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Background: Pancreatic cancer (PC) is among the most aggressive types of cancer. Hypoxia has been 
identified as a key risk factor for cancer progression. The forkhead box (FOX) proteins are multidirectional 
transcriptional factors that are strongly implicated in malignancies. However, whether FOXO3a, a member 
of the FOX protein family, is involved in the pro-oncogenic functions of hypoxia in PC has remained 
largely unelucidated. In this study, we attempted to clarify the role of FOXO3a in metastasis under hypoxic 
conditions and its underlying mechanism.
Methods: MTT and flow cytometry assays were performed to detect the cell proliferation and cell cycle 
distribution respectively. Transwell assays were used to determine the potential of cell migration and invasion. 
qPCR and western blot assays were used to assess the expression of mRNA and protein. Immunofluorescence 
assay was performed to evaluate the cellular localization of FOXO3a. FOXO3a overexpression plasmid was 
constructed to perform the rescue experiment.
Results: Our data indicated that PANC-1 and SW1990 cells represented enhanced cell migration and 
invasion abilities under hypoxia, while no statistical differences in cell proliferation and cell cycle distribution 
were observed. Hypoxia upregulated the messenger RNA (mRNA) and protein expressions of HIF-1α, 
FOXO3a, and the key epithelial-mesenchymal transition (EMT)-related (EMT) molecules N-cadherin 
and vimentin, as well as the phosphorylation of FOXO3a. Interestingly, hypoxia promoted the extranuclear 
localization of FOXO3a. Overexpression of FOXO3a not only significantly decreased the invasion, 
migration, and EMT of PC cell lines, but also reversed hypoxia-induced extranuclear localization. Finally, 
FOXO3a might act as a tumor suppressor in PC by inhibiting the ERK signaling pathway by inducing 
DUSP6 expression, and the ERK activator fisetin could effectively attenuate the inhibitory role of FOXO3a 
on ERK. 
Conclusions: Taken together, our results identified that hypoxia-induced extranuclear localization of 
FOXO3a promoted cell migration and invasion of human PC by modulating the DUSP6/ERK pathway. 
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Introduction

Pancreatic cancer (PC) is a major mortal gastrointestinal 
cancer, and its incidence rate was still very high in China 
(1,2). Elementary treatment options for PC patients include 
surgical or chemoradiotherapy schemes (3). Although these 
strategies are efficacious, the 5-year survival rate is only 4% 
due to the drug resistance and metastasis (4). Therefore, 
new therapeutic targets for PC are urgently needed. 

FOXO proteins are a subpopulation of the forkhead box 
(FOX) family and belong to polydirectional transcriptional 
factors that regulate many biological procedures, including 
cell proliferation, metabolism, and survival (5-7). The 
FOXO proteins, particularly FOXO3a, usually act as tumor 
suppressors by regulating cell cycle arrest and cell metastasis 
via inactivation by some critical oncogenic signaling 
pathways, such as the PI3K/AKT and MAPK/ERK 
pathways (8-10). In multiple cancer cells, the abnormal 
activation of PI3K/AKT pathway leads to the devitalization 
of FOXO proteins, which promotes the development of 
chemoresistance and tumor metastasis (11-13). 

Hypoxia is one of the leading risk factors for cancer 
progression. It induces the expression of HIF1α and its 
downstream target genes which take part in regulation 
of tumor metastasis, angiogenesis, immune evasion, and 
resistance to chemotherapy and radiation therapy in 
multiple cancer types including PC (14,15). Dozens of 
studies have indicated that hypoxia could regulate FOXO3a 
expression and activation. For example, FOXO3a was 
activated and its nuclear localization was also enhanced 
in a hypoxia-inducing cell or tissue injury model (16). In 
hepatocellular carcinoma, hypoxia positively regulates 
sorafenib resistance by inducing autophagy via the activation 
of FOXO3a (17). However, the function of FOXO3a and 
its activation in hypoxia-inducing cancer cell migration and 
invasion in cancers including PC is poorly understood. 

In the present study, we observed that the migration and 
invasion potential of PANC-1 and SW1990 were heightened 
under hypoxic conditions. Hypoxia inactivated FOXO3a by 
promoting its phosphorylation and extranuclear localization 
via activation of the AKT signaling pathway. Over-expression 
of FOXO3a decreased the cell invasion and migration 
potential of PC cells, and reversed hypoxia-inducing 
extranuclear localization. The ectopic expression of FOXO3a 
increased DUSP6 expression and effectively inhibited the 
phosphorylation of ERK in PANC-1 cells. By activating 
ERK using the agonist fiestin, the roles of FOXO3a on 
ERK cell migration and invasion were effectively attenuated. 
In summary, the results manifested that hypoxia-induced 

FOXO3a inactivation promotes cell migration and invasion 
of human PC by ERK signaling pathways. 

We present the following article in accordance with 
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/jgo-21-359).

Methods

Cell culture and hypoxia treatment

Two human PC cell lines PANC-1 (CRL-1469) and 
SW1990 (CRL-2172) used in this study were obtained from 
the American Type Culture Collection (ATCC, Manassas, 
VA, USA) and all cells were cultured in Dulbecco’s modified 
eagle medium (DMEM; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) with 10% fetal bovine serum (FBS; 
Cytiva, Marlborough, MA, USA), 100 μg/mL streptomycin, 
and 100 U/mL penicillin. All cells were maintained in a 
humidified incubator at 37 ℃ with 5% CO2.

For hypoxia treatment, cells were cultured in a tri-
gas incubator (Thermo Fisher Scientific, Inc.) with 1% 
oxygen and the best incubation time for each cell line was 
determined using transwell assay in which the cell migration 
was promoted. 

Western blotting

Cells were lysed in lysis  buffer containing 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1% Triton X 
100, 4.9 mM MgCl2, 1 mM orthovanadate, 2.1 μg/mL 
aprotinin, and 0.5 μg/mL leupeptin. After separation 
using 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS–PAGE), proteins were transferred 
onto polyvinylidene difluoride (PVDF) membranes. 
Then, membranes were blocked with 5% fat-free milk 
for 2 h at room temperature followed by incubation with 
primary antibodies against HIF1α (CST, No. 36169), 
FOXO3a (CST, No. 12829), p-FOXO3a (CST, No. 
9466), N-cadherin (CST, No. 13116), vimentin (CST, No. 
5741), ERK (CST, No. 9102), p-ERK (CST, No. 4370), 
AKT (CST, No. 4685), and p-AKT (CST, No. 4060), 
and antibodies against DUSP5 (Abcam, No. 200708) and 
DUSP6 (Abcam, No. 76310) at 4 ℃ overnight. Finally, 
membranes were incubated with the horseradish peroxidase 
(HRP)-conjugated secondary antibody at room temperature 
for at least 1 h. After chemiluminescence reaction with 
HRP substrate, X-ray film (Fujifilm, Minato, Tokyo, Japan) 
were used to visualized the signal. We used β-Actin as the 
loading control.

https://dx.doi.org/10.21037/jgo-21-359
https://dx.doi.org/10.21037/jgo-21-359
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Cell viability assay

MTT assay was performed to determine the cel l 
viability in 96-well plates of PC cell lines using the agent 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide. In brief, after hypoxia treatment for the indicated 
time, the cells were seeded at a density of 5,000 cells/well 
and allowed to incubate in normoxic conditions for 24–96 h. 
Next, the cells were subjected to MTT assay to determine 
cell survival rates. The 570 nm absorbance value of each 
sample was read by a microplate reader (Molecular Devices, 
San Jose, CA, USA).

Cell cycle assay by flow cytometry

Flow cytometry experiment was used to determine the cell 
cycle distribution using propidium iodide (PI) staining. In 
brief, cells were seeded into a 6 cm dish at 1x105 cells/dish 
and incubated overnight to allow cell attachment. After cells 
were treated with hypoxia for the indicated time, they were 
harvested, washed with phosphate-buffered saline (PBS), and 
fixed in 75% ethanol at 4 ℃ for at least 8 h. Then, the fixed 
cells were incubated with RNase A (100 μg/mL) and 0.1% 
TritonX-100 for 30 min at 37 ℃. After that, cells were stained 
with PI (30 μg/mL) and detected by flow cytometry (FACS 
Calibur, Becton, Dickinson and Co., (BD) Biosciences, 
Franklin Lakes, NJ, USA). The FlowJo software program 
(Flowjo, LLC, Ashland, OR, USA) was used to analyze the 
percentages of cells at G1, S, and G2/M were calculated by 
based on their DNA content.

In vitro migration and invasion assays

To determine the cell migration, the transwell assay 
was performed using a chamber (8 μM pore; Corning 
Life Sciences, Tewksbury, MA, USA) according to the 
manufacturer’s instruction. After cells were suspend in 
serum-free DMEM, they were seeded into the upper 
Transwell chambers. The lower compartment was placed 
into 24-well plates which was filled with DMEM with 
10% FBS as a chemoattractant. After 24 h incubation, 
iced methanol was used to fix the cells and then cells were 
stained with 0.5% crystal violet solution for 30 min at 
room temperature. After removing the cells remaining 
in the upper surface of chamber, the number of cells 
migrated to the lower side were counted by a microscope 
(Olympus Corporation, Shinjuku, Tokyo, Japan) at ×200 
magnification. For invasion assays, Transwells were pre-

coated with Matrigel (BD Biosciences, USA) before the 
cells were added. The following steps were the same as 
those in the migration assay.

Immunofluorescence microscopy for FOXO3a detection

The PANC-1 cells were seeded in 6-well plates and 
incubated under normoxic or hypoxic conditions for  
24 h. The immunofluorescence staining experiment was 
performed according to the manufacturer’s instructions. 
Briefly, 4% formaldehyde was used to fix PANC-1 cells 
at room temperature for 30 min. We then used ice-
cold absolute methanol to permeabilize the cells at room 
temperature for 10 min. After blocking by incubation 
with PBS containing 3% bovine serum albumin (BSA) 
at room temperature for 30 min, cells were incubated 
with anti-FOXO3a antibody in blocking buffer for 2 h at 
room temperature followed by incubation with goat anti 
rabbit antibody conjugated with Alexa Fluor 594 (Cell 
Signaling Technology, Danvers, MA, USA) for 1 h at room 
temperature, and nuclei were stained with 1 μg/mL DAPI  
in PBS. Images were taken with a fluorescent microscope 
(Olympus Corporation, Japan).

Plasmid construction and transfection

The coding sequence (CDS) of human FOXO3a mRNA 
were synthesized and digested using restriction enzymes 
HindIII and EcoRI. After that, the DNA fragment was 
subcloned into the empty pcDNA3.1 vector to construct 
the FOXO3a overexpression plasmid. DNA sequencing 
was used to confirm the integrity of  the plasmid 
constructed. The transfection complex was prepared with 
Lipofectamine® 3000 (Thermo Fisher Scientific, Inc., 
USA) for 20 min at room temperature according to the 
manufacturer’s instructions, and transfection was carried 
out at 37 ℃ for 24 h. Western blot assay was performed to 
determine the expression efficiency of pcDNA3.1-FOXO3a 
plasmid transfection.

Statistical analysis

All numerical data were presented as the means ± standard 
deviation (SD). GraphPad Prism 5.0 (GraphPad Software, 
Inc., La Jolla, CA, USA) and SPSS 13.0 (SPSS, Inc., 
Chicago, IL, USA) software packages were used for all 
statistical analyses. 2-sided Student’s t-test was used to 
determine the statistical significance, and p- values below 
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Figure 1 Hypoxia weakly inhibited cell proliferation of PANC-1 and SW1990 cells. (A) Cells were cultured under normoxic or hypoxic 
conditions for the indicated time (24 h for PANC-1 and 4 h for SW1900 cells), and then, 2 cell lines were seeded in 96-well plates for 
culturing under normoxic conditions for 24–96 h. MTT assay was performed to determine cell viability. (B) Cell cycle distribution of 
PANC-1 and SW1990 cells under normoxic or hypoxic conditions were detected by flow cytometry, and representative photographs are 
presented. Quantitative analysis of cell cycle distribution is shown in the histogram. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide.

0.05 were considered statistically significant.

Results

Hypoxia exerted a weak inhibitory function on cell 
proliferation in PC cells

To investigate the mechanism of pro-oncogenic effects 
of a hypoxic condition on PC, 2 cell lines PANC-1 and 
SW1990 were used. Firstly, the cell viability of PANC-1 
and SW1990 cells under normoxic or hypoxic conditions 
(1% O2) were detected by MTT assay at the indicated time 
points. As shown in Figure 1A, although hypoxia exerted 
a weak inhibitory effect on cell proliferation, both PC cell 
lines showed no statistical difference on cell proliferation 

under hypoxic conditions compared with normoxic ones. 
To further confirm the results of MTT assay, PC cell 

lines were collected and flow cytometry was performed to 
analyze cell cycle distribution. As illustrated in Figure 1B, 
PANC-1 and SW1990 cells in the hypoxic group had no 
significant difference in cell cycle distribution of G0/G1, S 
phase, and G2/M. 

Hypoxia significantly enhanced cell migration and 
invasion abilities of PC cells 

To further examine the effect of PC cell lines on tumor 
behavior under normoxic or hypoxic conditions, migration 
and invasion abilities were determined. Initially, after 
PANC-1 and SW1990 cells had been incubated under 
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hypoxic conditions (1% O2) for 24 h and 4 h respectively, 
the Transwell assay was performed. As shown in Figure 2A,  
hypoxia significantly promoted the cell migration and 
invasion potentials in both PANC-1 and SW1990 cell lines 
compared to those in the control group (pretreated under 
normoxic conditions). Furthermore, mRNA expression 
levels of HIF1-α, FOXO3a, N-cadherin, and vimentin 
under normoxic and hypoxic conditions in PANC-1 and 
SW1990 cells were also tested by quantitative reverse 
transcription-polymerase chia reaction (RT-qPCR) assay. 
As shown in Figure 2B, the results showed that hypoxia 
significantly upregulated the expression of HIF1-α, 
FOXO3a, N-cadherin, and vimentin mRNAs. 

Hypoxia promoted EMT and inactivated FOXO3a in PC 
cells

Next, the protein expression of HIF-α, FOXO3a, as well 
as mesenchymal markers N-cadherin and vimentin of PC 
cells under hypoxic conditions were determined by western 
blotting assay. As shown in Figure 3A, our data indicated 
that the protein expressions of HIF-α and FOXO3a in 
PC cell lines PANC-1 and SW1990 were dramatically 
upregulated under hypoxic conditions. Furthermore, the 
expressions of N-cadherin and vimentin in PANC-1 and 
SW1990 cell lines under hypoxic conditions were also 
significantly elevated (Figure 3A). Interestingly, hypoxia 
also promoted the phosphorylation of FOXO3a, which 
suggested that FOXO3a had been inactivated (Figure 3A). 
Finally, using immunofluorescence microscopy technology, 
we found that hypoxia induced FOXO3a extranuclear 
localization imaged by overlapping red fluorescence 
conjugated FOXO3a and nuclei stained with DAPI in 
PANC-1 cells (Figure 3B).

FOXO3a overexpression impaired hypoxia-promoted PC 
cell migration and invasion 

To study the biological role of FOXO3a in cell migration 
and invasion of PC cells under hypoxia, a FOXO3a 
overexpression plasmid was constructed. After PANC-
1 and SW1990 cells had been transfected with the 
pcDNA3.1 vector or FOXO3a overexpression plasmid, the 
expression of FOXO3a was analyzed by western blotting. 
As shown in Figure 4A, FOXO3a protein levels were 
significantly increased in PANC-1 and SW1990 cells that 
had been transfected with FOXO3a expression plasmid 
(Figure 4A). Overexpression of FOXO3a alone suppressed 

the cell migration and invasion potentials of PANC-
1 and SW1990 cells, and more importantly the ectopic 
expression of FOXO3a impaired the hypoxia-promoted 
cell migration and invasion activities in both cell lines 
(Figure 4B).

We employed immunofluorescence microscopy 
technology to further confirm the role of FOXO3a 
overexpression in its cellular translocation in PC cells under 
hypoxic conditions. As shown in Figure 4C, overexpression 
of FOXO3a not only enhanced its nucleus localization 
compared to the pcDNA3.1 group, but also promoted its 
nuclear translocation under hypoxic conditions. 

FOXO3a overexpression reversed its hypoxia-promoted cell 
migration and invasion by inducing DUSP6

To explore the underlying mechanisms for the role of 
FOXO3a in hypoxia-induced cell migration and invasion 
in PC, the phosphorylation of ERK, AKT, and itself was 
determined by western blotting assay in PANC-1 cells. 
As shown in Figure 5, hypoxia effectively upregulated 
the phosphorylation of AKT, which accounted for the 
phosphorylation and inactivation of FOXO3a, and our 
data also indicated that the ectopic expression of FOXO3a 
could inactivate AKT in turn (Figure 5). More interestingly, 
hypoxia obviously downregulated the expression of DUSP6 
while FOXO3a could promote this protein. As a result, 
ERK was activated by hypoxia, but inactivated by FOXO3a 
overexpression (Figure 5). We used fisetin, an activator of 
ERK, to further confirm whether ERK activation was an 
indispensable factor for hypoxia-induced cell migration 
and invasion in PC cells. Our data revealed that fisetin 
not only promoted the phosphorylation of ERK, but also 
attenuated the role of FOXO3a overexpression on ERK 
activation (Figure 6A). More importantly, the inhibitory role 
of FOXO3a on cell migration and invasion was effectively 
reversed by fisetin (Figure 6B).

Discussion

Hypoxia is one of the main pro-oncogenic factors for 
regulating cancer progression (18). It may produce a 
multitude of changes in tumor cells, such as enhanced 
metastatic capability, DNA repair capacity, chemoresistance, 
and radioresistance (19-22). The main mediator of the 
biological function of hypoxia, HIF-1α, is a chief controller 
of oxygen homeostasis and can regulate multifarious 
cellular functions, such as cell proliferation, apoptosis, and 
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Figure 2 Hypoxia enhanced the cell migration and invasion abilities of PANC-1 and SW1990 cells. (A) PC cell lines PANC-1 and SW1990 
were cultured for 24 or 4 h, respectively, under normoxic or hypoxic conditions. Then, migration and invasion ability of PC cells were 
detected by Transwell assay. Cells were fixed with methanol and stained with 0.5% crystal violet solution for 30 min at room temperature.  
(B) Relative mRNA expression of HIF1-α, FOXO3a, N-cadherin, and vimentin under normoxic or hypoxic conditions in PANC-1 and 
SW1990 tested by RT-PCR. The data are derived from three independent experiments. *, P<0.05; **, P<0.01. PC, pancreatic cancer; RT-
PCR, reverse transcription-polymerase chain reaction; mRNA, messenger RNA.
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Figure 4 FOXO3a overexpression reversed PC cell migration and invasion induced by hypoxia. (A)  PANC-1 and SW1990 cells were 
transfected with pcDNA3.1 or pcDNA-FOXO3a for 24 h) and the expression of FOXO3a was confirmed by western blot assay. Quantitative 
analysis of FOXO3a expression is shown in the histogram. (B) PANC-1 and SW1990 cells transfected with pcDNA3.1 or pcDNA-FOXO3a 
for 24 h. Cells were then cultured for another 24 h or 4 h under normoxic or hypoxic conditions. The migration and invasion ability of 
PC cells detected by Transwell assay. Cells were fixed with methanol and stained with 0.5% crystal violet solution for 30 min at room 
temperature. The data are derived from 1 of the 3 independent experiments. *, P<0.05; **, P<0.01. (C) PANC-1 cells were transfected with 
pcDNA3.1 or pcDNA-FOXO3a for 24 h. Cells were then cultured for another 24 h under normoxic or hypoxic conditions. Then, the 
cellular localization of FOXO3a was analyzed by fluorescence microscope. The FOXO3a was identified by FOXO3a antibody followed 
detection by red AF594 fluorescence conjugated second antibody, and nuclei were recognized using DAPI staining.  Representative pictures 
are shown. PC, pancreatic cancer.
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Figure 5 FOXO3a overexpression attenuated hypoxia-induced ERK activation via DUSP6. (A) PANC-1 cells transfected with pcDNA3.1 
or pcDNA-FOXO3a for 24 h followed by another 24 h culture under normoxic or hypoxic conditions and analyzed by western blot 
for detection of the indicated proteins. Representative data from  three  independent experiments was shown. (B) Quantitative analysis 
expression of proteins in (A). Data is expressed as mean ± SD for three independent experiments. *, P<0.05; **, P<0.01. SD, standard 
deviation.
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metastasis (23-25). A previous study also demonstrated 
that under hypoxic conditions, the enhancement in HIF-
1α expression triggers hypoxia-mediated apoptosis by 
influencing the expression of downstream molecules (26). 
Hypoxia was also found to induce cancer metastasis by 
upregulated HIF-1α expression via promotion of EMT (27). 
Multiple investigations have reported that HIF-1α is potent 

target for the treatment of several cancer including PC.  We 
believe that the severity and duration of hypoxia is a key 
factor in determining its role in cancer, especially in the cell 
experiment model. In the present study, we tested the role 
of different incubation durations of 1% O2 in PC cells and 
confirmed that 24 h and 4 h of hypoxic incubation exerted 
the most effective promotion in PANC-1 and SW1990 cells, 
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Figure 6 Fisetin reversed the roles of FOXO3a in PC cell migration and invasion by activating ERK. PANC-1 cells were transfected 
with pcDNA3.1 or pcDNA-FOXO3a followed by fisetin (5 μM) treatment for 24 h. (A) Western blot was performed to detect the ERK 
activation. Quantitative analysis of FOXO3a expression is shown in the histogram. (B) Transwell assay was performed to determine the cell 
migration and invasion ability. Cells were fixed with methanol and stained with 0.5% crystal violet solution for 30 min at room temperature. 
The data are derived from three independent experiments. *, P<0.05; **, P<0.01. PC, pancreatic cancer; DMSO, dimethlysulfoxide.
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respectively. Our findings also indicated that hypoxia the 
induced migration and invasion of PC cells by promoting 
EMT, which was supported by the increase of N-cadherin 
and vimentin expression.

The FOXO family of transcription factors are regarded 
as tumor suppressors that mostly regulate cell proliferation, 
apoptosis, cell cycle arrest, and oxidative stress (28-31). 
Numerous studies have reported that FOXO3a is inactivated 

in various cancers such as nasopharyngeal carcinoma, gastric 
cancer, breast cancer, hepatocellular carcinoma, ovarian 
cancer, lung cancer, and so on (32-37). Moreover, FOXO3a 
inactivation can trigger EMT and subsequently promote 
tumor cell migration and invasion, reflecting that FOXO3a 
can serve as an underlying biomarker for the prediction 
and treatment of tumor metastasis (38,39). However, the 
function of FOXO3a and its activation in hypoxia-induced 

http://dict.youdao.com/w/eng/serve_on/#keyfrom=dict.basic.syno


1701Journal of Gastrointestinal Oncology, Vol 12, No 4 August 2021

© Journal of Gastrointestinal Oncology. All rights reserved.   J Gastrointest Oncol 2021;12(4):1691-1703 | https://dx.doi.org/10.21037/jgo-21-359

cancer cell metastasis, especially in PC, has been poorly 
understood.

As mentioned above, several studies have indicated that 
hypoxia could upregulate FOXO3a expression and promote 
its nuclear localization in a hypoxia-induced cell or tissue 
injury model (16). In our hypoxia-induced PC cell migration 
and invasion model, hypoxia indeed increased the expression 
of FOXO3a, but its nuclear translocation was suppressed. 
In fact, we found that phosphorylation of FOXO3a was 
upregulated under hypoxia. This finding explained why 
hypoxia enhanced the expression of FOXO3a but inhibited its 
nuclear translocation. We also detected the phosphorylation 
of AKT, a kinase that can phosphorylate and inactivate 
the FOXO3a, under hypoxic conditions. As expected, the 
phosphorylation of AKT was enhanced by hypoxia.

In a certain regard, the ectopic expression of FOXO3a 
not only effectively suppressed the migration and 
invasion potentials of PC cells, but also reversed the 
promotional role of hypoxia. Meanwhile, hypoxia-induced 
ERK activation could also be attenuated by FOXO3a 
overexpression. By screening the target genes of FOXO3a 
using the dataset Gene Set Enrichment Analysis (GSEA), 
we found DUSP5 and DUSP6 were the downstream 
target genes of FOXO3a. Interestingly, FOXO3a could 
promote the expression of DUSP6 but not DUSP5, 
while hypoxia could decrease the expression of DUSP6. 
All these data suggested that hypoxia might promote 
ERK activation by inhibiting FOXO3a-induced DUSP6 
expression. Finally, we used the ERK activator fisetin to 
further confirm ERK activation in hypoxia-induced cell 
migration and invasion in PC cells. As expected, fisetin not 
only attenuated the role of FOXO3a in ERK activation, 
but also promoted cell migration and invasion, even under 
FOXO3a overexpression. 

Conclusions

In conclusion, our results suggested that hypoxia-induced 
inactivation of FOXO3a and decreased expression of 
DUSP6 promoted the cell migration and invasion of 
human PC cells at least partially by enhancing ERK 
phosphorylation. 
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