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Abstract. Although it has been previously documented that a 
hypoxic environment can promote glycolysis and the malignant 
progression of oral squamous cell carcinoma (OSCC) 
cells, the specific underlying mechanism remains unclear. 
Phosphoglycerate kinase  1 (PGK1) has been previously 
reported to serve an important role in tumor metabolism. 
The aim of the present study was to investigate the effects 
of hypoxia and PGK1 on glycolysis, stem cell‑like properties 
and epithelial‑mesenchymal transition (EMT) in OSCC cells. 
Cell Counting Kit‑8 assays were performed to examine tumor 
cell viability under hypoxic conditions. Sphere formation, 
immunohistochemistry, western blotting, Transwell assays and 
mouse xenograft studies were performed to assess the biological 
effects of PGK1. Under hypoxic conditions, phosphoglycerate 
PGK1 expression was found to be upregulated, which 
resulted in the potentiation of stem cell‑like properties and 
enhancement of EMT. However, PGK1 knockdown reversed 
hypoxia‑mediated glycolysis, stem cell‑like properties, EMT 
in addition to inhibiting OSCC cell invasion and migration. 
PGK1 knockdown also inhibited tumour growth, whilst the 
overexpression of PGK1 was demonstrated to promote tumour 
growth in mouse xenograft models in  vivo. Downstream, 
activation of the AKT signalling pathway reversed the series of 
changes induced by PGK1 knockdown. PGK1 expression was 
found to be upregulated in human OSCC tissues, which was 
associated with the pathological differentiation of tumours and 
lymph node metastasis. To conclude, results from the present 

study demonstrate that hypoxia can increase PGK1 expression, 
resulting in the promotion of glycolysis, enhancing stem 
cell‑like properties and EMT by activating AKT signalling in 
OSCC.

Introduction

Oral squamous cell carcinoma (OSCC) is the most prevalent 
malignant tumour in the oral and maxillofacial region (1). The 
high incidence of oral cancer is attributed to physical, chemical 
and biological factors. According to the statistics of American 
Cancer Association, there were about 48,000 newly diagnosed 
cases of OSCC in 2016, which accounted for 3% of all new 
malignant tumor cases (2‑5). At present, surgery combined 
with radiotherapy and chemotherapy is the primary treatment 
option for oral cancer. However, the 5‑year survival rate of 
patients with oral cancer has not significantly improved over 
the past decade (6,7). The invasive and metastatic ability of 
tumour cells is one of the main factors affecting the prognosis 
of patients (8). The growth of tumours is influenced by the 
surrounding microenvironment (9). However, the molecular 
mechanism underlying the rapid tumour growth, maintenance 
of invasiveness and metastatic capability remain unclear.

Epithelial‑mesenchymal transformation (EMT) refers 
to the biological process in which epithelial cells transform 
into cells that exhibit a more mesenchymal phenotype. It 
has been previously reported to serve an important role 
in embryonic development, wound healing and tumour 
metastasis  (10‑14). The main characteristic of EMT is a 
reduction in the expression of cell adhesion molecules such 
as E‑cadherin and the conversion of expression profiles from 
keratin to vimentin in the cytoskeleton (10). It is an important 
biological process for the invasion and migration of OSCC 
cells. The regulation of EMT involves a complex network 
of signalling pathways, including those of the transforming 
growth factor‑β family, Wnt, Notch, epidermal growth factor 
(EGF), hepatocyte growth factor, fibroblast growth factor 
(FGF) and hypoxia‑inducible factor (HIF) (15‑17). Malignant 
tumour cells mainly meet their metabolic demands through 
glycolysis, even under a plentiful supply of oxygen, in a 
phenomenon known as the Warburg effect (18). Glycolysis has 
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been previously demonstrated to promote the invasion of HeLa 
cells (19). A number of transcription factors, including HIF‑1α, 
c‑Myc, NF‑κB and p53, have been previously found to be 
involved in the regulation of glycolysis in cancer cells (20‑23). 
In OSCC, pyruvate kinase M1/2 dephosphorylation has been 
previously demonstrated to promote the Warburg effect and 
tumorigenesis, whilst silencing phosphofructokinase, platelet 
(PFKP) expression inhibited starvation‑induced autophagy, 
glycolysis and EMT (24).

PGK participates in the second stage of glycolysis, where 
it catalyzes the conversion of 1,3‑diphosphoglyceride into 
3‑phosphoglycerate, consuming a molecule of ADP and 
produces a molecule of ATP (25). Phosphoglycerate kinase 
(PGK) is an essential enzyme that is associated with the 
survival of every organism, where mutations in PGK results in 
a number of metabolic disorders, including mental retardation, 
neurological disorders and rhabdomyolysis (25). There are 
PGK two main subtypes of PGK, namely PGK1 and PGK2, 
both of which have similar functions and structures  (26). 
PGK1 serves a speed limiting role in the second stage of 
glycolysis during the regulation of energy production and 
redox balance (27). Aberrant PGK1 expression has been previ-
ously associated with the occurrence of a number of diseases, 
including Parkinson's disease and hereditary non‑spherical 
hemolytic anemia (28‑30). By contrast, the PGK2 gene is only 
expressed in spermatogenic cells, where its only known func-
tion is to compensate for the inhibition of PGK1 expression 
caused by the inactivation of X chromosomes in spermato-
cytes (31). Since PGK1 is a mediator of glycolysis that supplies 
ATP for tumor cell metabolism under hypoxic conditions, 
it has been reported to participate in the development and 
progression of numerous cancer types, including renal, gastric 
and lung cancer (32‑34).

In the present study, hypoxia‑induced glycolysis was 
established in OSCC tumour cell lines in vitro, where the 
effects of PGK1 on the invasive and migratory capabilities of 
OSCC cells and the underlying molecular mechanism were 
investigated. Results from the present study demonstrated that 
hypoxia resulted in the activation of PGK1, in turn promoting 
glycolysis, increasing stem cell‑like properties and promoting 
EMT via AKT signalling in OSCC.

Materials and methods

Patients and tissue samples. In total, 92 OSCC tissue samples 
and 20 matched non‑cancerous tissue samples were collected 
from the inpatients (age range, 34‑87 years; sex 58 males 
and 34 females) at the Affiliated Stomatological Hospital of 
Sun Yat‑sen University (Guangzhou, China) from June 2008 
to June 2017. Immunohistochemical assays for PGK1 were 
performed on all 112 samples. The removal of tissue samples 
from patients was approved by the ethical review committee 
of the Affiliated Stomatological Hospital of Sun Yat‑sen 
University.

All patients received radical surgery and none received 
any form of pre‑surgical adjuvant therapy. The clinical and 
pathological characteristics (sex, age, differentiation, T stage, 
clinical stage and lymph node metastasis) of the cancer in each 
patient were established in accordance with the criteria of the 
American Joint Committee on Cancer (35). The experiments 

were performed with the understanding and written consent 
of each subject. The study methodologies conformed to the 
standards set by the Declaration of Helsinki.

Antibodies. Anti‑PGK1 (cat. no. ab38007), anti‑SRY‑box tran-
scription factor 2 (Sox2; cat. no. ab93689), anti‑octamer‑binding 
transcription factor 4 (Oct4; cat. no. ab181557), anti‑Nanog 
(cat. no.  ab106465), anti‑phosphorylated (p)‑AKT (cat. 
no. ab38449) and anti‑AKT (cat. no. ab8805) were purchased 
from Abcam (Abcam). Anti‑HIF‑1α (cat. no.  36169), 
anti‑E‑cadherin (cat. no. 3195), anti‑vimentin (cat. no. 5741), 
anti‑Slug (cat. no.  9585) and anti‑β‑actin (cat. no.  8457) 
primary antibodies were purchased from Cell Signalling 
Technology, Inc.

Cell lines and treatment. The cell lines HSC3 and HN6 were 
obtained from the American Type Culture Collection. Cells 
were cultured in DMEM medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Hyclone; GE 
Healthcare Life Sciences) in 5% CO2 at 37˚C under normoxic 
conditions, where the medium was replaced every day. For 
hypoxia treatment, cells were incubated in 1% O2, 5% CO2 

at 37˚C for 12 h or 24 h followed by returning to normoxic 
conditions for subsequent experimentation. The AKT activator 
SC79 (cat. no. HY‑18749; MedChemExpress) was dissolved 
in DMSO to a stock concentration of 10 mM, where a final 
concentration of 10 µM was used at 37˚C for 24 h under 
normoxic conditions.

RNA interference and lentiviral transfection. PGK1 and 
control siRNA were used in this study, which were synthesised 
by Guangzhou RiboBio Co., Ltd. After diluting Lipofectamine® 
RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.) and 
PGK1 or control siRNA with Opti‑MEM (Invitrogen; Thermo 
Fisher Scientific, Inc.), they were mixed and incubated at room 
temperature for 5 min. PGK1 siRNA (50 nM) was then intro-
duced into HSC3 and HN6 cells for 12 h before treatment 
according to the manufacturer's protocols. Sequences of the 
three PGK1 siRNAs were as follows: PGK1 si‑1, 5'‑CCAAGT 
CGGTAGTCCTTAT‑3'; PGK1 si‑2 5'‑GCTTTCCGAGCT 
TCACTTT‑3'; PGK1 si‑3 5'‑TGTCACTGCTGACAAGTTT‑3'. 
The negative control duplex used (cat. no. siN0000001‑1‑5), 
which was also provided by Guangzhou RiboBio Co., Ltd., 
was not homologous to any mammalian genes.

Lentiviral plasmid pLVX‑mCMV‑ZsGREEN‑Puro was 
constructed to overexpress PGK1 whereas the lentiviral plasmid 
pLVX‑shRNA‑tdTomato‑Puro was constructed to knock down 
PGK1 expression in HSC3 cells. The multiplicity of infection of 
both PGK1 knockdown and overexpression was  10. The 
sequence ligated into the lentiviral plasmid to knock down 
PGK1 was as follows: 5'‑CTGACAAGTTTGATGA 
GAATGCTCGAGCATTCTCATCAAACTTGTCAGTTTT 
TT‑3'. The lentivirus packaging process was completed by 
Guangzhou MingKong Co., Ltd. The recombinant virus plasmid 
encoding lentivirus particles and its three auxiliary packaging 
vector plasmids (pGag/Pol, pRev, pVSV‑G) were prepared and 
transfected into 293T cells with Lipofectamine®  2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). The concentration 
of all of the plasmids used per transfection reaction into 293T 
cells was 300 ng/µl.
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Cell viability assay. HSC3 and HN6 cells from the control 
and hypoxia groups were seeded at 1,000 per well in 96‑well 
plates and cultured for 0, 24, 48 and 72 h at 37˚C. Cell viability 
was measured using a Cell Counting Kit‑8 kit assay (CCK‑8; 
Dojindo Molecular Technologies, Inc.). After adding 10 µl 
CCK‑8 reagent per well, plates were incubated at 37˚C for 
1 h. Absorbance in each well was measured at 450 nm using 
a microplate reader (Bio‑Rad Laboratories, Inc.) according to 
the manufacturer protocols.

Immunohistochemistry. The tissues obtained were first fixed 
in 4% paraformaldehyde for 24 h at room temperature and 
embedded in paraffin to immobilise the tissues, following 
which immunohistochemical staining of 3‑µm thick paraffin 
sections was subsequently performed. The tissue sections 
were first deparaffinized with xylene and rehydrated with a 
descending ethanol gradient before being boiled in a pressure 
cooker with sodium citrate buffer at 99˚C for 20 min for antigen 
retrieval. Endogenous peroxidase/phosphatase activities 
within the sections were then quenched at room temperature 
for 10 min using 3% hydrogen peroxide, followed by blocking 
in 5% goat serum (Wuhan Boster Biological Technology, Ltd.) 
at room temperature for 30 min. The sections were then incu-
bated with the respective PGK1, E‑cadherin, Vimentin, Slug, 
Sox2, Oct4 and Nanog primary antibodies (1:250 dilution) 
overnight at 4˚C, following which they were incubated with 
horseradish‑peroxidase (HRP)‑conjugated secondary anti-
bodies (1:200; cat. no. 7074s; Cell Signaling Technology, Inc.) 
diluted in 1% BSA (Wuhan Boster Biological Technology, 
Ltd.) at room temperature for 30 min. For color development, 
3,3'‑diaminobenzidine was used. An Axio Imager Z2 light 
microscope (magnifications, x100 and x400; Zeiss AG) was 
used for image acquisition. Immunohistochemical staining 
was assessed in terms of staining intensity and the propor-
tion of positively staining cells using Image‑Pro Plus 6.0 
software (Media Cybernetics, Inc.). The scoring system for 
staining intensity was as follows: i) 0, no staining; ii) 1, weak 
staining; iii) 2, medium staining; and iv) 3, strong staining. 
The scoring system for the proportion of positive cells was 
determined as follows: i) 0, 0%; ii) 1, 25%; iii) 2, 50%; iv) 3, 
75%; and v) 4, 100%. These two scores were then multiplied 
together to give the final score, where a score >4 was classi-
fied as high expression whereas a score ≤4 was classified as 
low expression.

Western blot analysis. Cells were collected and treated at 4˚C 
for 30 min with RIPA lysis buffers (Thermo Fisher Scientific, 
Inc.) supplemented with protease inhibitors and phosphatase 
inhibitors (Thermo Fisher Scientific, Inc.). Cell lysates were 
collected and centrifuged at 4˚C for 30 min at 14,000 x g. 
The supernatant was collected and protein concentration was 
determined using a bicinchoninic acid protein assay kit (CoWin 
Biosciences). Total protein (25 µg) was subsequently separated 
by 10%  SDS‑PAGE and transferred onto a polyvinylidene 
fluoride membrane (EMD Millipore) with 10% SDS‑PAGE. 
After blocking with 10% BSA (CoWin Biosciences) at room 
temperature for 1  h, the membranes were incubated with 
HIF‑1α, PGK1, E‑cadherin, Vimentin, Slug, Sox2, Oct4, Nanog, 
p‑AKT, AKT or β‑actin primary antibodies (1:1,000 dilution) 
overnight at 4˚C, followed by incubation with a HRP‑conjugated 

secondary antibody (1:2,000 dilution; cat. no.  7074s; Cell 
Signaling Technology, Inc.) at room temperature for 1 h. An 
enhanced chemiluminescence kit (Cell Signaling Technology, 
Inc.) and and the ImageQuant Las4000mini system (GE 
Healthcare Life Sciences) were used to visualize the bands. 
β‑actin was used as an internal control. The signal intensities 
were quantified using ImageJ version 1.48u software (National 
Institutes of Health)

Glucose consumption and lactate production analysis. 
Cells were seeded into 6‑well plates at the same density of 
2.5x105 cells per well and cultured under hypoxic conditions 
for 12 h followed by incubation under normoxic conditions for 
12 h after siRNA transfection. The cell culture supernatants 
were obtained from each treatment group, where glucose 
consumption and lactic acid production were measured. 
Glucose consumption was measured at 37˚C for 15 min using 
glucose detection kits (cat. no. F006‑1‑1; Nanjing Jiancheng 
Bioengineering Institute) and lactic acid production was 
measured at 37˚C for 5 min using lactic acid detection kits (cat. 
no. A019‑2‑1; Nanjing Jiancheng Bioengineering Institute) in 
accordance with the manufacturer's protocol.

Sphere formation. The sphere formation assays were 
performed in ultra‑low attachment 24‑well plates (Corning, 
Inc.). A total of 1,000 cells were seeded into each well, where 
DMEM containing 2%  B27 (Invitrogen; Thermo Fisher 
Scientific, Inc.), 20 ng/ml basic fibroblast growth factor (bFGF; 
Invitrogen; Thermo Fisher Scientific, Inc.) and 20 ng/ml 
epidermal growth factor (EGF; Invitrogen; Thermo Fisher 
Scientific, Inc.) were added. The experimental group received 
hypoxia treatment (1% O2, 5% CO2) at 37˚C for 12 h, whilst 
control cells were incubated in normoxic (95% air/5% CO2) 
conditions without hypoxia treatment. Both treatment groups 
were then incubated under normoxic (95%  air/5%  CO2) 
conditions at 37˚C for 14 days. The resulting parameters of 
sphere formation, including the diameter of spheres and the 
number of spheres per 1,000 cells, were observed using an 
Axio Imager Z2 light microscope (magnification, x100; Carl 
Zeiss AG).

Migration and invasion assay. For cell migration, 4x104 cells 
were seeded into the upper chamber of Transwell assay plates 
(24‑well insert; pore size, 8 µm; BD Biosciences) suspended in 
serum‑free medium 12 h following normoxic or hypoxic treat-
ment. The lower chamber was filled with DMEM supplemented 
with 10% FBS. For cell invasion, Matrigel (Corning, Inc.) was 
added into the upper chambers at 37˚C for 1 h in accordance 
with the manufacturer's protocols, following which 8x104 cells 
were seeded into the upper chambers with Matrigel‑coated 
membranes 12 h following normoxic or hypoxic treatment. 
The Transwell chambers were then incubated at 37˚C under 
normoxic conditions (5% CO2 atmosphere) for 36 h. After 
incubation, Transwell membranes was fixed with 4% para-
formaldehyde at room temperature for 30 min, stained with 
0.1%  crystal violet at room temperature for 20  min and 
observed under the Axio Imager Z2 light microscope (magni-
fication, x100; Carl Zeiss AG). The number of migrated and 
invaded cells was then counted in five randomly selected fields 
per chamber.
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Tumorigenesis in nude mice. A total of 20  female SCID 
mice (age, 4‑6 weeks; weight, 20‑25 g) were purchased from 
the Laboratory Animal Center of Sun Yat‑sen University 
(Guangzhou, China) and maintained under pathogen‑free 
conditions. The temperature of feeding environment is 
controlled at 18‑26˚C under normoxic conditions, the relative 
humidity is 40‑70% and 12‑h light/dark cycle. All mice had 
free access to food and water. SCID mice were randomly 
divided into the following four groups (n=5 in each group): 
i) Overexpression control (Vector); ii) overexpression (PGK1); 
iii) knockdown control group (shVector); and iv) knockdown 
(shPGK1). HSC3 cells were digested by trypsin for 3 min, 
neutralized with 10% FBS medium and collected by centrifu-
gation. Then, HSC3 cells (1x106) were diluted in 200 µl sterile 
PBS and injected into the unilateral abdominal region adjacent 
to the axilla of the hind limbs using a 1 ml syringe. Tumour 
volume was measured weekly (tumour volume = length x wi
dth x width) / 2) and all mice were euthanised after 1 month 
after cell injection and the final tumor measurement, following 
which the tumour mass was measured. Tissue specimens were 
fixed with 4% paraformaldehyde at room temperature for 24 h 

and embedded for subsequent immunohistochemical staining. 
This present animal study was approved by the Experimental 
Animal Ethics Committee of Sun Yat‑sen University 
(Guangzhou, China). The animal experiment lasted for 
2 months. Any mice that were found to be slow growing, not 
eating or infected by skin ulceration caused by mutual fights 
were euthanized by cervical dislocation. After the tumor cells 
are implanted into the mice, if any of the mice were observed 
to suffer from anorexia, inability to eat normally, significant 
weight loss and other abnormalities, the nutrition (melon seeds, 
wheat) will be enhanced immediately. Euthanasia would be 
performed in case of rapid weight loss of >20%, weakness, 
loss of appetite, inability to drink or eat, skin ulceration and 
infection caused by fighting with each other. Animal health 
and behaviour were monitored every day and no animal was 
found dead during the present study. A combination of criteria 
was used for confirming death, including the lack of pulse or 
breathing and rigor mortis.

TCGA Data Collection and Processing. The gene expression 
RNAseq and clinical data of 566 cases of the head and neck 

Figure 1. Hypoxia increases oral cancer cell viability and promotes the expression of PGK1. (A) HN6 and (B) HSC3 cells were cultured under hypoxic 
conditions for 0, 6, 12, 18 and 24 h, following which cell viability was measured using CCK‑8 assays. Western blotting was used to measure changes in PGK1 
expression in (C) HN6 and (D) HSC3 cells after normal culture conditions for 0, 24, 48 and 72 h. Western blotting was used to measure changes in PGK1 
expression in (E) HN6 and (F) HSC3 cells following 12 and 24 h culturing under hypoxic conditions. **P<0.01 and ***P<0.001, n=3. Con, control. PGK1, 
phosphoglycerate kinase 1; OD, optical density; CCK8, Cell Counting Kit‑8.



INTERNATIONAL JOURNAL OF ONCOLOGY  57:  743-755,  2020 747

squamous cell carcinoma dataset (566 cases) were downloaded 
from The Cancer Genome Atlas (TCGA) using the UCSC 
Xena browser (https://xenabrowser.net) (36). In these cases, the 
primary tumors from the oral cavity (oral cavity, oral tongue, 
floor of mouth, alveolar ridge, hard palate and buccal mucosa) 
included 284 oral squamous cell carcinoma specimens and 
30 normal oral epithelial tissue samples. The gene expres-
sion data and survival results of were analysed using the R 
software (R version 3.5.3; http://bioconductor.org/biocLite.R) 
and related R packages, including ‘dplyr’, ‘tidyr’, ‘ggplot2’, and 
‘survminer’ R packages (37‑40).

Statistical analysis. Unpaired t‑test was used to compare two 
groups of data and one‑way ANOVA followed by Tukey's test 
was used for multiple comparisons using SPSS version 19.0 
(IBM Corp.). P<0.05 was considered to indicate a statisti-
cally significant difference. χ2 test was used to evaluate the 
association between PGK1 expression and the clinicopatho-
logical characteristics of patients with OSCC. Wilcoxon 
signed rank test was used to compare the immunostaining 
scores between adjacent noncancerous tissue (ANCT) and 
OSCC. Kruskal‑Wallis test followed by Dunn's test was used 
to compare the immunostaining scores among the OSCC 
tissues at different stages of differentiation. U Mann‑Whitney 

test was used to compare the immunostaining scores 
between OSCC tissue specimens with or without lymph node 
metastasis. The Kaplan‑Meier method and log‑rank test were 
used to compare the overall survival of patient. Data were 
presented as mean ± SD. Each experiment was performed 
≤3 times.

Results

Hypoxia promotes the proliferation of OSCC cells and 
increases the expression of PGK1. Oral cancer cell lines 
HSC3 and HN6 were cultured under hypoxic conditions for 0, 
12 and 24 h, where the results showed that hypoxia for 12 and 
24 h significantly increased cell viability in both oral cancer 
cell lines (Fig. 1A and B). These findings suggest that hypoxic 
conditions at appropriate time periods can promote the growth 
of OSCC cells. There were no significant changes in PGK1 
expression in HN6 and HSC3 cells under normal culture 
conditions at any of the timepoints tested (Fig. 1C and D). 
In addition, PGK1 expression in HN6 and HSC cells was 
measured following hypoxia treatment. The results showed 
that the expression of PGK1 was significantly upregulated 
12  and 24  h following culture under hypoxic conditions 
(Fig. 1E and F).

Figure 2. Effects of hypoxia on glycolysis, stem‑like properties, migration and invasion of oral squamous cell carcinoma cells. (A) Glucose and (B) lactic acid 
levels in the culture supernatant of HN6 and HSC3 cells were measured after culturing under hypoxic conditions. (C) Both diameters and numbers of spheres 
formed by HN6 and HSC3 cells were increased following culturing under hypoxic conditions. Scale bar, 50 µm. (D) Hypoxic treatment in HN6 and HSC3 cells 
upregulated the expression PGK1, Sox2, Oct4, Nanog, Vimentin and Slug proteins, whilst reducing the expression of E‑cadherin. (E) Transwell assays revealed 
that hypoxia treatment enhanced the migration and invasion of HN6 and HSC3 cells. *P<0.05, n=3. Scale bar, 50 µm. PGK1, phosphoglycerate kinase 1; Sox‑2, 
SRY‑box transcription factor 2; Oct4, octamer‑binding transcription factor 4; HIF‑1α, hypoxia‑inducible factor‑1α.
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Hypoxia promotes glycolysis, increases stem cell‑like prop‑
erties and enhances OSCC cells migration and invasion. 
To investigate the effect of hypoxia on the glucose metabo-
lism of OSCC cells, HN6 and HSC3 were cultured under 
hypoxic conditions for 12 h followed by incubation under 
normoxic conditions for 12 h. Glucose consumption and 
lactic acid production were found to be significantly higher 
in cells cultured under hypoxic conditions compared with 
cells cultured under normoxic conditions (Fig. 2A and B). 
These findings suggest that hypoxia may promote glycolysis 
in OSCC cells. The effects of hypoxia on OSCC cell inva-
sion and migration, in addition to the expression of stem 
cell markers, were subsequently examined. It was found that 
the diameter and number of spheroids formed were signifi-
cantly higher in cells incubated under hypoxic conditions 
compared with cells cultured under normoxic conditions 
(Fig. 2C). Hypoxia treatment was also revealed to upregulate 
the expression of stem cell markers Sox2, Oct4 and Nanog 
in HN6 and HSC3 cells (Fig. 2D). In addition, the expres-
sion levels of PGK1, in addition to those of vimentin and 
slug, were found to be upregulated following culture under 
hypoxic conditions compared with cells cultured under 
normoxic conditions (Fig.  2D). By contrast, E‑cadherin 
expression was revealed to be lower compared with that in 
normoxic cells (Fig. 2D). Since EMT is a key process in 
potentiating tumour migration and invasion (7), the role of 
hypoxia in the invasion and migration of OSCC cells was 
assessed by Transwell assays. Hypoxia was found to signifi-
cantly enhance HN6 and HSC3 cell migration and invasion 
compared with normoxic cells (Fig. 2E).

PGK1 knockdown reverses the effects of hypoxia on glucose 
consumption, stem cell‑like characteristics and EMT in 
OSCC cells. To study the effect of hypoxia treatment on OSCC 
cells after PGK1 knockdown, the effect of siRNA transfec-
tion on the PGK1 expression under normoxic conditions was 
first verified by western blotting (Fig. 3A). PGK1 knockdown 
using PGK si‑01 was found to partially but significantly 
reverse the positive effects of hypoxia on glucose consump-
tion (Fig. 3B) and lactic acid production (Fig. 3C). In terms 
of EMT, PGK1 knockdown markedly reversed the increases 
in the expression of EMT markers vimentin and Slug whilst 
markedly preventing the reduction in E‑cadherin caused by 
hypoxia (Fig. 4A). PGK1 knockdown did not significantly 
affect HIF‑1α expression, which was upregulated by hypoxia 
(Fig. 4A). PGK1 knockdown was found to markedly suppress 
the expression of stem cell markers Sox2, Oct4 and Nanog 
in addition to reversing the hypoxia‑induced upregulation of 
these stem cell markers (Fig. 4A). Under hypoxic conditions, 
silencing PGK1 expression also significantly inhibited cell 
migration and invasion (Fig. 4A and C), whilst also signifi-
cantly reducing the diameter and number of spheres formed 
by HN6 and HSC3 cells compared with those transfected with 
control siRNA (Fig. 4A and B).

PGK1 knockdown inhibits tumour growth whereas the upregu‑
lation of PGK1 expression promotes tumour growth in vivo. To 
study the effect of PGK1 on the phenotype of OSCC tumours 
in vivo, pre‑constructed HSC3 PGK1 knockout (shPGK1) or 
overexpression cell lines were injected into the subcutaneous 
tissues of SCID mice. Tumour volumes and weights were 

Figure 3. Knockdown of PGK1 expression reverses hypoxia‑induced glycolysis. (A) Western blotting was used to measure PGK1 expression in HN6 and HSC3 
cells after PGK1 knockdown. Knockdown of PGK1 expression partially reversed the (B) increase in glucose consumption and (C) lactic acid production under 
hypoxic conditions. *P<0.05, n=3. PGK1, phosphoglycerate kinase 1; si, small interfering RNA; ConsiRNA, control siRNA.
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found to be significantly reduced in the group injected with 
cells transfected shPGK1 with compared with those injected 
with cells transfected with the shVector 1 month after injec-
tion (Fig.  5A). By contrast, tumour volumes and weights 
were demonstrated to be significantly increased in the group 
transfected with cells overexpressing PGK1 compared with 
those injected with cells transfected with the vector (Fig. 5A). 
Furthermore, compared with those in the PGK1 overexpres-
sion group, mice in the shPGK1 group also exhibited markedly 
lower levels of PGK1, vimentin, Slug, Sox2, Oct4 and Nanog 
expression, whilst showing higher levels of E‑cadherin expres-
sion (Fig. 5B and C).

PGK1 promotes stem cell‑like properties and EMT in OSCC 
cells through the AKT signalling pathway. The activity of 
the AKT signalling pathway was next measured in OSCC 
cells under normoxic conditions. PGK1 knockdown was 

found to reduce p‑AKT phosphorylation (Fig. 6A). SC79, an 
activator of AKT, was used to investigate the effects of the 
AKT signalling pathway on PGK1‑mediated stemness and 
EMT in OSCC cells, also under normoxic condtions. SC79 
treatment was revealed to increase AKT phosphorylation 
whilst reversing the inhibitory effects of PGK1 knockdown on 
vimentin, Slug, Sox2, Oct4 and Nanog expression (Fig. 6B). In 
addition, increases in E‑cadherin expression induced by PGK1 
knockdown was also found to be reversed by SC79 treatment 
(Fig. 6B). SC79 was found to promote significantly potentiate 
sphere formation, migration and invasion in HN6 and HSC3 
cells following PGK1 knockdown (Fig. 6C and D). These 
findings suggest that PGK1 may promote OSCC stemness and 
EMT by activating the AKT signalling pathway.

PGK1 expression is correlated with clinicopathological 
features in patients with OSCC. To clarify if the levels of PGK1 

Figure 4. Knockdown of PGK1 expression reverses hypoxia‑activated stem‑like properties and epithelial‑mesenchymal transition in oral squamous cell carci-
noma cells. (A) HN6 and HSC3 cells were treated under hypoxic conditions and/or transfected with siPGK1, following which the expression of the indicated 
proteins was measured by western blotting. (B) Sizes and numbers of spheroids formed were measured after HN6 and HSC3 cells were cultured under hypoxic 
conditions and/or transfected with siPGK1. Spheroids with diameters >50 μm were displayed. Scale bar, 50 µm. (C) Transwell assays were used to measure 
HN6 and HSC3 cell migration and invasion following culturing under hypoxic conditions and/or transfection with siPGK1. *P<0.05, n=3. Scale bar, 50 µm. 
PGK1, phosphoglycerate kinase 1; Sox‑2, SRY‑box transcription factor 2; Oct4, octamer‑binding transcription factor 4; HIF‑1α, hypoxia‑inducible factor‑1α; 
si, small interfering RNA; ConsiRNA, control siRNA.
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expression is associated with the clinicopathological character-
istics of patients with OSCC, PGK1 expression was measured 
in tissue samples obtained from 92 patients with OSCC and 
20 ANCT specimens by immunohistochemistry (Fig.  7A). 
Semi‑quantitative analysis showed that the PGK1 expression in 
OSCC specimens was significantly higher compared with that 
in ANCT (Fig. 7B). Compared with that in well‑differentiated 
OSCC tissue samples, PGK1 expression was found to be signifi-
cantly higher in moderately and poorly differentiated OSCC 
tissues (Fig. 7C). PGK1 expression was also demonstrated to be 
significantly higher in OSCC tissue specimens with lymph node 
metastasis compared with that in OSCC specimens without 
lymph node metastasis (Fig. 7D). The relationship between 
PGK1 expression and the clinicopathological characteristics 
of patients with OSCC was next examined. PGK1 expression 
was found to significantly associate with tumour differentiation, 
clinical staging and lymph node metastasis, but not with age, sex 
or T stage (Table I).

PGK1 expression levels in patients with OSCC patients is 
associated with survival and prognosis. The levels of PGK1 
expression was next compared between 284 OSCC samples 
and 30 normal oral mucosal epithelial tissue samples obtained 
from the TCGA database. PGK1 expression was revealed to be 
significantly upregulated in OSCC samples compared with that 
in the normal oral mucosal epithelial tissue samples (Fig. 8A). 
Survival analysis showed that the overall survival rate of 
patients with high expression of PGK1 was significantly reduced 
compared with those with low PGK1 expression (Fig. 8B).

Discussion

Strong invasive and migratory capacities are among the 
main causes underlying oral cancer cell metastasis, which is 
particularly prone to metastasizing to cervical lymph nodes 
and distant organs, significantly reducing the quality of life of 
patients (41‑43).

Figure 5. PGK1 knockdown inhibits tumour growth whereas the PGK1 upregulation promotes tumour growth in vivo. (A) Images of the tumours isolated from 
mice in the shVector, shPGK1 and Vector and PGK1 groups. Volume of the tumours over 30 days, in addition to the weight of the tumours following euthanasia, 
were measured. Representative IHC images showing the staining of (B) epithelial‑mesenchymal transition and (C) stem cell markers in the tumour xenografts 
isolated from each of the four groups. *P<0.05, n=5. Scale bar, 50 µm. IHC, immunohistochemistry; PGK1, phosphoglycerate kinase 1; sh, short hairpin RNA.
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Cell division and proliferation are metabolically 
active processes within cells. However, energy production 

within cancer cells does not particularly depend on the 
classical oxidative phosphorylation pathway performed by 

Figure 6. PGK1 promotes stem‑like properties and epithelial‑mesenchymal transition in oral squamous cell carcinoma cells through the AKT signalling 
pathway. (A) Western blotting was used to measure the phosphorylation of AKT in HN6 and HSC3 cells after PGK1 knockdown. (B) HN6 and HSC3 cells 
were treated with SC79 and/or transfected with siPGK1, following which the expression levels of the indicated proteins were measured by western blotting. 
(C) Sizes and numbers of spheroids formed were measured after HN6 and HSC3 cells were treated with SC79 and/or transfected with siPGK1. Spheroids with 
diameters >50 μm were displayed. Scale bar, 50 µm. (D) Transwell assays were used to measure HN6 and HSC3 cell migration and invasion following treat-
ment with SC79 and/or transfection with siPGK1. *P<0.05, n=3. Scale bar, 50 µm. PGK1, phosphoglycerate kinase 1; Sox‑2, SRY‑box transcription factor 2; 
Oct4, octamer‑binding transcription factor 4; HIF‑1α, hypoxia‑inducible factor‑1α; si, small interfering RNA; ConsiRNA, control siRNA.
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Figure 7. PGK1 expression in OSCC samples. (A) Representative immunohistochemistry images showing that the expression of PGK1 in OSCC specimens at 
three different stages of differentiation was higher compared with that in ANCT. (B) Comparison of PGK1 expression between OSCC and adjacent noncan-
cerous tissue samples. (C) PGK1 expression is higher in moderately and poorly differentiated OSCC tissues. (D) PGK1 expression is higher in OSCC tissue 
specimens with lymph node metastasis. *P<0.05. Scale bar, 50 µm (left), 10 µm (right). OSCC, oral squamous cell carcinoma; ANCT, adjacent noncancerous 
tissue samples; N‑, no lymph node metastasis; N+, presence of lymph node metastasis; PGK1, phosphoglycerate kinase 1.

Table I. Association between PGK1 expression and clinicopathological features in patients with OSCC (n=92).

	 PGK1 expression
	 ---------------------------------------------------------------------
Clinicopathological features	 No. of cases	 High (n)	 Low (n)	 P‑value

Sex				    0.052
  Male 	 58	 36	 22	
  Female 	 34	 14	 20	
Age				    0.809
  ≥55	 56	 31	 25	
  <55	 36	 19	 17	
Differentiation				    0.001
  Well 	 16	   4	 12	
  Moderate + poor	 76	 46	 30	
T stage				    0.107
  T1‑2	 77	 39	 38	
  T3‑4	 15	 11	   4	
Clinical stage 				    0.008
  I‑II	 59	 26	 33	
  III‑IV	 33	 24	   9	
LN metastasis 				    0.018
  N‑	 68	 32	 36	
  N+	 24	 18	   6	

N‑, no lymph node metastasis; N+, presence of lymph node metastasis.
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mitochondria (44). On the contrary, cancer cells frequently 
utilize the glycolytic pathway to produce ATP, even when 
the supply of oxygen is sufficient. This is a process known 
as the ‘Warburg effect’  (45). A previous study has found 
that glutamine starvation can activate PFKP expression, 
whilst downregulation of PFKP can reverse the invasion 
and migration of OSCC cells induced by starvation (46). In 
addition, previous studies have documented that hypoxia 
is closely associated with tumorigenesis, cell development, 
invasion and migration in oral cancer (47,48).

Hypoxic environments can be readily found in solid malig-
nant tumors and can lead to alterations in the expression of 
a number of molecular biomarkers, including HIF, carbonic 
anhydrase, glucose‑transporter‑1 and vascular endothelial 
growth factor (49). HIF‑1α, which is activated under hypoxic 
conditions, is involved in the regulation of tumor cell propaga-
tion, migration, glucose metabolism and angiogenesis (50). It 
allows cells to adapt to hypoxic environments, contributing to 
invasion and metastasis. It was previously found that HIF‑1α 
can promote the malignant progression of esophageal squa-
mous cell carcinoma by regulating the expression specificity 

protein 1 (49). In the present study, it was found that both 
HIF‑1α and PGK1 expression were upregulated due to hypoxia, 
suggesting an association between these two proteins.

PGK1 is a key enzyme in glycolysis, which converts 
glyceric acid 1,3‑diphosphate to produce glyceric acid 
3‑phosphate and ATP (28). A number of studies previously 
found that PGK1 expression is significantly associated with 
the survival and prognosis of patients with hepatocellular 
carcinoma, where PGK1 knockdown can inhibit the prolif-
eration of hepatocellular carcinoma cell lines (50,51). PGK1 
expression in several tumour tissues was found to be higher 
compared with that in normal tissues (26), whilst HIF‑1α 
has been previously shown to directly regulate PGK1 (52). 
In liver cancer, the expression levels of PGK1 and HIF‑1α 
in the hepatocellular carcinoma cell line HCCLM9 with 
high metastasis were higher when compared with those in 
the hepatocellular carcinoma cell line MHCC97L with low 
metastasis (26,33), such that PGK1 has also been revealed to 
regulate cell proliferation and metastasis (32). In addition, 
PGK1 expression was found to correlate with the survival 
and prognosis of patients with breast cancer  (53). PGK1 
overexpression can promote the development and metastasis 
of gastric cancer by activating the C‑X‑C motif chemokine 
receptor 4/C‑X‑C motif chemokine 12/β‑catenin signalling 
pathway (26). The present study found that 12 h of hypoxia 
treatment could promote the proliferation of oral cancer 
cells. The present study also found that hypoxic conditions 
upregulated the expression of PGK1 and stem cell markers 
in OSCC cell lines.

EMT is a key mechanism for potentiating invasion and 
migration in OSCC cells, where the self ‑renewing and prolif-
erative capacities of tumor stem cells is one of the causes of 
OSCC recurrence. It has been previously demonstrated that 
the differential expression of stem cell markers, including 
CD44, CD133 and ALDH1, in addition to transcription factors, 
including Oct4, Sox2 and Nanog, serve an important role in 
clonogenesis in oral squamous cell carcinomas (54,55). In the 
present study, hypoxia was shown to upregulate the expres-
sion of EMT markers promote the migration and invasion 
of oral cancer cells. Further investigation found that PGK1 
knockdown partially reversed the invasion and migration of 
oral cancer cells under hypoxic conditions.

The AKT signalling pathway is involved in many processes, 
including proliferation, apoptosis, cancer cell migration and 
invasion  (56). Aberrant activation of the AKT signalling 
pathway has been previously shown to serve an important role 
in the malignant progression of cancer (57,58). A previous study 
has demonstrated that the AKT/NFκB signalling pathway is 
involved in the invasion and migration of lung cancer cells, 
which is closely associated with the maintenance of stem cell 
characteristics and EMT (59). Another study has also previ-
ously found that hypoxia promotes glioma cell proliferation, 
migration and invasion via PI3K/AKT signalling (58). Results 
from the present study suggest that the downregulation of 
PGK1 inhibits the phosphorylation of AKT, whilst the AKT 
activator SC79 reversed the effects observed following PGK1 
knockdown.

Differential observations would have been made if the 
present study was performed under hypoxic conditions 
compared with cells grown under normoxic conditions. 

Figure 8. Expression levels of PGK1 in patients with OSCC is associated 
with overall survival and prognosis. (A) PGK1 mRNA expression in OSCC 
(n=284) and ANCT (n=30) samples collected from the TCGA database. 
(B) Kaplan‑Meier survival curves for overall survival in OSCC. OSCC, oral 
squamous cell carcinoma; ANCT, adjacent noncancerous tissue samples; 
PGK1, phosphoglycerate kinase 1.
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A preliminary study of the present study found that following 
hypoxia treatment for >48 h, the cells were in a poor state of 
health and could not complete the subsequent proliferation, 
invasion and migration experiments. Therefore, the method 
of hypoxia pre‑treatment was applied to study the effects 
of hypoxia on the biological behaviour of tumour cells. The 
results demonstrated that appropriate hypoxia can promote the 
malignant progress of OSCC cells, where further study found 
that moderate hypoxia can promote tumour cell proliferation. 
This was a limitation of the present study, which remain to be 
the focus of future research.

To conclude, data from the present study suggest that 
hypoxia can upregulate PGK1 expression and glycolysis whilst 
activating the characteristics of oral cancer stem cells and 
EMT through the AKT pathway. However, the exact mecha-
nism require further clarification.
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