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Abstract. Phosphoglycerate kinase 1 (PGK1) has been found 
to be increased in radioresistant astrocytomas. The present 
study was designed to investigate the potential role of PGK1 
in the radioresistance in U251 human cells. Quantitative PCR 
and western blot analysis were performed to evaluate PGK1 
expression for mRNA levels and protein levels, respectively. 
The short hairpin RNA (shRNA)-PGK1 and the high expres-
sion plasmids were transfected to radioresistant U251 cells 
(RR-U251 cells) or normal U251 cells using Lipofectamine™ 
2000. The cell viability was determined by MTT assay. The 
wound-healing assay (WHA) was used to evaluate cell migra-
tion ability. Cell invasion abilities were examined using a 
Transwell culture chamber system. Our results showed that the 
expression of PGK1 was significantly increased in RR-U251 
cells compared to normal U251 cells. Following irradiation, 
the cell viability as well as the migration and invasion ability 
were significantly higher in RR-U251 cells compared with 
normal U251 cells. Downregulating PGK1 using shRNA 
induced a significantly downregulated cell viability and 
decreased migration and invasion ability, and overexpression 
of PGK1 contributed to upregulated cell viability and incre-
ased migration and invasion ability, both in RR-U251 cells and 
normal U251 cells. These findings suggest that PGK1 could 
promote radioresistance in U251 human cells.

Introduction

Glioma, one of the most aggressive malignancies, is the most 
common primary brain tumor in adults, accounting for 80% 

of primary malignant brain tumors (1,2). Astrocytoma pres-
ents the most common type. To date, despite major research 
efforts and progress in therapy, including neurosurgical 
technology, radiation therapy, chemotherapy and molecular 
therapy, the prognosis of gliomas remains poor. Patients 
with malignant glioma have a median survival rate of only 
15 months (3-5). Excessive proliferation, resistance to apop-
totic stimuli, neovascularization, disseminated tumor growth 
and suppression of antitumor immune surveillance are key 
biological features that contribute to the malignant phenotype 
of gliomas (6,7).

Maximal surgical resection of the tumor mass, combined 
with chemotherapy and/or radiotherapy, is the standard of 
care (8,9). However, chemotherapy has been hampered due to 
resistance of these tumor cells to available agents and chal-
lenges in delivering agents targeting the tumor cells. Gliomas 
often respond to radiotherapy, but subsequent recurrence is 
almost inevitable, which suggests insufficient ability to kill the 
tumorigenic cells.

Radioresistance is a widespread challenge in malignant 
glioma therapy (10). In a previous study from our laboratory, 
we found that phosphoglycerate kinase 1 (PGK1) was signifi-
cantly upregulated in radioresistant astrocytomas (11), which 
suggested that PGK1 may be involved in the radioresistant 
phenotype and may be a potential biomarker for developing 
better therapeutic methods.

PGK1 is an ATP-generating glycolytic enzyme in the 
glycolytic pathway catalyzing the conversion of 1,3-diphos-
phoglycerate to 3-phosphoglycerate and further affects the 
DNA replication and repair  (12). It was previously shown 
that the increased expression of PGK1 was detected in colon 
cancer tissue from metastatic patients (13), lung adenocar-
cinoma (14), gastric (15), prostate (16), pancreatic (17), and 
multidrug resistant ovarian cancer, but was moderate in adja-
cent non-tumor tissues (18) and resistant in ovarian cancer 
cells (19).

In view of the involvement of PGK1 in malignant tumors, 
in the present study, U251 cells, a human glioma cell line, were 
selected as our in vitro model to investigate whether PGK1 
is involved in the radioresistance. Our results showed that an 
increased PGK1 expression was observed in radioresistant 
U251 cells, and it could promote radioresistance in U251 
human glioma cells.
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Materials and methods

Cell culture. Human glioma U251 cells, obtained from 
Nanjing KeyGen Biotech. (Co. Ltd., Nanjing, China) were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 
10% fetal calf serum (Gibco-Invitrogen), 100 U/ml penicillin 
and 100 µg/ml streptomycin. Cells were incubated at 37˚C in a 
humidified incubator containing 5% CO2.

Establishment of radioresistant U251 cells (RR-U251). U251 
cells were irradiated as monolayer culture by the γ-rays of a 
60Co source at 0.5 Gy/min for 10 min per time until the accu-
mulation was 60 Gy (20).

Transfection. The shRNA-PGK1 plasmid and the high expres-
sion plasmid pcDNA3.1-PGK1 were synthesized by Shanghai 
GenePharma Co., Ltd. (Shanghai, China). shRNA-PGK1 was 
designed to target the coding region of the human PGK1 
sequence (5'-GCAAGGATGTTCTGTTCTTGA-3'; Gene 
ID:5230). A negative control (5'-GTTCTCCGAACGTGTC 
ACGT-3') was also obtained from Shanghai GenePharma.

When U251 cells in 6-well plates were grown to 70-80% 
confluence, 4 µg shRNAs-PGK1 or the high expression plas-
mids and 8 µl Lipofectamine™ 2000 (Invitrogen) were diluted 
in 240 µl Opti-MEM medium separately, after 5-min standing, 
the diluted plasmids and Lipofectamine 2000 were mixed and 
added into each well after 20 min standing (final concentra-
tion for plasmids was 2 µg/ml). Six hours after transfection, 
the medium was replaced with fresh DMEM containing 10% 
fetal bovine serum (FBS), and the cells were incubated for an 
additional 18 h (24 h after transfection) for radiation treatment.

Total RNA extraction and real-time polymerase chain reac-
tion (real-time PCR). Total RNA was extracted in each group 
(normal U251 cells and established RR-U251 cells) with SV 
Total RNA Isolation system (Promega, Madison, WI, USA) 
according to the manufacturer's protocol. The total RNA was 
then reverse transcribed to cDNA with reverse transcription 
System (Promega). mRNA expression was determined by 
real-time PCR using GoTaq® qPCR Master Mix under stan-
dard thermocycler conditions (Eppendorf AG22331, Hamburg, 
Germany).

Sequences of PCR primer pairs were: human GAPDH, 
forward, 5'-CGCTGAGTACGTCGTGGAGTC-3' and reverse, 
5'-GCTGATGATCTTGAGGCTGTTGTC-3'. Human PGK1, 
forward, 5'-ATGCTGAGGCTGTCACTCGG-3' and reverse, 
5'-CACAGCAAGTGGCAGTGTCTCC-3'.

The PCR amplification began with an initial denaturation 
step at 95˚C for 2 min followed by 40 cycles at 95˚C for 45 sec, 
58˚C for 45 sec, and 72˚C for 45 sec. Relative gene expression 
values were determined using the 2-ΔΔCT method as previously 
described  (21). The human GAPDH gene was used as an 
endogenous control for sample normalization. Results were 
presented as fold increases relative to the expression of human 
GAPDH.

Western blot analysis. U251 cells were washed with cold phos-
phate-buffered saline (PBS) three times and then scraped from 
the well. The cells were lysed with lysis buffer (Thermo Fisher 

Scientific, Runcorn, UK). The cell lysate was centrifuged and 
the supernatant was collected. All samples were diluted in 
loading buffer (Nanjing Sunshine Biotechnology, Co., Ltd., 
Nanjing, China) and boiled for 3 min. Samples (30 µg) were 
loaded on a 10% sodium dodecyl sulfate-polyacrylamide gel 
by electrophoresis (SDS-PAGE). Prestained markers were 
used to estimate molecular weight. Proteins were transferred 
to polyvinylidene difluoride membranes (Nanjing Sunshine 
Biotechnology), blocked by 5% skim milk and incubated over-
night at 4˚C with antibodies from mouse against human PGK1 
diluted in TBST buffer (1:1,000; Abcam, Cambridge, MA, 
USA), followed by a goat anti-mouse horseradish peroxidase-
conjugated secondary antibody at 37˚C for 1 h (1:10,000). 
The membranes were washed three additional times with 
TBST, and antibody-antigen complexes were revealed using 
an enhanced chemiluminescent (ECL) technique, using 
a SuperSignal West Pico Trial kit obtained from Thermo 
Fisher Scientific according to the manufacturer's instructions. 
The membrane was stripped and reprobed with a primary 
antibody against α-tubulin (1:400 dilution; Nanjing Sunshine 
Biotechnology) as a control. Quantitation was performed by 
computer with commercial software (ImageQuan Molecular 
Dynamics, Sunnyvale, CA, USA).

Cell viability assay. The cell viability was determined by 
the MTT [3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium 
bromide] assay (Sigma-Aldrich, St. Louis, MO, USA). Briefly, 
with or without radiation by 60Co, the normal U251 cells 
and RR-U251 cells 5x103 cells/well were seeded in 96-well 
plates and allowed to attach for 48 h. Each group contained 
eight wells. MTT (20 µl) was added to each well and the 
cells were incubated at 37˚C for 4 h. The reaction was then 
stopped by adding 150 µl of dimethyl sulfoxide (DMSO) for 
10 min. Optical density (OD) was obtained at a wavelength of 
570 nm using a microplate reader. Viability was calculated by 
the following equation: Cell viability (%) = 100 x (OD treat-
ment/OD control) %.

Cell migration assay. The wound-healing assay (WHA) 
method was used to evaluate cell migration ability. The normal 
U251 and RR-U251 cells, treated with shRNA-PGK1, overex-
pression PGK1 or untreated, were cultured in 6-well plates 
until ~80-90% confluence was reached. The monolayer cells, 
with or without radiation by 60Co, were scratched out using the 
tip of a 10 µl pipette to create the wound line. To monitor the 
migration, images were captured with a microscope at 0 and 
24 h at the same site, and the migration distance was measured. 
The ratio of the increased area by cell migration after 24 h to 
that at 0 h was calculated to quantitate the extent of migration. 
Migration ratio = (Width0h - Width24h)/Width0h x 100%.

Cell invasion assessment. Cell invasion abilities were exam-
ined using a 24-well Transwell culture chamber system. The 
filter membrane with 8-µm pores was coated with Matrigel 
(1:8 diluted in DMEM medium; BD Biosciences, Franklin 
Lakes, NJ, USA). The normal U251 and RR-U251 cells, treated 
with shRNA-PGK1, overexpression PGK1 or untreated, were 
cultured in 6-well plates until confluence was reached. The 
monolayer cells, before irradiation or 6 h after radiation by 
60Co, were trypsinized and resuspended in serum-free DMEM 
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at a density of 1x105/ml. The 100 µl suspension was seeded 
into the upper chambers. DMEM supplemented with 15% FBS 
was added to the lower chamber. Following incubation for 
24 h, the upper chamber was taken out and the cells remaining 
on the upper surface of the membrane were removed very 
lightly using a medical cotton bud. The invaded cells on the 
other side were fixed with dehydrated alcohol and stained 
with 0.1% crystal violet for several minutes. The chamber was 
viewed under a light microscope and images were captured in 
5 randomly selected x200 fields for each well. Three separate 
experiments were performed. 

Statistical analysis. The analysis was performed using SPSS 
13.0. Statistical significance was analyzed using the Student's 
t-test and the Mann-Whitney U test. Data are expressed as the 
means ± standard deviation (SD). P<0.05 was considered to 
indicate a statistically significant difference.

Results

RR-U251 cells and measurement of the radiosensitivity. 
RR-U251 cells were established from normal U251 cells, 
irradiated by a 60Co source at 0.5 Gy/min for 10 min per time 
until the accumulation was 60Gy, and the radiosensitivity was 
characterized by measuring the cell viability, migration and 
invasion abilities after radiation treatment. The results showed 
that the cell viability was significantly increased in the radia-
tion-treated RR-U251 cells, compared with radiation-treated 
normal U251 cells. Similar results were also observed in cell 
migration and invasion assays. All results suggested that the 
radiosensitivity was decreased in RR-U251 cells (Fig. 1).

Elevated expression of PGK1 in RR-U251 cells. The PGK1 
expression was determined by real-time PCR and western blot 
analysis. Compared with normal U251 cells, elevated expres-
sion of both mRNA and protein levels of PGK1 was observed 
in RR-U251 cells (Fig. 2).

Confirmation of the transfection efficiency. Normal U251 
and RR-U251 cells were transfected with shRNA-PGK1 
to decrease the expression of PGK1. As shown in Fig. 3A, 
transfection of shRNA-PGK1 led to a stable exogenous gene 
expression with ~50-60% efficiency in U251 cells as indi-
cated by the GFP-labeled reporter fluorescence. We further 
confirmed that both normal U251 and RR-U251 cells, which 
were transfected with shRNA-PGK1, showed a significantly 
lower expression of PGK1 as compared with those transfected 
with an irrelevant sequence control. The cells, transfected 
with high expression plasmid pcDNA3.1-PGK1, also showed 
higher PGK1 expression as compared with controls confirmed 
by western blot analysis (Fig. 3B and C). We also tested the 
PGK1 expression 24 and 48 h after transfection, and found 
that after 24 h the role was more efficient (data not shown). The 
time-point of 24 h after transfection was, therefore, used in the 
following experiments with radiation treatment.

PGK1 modulates U251 cell proliferation. The proliferation 
rates of U251 cells with enhanced or decreased expression of 
PGK1 were determined by the MTT assay. Compared to control 
cells, cells transfected with shRNA-PGK1, both normal U251 
and RR-U251 cells, proliferated at a significantly lower rate. 
In contrast, overexpression of PGK1 by infection with high 
expression plasmid pcDNA3.1-PGK1 resulted in significantly 

Figure 1. The radiosensitivity of normal U251 and RR-U251 cells. Following radiation treatment, the cell viability (A), invasion (B) and migration (C) abilities 
were measured in normal U251 and RR-U251 cells. Data are representative of three independent experiments.
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enhanced proliferation in both normal U251 and RR-U251 
cells. We further downregulated PGK1 expression in PGK1 
overexpressed U251 cells, using shRNA-PGK1 transfection. 
The shRNA-PGK1-transfected cells showed significantly 
lower proliferation rate compared with the control group, both 
in normal U251 and RR-U251 cells (Fig. 4).

PGK1 modulates U251 cell migration ability. The migration 
ability of U251 cells with enhanced or decreased expression 
of PGK1 was determined by the WHA method. Following 
radiation therapy, both shRNA-PGK1-transfected normal 
U251 and RR-U251 cells showed significantly decreased 
migration abilities, compared with control cells. In contrast, 

PGK1-overexpressed cells showed significantly enhanced 
migration abilities in both normal U251 and RR-U251 cells. 
We also used shRNA-PGK1 transfection to further down-
regulate PGK1 expression in PGK1-overexpressed U251 
cells. The migration ability of PGK1-overexpressed cells was 
significantly decreased after transfection with shRNA-PGK1, 
in both normal U251 and RR-U251 cells (Fig. 5).

PGK1 modulates U251 cell invasion ability. We also assessed 
the role of PGK1 in cell invasion by Transwell assay. As shown 
in Fig. 6, compared with control cells, the invasion potential of 
U251 cells transfected with shRNA-PGK1 was significantly 
decreased both in normal U251 and RR-U251 cells, while 

Figure 2. PGK1 expression in normal U251 and RR-U251 cells. Real-time PCR was performed to evaluate the mRNA expression of PGK1. (A) Results were 
presented as fold increases relative to the expression of human GAPDH. (B) Western blot analysis was used to detect the protein expression of PGK1. α-tubulin 
served as the loading control. (C) Relative expression of PGK1 was determined by densitometry. Data are representative of three independent experiments.

Figure 3. Modulating PGK1 expression by transfection. (A) U251 cells transfected with GFP-labeled shRNA-PGK1 were observed by inverted fluorescent 
microscopy. PGK1 protein expression in normal U251 (B) and RR-U251 (C) cells 24 h after transfection with shRNA-PGK or pcDNA3.1-PGK1 was analyzed 
by western blot analysis. α-tubulin served as the loading control. Relative expression of PGK1 was determined by densitometry in normal U251 (D) and 
RR-U251 (E) cells. Data are representative of three independent experiments.
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cells transfected with pcDNA3.1-PGK1 displayed mark-
edly increased invasive ability. Following transfection with 
shRNA-PGK1, the invasion ability of PGK1-overexpressed 

U251 cells also decreased compared with the control group. 
These results suggest that PGK1 modulates U251 cell invasion 
(Fig. 6).

Figure 5. Effect of PGK1 on U251 cell migration ability. (A) Normal U251 and (B) RR-U251 cells, which were treated differently as indicated (control group, 
or shRNA-PGK1 group, or pcDNA3.1-PGK1 group, or the combined pcDNA3.1-PGK1 with shRNA-PGK1), were radiated by 60Co once. The monolayer cells 
were scratched out using the tip of a 10 µl pipette to create the wound line. Images were captured with a microscope at 0 and 24 h at the same site.

Figure 4. Effect of PGK1 on U251 cell proliferation. (A) Normal U251 and (B) RR-U251 cells, which were treated differently as indicated (control group, 
or shRNA-PGK1 group, or pcDNA3.1-PGK1 group, or the combined pcDNA3.1-PGK1 with shRNA-PGK1), were radiated by 60Co once. After 48 h, the 
proliferation ratio was measured by MTT. Data are representative of three independent experiments.

  A   B

  A

  B
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Discussion

In the present study, we first observed that the expression of 
PGK1 was upregulated in RR-U251 cells, which are resistant 
to radiation. Further study confirmed that cell viability and 
cell migration were much higher, and cells invaded more when 
PGK1 was overexpressed, while blocking PGK1 in the cell 
viability, cell migration and invasion assay revealed signifi-
cant inhibition of these parameters, suggesting that PGK1 was 
involved in the radioresistance in human glioma by promoting 
the tumorigenic properties, including cell viability, cell migra-
tion and invasion ability.

Our previous study showed that patients with radioresistant 
astrocytomas, compared to patients with radiosensitive astro-
cytomas, displayed much higher protein level of the glycolytic 
enzyme PGK1 (11). We proposed that PGK1 was involved 
in the radioresistance in glioma. U251 cells are glioma 
cancer cells that can induce highly aggressive tumors of the 
central nervous system (22) and they are an accepted model 
to study the biology of gliomas (23). PGK1 is a metabolism-
related ATP-generating glycolytic enzyme overexpressed in 
a number of malignancies and generally correlates with poor 
survival (14,24,25). It catalyzes the reversible conversion of 
1,3-diphosphoglycerate to 3-phosphoglycerate and further 
affects DNA replication and repair (12). Increasing glycolysis 
in radioresistant astrocytomas suggests a status of hypoxia. 
In a range of human tumor sites, the presence of hypoxia is 
a negative prognostic indicator for outcome following radio-
therapy (26-28). As is well known, hypoxia plays a central 
role in the pathobiology of glioma (9). The key mediator, the 
transcription factor hypoxia inducible factor 1 (HIF-1), is stabi-
lized under hypoxic conditions and promotes the production of 
vascular endothelial growth factor (VEGF), which is critical 
for neovascularization. Hypoxia-driven physiologic changes 
also include the glycolytic pathway regulation and blood-
vessel formation (29) and also promote glioma cell migration 
and invasion (30). PGK1, a key enzyme of anaerobic glycolytic 
metabolism, is also one of the target genes of HIF-1 (31), and 
we found that PGK1 was upregulated in both radioresistant 
astrocytomas and RR-U251 cells. Therefore, we speculate that 

in glioma conditions, hypoxia augments HIF-1 secretion and 
consequently affects PGK1 expression, resulting in resistance 
of glioma radiotherapy. This hypothesis is in general agree-
ment with that reported by Lam et al (32), who found that 
the induction of HIF-1 in hypoxic conditions can induce the 
expression of PGK in non-small cell lung carcinoma cells. We 
hypothesized that a vicious circle may arise between increased 
PGK1 and radioresistance in glioma.

On the other hand, in the present study, our new data 
concerning PGK1 provided comprehensive evidence of the 
Warburg effect, a phenomenon first described more than 
80 years ago that cancer cells maintain a high glycolytic rate 
even in the presence of oxygen (33). To explain the conver-
sion of glucose to lactate by cancer cells in the presence of 
oxygen, Warburg speculated that tumor mitochondria are 
decreased or functionally impaired. Previous studies renewed 
the Warburg effect and clarified its exact role as cause, corre-
late, or facilitator of cancer (34,35). Meanwhile it is largely 
accepted and shown that solid tumor cells employ glycolytic 
enzymes, such as PGK1, to produce ATP when their supply of 
oxygen is limited (36). Furthermore, PGK1 has been shown to 
be overexpressed in several malignancies, such as metastatic 
colon cancer  (13), lung adenocarcinoma  (14), gastric  (15), 
prostate  (16), pancreatic  (17) and ovarian cancer (18-19). 
Meanwhile, our results were generally consistent with a recent 
study performed on ovarian cancer, in which siRNA-PGK1 
sensitized chemoresistant human ovarian cancer cell lines 
to cisplatin (37). These findings support the comprehension 
between glucose metabolism and cancer generation and may 
serve as a potential therapeutic target to prevent metastasis 
of cancer cells. Our results presented here suggest that PGK1 
could promote radioresistance in human U251 cells, and 
manipulation of PGK1 may offer a novel therapeutic approach 
for the treatment of glioma.

Interest in cancer stem cells is rapidly increasing. In 
glioma, studies have shown that stem cells could promote 
radioresistance by preferential activation of the DNA damage 
response (38). Whether PGK1 plays a potential role in regu-
lating radioresistance of glioma stem cells remains unclear 
and further studies are required to clarify this issue.

Figure 6. Effect of PGK1 on U251 cell invasion ability. Normal U251 and RR-U251 cells, which were treated differently as indicated (control group, or 
shRNA-PGK1 group, or pcDNA3.1-PGK1 group, or the combined pcDNA3.1-PGK1 with shRNA-PGK1), were radiated by 60Co once. The invasion ability was 
evaluated by a Transwell culture chamber system. 
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Our previous study showed that patients with radioresistant 
astrocytomas, compared to patients with radiosensitive astro-
cytomas, displayed much higher protein level of PGK1 (11). 
However, the results are a long way from using the levels of 
PGK1 in human gliomas as a potential marker for predicting 
the radioresistance in clinical application. More glioma cell 
lines should be included to confirm the role of PGK1 in the 
glioma. Further studies using PGK1 neutralization or PGK1 
knockout mice are needed to examine the exact role of 
PGK1 in the radioresistance of glioma animal models. Also, 
the relationship between PGK1 levels and the survival rate 
after radiotherapy in glioma patients (radioresistant or non-
radioresistant) should also be investigated prospectively. This 
knowledge is necessary before a role of PGK1 in the treatment 
of glioma can be envisaged.
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