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Abstract. In order to improve the sensitivity of cervical cancer 
cells to irradiation therapy, we targeted hexokinase 2 (HK2), 
the first rate-limiting enzyme of glycolysis, and explore its role 
in cervical cancer cells. We suppressed HK2 expression and/
or function by shRNA and/or metformin and found HK2 inhi-
bition enhanced cells apoptosis with accelerating expression 
of cleaved PARP and caspase-3. HK2 inhibition also induced 
much inferior proliferation of cervical cancer cells both in 
vitro and in vivo with diminishing expression of mTOR, MIB 
and MGMT. Moreover, HK2 inhibition altered the metabolic 
profile of cervical cancer cells to one less dependent on 
glycolysis with a reinforcement of mitochondrial function and 
an ablation of lactification ability. Importantly, cervical cancer 
cells contained HK2 inhibition displayed more sensitivity to 
irradiation. Further results indicated that HPV16 E7 oncopro-
tein altered the glucose homeostasis of cervical cancer cells 
into glycolysis by coordinately promoting HK2 expression and 
its downregulation of glycolysis. Taken together, our findings 
supported a mechanism whereby targeting HK2 inhibition 
contributed to suppress HPV16 E7-induced tumor glycolysis 
metabolism phenotype, inhibiting tumor growth, and induced 
apoptosis, blocking the cancer cell energy sources and ulti-
mately enhanced the sensitivity of HPV(+) cervical cancer 
cells to irradiation therapy.

Introduction

Cervical cancer is one of the most common cancers in women 
worldwide and is especially prevalent in developing countries. 
For example, ~98,900 new cases of cervical cancer and 30,500 
deaths were reported in China in 2015 (1). Historically, surgery 
and radiotherapy (RT) have been the two major treatments for 
invasive cervical cancer. Most women with metastatic cervical 
cancer or local recurrence after radiotherapy are candidates 
for palliative chemotherapy. Radiotherapy is a pre- or post-
operative adjuvant or primary treatment in most locally 
advanced cervical cancers. However, the resistance of tumor 
cells to radiation is a major therapeutic problem.

Most normal tissues metabolize the 6-carbon glucose into 
the 3-carbon pyruvate and then exploit the resulting energy in 
the form of ATP via ‘oxidative phosphorylation’ (OXPHOS) 
in the mitochondria. In contrast, cancer cells primarily use 
aerobic glycolysis to convert glucose into lactic acid at a high 
rate to support growth, even in the presence of oxygen. This 
metabolic alteration is referred to as the ‘Warburg effect’ 
and it is this energy metabolism that fuels tumor cell growth 
and division, including chronic and often uncontrolled cell 
proliferation, and may facilitate apoptosis resistance (2,3). A 
critical player in this frequent cancer metabolism phenotype 
is the mitochondrial-bound hexokinase 2 (HK2), the enzyme 
that catalyzes the first rate-limiting step of the glycolytic 
pathway, where glucose is phosphorylated to glucose-6-phos-
phate (G-6-P) with ATP consumption (4). The relatively high 
expression of HK2 in cancer cells is responsible for the accel-
erated glucose flux (5) and can distinguish malignant cells 
from the normal cells, and contributes to tumor initiation, 
maintenance and metastasis (6-8). Upon a key oncogenic AKT 
pathway activation, HK2 translocates to the mitochondrial 
outer membrane, where it interacts with the voltage-dependent 
anion channel (VDAC) to help mitochondrion escape strong 
product inhibition by G-6-P and obtain priority access to newly 
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synthesized ATP (9-11). Moreover, HK2 eventually inhibits 
caspase-9-dependent apoptosis, by blocking the release of 
cytochrome c and interacting with the permeability transition 
pore including VDAC1 and Bax (11-14). Thus, HK2 not only 
improves the malignant cells' energy supply by making them 
more dependent on the glycolytic metabolic profile and more 
adaptive to survive in an anoxic environment, it also immor-
talizes and protects malignant cells against apoptosis through 
direct interaction with mitochondria.

The responses of malignant tumors to irradiation vary in 
their respective resistance mechanisms. Radioresistance can 
be affected by a lack of oxygen (15), cell cycle status (16), 
DNA damage and repair (17), apoptosis (18), growth factors 
and oncogenes (19), stem cells (20), and other factors. Among 
these, hypoxia-related radioresistance is the most important. 
The hypoxic microenvironment can potentially serve as a 
protective sheath against tumor damage (15,21-23). Glycolysis, 
which is the main metabolic profile for tumor cells according 
to Warburg effect, is also closely related with radioresis-
tance (24-27). Reports have proven that inhibition of the 
Warburg effect enhances the radiosensitivity of cancers (28-30). 
Some squamous cell carcinomas, such as cervical squamous 
cell carcinoma, have proven to be the most modifiable type 
of tumor cells by the manipulation of hypoxia in practice as 
they are more likely to maintain colony formation potential 
during long-term hypoxia. Although a number of recent trials 
investigating hypoxic modifications have displayed consider-
able efficacy, the effect has been too limited to raise a broader 
interest in this field. Thus, in seeking a breakthrough in 
providing an appropriate application for cervical cancer treat-
ment with superior irradiation sensitivity, we aimed to exploit 
hypoxic glycolytic metabolism as a property unique to tumor 
cells, with a focus on hexokinase 2 (HK2), the essential regula-
tory point of the glycolysis pathway.

Materials and methods

Ethics. All applicable international and institutional guidelines 
for the care and use of animals were followed. Animal experi-
ments were performed in strict accordance with the Guide for 
the Care and Use of Laboratory Animals and were approved 
by the Department of Laboratory Animal Science at Shanghai 
Jiao Tong University School of Medicine. This report does not 
contain any studies with human participants performed by any 
of the authors.

TCGA data. Level 3 normalized counts of HK2 (RNA-Seq; 
Illumina) data and cervical cancer clinical data were 
downloaded from TCGA and analyzed in the R statistical envi-
ronment. Survival rates were calculated using the Kaplan-Meier 
method and the log-rank test was used to compare the survival 
curves. The heatmap of the HK2-normalized counts from 
level 3 RNA-Seq TCGA data was made by Excel: the green 
color is aligned to the largest normalized count and the deepest 
red is aligned to the smallest normalized count.

Cell lines and cell culture. The human cervical carcinoma 
lines HPV16(+) SiHa, HPV18(+) HeLa, HPV18(+) SW756 and 
HPV(-) C33A were purchased from ATCC and maintained 
in Dulbecco's modified Eagle's medium (DMEM) F-12 1:1 

medium (Gibco) with 10% fetal bovine serum (FBS; Gibco), 
100 U/ml penicillin, sodium pyruvate and L-glutamine in 
a humidified atmosphere of 5% CO2 at 37˚C. The cell lines 
were maintained in the laboratory of Dr S.F. Wu for eight 
months and no further authentication was performed. Hypoxia 
environment was made by treating cells with CoCl2 (Sigma, 
150 µM/l) for 24 h (31-33).

Plasmid and lentivirus transfections. The overexpression 
plasmids, including pCAG-myc-HPV16 E6, pCAG-myc-
HPV16 E7, and pCAG-myc-blank, were obtained from 
S.F. Wu, and the HK2 and HIF-1α shRNAs were purchased 
from Shanghai GenePharma Co. Ltd. Plasmid transfection 
was performed as previously described (34). Lentivirus-
carrying small hairpin RNAs (shRNA) targeting HK2 and 
HIF-1α were transfected into cells at 60% confluence in 6-well 
plates for infection with polybrene (5 µg/ml; GenePharma). 
Medium was refreshed after 24 h of transfection and the cells 
were incubated another 72 h before analysis of mRNA or 
protein expression. The sequence used to generate the shRNA 
targeting HK2 is 5'-GGGTGAAAGTAACGGACAATG-3'. 
The sequence used to generate the shRNA targeting HIF-1α is 
5'-GCCGAGGAAGAACTATGAACA-3'.

Western blot analysis and RT-PCR. For western blots, briefly, 
60 µg of protein was separated by SDS-PAGE and transferred 
onto polyvinylidene fluoride (PVDF) membranes. Membranes 
were incubated with blocking buffer for 2 h followed by 
incubation for 15 h with the following primary antibodies: 
anti-PARP (diluted at 1:500; Cell Signaling Technology, 
Beverley, MA, USA, #5625), anti-HPV16 E7 (diluted at 
1:100; Bioss, Shanghai, China, #bs-10446R), anti-caspase 3 
(diluted at 1:500; Cell Signaling Technology, #9664), anti-
Bcl2 (diluted at 1:500; Antibody Revolution, CA, USA, 
#ARH2043), anti-GAPDH (Epitomics), anti-HK2 (diluted at 
1:500; Aviva Systems Biology, CA, USA, #ARP54303_P050), 
and anti-HIF-1α (diluted at 1:100; Boster, Wuhan, China, 
#PB0245). An additional hour of incubation was performed 
with the appropriate secondary antibody. For RT-PCR, total 
RNA was extracted with TRIzol (Invitrogen). cDNA was 
synthesized from 1 µg of total RNA according to the Takara 
protocol. The genes of interest were amplified using appro-
priate primers with 40 cycles. The primers sequences are 
listed in Table I.

Flow cytometric analysis of apoptosis. For the apoptosis assay, 
the cells were trypsinized and washed with fresh medium. 
Cells were then centrifuged for 3 min at 1,500 rpm and the 
supernatant was discarded. The cell pellets were resuspended 
in 1X binding buffer at 1-5x106/ml and stained for 15 min 
using the Annexin V-PE/7AAD Apoptosis kit (eBioscience, 
CA, USA), according to the manufacturer's instructions. The 
number of apoptotic cells was analyzed by flow cytometry 
(BD Accuri C6, USA).

Cell metabolism assays. Glycolytic rates were measured by 
calculating extracellular acidification (ECAR) and oxygen 
consumption rates (OCR) simultaneously in real-time using 
the Seahorse Biosciences Extracellular Flux Analyzer. 
Cervical cancer cells (4x105) were seeded into XF 24-well cell 
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culture micro-plates (Seahorse Biosciences) by BD Cell-Tak 
(BD Biosciences, Oxfordshire, UK), and plates were incu-
bated at 37˚C for 1 h before OCR and ECAR analysis. The 
experimental procedures included monitoring the cells for 
oxygen consumption and lactic acid production while injecting 
metabolic compounds into the media. The compounds used 
were D-glucose (2 g/l), oligomycin (1 µM), and 2-deoxyglu-
cose (100 mM), which provided glycolysis-associated ECAR, 
the maximum glycolytic capacity, and non-glycolytic ECAR, 
respectively. Seahorse Biosciences assay media, which is an 
unbuffered DMEM without glucose, pyruvate, or biocar-
bonate, was used during experimentation. We adjusted the pH 
of the media before each use with HCL and NaOH. Data are 
presented as extracellular acidification rate (ECAR; mpol/min) 
for glycolysis and oxygen consumption rate (OCR: pmol/min) 
for oxidative phosphorylation. Each assay was performed in 
quadruplicate and representative data from three independent 
experiments are shown.

Nude mouse xenograft models. Female athymic nude mice at 
6 weeks of age were purchased from the Shanghai Experimental 
Animal Center of the Chinese Academy of Science. For 
xenograft tumor formation assays, mice were randomly sepa-
rated into two groups (five per group). SiHa cells transfected 
with shNC or shHK2 were subcutaneously injected into the 
two groups at a concentration of 1x107 cells per mouse. We 
measured the tumor size every week for five weeks. Then the 
mice were sacrificed, the tumors removed, fixed in formalin, 

embedded in paraffin, and sectioned for IHC staining. The 
tumor volume was calculated as follows: tumor volume (mm3) 
= (longest diameter) x (shortest diameter)2 x 0.5.

Statistical analysis. The differences between groups in protein 
levels detected by western blots, RNA levels determined by 
RT-PCR, flow cytometric analyses, cell metabolism assays, 
and in vivo experiments were analyzed by Student's t-test. 
A two-sided test with p<0.05 was considered statistically 
significant. All statistical analyses were performed using SAS 
Release 8.02 (SAS Institute Inc., Cary, NC, USA).

Results

Analysis of survival and HK2 expression level from TCGA 
data. First we investigated the relationship between HK2 
expression and the corresponding patient prognosis. For each 
patient in the cervical cancer cohort (n=234), a normalized 
RNA-Sequence count which stands for the mRNA expression 
of HK2, was calculated from TCGA data. Normalized counts 
were dichotomized at the median and the cohort was divided 
into two groups with relatively low and high expression levels 
of HK2. Curves for overall survival (OS) and tumor-free 
survival were plotted according to the Kaplan-Meier method, 
with p-values determined by the log-rank test. The difference 
between the two groups for overall survival and tumor-free 
survival was not statistically significant (Fig. 1). We also orga-

Table I. Primers used in this study.

Primer Sequence (5'→3')

HK2 F TGCTTGCCTACTTCTTCACG
HK2 R CATCTGGAGTGGACCTCACA
E6 F CGACCCAGAAAGTTACCACAGT
E6 R AATCCCGAAAAGCAAAGTCATA
E7 F GAGGAGGAAGATGAAATAGATGG
E7 R AACCGAAGCGTAGAGTCACAC
Glut1 F AATTTCATTGTGGGCATGTG
Glut1 R TCCTCGGGTGTCTTGTCACT
HIF-1α F GCAGCAACGACACAGAAACT
HIF-1α R GCAGGGTCAGCACTACTTCG
MGMT F TGGAGCTGTCTGGTTGTGAG
MGMTR GGGCTGCTAATTGCTGGTAA
GAPDH F AGAAGGCTGGGGCTCATTTG
GAPDH R AGGGGCCATCCACAGTCTTC
TFAM F CGTTTCTCCGAAGCATGTG
TFAM R TCCGCCCTATAAGCATCTTG
LDHA F AGCCCGATTCCGTTACCTA
LDHA R TGCTTGTGAACCTCTTTCCA
MIB F GCGATGCTTCCAACTTTAGG
MIB R TGCCCATTTACATCCACATC
mTOR F CCTCACAAGACATCGCTGAA
mTOR R GGATCTCCAGCTCTCCAAAGT

Figure 1. Overall survival and tumor-free survival between HK2 high expres-
sion group and HK2 low expression group from TCGA. Kaplan-Meier plot 
of the 236 cervical cancer patients according to normalized HK2 counts 
from TCGA RNA-Seq. Normalized counts of HK2 were dichotomized at the 
median and the cohort was divided into two groups with relatively low and 
high mRNA expression levels of HK2. Kaplan-Meier curves are shown for 
(A) overall survival and (B) tumor-free survival.
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nized the HK2 level in 3 normalized counts, which represent 
the mRNA expression levels of HK2 from 307 cervical cancer 
specimens from TCGA, into a heatmap according to infection 
with different HPV subtypes (Fig. 2), we did not observe an 
obvious connection between HK2 expression and each HPV 
subtype infection.

The association between HPV16 E7 and HK2 expression. 
Using 4 different cervical cancer cell lines, we sought to 
explore the expression levels of certain metabolism-related 
genes and found that HK2 and Glut1 expression levels were 
significantly weaker in HPV(-) cell lines, relative to the three 
HPV(+) cells (Fig. 3). Next, we investigated whether HK2, 
Glut1 expression correlated with the vital oncoproteins of 
HPV virus, E6 and E7. Our results indicated that the E7 onco-
protein, but not E6, could enhance HK2 expression in both 
HPV(+) and HPV(-) cell lines at the RNA level (Fig. 4A) and 
at the protein level (Fig. 4B). E7 could also enhance Glut1 
mRNA expression in SiHa cell line, but the difference was 
not obvious in C33A cell line. In order to explore whether the 
HPV16 E7 acceleration impact on HK2 involves the HIF-1α 
pathway, we knocked down HIF-1α with shRNA. With the 

RT-PCR and western blotting results in the SiHa cell line, we 
found that knock-down of HIF-1α induced obvious attenuation 
of HK2, and HPV16 E7 could rescue HK2 expression when 
HIF-1α was knocked down, based on the observation that the 
HK2 expression level in cells with both HIF-1α knock-down 
and HPV16 E7 overexpression was much stronger than that 
in cells with only HIF-1α knock-down (Fig. 4B and C). Thus, 
we suspected that HPV16 E7 could promote the expression of 
HK2 through a mechanism other than the HIF-1α pathway.

The impact of HK2 on cervical cancer cells in vitro. To deter-
mine the impact of HK2 expression on cervical cancer cells, 
we attempted to knock-down HK2 in both the HPV(+) SiHa 
cell line and the HPV(-) C33A cell line. As shown in Fig. 5, in 
both normal and hypoxic environments, knock-down of HK2 
induced significant overexpression of TFAM, which indicated a 
reinforcement of mitochondrial function, as well as the down-
regulation of LDHA, which indicated an ablation of lactification 
ability. Moreover, knock-down of HK2 also significantly abro-
gated the expression of MIB, mTOR and MGMT in both normal 
and hypoxic environments (Fig. 5). Next, SRB analysis was used 
to explore the impact of HK2 on proliferation ability of cervical 

Figure 2. HK2 mRNA expression in different HPV subtype infection from TCGA. The heatmap produced with HK2-normalized counts from 307 cervical 
cancer specimens in TCGA with data distributed according to HPV infection status. Green is aligned to the largest normalized count which means the highest 
expression of HK2 and the deepest red is aligned to the smallest normalized count which means the lowest expression of HK2.
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cancer cells. After knocking down HK2 expression, cervical 
cells demonstrated significantly attenuated proliferation ability 
in normal and hypoxic environments compared to shNC cells 
(Fig. 6A and B), with the exceptions of SiHa cells in a normal 
environment and HeLa cells in a hypoxic environment, even 
though the cervical cancer cells could not grow vigorously after 
three days of incubation in the hypoxic environment. In order to 
investigate the influence of HK2 on the radiation sensitivity of 
cervical cancer cells, we compared their proliferation abilities 
following irradiation exposure. We found that 10 Gy-irradiated 
shHK2 SiHa and C33A cells exhibited much greater prolif-
eration-inhibiting effects compared to the 10 Gy-irradiated 
shNC group, even though cells did not grow vigorously three 
days after irradiation (Fig. 6C). Next, we treated the cervical 

Figure 3. Gene mRNA expression between different cervical cancer cell lines. RT-PCR showing the expression of HK2, Glut1, BNIP3, mTOR, PDK1, 
PFKFB2, PFKFB3 and PFKFB4 in HPV16(+) SiHa, HPV18(+) HeLa, HPV(-) C33A and HPV18(+) SW756 cell lines.

Figure 4. Gene expression change after HPV virus overexpression, HIF-1α 
or HK2 knock-down. (A) RT-PCR shows elevated expression of HK2 fol-
lowing HPV16 E7 overexpression in both C33A and SiHa cells and elevated 
expression of Glut1 following HPV16 E7 overexpression in SiHa cells. 
(B and C) RT-PCR and western blotting show that HPV16 E7 promotes 
HK2 expression and rescues HK2 expression in both HIF-1α-knock-down 
and HPV16 E7-overexpressing SiHa cells. The data shown are from a single 
representative experiment performed in triplicate.

Figure 5. Effect of HK2 knockdown on gene RNA expression in normoxic 
and hypoxic environments. RT-PCR shows the overexpression of TFAM 
and downregulated LDHA, MIB, mTOR, and MGMT expression after HK2 
knock-down in both normoxic and hypoxic environments in SiHa and C33A 
cell lines.
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cancer cells with metformin, which is reported to inhibit HK2 
function (35-38), and has been reported to impair glucose 
metabolism and tumor growth in breast cancer (39). We found 
that the proliferation of the metformin-exposed group was 
significantly reduced compared to the control group (Fig. 6D). 
Therefore, these results indicate that HK2 may exert a variety 
of impacts on cervical cancer cells, including cell metabo-
lism, the mTOR pathway and DNA damage. Moreover, HK2 
inhibition specifically attenuated the proliferation of cervical 
cancer cells.

The effect of HK2 on cervical cancer cell apoptosis in vitro. 
Next, the impact of HK2 on apoptosis in cervical cancer cell 
lines in normal and hypoxic environments and after radia-

tion exposure was explored. Cell survival was assessed using 
Annexin V-PE and 7AAD staining. In SiHa cells, the shHK2 
group demonstrated an increase in apoptosis, particularly 
in later apoptotic events, compared to shNC control cells in 
normal and hypoxic environments as well as after 10-Gy 
of irradiation (Fig. 7A-C). In C33A cells, the shHK2 group 
displayed an increase in apoptosis compared to shNC control 
cells in earlier apoptosis in normal condition (Fig. 7A), and 
also in both earlier and later apoptosis in the hypoxic environ-
ment and after 10 Gy of irradiation (Fig. 7B and C). Similarly, 
in SiHa, C33A and HeLa cells, metformin led to an increase 
in apoptosis compared to control group cells, especially in the 
C33A and HeLa cell lines (Fig. 7D). To further explore the 
molecular mechanisms underlying the anti-apoptotic role of 

Figure 6. Effect of HK2 knockdown and metformin treatment on cell proliferation in different environments. (A) shHK2-containing C33A and HeLa cell lines 
demonstrating decreased proliferation compared to the shNC-containing cells in the normoxic environment. (B) shHK2 SiHa and C33A cell lines demonstrate 
decreased proliferation relative to shNC cells in a hypoxic environment. (C) shHK2 SiHa and C33A cell lines demonstrate decreased proliferation versus the 
shNC cells after 10-Gy irradiation. (D) Metformin-treated groups of SiHa, C33A and HeLa cells demonstrate decreased proliferation relative to the control 
groups. Each data point represents the mean of triplicates (N=3) with standard error of the mean (SEM) indicated by error bars. *p<0.05.
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HK2, we examined two biochemical markers of apoptosis, 
polyadenosine diphosphate ribose polymerase (PARP) and 
cleaved caspase-3, in the shHK2 and shNC stable cell lines. 
Cleaved PARP and caspase-3 were detected at higher levels 
in the shHK2 cell lines than in the shNC cell lines in normal 
environment (Fig. 8A). We also found higher expression of 
cleaved PARP and cleaved caspase-3 in shHK2 cell lines than 
shNC cell lines in the hypoxic environment and after irradia-
tion, respectively (Fig. 8B and C). The B-cell lymphoma (Bcl) 
family of proteins is known to be closely associated with 
apoptosis. As shown in Fig. 8A, a significant decrease in the 
anti-apoptotic protein Bcl-2 was observed in shHK2 cells rela-
tive to shNC cells. Taken together, inhibition of HK2 promoted 
the apoptotic potential of cervical cancer cells.

Metabolic changes in cervical cancer cells. Since HK2 serves 
as the most critical enzyme regulating glycolysis, we inves-
tigated the metabolic profile of cervical cancer cells using 
the XF analyzer. In all three shNC cell lines, the ECAR was 
nearly two times higher than that of the respective shHK2 
cell line under glucose starvation conditions, indicating that 
HK2 knock-down resulted in a strong inhibition of glycolysis 
in all cell lines tested (Fig. 9A-C). Glycolytic ECAR was 
measured immediately after the injection of glucose. Glucose 
addition usually stimulated glycolysis, but there was a notice-
able inhibition of glycolysis in the shHK2 group compared 
to shNC group, indicating that the shHK2 group completely 
lacked glycolytic flexibility upon glucose exposure (Fig. 9). By 
treating the cells with oligomycin, which reduces mitochon-

Figure 7. Effects of HK2 knockdown or metformin treatment on cell apoptosis in different environments. ShHK2 SiHa cell line exhibits a greater degree of 
apoptosis, especially in later apoptotic events, compared to the shNC cells in a normoxic environment (A), in a hypoxic environment (B), and after 10 Gy of 
irradiation (C). ShHK2 C33A cell line displays an increase in apoptosis compared to the shNC in earlier apoptosis in the normoxic condition (A), and in both 
earlier and later apoptosis in the hypoxic environment (B) and after 10 Gy of irradiation (C). Metformin-treated SiHa, C33A and HeLa cells exhibit a greater 
degree of apoptosis compared to the control group (D). The data shown are from a single representative experiment performed in triplicate.
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drial respiration and maximizes glycolytic ATP production, 
we calculated the complete cellular glycolytic capacity. We 
observed more reserved glycolytic capacity in HeLa-shNC 
than in HeLa-shHK2 cells (Fig. 9C). The addition of 2-deoxy-
glucose (2-DG), an inhibitor of glycolysis, was intended to 
ensure that the ECAR measured was a result of glycolytic 
metabolism, and we confirmed that the ECAR returned to 
non-glycolytic levels in both shNC and shHK2 HeLa cell lines 
after 2-DG treatment (Fig. 9C). Basal measurements of the 

mitochondrial respiration rate (OCR) and glycolytic ECAR 
were measured to study the change in metabolic profiles 
between shNC and shHK2 cervical cancer cells. Intriguingly, 
quantitation showed reduced ECAR and increased OCR rates 
upon HK2 knock-down in HeLa cells (Fig. 10B), suggesting a 
partial metabolic profile switch to oxidative phosphorylation 
in HeLa-shHK2 cells. The SiHa and C33A cells showed both 
reduced ECAR and OCR rates upon HK2 knock-down, which 
demonstrated a decreased metabolic rate (Fig. 10A and C). 
Additionally, metformin treatment of SiHa cells revealed a 
higher OCR/ECAR ratio, indicating a partial metabolic altera-
tion to oxidative phosphorylation in SiHa cells when HK2 
function was inhibited (Fig. 10D). Finally, SiHa cells trans-
fected with HPV16 E7 plasmids displayed a high ECAR/OCR 
ratio, demonstrating a partial metabolic switch to glycolysis 
when HPV16 E7 was overexpressed (Fig. 10E).

HK2 knock-down xenograft model. Finally, we performed a 
xenograft tumor growth assay in nude mice to further evaluate 
the tumorigenic role of HK2 in cervical cancer cells. First, 
mice were subcutaneously injected with shRNA or shNC SiHa 
cells. After five weeks, the average size of the tumors in the 
shHK2 group was substantially smaller than that in the shNC 
group (Fig. 11A-C, p<0.05). To determine the effect of HK2 
on apoptosis, we performed IHC of caspase-3 and PARP in 
the sectioned tumor tissues. Considerably stronger caspase-3 
and PARP staining intensities were detected in shHK2 tumor 
tissues relative to shNC tissues (Fig. 11D).

Discussion

A novel hypothesis was developed by us that the glycolytic 
enzyme HK2 serves as a critical step in aerobic glycolysis 
inducing irradiation resistance in cervical cancer, offering 
a proliferative and cell survival advantage. There are some 
reports demonstrating that HK2 is aberrantly expressed 
in gynecological cancers, including cervical and ovarian 
cancer (40,41). For example, Huang et al suggested that HK2, 
which is located in the cytoplasm of cervical carcinoma cells, 
shows higher expression levels in a radiation-resistant group 
than a radiation-sensitive group (42), suggesting common 
roles for HK2 as an oncoprotein and an indicator for radiation 
resistance in gynecology tumors. In our study, we provided 
evidence demonstrating that downregulation of HK2 restored 
apoptosis of cervical cancer cells. Moreover, the levels of 
cleaved caspase-3 and cleaved PARP in C33A and SiHa cells 
were significantly accelerated and Bcl-2 expression was inhib-
ited by HK2 inhibition, suggesting an essential role for HK2 
in the anti-apoptotic mechanism of cervical cancer cells. The 
targeted inhibition of HK2 expression by shRNA demonstrated 
a suppression of tumor growth both in vitro and in vivo. HK2 
expression inhibition also attenuated the expression of mTOR, 
suggesting that HK2 might modulate the PI3K/AKT/mTOR 
pathway that is a crucial constituent of an adaptive system for 
sensing the availability of a wide range of growth factors and 
nutrients in homeostasis (43). Moreover, we found that suppres-
sion of HK2 not only inhibited the expression of MIB, it also 
inhibited the expression of MGMT. Our study demonstrated 
that HK2 inhibition downregulated distinct pathway proteins 
including mTOR, MIB and MGMT, that HK2 could serve as 

Figure 8. Effects of HK2 knockdown on apoptosis-related gene expression 
in different environments. (A) Western blot analysis demonstrates increased 
levels of cleaved caspase-3 and cleaved PARP and lower expression of Bcl-2 
in the shHK2 SiHa and C33A cell lines compared to shNC groups in a 
normoxic environment. (B) Western blot analysis demonstrates increased 
levels of cleaved PARP in the shHK2 SiHa and C33A cell lines compared 
to shNC groups in a hypoxic environment. (C) Western blot analysis dem-
onstrates increased levels of cleaved caspase-3 in the shHK2 group of SiHa 
and C33A cell lines compared to shNC groups after irradiation. The data 
shown are from a single representative experiment performed in triplicate.
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Figure 9. Real-time ECAR evaluation of glycolysis. (A and B) Knockdown of HK2 in C33A and SiHa cells results in decreased glycolysis and no increase in 
glycolysis after glucose exposure compared to shNC group. (C) Knockdown of HK2 in HeLa cells results in decreased glycolysis and no increase in glycolysis 
after glucose exposure, and lower reserved glycolytic capacity compared to shNC group. Each data point represents the mean of triplicates ± SEM. *p<0.05.

Figure 10. Effects of HK2 knockdown or metformin treatment on OCR and ECAR.  (A and C) Knockdown of HK2 in C33A and SiHa cells reduces O2 
consumption (OCR) and extracellular acidification (ECAR) compared to shNC cells. (B) Knockdown of HK2 HeLa cells reduces OCR and increased ECAR 
compared to shNC cells. (D) Metformin treatment of SiHa cells induced increased OCR and reduced ECAR. (E) HPV16 E7-overexpressing SiHa cells display 
decreased OCR and increased ECAR compared to the blank group. The changes of ECAR and OCR are statistically significant between different groups 
(p<0.05) and the bars represent SEM.
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a biomarker and potential therapeutic target of cervical cancer 
treatment.

In order to promote the effect of radiation therapy to 
cervical cancer patients, it is most crucial to understand the 
mechanism of radiation resistance. Hypoxia, as a common 
microenvironment for malignant cells, is the fundamental 
reason (22). HIF-1α, which is stabilized upon hypoxia, helps 
the radiation resistance (23) and can encourage a variety of 
functional changes including tumorigenesis and metastasis 
and the glycolytic process (44,45). Glycolysis contributes to 
the radioresistance for the following reasons (46-48). Firstly, 
the accumulation of glycolytic products builds a redox buffer 
network which removes free radicals and ROS produced by 
ionizing radiation from irradiation therapy. The effect of 
irradiation therapy could be significantly attenuated by the 
rescuing buffer network from aerobic glycolysis in a hypoxic 
environment (49,50). Secondly, glycolysis not only produces 
the anabolic precursors for de novo synthesis of nucleotides 
and lipids, which are necessary for high tumor growth rate, but 
also supplies the tumor cells with plenty of ATP in a hypoxic 
microenvironment as a vital energy contributor and facilitate 
DNA repair in cells (26,27,51). Thus, if we could attenuate 
cancer cell glycolysis, the rescue network and energy contrib-
utor for cancer cell survival would be greatly alleviated and 
radiasensitization would be intensified. Unfortunately, there is 
limited clinical research designed to attenuate radio-resistance 
through modifying hypoxia and glycolysis. Thereby, we aimed 
to elicit a novel way to target the critical enzyme of glycolysis, 
suppress tumor glycolysis to enhance the ionizing radiation 
from irradiation therapy, block the main energy supply, and 
ultimately increase the sensitivity of cervical cancer cells to 
radiation therapy. HK2, being the first irreversible critical 
modulator of glycolysis, is on the top of the list of genes poten-

tially modified and regulated. Although some HK inhibitors 
are already in phase I and II clinical trials (52,53), there are 
still restrictions involved in the wide range of regulatory path-
ways of HK inhibitors, warranting further research.

In the present study, we focused on HK2 inhibition to 
switch cervical cancer cell metabolism to one less dependent 
on glycolysis, aiming to reduce the impact of glycolysis on 
ionizing radiation, block the main energy contributor, induce 
cancer cells apoptosis and eventually improve cervical cancer 
sensitivity to radiation therapy. We observed that HK2 inhi-
bition with shRNA or metformin could effectively suppress 
ECAR and glycolytic metabolism in cervical cancer cell lines 
with dinimishing expression of LDHA and simultaneously 
accelerate the OCR and enhance oxidative phosphorylation 
with accelerating expression of TFAM. We indicated that HK2 
inhibition managed to impair cervical cancer cell lactification 
ability and reinforce mitochondrial function. At the same time, 
shNC-containing cervical cancer cell lines exhibited superior 
proliferation abilities comparable to the HK2 knock-down cell 
lines in both normal and hypoxic environments as well as after 
radiation exposure. Irradiated cervical cancer cells displayed 
significantly inferior proliferation after HK2 inhibition. Due to 
the protecting shield for cancer cells created by glycolysis in 
hypoxia, the anabolic precursors for tumor growth and plenty 
of the ATP produced by glycolysis were severely blocked by 
HK2 inhibition, HK2 knockdown cells tend to lose some of the 
survival chance under irradiation circumstance and showed 
more sensitivity to irradiation than shNC group. Similarly, 
others reported that systemic deletion of HK2 is therapeutic (7), 
and from the data displayed above, we proposed that inhibition 
of HK2 could prevent the glycolysis of cancer cell, suppress 
proliferation of cervical cancer cells, enhance apoptosis and 
most importantly intensify the sensitivity of cervical cancer 

Figure 11. Effects of HK2 knockdown on tumorigenicity in a nude mouse xenograft model.  (A) Tumors of mice injected with shNC- or shHK2-transfected 
SiHa cells and removed five weeks after injection. (B) Weights of shNC and shHK2 tumors at endpoint. Values are the means ± SD of five tumors in each 
group. *p<0.05. (C) Volumes of each tumor were measured each week for five weeks. Values are the means ± SD of five tumors in each group. *p<0.05. 
(D) Immunohistochemical staining of HK2, cleaved caspase-3, and cleaved PARP in the shNC and shHK2 xenograft tumors.
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cells to radiation therapy. Metformin directly inhibits HK2 
activity and subcellular localisation inducing dissociation of 
HK2 from the mitochondria. Metformin impairs glycolysis 
and has an inhibitory effect on AKT phosphorylation which 
contributes to effects on HK2 suppression by decreasing HK2 
expression, activity and mitochondrial interaction (35-38,45). 
We showed that metformin served as an HK2 inhibitor, contrib-
uted to the apoptosis of cervical cancer cells, suppressed the 
proliferation and altered the metabolic profile of cervical cells 
to less dependent on glycolysis.

Human papilloma virus (HPV) is a small, circular, double-
stranded DNA virus infecting epithelial cells and has been 
reported to be necessary, but not sufficient to initiate cervical 
squamous epithelial cell tumorigenesis (54,55). HPV E7, as 
the vital oncoprotein of this virus, plays an important role in 
the viral life cycle by impacting the tight link between cellular 
proliferation and differentiation in normal epithelium, thus 
leading the virus to replicate in differentiating epithelial 
cells (56). In our study, we first identified HK2 expression 
in different cervical cancer cell lines. Obvious expression of 
HK2 was detected only in HPV(+) cervical cancer cell line 
but not in the HPV(-) cell line. We elucidated a close relation-
ship between the HPV16 E7 oncogene and HK2 expression. It 
has been reported that the HPV E7 protein enhances HIF-1α 
transcriptional activity through manipulating the response 
to hypoxia (57), and displacing the histone deacetylases 
HDAC1, HDAC4, and HDAC7 (57,58). Both HPV E6 and E7 
are independently capable of inducing expression of HIF-1α 
upon DFO treatment (59,60). It has also been shown that the 
radioresistance-associated HIF1 protein upregulates many 
enzymes of the glycolytic process, including HK2, through 
binding to the hypoxia responsive elements (HREs) of the 
promoter (5,61,62). What we discovered was HPV16 E7 
was directly responsible for the up-modulation of HK2 
by a pathway independent of HIF-1α. There is a common 
mechanism that HK2 expression is impacted by transcrip-
tion factors in tumor cells (63). The key oncogenic pathways 
present in multiple cancers, such as PI3K/Akt signaling, 
enhance the expression of the glycolytic enzyme HK2, which 
further hinders cell apoptosis, facilitating tumor growth and 
progression (64). In our study, we provide the first evidence 
that the HPV oncoprotein E7 as one of those transcriptional 
factors, could exert an enhancing impact on HK2 expression 
independent of the HIF-1α pathway. On the other hand, we 
found that HPV16 E7 overexpression could effectively make 
SiHa cells more dependent on the glycolytic metabolic profile 
through increasing ECAR and reducing OCR, facilitating 
the Warburg effect in tumor cells, and knockdown of HK2 
or metformin treatment significantly abrogated glycolysis by 
reducing ECAR. Thus, we postulated that HPV16 E7 increases 
glycolytic metabolism and promotes HK2 expression and 
its regulation on downstream glycolysis metabolism. This 
suggests an underlying mechanism through which HPV E7 
induces the Warburg effect via pathways including enhancing 
the expression or functions of diverse glycolytic enzymes, 
namely HK2. We propose an essential role for the HPV16 E7 
oncogene in the Warburg effect through regulation of the 
critical rate-limiting enzyme of glycolysis, HK2. Therefore, 
if we could effectively inhibit HK2 expression or function, we 
could eventually abrogate the HPV16 E7-induced glycolytic 

metabolism phenotype, blocking the main energy sources 
of cancer cells, suppress tumor growth and progression and 
enhance the sensitivity of HPV(+) cervical cancer cells to 
irradiation therapy.

In conclusion, we have successfully identified an essential 
role for HK2 in the HPV16 E7-induced glycolytic metabolic 
profile. We further demonstrated that HK2 inhibition not 
only suppress cervical cancer cell energy metabolism, which 
is a hypoxia-facilitated glycolytic process, and sensitive 
HPV16 E7-induced cervical cancer cells to irradiation, it 
also suppresses cervical cancer cell proliferation, survival 
and carcinogenesis, both in vivo and in vitro. Furthermore, 
HPV16 E7 increases glycolytic metabolism and promotes 
HK2 expression and its regulation on downstream metabo-
lism. Our data extend the understanding of the regulatory 
network of HK2 in cervical cancer metabolism and indicate 
potential targets for the exploitation of cervical cancer irradia-
tion therapy strategies.
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