, resulting 
in significantly decreased global protein synthesis (20).

Previous studies on ATF4 and HIFs in pancreatic cancers 
have been conducted at atmospheric oxygen levels, but not in 
prolonged hypoxia of more than 24 h, a more pathophysiologi-
cally relevant condition in which the majority of PDAC cases 
exist. In vitro studies performed in normoxia demonstrated 
that ATF4 inhibition prevents cancer progression and treat-
ment resistance. However, while ATF4 expression is higher in 
PDAC cells compared with healthy pancreatic cells in these 
studies, the cells used in normoxic experiments do not express 
HIFs at levels similar to those that are observed in patients, 
making it difficult to identify any relevant interactions 
between ATF4 and HIFs. Furthermore, other studies showed 
that more severe hypoxia of <1% oxygen levels are necessary 
for significant UPR activation (23,24). In the present study, 
ATF4 activity was explored in the hypoxia response pathway 
mediated by HIFs in conditions of severe, chronic hypoxia in 
pancreatic cancer cells.

Materials and methods

Cell culture. Pancreatic epithelial carcinoma cell lines PANC-1 
(cat. no.  CRL-1469) and MiaPaCa-2 [cat. no.  CRL-1420; 
both from American Type Culture Collection (ATCC)] were 
cultured in Advanced DMEM media supplemented with 10% 
FBS, 1% GlutaMAX (cat. no. 35050061; Gibco; Thermo Fisher 
Scientific, Inc.), and 1% penicillin and streptomycin (cat. 
no. 15140-163; Gibco; Thermo Fisher Scientific, Inc.). Healthy 
skin fibroblasts WS1 cells (cat. no. CRL-1502; ATCC) were 
cultured in advanced DMEM supplemented with 15% FBS, 
penicillin and streptomycin, GlutaMAX, β-mercaptoethanol, 
and basic fibroblast growth factor. All cells were cultured 
under standard conditions of 37˚C with 5% CO2, 21% O2 
(normoxic) or as indicated in hypoxia. All cells were tested 
for mycoplasma ~every 3 months and confirmed to be free 
of contamination using a PCR mycoplasma detection kit (cat. 
no. 30-1012K; ATCC).

Hypoxia treatment. For hypoxia treatment, Ruskinn InvivO2 
500 hypoxia workstation was used (Baker Ruskinn). Cells 
were seeded or plated and incubated under standard condi-
tions in normoxia for 24 h prior to hypoxia exposure. Cells 
were then placed into a sterile hypoxia glove box pre-set to 
either 1% oxygen for healthy fibroblasts or 0.2% for cancer cell 
lines, 5% CO2, a balance of N2 and at 37˚C. WS1 fibroblasts 
were exposed to 1% oxygen rather than 0.2% oxygen since 
cancer cells have a lower threshold for oxygen before hypoxia 
response pathways are activated, while normal fibroblasts 

are less tolerant of hypoxia. Cells were handled inside of the 
hypoxia glove box for the duration of the experiments until 
they were either fixed or lysed.

Transfection. To assess the effects of gene inhibition on 
hypoxic PDAC, PANC-1 cells were transiently transfected 
using Lipofectamine RNAiMAX Transfection Reagent 
(Thermo Fisher Scientific, Inc.) and pre-designed Silencer 
Select small interfering (si)RNAs (Thermo Fisher Scientific, 
Inc.) at 1  pmol per well: HIF1α (cat. no.  s6539), HIF2α 
(cat. no. s4698) and ATF4 (cat. no. s1702). The siRNA-lipid 
complexes were constructed in reduced serum Opti-MEM 
media (cat. no.  31985070; Thermo Fisher Scientific, Inc.) 
according to manufacturer protocols, incubated at room 
temperature for at least 5 min and were added to each well in 
either six-, 12- or 96-well plates. The cells were then seeded 
into the plates in normal growth media. Lipofectamine 
RNAiMAX Transfection Reagent only requires reduced 
serum media when siRNA-lipid complexes are made and 
not when treated to cells in growth media containing serum. 
The cells were incubated at 37˚C under normoxic conditions 
for 24 h before they were placed in the hypoxia chamber or 
remained in the normoxic incubator. Knockdown efficacy was 
determined by reverse transcription-quantitative (RT-q) PCR.

RNA extraction, quantification and RT-q PCR. Cells incu-
bated in normoxia were washed with PBS while hypoxic cells 
were washed with de-oxygenated PBS. RNA was extracted 
using TRIzol® (Thermo Fisher Scientific, Inc.) and purified by 
RNeasy column centrifugation kit (Qiagen). Purified RNA was 
quantified using Nanodrop spectrophotometer at a wavelength 
of 260 nm (Thermo Fisher Scientific, Inc.). cDNA was synthe-
sized using qScript cDNA synthesis kit (Quantabio) according 
to the manufacturer's protocol and qPCR was conducted using 
Taqman primer-probes (Thermo Fisher Scientific, Inc.) and 
Taqman Gene Expression Master Mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) according to the manufacturer'σ 
protocol provided for the Taqman Master Mix. The Taqman 
probes used were Hs00153153_m1 (HIF1α), Hs01026149_m1 
(HIF2α), Hs00154208_m1 (CA9), Hs00999632_g1 (Oct4) 
and Hs00909569_g1 (ATF4). The RT-qPCR data was 
quantified by calculating the 2-ΔΔCq values as defined by 
Livak and Schmittgen, 2001.

Protein extraction and western blot analysis. Normoxic 
and hypoxic cells were washed in either oxygenated PBS 
or de-oxygenated PBS, respectively. Mammalian Protein 
Extraction Reagent was supplemented with Halt Protease 
Inhibitor cocktail (Thermo Fisher Scientific, Inc.) and added 
to the cells for lysis. The cells were frozen for at least 6 h to 
promote lysis, and the samples were sonicated. The samples 
were centrifuged at 4˚C for 10 min at 14,000 x g. The super-
natant was transferred to new tubes and Bicinchoninic Acid 
(BCA) assay (Pierce; Thermo Fisher Scientific, Inc.) was 
conducted and measured using the EnVision plate reader 
(PerkinElmer, Inc.) to quantify protein.

For western blotting, the Criterion Blotter Western Blot 
system was used (Bio-Rad Laboratories, Inc.); 30 µg of total 
protein in Laemmli sample buffer was boiled for 10 min at 
95-100˚C. The samples were loaded into 10% gels (Bio-Rad 
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Laboratories, Inc.) and electrophoresis commenced at 60-100 V. 
The protein in the gel was transferred to PVDF membranes by 
wet-transfer at 100 V for 30 min. The membranes were blocked 
in 5% w/v fat-free powdered milk in 1X Tris buffered solution 
with 0.1% Tween 20 detergent (TBS-T; Sigma-Aldrich; Merck 
KGaA) for 1 h at room temperature, probed with primary 
antibodies overnight at 4˚C in 5% BSA (Sigma-Aldrich; 
Merck KGaA) and with secondary antibodies for 1 h at room 
temperature in 5% BSA. The primary antibodies used were 
HIF1α (1:1,000; cat. no. MA1516; Thermo Fisher Scientific, 
Inc.), HIF2α (1:1,000; cat. no. ab8365; Abcam), ATF4 (1:1,000; 
cat. no. 11815S; Cell Signaling Technology, Inc.) and β-actin 
(1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology, Inc.). 
Horseradish peroxidase-conjugated mouse IgGκ light chain 
binding protein (1:1,000; cat. no.  sc-516102; Santa Cruz 
Biotechnology, Inc.) and mouse anti-rabbit secondary anti-
bodies (1:1,000; cat. no. sc-2357; Santa Cruz Biotechnology, 
Inc.) were used. The blots were visualized by enhanced chemi-
luminescence (ECL) incubation and C-DiGit Blot Scanner 
(LI-COR Biosciences). The images were quantified by ImageJ 
software version 1.53e (National Institutes of Health).

Cell viability assay. Cells (2,000/well) were seeded into 
96-well plates and incubated overnight in normoxia under 
standard culturing conditions. The plates were placed into 
hypoxia or maintained at normoxia. After hypoxic exposure, 

the cells were removed from the chamber and reconstituted 
CellTiterGlo (Promega Corporation) reagents were added to 
the plate, following the manufacturer's protocol. The plate 
was incubated at room temperature for at least 10 min and the 
luminescence at 560 nm was measured on the PerkinElmer 
Envision plate reader.

Colony formation assay. Cells were seeded into each well 
(2,000 cells per well) in six-well plates. The cells were incu-
bated at 37˚C for 24 h and then placed in 0.2% oxygen or 
maintain in normoxia. The cells in hypoxia were incubated for 
16 or 48 h and then placed in normoxia for 7-10 days of incuba-
tion for colony formation. Afterwards, the cells were washed 
with cold PBS, fixed with acetic acid and methanol fixing solu-
tion (1:4 mixture) at room temperature for at least 15 min until 
dry and stained at room temperature for at least 30 min with 
0.5% w/v crystal violet (cat. no. C0775-25G; Sigma Aldrich; 
Merck KGaA) in 25% ethanol solution. The plates were then 
washed, and colonies were counted manually.

Cell migration (scratch) assay. Cells were transiently trans-
fected following the previously outlined protocol. After 
siRNA-lipid complexes were added to 24-well plates, 1x105 
PANC-1 cells in growth media were seeded into each well 
and incubated at 37˚C for 24 h. Each well was then ‘scratched’ 
using a P1000 pipette tip down the middle of each well. Images 

Figure 1. Hypoxia activates the UPR pathway and causes ATF4 expression to increase. Hypoxia causes inhibition of the canonical translation pathway, resulting 
in misfolded or unfolded proteins. These peptides activate PERK that consequently induces ATF4 mRNA translation, resulting in an increase in ATF4 protein 
expression. ATF4 then translocates to the nucleus to initiate gene expression changes. Hypoxia also causes increases in HIF1α and HIF2α. Both HIFs also 
translocate to the nucleus to function as transcription factors. HIF2α also functions as a translation factor that initiates translation when cells are under hypoxic 
stress (17). UPR, unfolded protein response; ATF4, activating transcription factor 4; eIF4E, eukaryotic initiation factor 4E; ER, endoplasmic reticulum; HIF1α, 
hypoxia-inducible factor 1α; HIF2α, hypoxia-inducible factor 2α; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; P, phosphate.
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of all wells were obtained. The plates were then placed in 
either 0.2% oxygen or maintained in normoxia and incubated 
for either 16 or 48 h. After incubation in normoxia or hypoxia, 
images of each well were captured using an inverted light 
microscope (Invertoskop 40C; Carl Zeiss AG) and analyzed 
using an ImageJ/Fiji plugin tool (25).

Statistical analysis. All experiments were conducted in at least 
three replicates. For all experiments consisting of two groups, 
unpaired Student's t-test was conducted for statistical signifi-
cance. For all experiments consisting of more than two groups, 
tests for homogeneity of variance, such as Levene's test, were 
performed. One-way analyses of variance (ANOVA) tests were 
conducted, followed by the Bonferroni multiple variance post 
hoc tests. Data were graphed and analyzed using GraphPad 
Prism software version 9.3 (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

ATF4 expression increases in acute and chronic hypoxia. 
ATF4 is over-expressed in PDAC cells compared with healthy 
pancreatic cells and is associated with poor prognosis (26). To 
first determine ATF4 expression in PDAC cells in hypoxia, 
PANC-1 and Mia-PaCa2 cells were cultured in a 0.2% oxygen 
environment or in a 21% oxygen environment for 24  h. 
Hypoxia was defined as 0.2% oxygen in PDAC cells because 
while different tissue types activate the hypoxia-responsive 
pathways at varying levels of oxygen, pancreatic cancers 
have been shown to be severely hypoxic (<1%) with ~0.4% 
oxygen in tumors (27-29). It was determined that 0.2% oxygen 
was necessary to ensure the PDAC cells adequately activate 
hypoxia-response pathways by confirming HIF and ATF4 
activity at 0.2% oxygen (Figs. 2 and 3). Furthermore, the UPR 

pathway activates under severe hypoxic conditions, which is 
needed to investigate ATF4 (23,24).

PANC-1 cells were used to assess ATF4 expression in 
acute and chronic hypoxia. Literature values for acute hypoxia 
generally do not surpass 24 h, while chronic hypoxia tends to 
be more than 24 h. In the present study, acute was defined as 
16 h and chronic as 48 h (26,30,31). RT-qPCR data revealed 
that ATF4 mRNA expression increased by 2.1±0.1-fold in acute 
hypoxia compared with cells exposed to normoxia (P<0.0001), 
while ATF4 mRNA levels in chronic hypoxia increased 
3.5±0.4-fold compared with normoxia levels (P<0.0001; 
Fig. 2A). Western blot analysis revealed similar expression 
patterns in which ATF4 protein levels increase in hypoxia 
compared with normoxic levels. Under normoxic conditions, 
little to no ATF4 protein expression was detected, but upon 
hypoxic exposure, ATF4 expression increased significantly. 
In acute hypoxia, the PANC-1 cells exhibited a 2.3±0.1-fold 
increase in ATF4 protein expression (P<0.01), while in chronic 
hypoxia, ATF4 levels increased by 5.7±0.3-fold compared with 
normoxia (P<0.001; Fig. 2B).

HIFs and expression of HIF target genes vary over time in 
hypoxia. In addition to ATF4 expression changes, hypoxia 
leads to increased HIF1α and HIF2α expression in PDAC (17). 
However, HIF expression profiles differ depending on cell type 
and duration in hypoxia (17). While all HIF levels oscillate 
over time, increased HIF1α expression is generally associ-
ated with acute hypoxic exposure whereas increased HIF2α 
expression is typically associated with chronic hypoxia (17,32). 
HIF expression profiles can vary greatly among different cell 
types, and, therefore, HIF expression and activity in PANC-1 
cells were determined in acute and chronic hypoxia. To 
confirm HIF1α and HIF2α expression and activity, the cells 
were incubated in either normoxic conditions or hypoxia over 

Figure 2. ATF4 mRNA and protein expression increase in response to acute and chronic hypoxia in PANC-1 cells. PANC-1 cells were treated with hypoxia 
(0.2% oxygen) or normoxia (21% oxygen) for 16 or 48 h. (A) RT-qPCR was conducted to determine ATF4 mRNA levels. Fold changes for RT-qPCR are 
shown relative to normoxic cells. Error bars represent the mean ± SD for n=9. The fold changes were analyzed using unpaired Student's t-test. (B) Western 
blot analysis was conducted to determine ATF4 protein expression levels after 16 or 48 h of hypoxia or normoxia in PANC-1 cells. ATF4 protein levels were 
normalized to β-actin and are shown relative to normoxic levels. Error bars represent the mean ± SD for n=3. The fold changes were analyzed using unpaired 
Student's t-test. **P<0.01, ***P<0.001 and ****P<0.0001. ATF4, activating transcription factor 4; RT-qPCR, reverse transcription-quantitative PCR.
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time. As compared with normoxic control cells, HIF1α mRNA 
expression significantly increased up to 9.7±1.1-fold after 12 h 
of hypoxic exposure, decreased at 24 h compared with the 12-h 
timepoint and then ultimately plateaued at a level 3.5±0.4-fold 
change higher than cells in normoxia (P<0.0001). HIF2α 
mRNA expression levels, while lower than HIF1α expression 
levels, increased significantly up to 1.4±0.1-fold higher than 
normoxic levels at 9 h (P<0.0001), and then decreased to 
0.6±0.02-fold lower than normoxic levels (P<0.0001; Fig. 3A).

HIFs are subject to post-translational regulation and 
degradation in normoxia, whereas in hypoxia, HIF proteins 
are stabilized and accumulate. While HIF mRNA levels may 

vary over time, known HIFα target genes were also analyzed 
to assess HIF activities in acute and chronic hypoxia. To 
confirm HIF1α activity, the mRNA levels of HIF1α-specific 
transcriptional target gene CA9 were measured (Fig. 3B) (33). 
CA9 expression increased 9.5±2.2-fold after 16 h of hypoxia 
(P<0.0001) and continued to increase up to 17.8±0.7-fold after 
48 h of hypoxia compared with normoxic controls (P<0.0001). 
To measure HIF2α activity, the mRNA levels of HIF2α 
transcriptional target gene Oct were analyzed (Fig. 3C) (19). 
Oct4 expression increased 2.5±0.8-fold after 16 h of hypoxia 
(P<0.001), and in chronic hypoxia, Oct4 mRNA levels 
decreased close to normoxic levels with only a 1.2±0.1-fold 

Figure 3. HIF1α and HIF2α mRNA levels and HIF target genes change over time in hypoxia in PANC-1 cells. PANC-1 cells were treated with hypoxia 
(0.2% oxygen) or normoxia (21% oxygen) for 16 or 48 h. (A-C) RT-qPCR was conducted to determine (A) HIF1α, HIF2α, (B) CA9 and (C) Oct4 mRNA 
levels. Fold changes for RT-qPCR are shown relative to normoxic cells. Error bars represent the mean ± SD for n=9. The fold changes were analyzed using 
unpaired Student's t-test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. HIF, hypoxia-inducible factor; RT-qPCR, reverse transcription-quantitative PCR; 
CA9, carbonic anhydrase IX; Oct4, octamer-binding transcription factor 4.
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decrease compared with normoxic levels (P<0.01). The 
increase in CA9 and Oct4 confirmed that HIF1α and HIF2α 
are active in acute and chronic hypoxia.

HIF1α and HIF2α knockdowns do not affect ATF4 mRNA 
or protein expression in chronic hypoxia. HIF transcriptional 
and translational functions make it possible that HIF1α or 
HIF2α affect ATF4 expression to mediate the UPR pathway 
in response to hypoxia. To understand the effects that HIF1α 
and HIF2α have on ATF4 in acute and chronic hypoxia in 
PDAC cells, siRNA was used to knockdown ATF4, HIF1α or 
HIF2α for loss-of-function experiments (Fig. S1). After 24 h 
of incubation in normal cell culture conditions, the cells were 
either placed in hypoxia or maintained in normoxia for 16 or 
48 h. mRNA and protein expression levels of ATF4, HIF1α 
and HIF2α were determined. In acute hypoxia, knockdown of 
either HIF1α or HIF2α caused significant decreases in ATF4 
mRNA levels compared with the hypoxia control (P<0.0001 
and P<0.001, respectively; Fig.  4A). In chronic hypoxia, 
ATF4 mRNA expression significantly increased after HIF1α 
knockdown compared with the hypoxia (0.2% O2) control 
group (P<0.05) and was not affected after HIF2α knockdown 
compared with the hypoxia (0.2% O2) control group (Fig. 4B).

The protein expression levels of ATF4 were also determined 
after ATF4, HIF1α or HIF2α knockdowns. In normoxia, ATF4 
protein expression levels were minimal, and with hypoxic 
exposure, ATF4 protein levels increased by 2.3±0.3-fold after 
16 h (P<0.001) and 2.0±0.2-fold after 48 h compared with 
normoxic levels, respectively (P<0.05; Fig. 4C and D). ATF4 
protein levels significantly decreased after ATF4 knockdown 

(P<0.001; Fig. 4C and D). HIF1α knockdown did not affect 
ATF4 protein expression levels in either acute (P>0.05) or 
chronic hypoxia (P>0.05). HIF2α knockdown had no effect on 
ATF4 protein expression in either acute (P>0.05) or chronic 
hypoxia (P>0.05).

ATF4 knockdown decreases HIF1α and increases HIF2α 
expression in chronic, but not acute, hypoxia. ATF4 is a 
master regulator within the UPR pathway when cells are 
under stress, such as in hypoxia. To understand the effects 
that ATF4 have on HIF1α and HIF2α in acute and chronic 
hypoxia in PDAC cells, ATF4, HIF1α or HIF2α were knocked 
down using siRNA, incubated in normoxia for 24 h and then 
placed in either hypoxia or maintained in normoxia for 16 or 
48 h. HIF1α and HIF2α mRNA and protein levels were then 
determined.

Under acute hypoxia, HIF1α mRNA expression was 
0.4±0.1-fold lower in the hypoxic vehicle-treated cells 
with no siRNA compared with normoxic cells (P<0.0001; 
Fig.  5A). There was no significant difference in HIF1α 
mRNA expression between the hypoxic vehicle-treated cells 
and the ATF4 knockdown cells (P>0.05; Fig. 5A). HIF1α 
protein expression in hypoxia alone was 2.2±0.3-fold higher 
than in normoxia, indicating that HIF protein levels do 
not appear to be solely determined by the corresponding 
hypoxic mRNA levels (P<0.001; Fig.  5D). Upon ATF4 
knockdown in acute hypoxia, HIF1α protein expression was 
1.7±0.1-fold higher compared with the normoxia-treated 
cells (P<0.05) but not significantly different compared 
with the hypoxia treatment cells (P>0.05; Fig. 5D). HIF1α 

Figure 4. ATF4 mRNA and protein expression do not change upon HIF1α or HIF2α KD in chronic hypoxia in PANC-1 cells. PANC-1 cells were treated with 
RNAiMAX Lipofectamine reagent and small interfering RNA to transiently KD ATF4, HIF1α or HIF2α. The cells were placed in hypoxia (0.2% oxygen) or 
normoxia (21% oxygen) for 16 or 48 h. All cells with KD were placed in hypoxia. (A and B) RT-qPCR was conducted to determine ATF4 mRNA levels after 
(A) 16 and (B) 48 h of hypoxia. Fold changes for RT-qPCR are shown relative to normoxic cells. Error bars represent mean ± SD for n=9. The fold changes 
were analyzed by one-way ANOVA followed by Bonferroni statistical hypothesis test. (C and D) Western blot analysis was conducted to determine the protein 
expression levels of ATF4 after (C) 16 or (D) 48 h of hypoxia. Fold changes are shown relative to normoxic cells. Error bars represent the mean ± SD for n=3. 
Fold changes were analyzed by one-way ANOVA followed by Bonferroni statistical hypothesis test. **P<0.01, ***P<0.001 and ****P<0.0001. ATF4, activating 
transcription factor 4; HIF, hypoxia-inducible factor; KD, knockdown; RT-qPCR, reverse transcription-quantitative PCR.
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knockdown in hypoxia significantly reduced HIF1α protein 
expression compared with the hypoxia treatment group with 
no knockdown (P<0.01). HIF2α knockdown did not affect 
HIF1α protein expression compared with hypoxia treatment 
alone (P>0.05; Fig. 5D). ATF4 knockdown had no effect 
on HIF2α mRNA expression in acute hypoxia with only a 
1.1±0.1-fold increase compared with normoxia treated cells 
(P>0.05). However, in chronic hypoxia, HIF2α mRNA 
expression levels increased by 2.4±0.2-fold compared with 
normoxia-treated cells (P<0.0001; Fig. 5C).

Furthermore, in chronic hypoxia, ATF4 knockdown 
significantly decreased HIF1α mRNA levels to 0.15±0.02-fold 
of the normoxia-treated and hypoxia-treated cells (P<0.05; 
Fig. 5B). This expression pattern was also identified in protein 
expression where ATF4 knockdown resulted in a 0.4±0.2-
fold decrease in HIF1α protein expression levels (P<0.0001; 
Fig. 5E). While ATF4 did not affect HIF1α or HIF2α during 
acute hypoxia, it did affect HIF1α and HIF2α mRNA and 
protein expression levels during chronic hypoxia.

ATF4 knockdown increases cell migration in chronic but not 
acute hypoxia. To determine the effect of ATF4 inhibition on 
cell migration in acute and chronic hypoxia, a scratch assay 
was performed. PANC-1 cells transiently transfected with 
ATF4, HIF1α or HIF2α siRNA were seeded and scratched 
prior to 16 or 48 h of hypoxic exposure. After 16 h of hypoxic 
exposure, the negative control group, PANC-1 cells with no 
knockdown siRNA, exhibited the greatest gap closure among 
the treatment groups with 63.4±6.8% gap closure (Fig. 6A). 
In normoxia, there were no changes in gap closure rates 
among the treatment groups, with all treatments after 16 h of 
normoxic incubation resulted in at least 45% closure (Fig. 6C) 
and at least 80% closure after 48 h of incubation (Fig. 6D). 
Relative to the negative control group, hypoxia-treated cells 
without siRNA knockdowns, the ATF4 knockdown cells in 
acute hypoxia closed 43.7±5.7% of the gap measured at the 
initial scratch (P<0.05). The HIF1α and HIF2α knockdown 
cells also exhibited a significant decline in cell migration with 
28.60±9.95% (P<0.001) and 39.8±13.0% (P<0.01) gap closure, 

Figure 5. ATF4 KD affects HIF1α and HIF2α expression in acute and chronic hypoxia. PANC-1 cells were treated with RNAiMAX Lipofectamine reagent and 
small interfering RNA to transiently KD ATF4, HIF1α or HIF2α. The cells were placed in hypoxia (0.2% oxygen) or normoxia (21% oxygen) for 16 or 48 h. All 
cells with KD were placed in hypoxia. (A and B) RT-qPCR was conducted to determine HIF1α after (A) 16 and (B) 48 h of hypoxia. (C) HIF2α mRNA levels 
were measured using RT-qPCR after ATF4 KD in acute or chronic hypoxia. (D and E) Western blot analysis was conducted to determine the protein expression 
levels of HIF1α after (D) 16 or (E) 48 h of hypoxia. Fold changes are shown relative to normoxic cells. Error bars represent the mean ± SD for n=3. Fold changes 
were analyzed by one-way ANOVA followed by Bonferroni statistical hypothesis test. Fold changes for RT-qPCR are shown relative to normoxic cells. Error 
bars represent the mean ± SD for n=9. Fold changes were analyzed by one-way ANOVA followed by Bonferroni statistical hypothesis test. **P<0.01, ***P<0.001 
and ****P<0.0001. ATF4, activating transcription factor 4; HIF, hypoxia-inducible factor; KD, knockdown; RT-qPCR, reverse transcription-quantitative PCR.
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respectively (Fig. 6A). In chronic hypoxia, the results demon-
strated that HIF1α and HIF2α knockdown cell migration 
rates were comparable with those of the hypoxia-treated cells 
without siRNA knockdowns. The negative control cells closed 
75.1±9.4% of the gap after 48 h of hypoxia (Fig. 6B). HIF1α 
knockdown cells showed 76.7±5.2% gap closure, and HIF2α 
knockdown cells exhibited 77.0±7.6% gap closure. The ATF4 
knockdown cells, on the other hand, showed significantly more 
cell migration with 93.4±7.6% gap closure (P<0.05) compared 

with the negative control group and HIF1α or HIF2α knock-
down cells (Fig. 6B). The scratch assay revealed that ATF4 
knockdown inhibits cell migration in acute hypoxia.

ATF4 inhibition decreases cell viability and colony 
formation. Considering that ATF4 knockdown promoted cell 
migration in chronic hypoxia, the effects of ATF4 knockdown 
on cell viability and clonogenicity were next determined by 
conducting cell viability assays and colony formation assays. 

Figure 6. ATF4, HIF1α and HIF2α KD decrease cell migration in acute hypoxia, but ATF4 KD in chronic hypoxia increases cell migration. (A-D) PANC-1 
cells were transiently transfected, scratched and incubated in hypoxia for (A) 16 or (B) 48 h or in normoxia for (C) 16 or (D) 48 h. The negative control were 
PANC-1 cells exposed to 0.2% oxygen with transfection reagent but no KD small interfering RNA. Images were captured by light microscope at x50 magnifi-
cation. Scale bar=500 µm. The gap closure was determined by using the ImageJ plugin tool to measure the gap area of each image and the gap closure of each 
treatment group was calculated after hypoxic incubation relative to images captured before hypoxic exposure. Error bars represent the mean ± SD for n=4. 
The fold changes were analyzed by two-way ANOVA followed by Bonferroni post hoc statistical hypothesis test. *P<0.05, **P<0.001 and ***P<0.0005. ATF4, 
activating transcription factor 4; HIF, hypoxia-inducible factor; KD, knockdown.
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PANC-1 cells were transiently transfected and seeded into 
96-well plates. The cells were incubated in normoxia for 
24 h, and then placed in either normoxia or hypoxia for 
16 or 48 h. A CellTiterGlo Luminescent assay was used to 
measure ATP. After ATF4 knockdown, cells in normoxia 
and hypoxia for 16 and 48 h all showed significant decrease 

in cell viability compared with the PANC-1 cells with no 
knockdowns (P<0.05; Fig. 7A and B). HIF1α knockdown in 
normoxia did not affect cell viability but did in cells in acute 
hypoxia (Fig. 7A). HIF1α and HIF2α knockdowns signifi-
cantly decreased cell viability (P<0.05) in both normoxia 
and chronic hypoxia (Fig. 7B) and there were no significant 

Figure 7. ATF4, HIF1α and HIF2α KD decrease cell viability in chronic hypoxia. (A and B) PANC-1 cells were transiently transfected and seeded into 96-well 
plates and incubated in hypoxia or normoxia for (A) 16 or (B) 48 h. Cell viability was measured by CellTiter Glo luminescence. The negative control were 
PANC-1 cells exposed to 0.2% oxygen with transfection reagent but no KD small interfering RNA. Error bars represent the mean ± SD for n=5. The relative 
luminescence unit (RLU) were analyzed by one-way ANOVA followed by Bonferroni statistical hypothesis test. (C) Colony formation assays were performed 
by transiently transfecting PANC-1 cells and seeded into plates. The plates were placed in either normoxia or hypoxia for 16 or 48 h. The cells were fixed, 
stained and colonies were counted. Error bars represent the mean ± SD for n=3. **P<0.01, ***P<0.001 and ****P<0.0001. ATF4, activating transcription factor 4; 
HIF, hypoxia-inducible factor; KD, knockdown.
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differences in cell viability between normoxic and chroni-
cally hypoxic cells in each treatment group (Fig. S2). The 
colony formation assays showed significantly less colonies 
after ATF4 knockdown (P<0.0001; Fig. 7C), as well as after 
HIF1α and HIF2α knockdown (P<0.0001; Figs. 7C and S3). 
The negative control group cells that were exposed to 
chronic hypoxia had significantly more colonies compared 
with the acute hypoxia cells and normoxic cells (P<0.05; 
Fig. 7C). Overall, ATF4 inhibition significantly decreases 
cell viability and colony formation abilities in PANC-1 cells 
in both normoxia and chronic hypoxia (26).

Transforming growth factor beta (TGF-β) has been shown 
to be prevalent in tumors and is secreted by cancer-associated 
fibroblasts to supplement cancer cells and promote growth. 
One proposed pathway that TGF-β promotes cancer survival 
and growth is by inducing ATF4 expression and activity (26). 
However, the effect that TGF-β may have on PDAC cells in 
hypoxia has not yet been studied. To understand if TGF-β 
has the same function in hypoxic PDAC, PANC-1 wells were 
treated with TGF-β in acute and chronic hypoxia. Western blot 
analysis revealed that TGF-β did not induce ATF4 expression 
in normoxic cells (Fig. S4A). ATF4 was upregulated in 16 h 

Figure 8. HIF1α, HIF2α and ATF4 mRNA levels and HIF target genes change over time in hypoxia in WS1 healthy cells but ATF4 was not detectable in 
hypoxic Mia-PaCa2 cells. PANC-1 and Mia-PaCa2 cells were placed in either normoxia (21% oxygen) or hypoxia (0.2% oxygen) for 24 h. (A) ATF4 mRNA 
levels in Mia-PaCa2 cells were determined by RT-qPCR, and (B) ATF4 protein levels were determined in Mia-PaCa2 cells using western blot analysis. WS1 
fibroblast cells were treated with hypoxia (1% oxygen) or normoxia (21% oxygen) for durations from 1 to 48 h. (C) RT-qPCR and (D) western blot analyses 
were conducted to determine HIF1α and HIF2α mRNA and protein levels, respectively. (E) CA9 and Oct4 mRNA levels were also determined by RT-qPCR. 
(F and G) ATF4 mRNA and protein levels were also measured using (F) RT-qPCR and (G) western blot analysis, respectively. Fold changes for RT-qPCR are 
shown relative to normoxic cells. Error bars represent the mean ± SD for n=9. The fold changes were analyzed using unpaired Student's t-test. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. HIF, hypoxia-inducible factor; ATF4, activating transcription factor 4; RT-qPCR, reverse transcription-quantitative PCR; CA9, 
carbonic anhydrase IX; Oct4, octamer-binding transcription factor 4; KD, knockdown.
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of hypoxic exposure, but there was little ATF4 expression 
detected in cells exposed to chronic hypoxia, despite TGF-β 
treatment (Fig. S4A). The colony formation assay used to 
assess clonogenicity of the cells revealed that TGF-β did 
improve clonogenicity in cells exposed to acute hypoxia, but 
not chronic hypoxia, compared with normoxic cells (Fig. S4B). 
There were minimal colonies formed in cells with ATF4 
knockdown.

HIF1α, HIF2α and ATF4 expression increases in healthy WS1 
skin fibroblast cells but not in Mia-PaCa2 PDAC cell line. Next, 
it was investigated how ATF4 and HIFs regulation in PANC-1 
PDAC cells compares to another PDAC, MiaPaCa2 and to 
non-cancerous WS1 fibroblasts. To determine whether ATF4 
is expressed in Mia-PaCa2 cells in 21 and 0.2% oxygen condi-
tions, cells were incubated in normoxia and hypoxia for 24 h. 
ATF4 mRNA levels in Mia-PaCa2 cells increased in hypoxia 
by 1.1±0.1-fold (P<0.1) and protein levels in Mia-PaCa2 were 
not detectable in either normoxia or hypoxia (Fig. 8A and B). 
In PANC-1 cells, however, ATF4 protein expression increased 
in hypoxia compared with normoxia (Fig. 8B).

To determine HIF1α, HIF2α and ATF4 expression in 
hypoxia in healthy cells, WS1 skin fibroblast cells were incu-
bated in normoxia (21% oxygen) or hypoxia (1% oxygen) from 
1 to 48 h of treatment. After 1 h of hypoxic exposure, HIF1α 
mRNA significantly decreased 0.6±0.1-fold (P<0.0001). At 
3 h, there was no significant difference of HIF1α mRNA levels 
in hypoxia compared with normoxia (1.1±0.1-fold). After 6 h 
of hypoxic exposure, mRNA levels decreased 0.6±0.4-fold, 
and they significantly increased after 9 h of exposure by 
1.4±0.1-fold (P<0.0001). The HIF1α mRNA levels became 
significantly lower than normoxic levels from 12 h of hypoxia 
by 0.5±0.1-fold (P<0.0001) to 48 h of hypoxia (0.7±0.2-fold) 
(P<0.001; Fig.  8C). HIF2α mRNA expression steadily 
increased from 3 h of hypoxia and reached a peak at 9 h of 
hypoxia by 2.1±0.4-fold. The mRNA levels decreased continu-
ally from 12 h of exposure to 48 h, at which point, the mRNA 
levels were 0.7±0.1-fold lower than normoxic levels (Fig. 8C). 
It was confirmed that HIF1α and HIF2α protein levels were 
increased in hypoxia by western blotting, which demonstrated 
steady increases of HIF protein expression in all time points 
compared with normoxic levels (Fig. 8D).

The expression of HIF transcriptional target genes CA9 
and Oct4 was also measured. CA9 is a HIF1α-specific target 
gene while Oct4 is a HIF2α-specific target gene. After 24 h 
of hypoxic exposure, results showed that CA9 mRNA levels 
significantly increased by 530.6±33.7-fold compared with 
normoxia while Oct4 mRNA levels were significantly higher 
in hypoxia by 1.6±0.2-fold compared with normoxic levels 
(Fig. 8E). ATF4 expression was also analyzed in normoxia, 
hypoxia and with HIF1α and HIF2α knocked down. ATF4 
mRNA levels were significantly higher after 24 h in hypoxia 
than in normoxia by 1.1±0.08-fold (P<0.05; Fig. 8F). Upon 
HIF1α and HIF2α knockdowns, ATF4 mRNA expression 
significantly increased by 1.9±0.01 and 1.4±0.04-fold, respec-
tively (Fig. 8F). Western blot analysis revealed that hypoxia 
significantly increased ATF4 protein expression in healthy 
cells by 3.2±0.6-fold compared with normoxia. While ATF4 
mRNA increased upon HIF1α and HIF2α knockdown, 
ATF4 protein expression significantly decreased upon HIF1α 

knockdown in hypoxia (1.3±0.05-fold) compared with cells 
in hypoxia without knockdowns (P<0.01; Fig.  8G). There 
was no significant difference in cells with HIF2α knockdown 
compared with hypoxia-treated cells without knockdowns 
(Fig. 8G).

Discussion

Pancreatic cancer cells exist in a hypoxic environment, and 
yet, most research conducted is performed under normoxic 
conditions or in acute hypoxia, which is less pathophysiologi-
cally relevant. Despite the chronic hypoxic condition observed 
in PDAC in patients, the function of ATF4 during chronic 
hypoxia has remained largely unstudied in pancreatic cancers. 
In the present study, evidence was provided that ATF4 regu-
lates HIF1α and HIF2α expression and significantly affects 
cell migration, cell viability and colony formation in chroni-
cally hypoxic pancreatic cancer cells.

Loss-of-function experiments were conducted to ascertain 
the relationship between ATF4 and HIFs in PANC-1 cells in 
chronic hypoxia. HIF1α and HIF2α are regulators of cellular 
hypoxic response (17). The two isoforms have unique roles 
in mediating cell survival in hypoxia (32). Generally, HIF1α 
activates genes that promote changes to cell metabolism while 
HIF2α activates genes that promote processes such as stem-
ness and extracellular signaling and remodeling (31,34,35). 
HIF1α and HIF2α are also regulated in a type of ‘switch’ in 
which when HIF1α expression decreases or increases, HIF2α 
expression tends to change inversely. This ‘HIF switch’ is 
critical to regulate the different response pathways as the 
time in hypoxia increases (32). The switch is largely attrib-
uted to microRNAs that control HIF1α and HIF2α levels by 
preventing HIF mRNA translation, reducing the amount of 
protein synthesized (32). Hypoxia-associated factors (HAFs) 
also downregulate HIF1α by inducing ubiquitination and 
protein degradation while upregulating HIF2α activation, 
including in a variety of different cancers such as pancreatic 
cancer and renal clear cell carcinoma (31,36). The present data 
revealed, for the first time to the best of our knowledge, that 
ATF4 functions as a HIF regulator by decreasing HIF2α and 
increasing HIF1α expression in chronic hypoxia. ATF4 regu-
lates the HIFs inversely to microRNAs and HAFs that increase 
HIF2α and decrease HIF1α in chronic hypoxia (31,37,38). This 
may possibly prevent a complete shutdown of HIF1α specific 
functions by counteracting the negative regulation of HIF1α 
by microRNAs and HAFs. While HIF2α is commonly associ-
ated with chronic hypoxia and HIF1α with acute hypoxia, it 
was demonstrated that HIF1α expression remains essential in 
chronic hypoxia for maintaining certain cell survival path-
ways, such as metabolic reprogramming (31,35,39). ATF4 may 
function to promote HIF1α expression to maintain critical 
these pathways that are activated by only HIF1α and prevent a 
complete inhibition of HIF1α functions and improve hypoxic 
tolerance in chronic hypoxia. Whether ATF4 affects HIFs in 
chronic hypoxia directly or indirectly remains to be under-
stood. Further studies are planned to analyze downstream 
ATF4 transcriptional target genes to determine potential 
mechanisms used to affect HIF expression.

Our data also showed that ATF4 promotes colony formation 
and cell viability in chronically hypoxic PDAC cells (26,40). 
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In chronic hypoxia, ATF4 knockdown significantly decreased 
colony formation and cell viability. Hence, ATF4 acts as a 
pro-survival factor for PDAC cells under conditions of chronic 
hypoxia and may be a viable target for PDAC therapies. ATF4 
has been previously shown to promote colony formation and 
cell viability by regulating the Wnt/β-catenin pathway and 
the PERK/eIF2α/ATF4 axis in different cancers, including 
lung cancer and glioblastoma cells (41,42). It is plausible that 
ATF4 affects colony formation and viability of PDAC cells in 
chronic hypoxia the same way it does in normoxia. However, 
these functions of ATF4 may be more robust in chronic 
hypoxia compared with normoxia. Targeting ATF4 may be 
a therapeutic strategy for treating hypoxic PDAC which is 
otherwise difficult to treat.

ATF4 roles in cell migration in hypoxic PDAC cells were 
also determined. ATF4 stimulates cell migration and metastasis 
in breast cancer cells, as well as in PDAC (26,40). However, it 
was demonstrated that under chronic hypoxia, ATF4 inhibition 
increased cell migration in PDAC cells, evidence that rather 
than promoting cell migration as observed in normoxia, ATF4 
negatively regulates cell migration in chronic hypoxia. While 
it has been previously revealed in breast cancer that ATF4 
stimulates cell migration, these studies were conducted under 
normoxic conditions or in oxygen levels that are likely mark-
edly higher than in patients (43,44). Previous studies showed 
that breast cancers typically exhibit oxygen levels of 0.2% 
oxygen or less, similar levels to that of PDAC (29,40,45,46). 
Furthermore, these experiments did not exceed 24  h of 
hypoxic exposure. There may also be differences in the physi-
ology of the two cancers that can account for this discrepancy, 
which remain to be explored. Another study showed that 
ATF4 promotes cell migration in PDAC (26). However, this 
was not conducted in hypoxia, acute or chronic, and our data 
indicated that ATF4 functions differently in hypoxia than in 
normoxia. This suggested that ATF4 functions change or are 
different depending on the presence or absence of oxygen 
and the duration of hypoxia. The present results not only 
indicated a negative regulatory role of ATF4 on cell migra-
tion, but they also emphasized the importance of conducting 
pancreatic cancer research in pathophysiologically relevant 
conditions, particularly chronic hypoxia. The discovery of the 
‘HIF switch’, particularly the dominance of HIF1α in acute 
hypoxia and HIF2α in chronic hypoxia, has illuminated the 
importance of distinguishing acute and chronic hypoxia in 
cancers (31,32,37,47). However, the same principles should 
be applied when investigating other stress response pathways 
in hypoxia, including ATF4 in the UPR pathway. As it was 
revealed, the role of ATF4 in acute and chronic hypoxia is not 
the same, indicative of a mechanism that facilitates this switch 
in function that is yet to be found.

It is unknown whether ATF4 directly interacts with HIF1α 
and HIF2α mRNA or protein to regulate expression or indi-
rectly by way of another downstream factor that functions as 
a mediator between ATF4 and HIFs. It was demonstrated that 
HIF1α, HIF2α and ATF4 are all expressed at the protein level 
in hypoxia in healthy cells and in PANC-1 cells. Somewhat 
surprisingly, our data showed that hypoxia does not induce 
ATF4 expression in Mia-PaCa2 cells compared with PANC-1 
cells which exhibit a robust increase in ATF4 protein expres-
sion. This can be due to several reasons, including the different 

phenotypes exhibited by Mia-PaCa2 cells and PANC-1 cells. 
For instance, low expression of neural cell adhesion molecule 
CD56, a protein found in PANC-1 cells but not Mia-PaCa2 
cells, has been revealed to result in low levels of ER stress 
markers, including ATF4  (48,49). The lack of CD56 in 
Mia-PaCa2 cells may contribute to the low levels of ATF4, 
despite hypoxic exposure. Another protein that may contribute 
to the low ATF4 levels in Mia-PaCa2 but high induction in 
PANC-1 cells is E-cadherin, a cell-to-cell adhesion molecule. 
High E-cadherin levels, as observed in Mia-PaCa2 cells 
but not in PANC-1 cells, are associated with low expression 
of ATF4 (43). These types of differing expression profiles 
observed in the two cell lines may contribute to the low ATF4 
expression identified in Mia-PaCa2 cells and high levels in 
PANC-1 cells. Notably, PANC-1 have been described as more 
aggressive and with greater metastasizing potential (48). The 
ATF4 related mechanism, found only in the PANC-1 cells and 
which is notably quite different than healthy WS-1 cells, is a 
candidate for mediating such a phenotype and therefore repre-
sents a potential biomarker for metastatic potential, though 
further studies are required to explore this hypothesis.

One major finding from the present study was that in 
chronically hypoxic PANC-1 cells, ATF4 was revealed to 
affect HIF1α expression while HIFs did not affect ATF4. 
This, however, was not observed in healthy cells. As 
observed in PANC-1 cells, ATF4 mRNA expression signifi-
cantly increased when HIF1α was knocked down. However, 
in healthy cells, HIF1α knockdown caused ATF4 protein 
expression levels to be significantly lower than the hypoxic 
cells expressing HIF1α. This result is in contrast to what 
was observed in PANC-1 cells, in which HIF1α knockdown 
did not change ATF4. The present findings indicated that in 
healthy cells, HIF1α may regulate ATF4 in hypoxia, while 
in PDAC cells, this regulation pathway is either inhibited 
or is negated by other mechanisms that cause ATF4 over-
expression (14,26,50). One such mechanism is the protein 
CD56 found in PANC-1 cells that causes high ATF4 expres-
sion (48,49). Since HIF1α has never been shown to affect 
ATF4 in hypoxia in healthy cells, the mechanism in which 
HIF1α may affect ATF4 protein expression requires further 
study. It will also be important to further validate these find-
ings with other methods in in vitro PDAC models, such as the 
use of 3D spheroids, and in in vivo models which replicate in 
an improved way the heterogeneity of the tumor microenvi-
ronment observed in patients. This shall be the focus of our 
future efforts.

In conclusion, it was demonstrated that ATF4 is upregu-
lated in chronically hypoxic PDAC cells and that HIF1α 
expression is dependent on ATF4 while ATF4 negatively 
regulates HIF2α in PDAC cells in chronic hypoxia. It was 
also demonstrated that while ATF4 may decrease cell 
migration in chronic hypoxia, its inhibition is detrimental 
to clonogenicity and cell viability in hypoxia, and therefore, 
is an attractive target for chronically hypoxic PDAC. The 
present study has emphasized the importance of conducting 
research in pathophysiologically relevant systems related to 
hypoxia. These findings elucidated a novel understanding of 
PDAC in which hypoxia causes the UPR pathway to regulate 
the hypoxia response pathways, possibly contributing to the 
aggressive qualities of PDAC.
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