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Purpose: Pancreatic cancer is characterized by a hypoxic microenvironment and resistance 

to most currently available treatment modalities. Prolyl hydroxylase domain 3 (PHD3) is a 

rate-limiting enzyme that regulates the degradation of hypoxia-inducible factors (HIFs) and is 

deregulated in pancreatic cancer cells. Whether such alteration of PHD3 expression contributes to 

the sustained growth and radioresistance of pancreatic cancer cells remains largely unknown.

Materials and methods: PHD3 was overexpressed in pancreatic cancer Mia-paca2 cells via 

lentiviral expression. Cell cycle progression and apoptosis were assayed by flow cytometry. 

HIF-1α, EGFR, and PHD3 protein expression was assessed by Western blotting. Cell survival 

was determined in a colony formation assay.

Results: PHD3 overexpression suppressed HIF-1α protein expression and EGFR phosphorylation 

and enhanced the 2 Gy irradiation-mediated reductions in HIF-1α and phosphorylated (p)-EGFR 

under either normoxic or hypoxic conditions. PHD3 overexpression inhibited the growth and 

colony formation of Mia-paca2 cells in response to irradiation under either normoxic or hypoxic 

conditions. PHD3 overexpression exacerbated irradiation-induced apoptosis, with a greater 

effect under hypoxia than normoxia. Cell cycle distribution analysis demonstrated that PHD3 

overexpression resulted in further shortened S phase and lengthened G2/M phase in response 

to irradiation.

Conclusion: PHD3 expression may contribute to the radiotherapy efficacy of pancreatic cancer 

cells and serve as a novel biomarker for improving radiotherapy efficacy in pancreatic cancer.
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Introduction
Pancreatic carcinoma is one of the most lethal solid tumors. Global cancer statistics 

indicate that ~53,070 new pancreatic cancer cases will occur in the US in 2018, and the 

5-year survival rate is only 1.2%–6%.1 Surgical resection is currently recommended as 

the first-line treatment. However, .80% of pancreatic cancer patients with nonspecific 

symptoms are diagnosed when the disease is in an advanced stage and the opportunity 

for radical resection has passed.2 Therefore, radiotherapy and chemotherapy play crucial 

roles in the treatment of pancreatic cancer.3 Although modern image-guided technology 

has improved radiotherapy, the efficacy of radiotherapy is still limited by intrinsic 

and extrinsic radiation resistance in tumor cells.4 To improve the radiation sensitivity 

of pancreatic cancer cells along with patients’ prognosis, there is an urgent need to 

elucidate the molecular mechanisms of radiation resistance in pancreatic cancer.

The tumor microenvironment plays a critical role in tumorigenesis and 

treatment resistance. Intratumoral hypoxia is a widely observed feature of the tumor 
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microenvironment and has been shown to contribute to 

radiation resistance in numerous solid tumors.5–7 Hypoxia is 

a prominent biological characteristic of pancreatic cancer, as 

demonstrated by the lower partial pressure of oxygen in the 

areas of pancreatic carcinoma compared with that in normal 

pancreatic tissue.8 Hypoxia inducible factors (HIFs) regu-

late the expression of the genes required for the adaptation 

of tumor cells to the hypoxic microenvironment. The HIF 

family includes HIF-1α, HIF-2α, and HIF-3α. HIF-1α 

overexpression enhances the proliferation, metabolism, inva-

sion, and metastasis of cancer cells.9,10 Evasion of apoptosis is 

a hallmark of cancer cells, and it has been shown that HIF-1α 

can prevent tumor cells from undergoing apoptosis, lead-

ing to radioresistance.11 Takasaki et al12 demonstrated that 

HIF-1α inhibits the intrinsic cell apoptosis pathway. HIF-1α 

is a downstream factor of the EGFR-mediated pathway, an 

essential regulatory component for the tumor microenviron-

ment and radioresistance. The abnormal activities of EGFR 

can promote the formation of precancerous lesions and 

pancreatic ductal adenocarcinoma.13,14 This type of abnormal 

change, meanwhile, leads to enhanced proliferation and 

invasion of pancreatic cancer cells.15 Hypoxia is one of the 

most important factors in tumor radioresistance. Pancreatic 

cancer cells adapt to hypoxia and remain viable via HIF-1α-

dependent mechanisms.16 Due to the hypoxic conditions in 

the specific tumor microenvironment of pancreatic cancer, 

the expression of HIF-1α is significantly higher in these tis-

sues than in other solid tumors.13,16,17 Therefore, HIF-1α may 

play a pivotal role in the tumorigenesis of pancreatic cancer 

and related angiogenesis.

HIF-1 is degraded by proline hydroxylase domains 

(PHDs) and factor inhibiting HIF-1, an asparaginyl hydroxy-

lase. The family of PHDs comprises PHD1, PHD2, and 

PHD3.18,19 In vitro studies suggested that all PHDs can 

hydroxylate HIFs. However, different hydroxylation sites 

of HIFs have been identified for different PHDs.20,21 While 

PHD2 is the main regulator of HIF-1α in normoxia and 

upon re-oxygenation of hypoxic cells, PHD3 might regulate 

HIFs in more severe and prolonged hypoxia.22 HIF-1α is 

recognized by PHDs via Von Hippel-Lindau and is degraded 

via the ubiquitin-proteasome system.23 PHD1 and PHD2 can 

hydroxylate the C-terminal hydroxylation site Pro564 and 

N-terminal hydroxylation site Pro402; however, PHD3 can 

only hydroxylate the C-terminal hydroxylation site Pro564 

and has no activity at the N-terminal site Pro402.18,22 Thus, 

PHDs may suppress the protein expression of HIFs under 

hypoxic conditions and enhance the ability of tumor cells to 

tolerate hypoxic conditions.

Previous studies have shown that PHD3 is a rate-limiting 

enzyme for the degradation of HIF-1α in the hypoxic 

microenvironment of pancreatic cancer cells.24,25 However, 

the effect of PHD3 on the radiotherapy efficacy of pancreatic 

cancer cells is unknown. In the present study, we investigated 

the effect of PHD3 overexpression on the radiotherapy 

efficacy of pancreatic cancer cells and the underlying 

molecular mechanisms.

Materials and methods
reagents
DMEM was purchased from Hyclone (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA). FBS was purchased 

from Gibco (Thermo Fisher Scientific, Inc.). Annexin 

V-Fluorescein isothiocyanate (FITC) and propidium iodide 

(PI) were purchased from eBioscience (Thermo Fisher 

Scientific, Inc.). Anti-EGFR (EP38Y, ab52894, 1:1,000), anti-

p-EGFR (EP774Y, ab40815, 1:1,000), anti-PHD3 (ab30782, 

1:1,000) and anti-HIF-1α (mgc3, ab16066, 1:1,000) antibod-

ies were purchased from Abcam (Cambridge, UK).

cell culture
Human pancreatic adenocarcinoma Mia-paca2 cells were 

purchased from the Key Laboratory of Stem Cell Biology 

Shanghai Institute for Biological Sciences Chinese Academy 

of Sciences, Shanghai, China. Cells were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin 

and maintained in a humidified incubator containing 10% 

CO
2
, 20% or 2% O

2
 at 37°C. The cell line was verified by 

short tandem repeat profiling.

irradiation
Cells were cultured in 25 cm2 cell culture flasks to logarithmic 

growth phase and irradiated with a single fraction of 2, 4, 6, 

or 8 Gy using the Elekta Precise linear accelerator (Elekta 

Oncology System, Crawley, UK) with high-energy radiation 

X-ray (6 MV). The irradiation distance was 100 cm, and the 

radiation field was 15×15 cm. Subsequent experiments were 

performed after 48 hours of recovery in the incubator.

lentivirus-mediated overexpression 
of PhD3
293 T cells were co-transfected with the plasmids of lentivirus 

vector, pGag/Pol, pRev and pVSV-G, and a plasmid carrying 

the PHD3 gene. After 48 hours, the medium containing the 

packaged viruses was harvested. The Mia-paca2 cells in the 

logarithmic growth phase were seeded into 6-well cell culture 

plates and cultured with virus supernatant. The medium 
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was changed after 24 hours, and the infected cells were 

subjected to further experiments.

colony formation assay
Cells were seeded into 6-well plates at a density of 

300 cells/well. After replacement of the medium with fresh 

medium for 12 hours, the cells were irradiated with a single 

fraction at different doses (2, 4, 6, or 8 Gy) and cultured for 

3 weeks with medium exchange every 3 days. The cells were 

rinsed with PBS twice, fixed with 4% paraformaldehyde for 

15 minutes, and stained with 0.4% crystal violet solution 

for 30 minutes. The number of clones (.10 cells) was 

counted under a low power microscope. The planting 

efficiency (PE) and survival fraction (SF) were calculated as 

follows: PE = (number of colonies counted/number of cells 

seeded)×100%; SF = (PE in radiation group/PE in negative 

control group)×100%. The experiments were repeated for 

three times with triplicate samples.

Western blotting
Cells were treated with radioimmunoprecipitation assay lysis 

buffer containing phenylmethane sulfonyl fluoride on ice for 

30 minutes, followed by centrifugation at 12,000 rpm and 

4°C for 5 minutes. The supernatant was transferred into a 

new tube, and the protein concentration was determined by 

bicinchoninic acid protein assay (Beyotime, Shanghai, China). 

A total of 30 µg of each protein sample was separated by 10% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

and transferred onto a polyvinylidene difluoride membrane. 

The membrane was blocked by 5% nonfat milk in Tris-buffered 

saline with 0.05% Tween 20 (TBST) at room temperature for 

1 hour, followed by incubation with primary anti-PHD3, 

anti-HIF-1α, anti-EGFR, anti-p-EGFR, or anti-β-actin anti-

body overnight at 4°C. After three washes with TBST, the 

membranes were incubated with mouse or rabbit secondary 

antibody conjugated with horseradish peroxidase at room 

temperature for 1 hour. Specific protein bands were visualized 

by by chemiluminescence (Pierce, Rockford, IL, USA).

cell apoptosis and cycle analysis
After treatment, the cells were processed to obtain a single-

cell suspension and washed with ice cold PBS two times, 

followed by incubation with 100 µL binding buffer contain-

ing 5 µL PI and 5 µL Annexin V-FITC at room temperature 

in the dark for 15 minutes. After addition of 400 µL binding 

buffer, the cells were subjected to cell apoptosis and cycle 

distribution analysis by flow cytometry. Experiments were 

repeated three times.

statistical analysis
All data were analyzed using SPSS software (version 24.0; 

IBM, Armonk, NY, USA). Results are expressed as the 

mean ± standard error. Comparisons between groups were 

examined by Student’s t-test. P,0.05 was considered 

statistically significant.

Results
PhD3 overexpression enhances 
irradiation-induced downregulation 
of egFr/hiF-1α signaling
To assess whether PHD3 regulates the activity of the 

EGFR/HIF-1α pathway, we performed Western blotting to 

evaluate the effect of lentivirus-mediated PHD3 overexpres-

sion on the expression of EGFR, p-EGFR, and HIF-1α after 

2 Gy irradiation under either normoxic or hypoxic conditions. 

Compared with those in the negative control group, PHD3 

protein levels were increased by lentivirus-mediated over-

expression. Under normoxic conditions and treatment with 

2 Gy radiation (Figure 1A), PHD3 overexpression had no 

significant effect on the total EGFR expression (P.0.05) but 

obviously decreased the expression of p-EGFR and HIF-1α 

(P,0.05; Figure 1C). We next cultured normal and PHD3-

overexpressing cells under hypoxic conditions (Figure 1B), 

followed by treatment with 2 Gy radiation. Compared with 

those in irradiated normal cells, the expression levels of 

HIF-1α and p-EGFR were significantly suppressed in PHD3-

overexpressing cells (P,0.05) with no significant difference 

in EGFR expression (P.0.05; Figure 1D). Interestingly, we 

also found that radiation slightly promoted the expression 

level of PHD3, which was accompanied by decreased expres-

sion of HIF-1α and p-EGFR in Mia-paca2 cells under either 

normoxic or hypoxic conditions. Furthermore, PHD3 over-

expression alone resulted in significant decreases in HIF-1α 

and p-EGFR expression under either normoxic or hypoxic 

conditions. These results suggest that activation of the EGFR/

HIF-1α pathway is associated with PHD3 expression in Mia-

paca2 cells under normoxic and hypoxic conditions.

PhD3 overexpression suppresses the 
colony-forming capability of Mia-paca2 cells 
exposed to high radiation under hypoxia
To investigate whether increased expression of PHD3 affects 

the colony-forming capability of Mia-paca2 cells exposed to 

radiation treatment, we performed colony formation assays. 

The SFs of normal and PHD3-overexpressing cells treated 

with 2, 4, or 6 Gy radiation were significantly lower than 
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Figure 1 PhD3 altered activation of the egFr/hiF-1α pathway in Mia-paca2 cells treated with 2 gy radiation under normoxic and hypoxic conditions.
Notes: (A and B) immunoblotting of the indicated proteins in Mia-paca2 cells with or without PhD3 overexpression after radiation treatment (2 gy) under normoxic or 
hypoxic conditions. Protein extraction from cells at 24 hours after radiation treatment was used for immunoblotting. β-actin served as loading control. (C and D) relative 
protein expression of p-egFr/egFr and hiF-1α under normoxia or hypoxia. *P,0.05, **P,0.001, ***P,0.0002, ****P,0.0001, compared with non-irradiated normal cells.
Abbreviations: hiF, hypoxia-inducible factor; PhD, proline hydroxylase domain.

those of non-irradiated cells under normoxic or hypoxic 

conditions (Figure 2A and B). However, when cells were 

treated with 8 Gy radiation under normoxic conditions, there 

was no significant difference of the SF between normal and 

PHD3-overexpressing cells; in contrast, PHD3 overexpres-

sion significantly enhanced the loss of cell viability under 

the hypoxic conditions (Figure 2B). These results indicate 

that PHD3 overexpression could significantly suppress the 

colony-forming abilities of Mia-paca2 cells treated with a low 

dose of irradiation under either normoxic or hypoxic condi-

tions. PHD3 overexpression did not alter the proliferation of 

Mia-paca2 cells treated with a high dose of irradiation under 

normoxic conditions, but did suppress their viability under 

hypoxic conditions.

PhD3 overexpression enhances 
irradiation-mediated apoptosis of 
Mia-paca2 cells under hypoxia
To examine whether PHD3 is involved in cell apoptosis 

via regulation of the EGFR/HIF-1α pathway in Mia-paca2 

cells, we cultured normal and PHD3-overexpressing cells 

under normoxic or hypoxic conditions with or without 

exposure to 2 Gy irradiation. Cell apoptosis was analyzed by 

Annexin V-FITC/PI staining coupled with flow cytometry. 

Under the normoxic conditions, the apoptosis rate of PHD3-

overexpressing cells was significantly higher than that of the 

normal cells. Irradiation (2 Gy) significantly increased the 

apoptosis rate of normal cells, and PHD3 overexpression 

further increased the apoptosis rate of the cells irradiated 

with 2 Gy (Figure 3A). When the cells were treated under 

hypoxic conditions, the apoptosis rate was increased in 

cells overexpressing PHD3 after exposure to 2 Gy radiation 

compared with that of cells that received the same treatment 

under normoxic conditions (Figure 3B). These results 

demonstrated that PHD3 overexpression increased radiation-

induced apoptosis in Mia-paca2 cells, with a greater effect 

in the hypoxic condition.

PhD3 overexpression increases 
irradiation-mediated cell cycle arrest 
at g2/M phase in Mia-paca2 cells
To evaluate the role of the PHD3 in the cell cycle pro-

gression of Mia-paca2 cells, we cultured normal and 

PHD3-overexpressing cells under either normoxic or hypoxic 
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Figure 2 PHD3 overexpression increased the radiotherapy efficacy of Mia-paca2 cells.
Notes: survival fractions of Mia-paca2 cells after different doses of radiation treatment under normoxic or hypoxic conditions were evaluated by colony formation assay. 
(A) representative results of colony forming assays for Mia-paca2 cells after treatment with different doses of radiation treatment (0, 2, 4, or 8 gy). (B) comparison of the 
survival fractions of PhD3-overexpressing and control cells under different radiation doses (0, 2, 4, or 8 gy) in normoxic or hypoxic conditions. ****P,0.0001 compared 
with normal cells without radiation treatment.
Abbreviations: ctrl, control; PhD, proline hydroxylase domain.
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conditions with or without 2 Gy irradiation. We performed 

cell cycle distribution analysis by PI staining and flow cytom-

etry. Under normoxic and hypoxic conditions, PHD3 overex-

pression or irradiation treatment caused a significant increase 

in the percentage of cells in the G2/M phase compared 

with the percentage of untreated normal cells in this phase 

(Figure 4A). Moreover, the percentage of cells in the G2/M 

phase was markedly increased in PHD3-overexpressing 

cells treated with 2 Gy radiation compared that that in the 

first three groups (Figure 4B). Therefore, overexpression of 

PHD3 led to cell cycle arrest at the G2/M phase, which was 

enhanced by radiation treatment.

Discussion
The rates of local control in the majority of clinical trials of 

radiotherapy for pancreatic cancer range from 49%–100%.26 
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Figure 3 effect of PhD3 and radiation on Mia-paca2 cell apoptosis under normoxic or hypoxic conditions.
Notes: (A) Representative flow cytometric analysis results for apoptosis of Mia-paca2 cells with or without PHD3 overexpression after radiation treatment (2 Gy). 
(B) Apoptosis rates of Mia-paca2 cells with or without PHD3 overexpression and radiation treatment were evaluated by PI staining and flow cytometry under normoxic or 
hypoxic conditions. **P,0.001, ****P,0.0001, compared with normal cells without radiation treatment.
Abbreviations: ctrl, control; PhD, proline hydroxylase domain; Pi, propidium iodide.

The tumor microenvironment has been shown to restrain 

the efficacy of radiotherapy in pancreatic cancer.4 Previous 

studies revealed that intratumoral hypoxia has invasive and 

metastatic properties, which are associated with resistance 

to radiotherapy.5–7 In the present study, we found that 

changing the biological characteristics of cells by suppressing 

the hypoxia tolerance of tumor cells could enhance the 

radiotherapy efficacy of pancreatic cancer cells.

HIF-1α is an essential transcription factor that mediates 

hypoxic-adaptive responses in cells and maintains cancer 

cell clonogenicity in hypoxic conditions.27,28 HIF-1α is 

a downstream factor of the EGFR-mediated signaling 

pathway, an essential regulatory component of the tumor 

microenvironment and radioresistance.12 There exists a 

positive feedback loop between HIF-1α and EGFR signaling. 

HIF-1α downregulation can further stimulate the EGFR/

extracellular-regulated protein kinase (ERK) pathway, 

thereby potentially decreasing the cascade amplification of the 

EGFR/MAP kinase–ERK kinase/ERK/HIF-1α loop resulting 

from hypoxic conditions.29 Here, our data revealed that 

PHD3 regulated the activity of the EGFR/HIF-1α pathway 

as demonstrated by decreased expression of HIF-1α and 

p-EGFR upon overexpression of PHD3 under normoxic or 

hypoxic conditions. Interestingly, we observed significantly 

more robust inhibition of HIF-1α and p-EGFR in PHD3-

overexpressing cells treated with 2 Gy radiation. Therefore, 
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Figure 4 effect of PhD3 and radiation on Mia-paca2 cell cycle distribution under normoxic or hypoxic conditions.
Notes: (A) Representative flow cytometric analysis of cell cycle progression of Mia-paca2 cells with or without PHD3 overexpression after radiation treatment (2 Gy). 
(B) Cell cycle distribution of Mia-paca2 cells with or without PHD3 overexpression and radiation treatment (2 Gy) evaluated after 24 hours by PI staining and flow cytometry 
under normoxic or hypoxic conditions. *P,0.05, **P,0.001, ***P,0.0002, ****P,0.0001, compared with normal cells without radiation treatment.
Abbreviations: ctrl, control; PhD, proline hydroxylase domain; Pi, propidium iodide; Pe-a Pi, phycoerythrin-a and Pi.

it is possible that upregulation of PHD3 enhances the radia-

tion-induced inhibition of the EGFR/HIF-1α pathway.

It has been reported that PHD3 can limit the activation 

of EGFR during tumorigenesis.30,31 In addition, previous 

studies have shown that activation of irradiation-mediated 

intracellular signaling pathways can enhance tumor necrosis 

factor alpha (TNF-α) expression in nucleus pulposus cells, 

which, in turn, further upregulates the expression level 

of PHD3 in a nuclear factor-kappa B (NF-κB)-dependent 

manner.32,33 Intriguingly, we found that 2 Gy irradiation 

increased the expression of PHD3 in Mia-paca2 cells, which 

was consistent with the findings of previous studies.32,33 

Therefore, irradiation-mediated suppression of EGFR sig-

naling may at least partially mediated through the TNF-α/

NF-κB regulated expression of PHD3, which warrants 

further verification.

Under hypoxic conditions, HIF-1α strengthens glycolysis 

to provide the necessary energy for the growth and 

proliferation of pancreatic cancer cells.34,35 Our data demon-

strated that, under the normoxic conditions, cell proliferation 

was decreased after radiation treatment, whereas proliferation 

was most significantly decreased upon the overexpression of 

PHD3. Both of these effects were more pronounced under 

hypoxic conditions. Therefore, under the hypoxic conditions, 

PHD3 overexpression in combination with radiation 

significantly inhibits Mia-paca2 cell proliferation.

Cells in G2 phase are more sensitive to radiation treat-

ment, whereas those in S phase are resistant to radiation.36,37 

HIF-1α is highly expressed under hypoxic conditions and 

inhibits the pancreatic cancer cells from shifting to G2 phase, 

thereby influencing their radiotherapy efficacy and apoptosis 

under hypoxic conditions.38 Our results demonstrated that 
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overexpression of PHD3 combined with 2 Gy irradiation 

could significantly enhance the apoptosis rate under hypoxic 

conditions. Further cell cycle distribution analyses showed 

that PHD3 overexpression with 2 Gy radiation treatment 

markedly increased the percentage of cells in the G2/M phase. 

These results suggest that PHD3 overexpression combined 

with 2 Gy irradiation is capable of reversing the evasion of 

apoptosis and arresting pancreatic cancer cells in radiosensi-

tive phases of the cell cycle.

Conclusion
PHD3 overexpression enhanced the radiation-induced 

inhibition of Mia-paca2 cell proliferation, apoptosis, and 

cell cycle arrest at the G2/M phase by suppressing the 

EGFR/HIF-1α signaling axis. Our findings may provide a 

basis for PHD3 overexpression having an adjuvant effect 

with radiotherapy. However, future studies are required 

to comprehensively investigate the regulatory mechanism 

of PHD3 in order to provide a novel target for pancreatic 

cancer radiotherapy.
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