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Abstract: The mechanism by which overexpression of hexokinase 2 (HK2) indicates locally advanced cervical squamous cell carcinoma (LACSCC) with radio-resistance is still unknown despite being an independent biomarker of
poor prognosis. Here, we retrospectively analyzed 132 female patients receiving radiotherapy for cervical squamous
cell carcinoma including 85 radiation-sensitive cases and 47 radiation-resistant cases. The expression of HK2 was
examined by immunohistochemistry. The percentage of high HK2 expression in the radiation-resistant group differed from the radiation-sensitive group with statistical significance (P < 0.001) even if divided into three subgroups
including a lower 5-year progression free survival group (PFS) for comparison (P < 0.001). The Kaplan Meier curve
analysis showed that there were differences between the two groups (P < 0.001). Therefore, this study proves a
close relationship between HK2 expression and radio-resistance. Multivariate Cox regression analysis implied that
HK2 was an independent prognostic indicator of cervical squamous carcinoma (HR (95% CI), 2.940 (1.609, 1.609);
P = 0.002).
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Introduction
Cervical cancer represents 9% of female cancer cases and is the third leading cause of cancer in women worldwide with than 529,000
new cases receiving radiotherapy of cervical
squamous cell carcinoma and 275,000 deaths
per year [1]. Nearly 85% of cases occur in developing countries. Radiotherapy (RT) is an important treatment for cervical cancer, and is a preoperative or postoperative adjuvant or primary
treatment in most locally advanced cervical
cancer. The therapeutic effects of external
beam RT (EBRT) and brachytherapy (BRT) are
relatively minor although RT plays a significant
role in the treatment of cervical squamous cell
carcinoma. Indeed, recurrence and metastasis
after radiotherapy remains a major problem in

the treatment of locally advanced cervical cancer. Therefore, insight into the molecules affecting radio-resistance is important to determine
its underlying mechanism [2, 3].
Malignant tumors vary in their response to irradiation as a consequence of resistance mechanisms. The radiation sensitivity can be affected
by lack of oxygen [4], cell cycle [5], DNA damage
and repair [6], apoptosis [7], growth factors and
oncogene [8], stem cell genetic and epigenetic
[9], etc. In addition, glycolysis is closely related
with radiation sensitivity [10]. Glycolysis is a
common source of tumor energy supply and is a
glycolytic energy source in a wide variety of
tumor cells regardless of oxygenation [11].
Many studies have shown that glycolytic metabolism in malignancies correlates with radio-
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resistance [12, 13]. In recent study, some
abnormal molecular biology changes have
been shown to play central roles in the progression of cervical cancer and cervical precancerous lesions. These abnormal molecules can be
proposed as biomarkers that correspond to
radiation insensitivity and forecast the prognosis of cervical squamous cell carcinoma (SCC)
[14]. Thus, an earlier detection of the resistant
cases can provide an earlier therapy to improve
the prognosis.
Alterations in glucose metabolism have been
demonstrated for diverse disorders ranging
from heart disease to cancer. Hexokinases catalyze the essentially irreversible first step of the
glycolytic pathway [15]. To explore the relationship between glycolysis and cervical squamous
cell carcinoma, we here studied the critical
speed limit enzyme HK2 in the glycolytic pathway. We measured its expression levels on cervical lesions with immunohistochemical methods and studied its relationship to radiation
resistance with inferences to prognosis.
Materials and methods
Patients and clinical tissue samples
This retrospective cohort study included 132
patients receiving radical radiotherapy in the
Department of Radiation Oncology, Xiangya
Hospital of Central South University and Cancer
Hospital of Hunan Province between January
2005 and March 2012. The inclusion criterion
were (a) pathologically proven SCC of the cervix; (b) no evidence of distant metastasis at
diagnosis (FIGO stage IB-IVA); (c) tissue blocks
were available for the research; and (d) neither
receiving other anticancer treatment before primary radiotherapy nor receiving operation after
radiotherapy. The study was approved by the
Research and Ethics Committee. Follow-up was
up to May 2012. The PFS was defined as the
period from the end of therapy to the date of
the first documented evidence of recurrent or
metastatic disease. The median follow-up for
survivors was 45 (ranging from 2~85.5)
months. The median PFS was 43.5 (ranging
from 0~85.5) months. The median age was 51
(ranging from 28~80) years. All of the 132
cases were divided into two parts: the radiation-sensitive group (n = 85) and the radiationresistant group (n = 47) [2]. The radiation-sensitive group included the patients who showed
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no local recurrence and distant metastasis for
at least 3 years after primary treatment (PFS ≥
36 months). The radiation-resistant group
included the patients who showed that radiation did not control local recurrence or distant
metastasis for less than 3 years after the primary treatment (PFS < 36 months).
The radiation-resistant group was further divided into 3 subgroups including radiation uncontrolled subgroup, local recurrence subgroup
and distant metastasis subgroup. The radiation
uncontrolled subgroup included the patients
whose cervical tumor never disappeared until
the time of death. The local recurrence subgroup included patients who showed local
recurrence within 3 years after the primary
treatment. The distant metastasis subgroup
included patients who showed distant metastasis within 3 years after the primary treatment.
Physical examination, pathological biopsy or
imaging studies were used as evidence to diagnose radiation uncontrolled cases, local recurrence and distant metastasis after primary
radiotherapy. Each cervical primary tumor
diameter was directly measured with physical
examination rather than imaging study. There
were 9 cases in the radiation uncontrolled subgroup, 17 cases in the local recurrence subgroup and 22 cases in distant metastasis subgroup. One case experienced distant metastasis during radiotherapy and the tumor never
disappeared until the patient died-this case
belonged to both the radiation uncontrolled
subgroup and the distant metastasis subgroup.
Three cases experienced distant metastasis
after radiotherapy, but their PFS was longer
than 36 months. These 3 cases belonged to
the radiation-sensitive group.
All patients were treated with external beam
radiotherapy (EBRT) and high-dose rate (HDR)
intracavitary brachytherapy after consultation
with the radiation oncologist. The HDR brachytherapy was started at 3 to 4 weeks after the
initiation of EBRT. The median total dose at
point A was 90 (range 66~102) Gy. The median
dose of EBRT at point A was 46 (range 30~52)
Gy. The median dose of HDR brachytherapy at
point A was 42 (range 20~54) Gy. Some
patients also received a platinum-based chemotherapy, but the combined chemotherapy
drugs were not unified and even the platinum
drugs such as cisplatin, carboplatin and oxaliplatin were not unified. These differences
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Table 1. Patient characteristics
Radiation sensitivity
Parameters

Patients n = 132

Radiation-resistant Radiation-sensitive
group
group
N = 47 (%)

N = 85

Age

0.559a

< 50 years

49

19 (38.8)

30

≥ 50 years

83

28 (33.7)

55

FIGO stage

0.004a

I + II

70

17 (24.3)

53

III + IVa

62

30 (48.4)

32

10

0 (0)

10

114 + 8

47 (38.5)

75

≤ 4 cm

79

16 (20.3)

63

> 4 cm

53

31 (58.5)

22

Histopathological grade
High
Middle + Low

0.014b

Tumor diameter

< 0.001a

Combined chemotherapy (platinum-based)

0.426a

Yes

106

36 (34.0)

No

26

11 (42.3)

15

132

47 (35.6)

58

Total dose at point A median dose (range) (Gy)

92 (67-102)

89 (66-102)

EBRT dose of point A median dose (range) (Gy)

48 (30-52)

46 (36-50)

0.518c

Brachytherapy dose at point A median dose (range) (Gy)

46 (21-54)

42 (20-54)

0.387c

Histological type (SCCd)

a

P-value

70

0.585c

P value was estimated by chi-square test; bP value was estimated by Fisher’s exact test; cP value was estimated by t-test; SCCd: Squamous Cell Carcinoma.

decreased the degree of statistical confidence.
Immunhistochemistry
For immunohistochemical detection of HK2, a
4 μm tissue section was deparaffinated in
xylene followed by microwave treatment (10
min at moderate power) in 0.01 M citrate buffer
(pH 6.0). After cooling for 30 min and washing
with PBS, the endogenous peroxidase was
blocked with 3% hydrogen peroxide for 30 min
followed by incubation with PBS containing
10% normal goat serum for 30 min. Specimens
were incubated overnight at 4°C with the antiHK2 (Cell Signaling Technology Inc., Beverly,
MA) antibody at a dilution of 1:600. Detection
with immunostaining was performed with the
ChemMate kit (Dako, Glostrup, Denmark) and
3, 3-diaminobenzidine as the chromogen. As a
negative control, the primary antibody was
replaced by non-immune isotype antibodies.
Evaluation of staining
The staining was viewed separately by two
pathologists without knowing the clinical or
clinicopathological status of the cases. The
expression of HK2 on slide was evaluated by
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scanning the entire tissue specimen under lowpower magnification (×40), and then confirmed
under high-power magnification (×400). The
positive or negative result was diagnosed by
stereological cell counts. Samples with no positive cells were negative (-). If the proportion of
positive cells was less than 25%, the diagnosis
was slightly positive (±). If the proportion of positive cell was from 25% to 50%, the result of
diagnosis was positive (+). When more than
50% of positive cell was observed, it was considered as the intense positive (++) [14].
According to this method of assessment, staining scores - and ± were regarded as tumors
with low expression, while staining scores +
and ++ were regarded as tumors with high
expression.
Statistical analysis
The association between the expression of
HK2 and clinical/pathological factors were analyzed with the chi-squared test and Fisher’s
exact test. The radiation dose difference was
analyzed by the t-test. Patients who survived
until the end of the observation period were
censored at their last follow-up visit. Patients
who died of causes other than LACSCC were
censored at the time of death.
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Figure 1. Examples of HK2 staining of tumors in the radiation-resistant group and radiation-sensitive group (400×).
A. Strong positive staining of HK2 in the radiation-resistant group. B. Weak positive staining of HK2 in the radiationsensitive group. The bar size is the same for all the figures and is 90 μm.

Table 2. Correlation between HK2 expression and clinicopathological parameters for cervical cell squamous carcinoma
HK2 expression
Patients
low
high
Parameters
P-value
(n = 132) expression expression
N = 55
N = 77 (%)
Age
0.212a
< 50 years
49
17
32 (65.3)
≥ 50 years
83
38
45 (54.2)
FIGO stage
0.175a
b
I + II
70
33
37 (52.9)
III + IVa
62
22
40 (64.5)
Histopathological grade
0.318b
High
10
6
4 (40.0)
Middle + Low
122
49
73 (59.8)
Tumor diameter
0.141a
≤ 4 cm
79
37
42 (53.2)
> 4 cm
53
18
35 (66.0)

low vs. high) and tumor size (> 4
cm vs. ≤ 4 cm) were included in
the regression model. For all statistical tests, P ≤ 0.05 was considered significant.
Results
Clinical and histopathological
characteristics of the 132 LACSCC cases

Clinical and histopathological
patient descriptors are given in
Table 1. There were 132 cervical
squamous cell carcinomas cases
(47 in the radiation-resistant
group and 85 in the radiationsensitive group). There were 49
cases with age < 50 y and 83
a
P value was estimated by Chi-square test; bP value was estimated by Fisher’s
cases with age ≥ 50 y. There
exact test.
were 70 (6 + 64) patients with
FIGO stage I b + II and 62 (56 +
Survival curves were calculated using Kaplan6) patients with FIGO stage III + IV a. HistoMeier estimates, and differences between
logically, there were 10 cases, 114 cases and 8
groups were tested by the log-rank test.
cases diagnosed with high, middle and low
Univariate and multivariate survival analysis
grade cancer, respectively, using WHO classifiwas performed according to the Cox proporcation for cervical SCC. The tumor diameter ≤ 4
tional hazards model. HK2 expression (high vs.
cm were found in 79 cases and 53 cases with
low), age (≥ 50 y vs. < 50 y), FIGO stage (III + IV
the diameter > 4 cm. There were significant difa vs. I b+ II), histopathological grade (middle +
ferences in tumor diameter, FIGO stage and his-
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sion proportion of HK2
was compared between
the radiation-resistant
HK2 expression
Patients
group and the radiationParameters
Low
High
(n = 132)
P-value
sensitive group-the staexpression expression (%)
tistical difference was
Radiation sensitivity
< 0.001a
significant (P < 0.001).
Radiation-resistant group
47
9
38 (80.9)
The radiation-resistant
Radiation-sensitive group
85
46
39 (45.9)
group contains 3 subRT non-response
0.030b
groups including radiaRT non-responsive subgroup
9
1
8 (88.9)
tion uncontrolled subRadiation-sensitive group
85
46
39 (45.9)
group, local recurrence
local recurrence
0.006a
subgroup and distant
Local recurrence subgroup
17
3
14 (82.4)
metastasis subgroup.
The percentage of HK2Radiation-sensitive group
85
46
39 (45.9)
positive patients in the
distant metastasis
0.009a
radiation uncontrolled
Distant metastasis subgroup
22
5
17 (77.3)
subgroup, local recurRadiation-sensitive group
85
46
39 (45.9)
rence subgroup and disa
b
P value was estimated by Chi-square test; P value was estimated by Fisher’s exact test.
tant metastasis subgroup was 88.9% (8/9),
tological grading between the two groups (P <
82.4% (14/17) and 77.3% (17/22), respectively.
0.001, P = 0.004, P < 0.001, respectively).
The HK2 expression difference was also signifiThere were no significant differences in
cant (RT uncontrolled subgroup vs. radiationpatients’ age, combined chemotherapy (platisensitive group, P = 0.030; local recurrence
num-based), total dose of point A, EBRT dose of
subgroup vs. radiation-sensitive group, P =
point A and brachytherapy dose of point A
0.006; and distant metastasis subgroup vs.
between the two groups.
radiation-sensitive group, P = 0.009).
Table 3. Relationship between HK2 expression and response to radiotherapy

HK2 expression and their associations with
clinical/pathological parameters
HK2 was located in the cytoplasm of cervical
carcinoma cells. The staining was much stronger in the radiation-resistant group than in the
radiation-sensitive group (Figure 1A vs. 1B). In
the 132 cervical SCC patients, there was low
and high HK2 expression in 55 cases (41.7%)
and 77 cases (58.3%), respectively (Table 2).
However, no significant association was observed between HK2 expression and patient age,
FIGO stage, histopathological grade or tumor
diameter.
HK2 expression and response to radiotherapy
The results of the immunohistochemical
expression of HK2 in the 132 cervical SCC
cases are summarized in Table 3. In the radiation-resistant group (47 cases), there was low
and high expression in 9 cases (19.1%) and 38
cases (80.9%), respectively. In the radiationsensitive group (85 cases), there was a low and
high expression in 46 cases (54.1%) and 39
cases (45.9%), respectively. The high expres4058

HK2 expression and survival
When the patient cohort was stratified according to tumor expression of HK2, the 5-year progression free survival (PFS) rates in patients of
low HK2 expression (n = 55) and high HK2
expression (n = 77) were 80.8% and 56.5%,
respectively. The Kaplan-Meier analysis (logrank test) revealed a significant influence
between the 2 groups (P < 0.001, Figure 2A).
The 5-year PFS rates for all the 132 cases were
66.8% (Figure 2B).
Univariate analyses showed that HK2 [HR (95%
CI), 3.454 (1.764, 6.765); P < 0.001], FIGO
stage [HR (95% CI), 2.610 (1.453, 4.689); P =
0.001] and tumor diameter [HR (95% CI), 3.366
(1.885, 6.012); P < 0.001] were prognostic predictors of PFS in patients with cervical SCC
(Table 4). Multivariate Cox regression analysis
indicated that HK2 [HR (95% CI), 2.940 (1.609,
5.790); P = 0.002], FIGO stage [HR (95% CI),
2.290 (1.267, 4.141); P = 0.006] and tumor
diameter [HR (95% CI), 2.956 (1.637, 5.337); P
< 0.001] were prognostic predictors of PFS in
patients with cervical SCC (Table 4).
Int J Clin Exp Pathol 2015;8(4):4054-4063
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Figure 2. Kaplan-Meier curves of overall LACSCC patient survival. A. The 5-year PFS rates were 80.8% and 56.5%,
respectively in patients with low HK2 expression (n = 55) and high HK2 expression (n = 77). There was a significant
difference in the overall survival rate between the 2 groups (P < 0.001). B. The 5-year PFS rate was 66.8% in all 132
cases with LACSCC.

Table 4. Univariate and multivariate COX regression analyses of the relationships between clinicopathological outcomes of 132 local cervical squamous carcinoma patients
Variable
univariate analyses (n = 132)
HK2
Age
FIGO stage
Histopathological grade
Tumor diameter
Combined chemotherapy (platinum-based)
multivariate analyses (n = 132)
HK2
Age
FIGO stage
Histopathological grade
Tumor diameter
Combined chemotherapy (platinum-based)

Subset

Hazard radio (95% CI)

P-value

high vs. low
≥ 50 y vs. < 50 y
III + IVa vs. I + II
Low + Middle vs. high
> 4 cm vs. ≤ 4 cm
Yes vs. No

3.454 (1.764, 6.765)

< 0.001
0.872
0.001
0.067
< 0.001
0.446

high vs. low
≥ 50 y vs. < 50 y
III + IVa vs. I + II
Low + Middle vs. high
> 4 cm vs. ≤ 4 cm
Yes vs. No

Discussion
We found no consistent correlation of HK2 with
clinical parameters (patient age, FIGO stage,
histopathological grading and tumor diameter).
The HK2 high expression was related to the
radiosensitivity even when the outcome was
divided into three radiation resistance subgroups. Furthermore, PFS of the patient with
low expression of HK2 was longer than that
with high expression of HK2. HK2 overexpression was a negative prognosis factor in SCC
survival in both single factor analysis and
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2.610 (1.453, 4.689)
3.366 (1.885, 6.012)

2.940 (1.609, 5.790)
2.290 (1.267, 4.141)
2.956 (1.637, 5.337)

0.002
0.254
0.006
0.082
< 0.001
0.228

Multivariate Cox regression. Therefore, we considered HK2 overexpression to be one of the
independent prognostic risk factors, which was
also associated with radiation resistance in
cervical squamous carcinoma.
Recently, we studied the effects of the energy
mechanism of glycolysis for the LACSCC. HK2,
as a significant biomarker, reflects the neoplasm tissue transformation at the early stage
of cervical cancer [14]. The same result was
also reported in glioblastoma [16], and HK2
overexpression in hepatocellular carcinoma
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(HCC) was confirmed positively and was related
to drug resistance and survival rate [17]. In
ovarian cancer, HK2 overexpression was associated with tumor recurrence [18]. Lyshchik et
al. showed similar findings in pancreatic cancer
[19]. Based on these findings, we concluded
that a high accumulation of HK2 in cervical
tumors may not only reflect a highly malignant
phenotype as a general intrinsic property of the
cancer cells, but may also indicate a pronounced radiation resistance.
Most malignant tumor cells prefer to metabolize glucose by glycolysis even in the presence
of sufficient oxygen. This is as aerobic glycolysis or the “Warburg effect” [13, 20]. Glycolysis
can generate ATP at a higher rate than oxidative phosphorylation and provides a biosynthetic benefit for tumor cells, thus allowing effective
shunting of carbon to key biosynthetic pathways [21]. Tumor cells are characterized by a
high rate of glycolysis that serves as their primary energy-generating pathway [22-24].
Increased glycolysis provides tumor cells with
three benefits: rapid energy production, macromolecular biosynthesis for growth and proliferation, and an anti-apoptotic phenotype [25].
Hexokinases (HKs) are the rate-limiting
enzymes in the first reaction of the glycolytic
pathway. In mammals, there are four coenzymes-HK1, HK2, HK3 and HK4. HK2 is the
major isoenzyme overexpressed (> 100-fold)
and is normally found in muscle and adipose
tissue in low amounts [22]. Our observation
and other research have confirmed that HK2
expression was significantly higher in a variety
of malignant tumors, including glioblastoma,
hepatoma, colon, breast, laryngeal and renal
cell carcinoma [16, 26-30]. HK2 catalyzes the
first step in glucose metabolism and prevents
glucose from entering the cell, which plays a
critical role in ATP production [31].
It was originally believed that the mitochondrially-bound HK would have preferential access
to this highly localized concentration of ATP
[22]. Under aerobic condition, as much as half
of the ATP produced in some tumor cells may
be derived from glycolysis. However, during
hypoxia, glycolysis generates more ATP than
mitochondrial oxidative phosphorylation and
assures the tumor cell not only survives, but
may increase malignancy [22]. Studies strongly
indicate that highly malignant cancer cells
employ HK2 not only to assure their survival
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during abrupt changes in metabolic state, but
are also available to glycolytic products that
influence mitochondrion-initiated apoptosis
[22, 32, 33].
The overexpression of HK2 also protected
against oxidant-induced cell death in tissue culture [23, 34]. The mechanisms by which HK2
protects against cell death are unclear [30].
The HK2 levels are markedly elevated in many
cancer cells suggesting that their overexpression could play a role in cancer growth. Ahmad
et al. expressed HK2 in lung epithelial cells and
showed that the expression of this protein also
protects against oxidant-induced cell death
[34]. In addition to this, we show here that HK2
plays an important role in glycolysis.
We observed a tight relationship between HK2
expression and radio-resistance in patients
with LACSCC. However, no such similar finding
has been established at the clinical level.
Several studies have shown that up-regulated
glycolytic activity in tumors is associated with a
malignancy, resistance to chemo-and radiotherapy, and ultimately with poor prognosis [10,
18]. These data also imply that inhibition of glycolysis during treatment might possibly sensitize tumors to irradiation [12, 13]. As we mentioned above, HK2, is a rate-limiting enzyme
that controls the first reaction in the glycolytic
pathway and catalyzes the first step in glucose
metabolism for ATP [30]. Therefore, we speculate that HK2 correlates with radio-resistance.
This may be through three mechanisms.
First, HK2 can increase the energy production
for high energy-demanding cancer cells.
Mitochondrial-bound HK2 has direct access to
mitochondrial sources of ATP and greater affinity for Mg-ATP supplied by mitochondria [35].
The efficient coupling of ATP, which is from oxidative phosphorylation to the rate-limiting step
of glycolysis, is involved in the Warburg effect,
and tumor cells use glycolysis even in aerobic
environments [35]. Also, inhibition of HK by
Glu-6-P would reduce energy production for
high energy-demanding cancer cells [23, 36].
Moreover, high levels of G-6-P not only inhibit
HK2 catalytic activity, but also promote PTP
opening and thus apoptosis [15, 36].
A second mechanism is tumor hypoxia and the
regulation of ROS. Hypoxia-mediated resistance to radiation therapy is multifactorial
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involving a variety of mechanisms. Free radicals are produced when radiation is directly
absorbed in tissues. Both free radicals and
ROS break double-stranded DNA leading to cell
death [37]. Indirectly, hypoxia-induced factors
such as HIF-1 and proteomic changes may have
a substantial effect on radiation resistance by
altering proliferation kinetics, cell-cycle position, inhibiting apoptosis, regulation of angiogenesis and changing cellular metabolism by
increasing anaerobic glycolysis. Thus results in
resistance to radiation [38, 39]. Apart from the
hypoxia, this increased glycolysis promotes acidosis of the tumor microenvironment and produces products of glucose metabolism such as
lactic acid, which effectively scavenges free
radicals and ROS and in turn to induce cancer
resistance to radiotherapy [40, 41].
Third, the overexpression of HK2 also protects
against oxidant-induced cancer cell death. A
characteristic feature of human cancers is the
inability to mount a proper apoptotic response
during tumor progression or upon treatment
[42]. Anti-apoptosis frequently occurs in several human cancers and is a main cause of primary or acquired treatment resistance, which
also applies to the resistance of cancers to
radiotherapy [43]. Mitochondrial binding of
HK2 to the outer mitochondrial membrane has
been shown to protect HeLa and human embryonic kidney cells from entering apoptosis [27],
which was related to the blockade of the interaction of the pro-apoptotic proteins Bax and
VDAC [27]. By inhibiting the interaction of VDAC
with Bax and Bak, mitochondrial permeabilization was prevented and apoptosis was inhibited
by blocking the release of intermembrane
space proteins such as cytochromec [44-46].
However, the mechanism controlling pore permeability and the associated depolarization or
hyperpolarization of mitochondria and the
release of cytochromec are not well understood
[15, 33, 47, 48]. Other recent studies suggest
that both survival mechanisms mentioned
above may be related to growth factor-induced
signaling pathways dependent on the serine/
threonine kinase Akt/PKB-a major downstream
effector of growth factor-mediated cell survival
[32]. In conclusion, we can see that HK2 is
responsible for radio-resistance.
In conclusion, our data showed that there was
a significant relationship between HK2 expression and radioresistance. HK2 is an indepen4061

dent negative prognostic factor for LACSCC
that facilitates glycolysis of malignant tumor
cells and inhibits cell apoptosis. HK2 is an ideal
therapeutic target and has good clinical prospects worthy of further study.
Acknowledgements
The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This work was
supported by National Natural Science Foundation of China [grant numbers 81372792,
81225013, 81101193, 81170912, 81300819]; Hunan Department of Science and Technology Foundation [grant numbers 2013SK2019,
2012WK2052, 2015JJ4055]; and the Freedom
Explore Fund for The Doctoral Program of
Central South University [grant number
2013zzts089]; the Specialized Research Fund
for the Doctoral Program of Higher Education
[grant numbers 20110162110007].
Disclosure of conflict of interest
None.
Address correspondence to: Dr. Liangfang Shen,
Department of Oncology, Xiangya Hospital, Central
South University, Hunan Province, P.R. China. E-mail:
lfshen2008@163.com

References
[1]
[2]

[3]

[4]

[5]

Jemal A, Bray F, Center MM, Ferlay J, Ward E
and Forman D. Global cancer statistics. CA
Cancer J Clin 2011; 61: 69-90.
Kim TJ, Lee JW, Song SY, Choi JJ, Choi CH, Kim
BG, Lee JH and Bae DS. Increased expression
of pAKT is associated with radiation resistance
in cervical cancer. Br J Cancer 2006; 94:
1678-1682.
Kim MK, Kim TJ, Sung CO, Choi CH, Lee JW,
Bae DS and Kim BG. Clinical significance of
HIF-2alpha immunostaining area in radioresistant cervical cancer. J Gynecol Oncol 2011; 22:
44-48.
Rockwell S, Dobrucki IT, Kim EY, Marrison ST
and Vu VT. Hypoxia and radiation therapy: past
history, ongoing research, and future promise.
Curr Mol Med 2009; 9: 442-458.
Shimura T, Kakuda S, Ochiai Y, Nakagawa H,
Kuwahara Y, Takai Y, Kobayashi J, Komatsu K
and Fukumoto M. Acquired radioresistance of
human tumor cells by DNA-PK/AKT/GSK3beta-mediated cyclin D1 overexpression. Oncogene 2010; 29: 4826-4837.

Int J Clin Exp Pathol 2015;8(4):4054-4063

HK2 and cervical squamous cell carcinoma
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Bolderson E, Richard DJ, Zhou BB and Khanna
KK. Recent advances in cancer therapy targeting proteins involved in DNA double-strand
break repair. Clin Cancer Res 2009; 15: 63146320.
Lehmann BD, McCubrey JA, Jefferson HS,
Paine MS, Chappell WH and Terrian DM. A
dominant role for p53-dependent cellular senescence in radiosensitization of human prostate cancer cells. Cell Cycle 2007; 6: 595-605.
Bergkvist GT, Argyle DJ, Pang LY, Muirhead R
and Yool DA. Studies on the inhibition of feline
EGFR in squamous cell carcinoma: enhancement of radiosensitivity and rescue of resistance to small molecule inhibitors. Cancer Biol
Ther 2011; 11: 927-937.
Baumann M, Krause M and Hill R. Exploring
the role of cancer stem cells in radioresistance. Nat Rev Cancer 2008; 8: 545-554.
Huang XQ, Chen X, Xie XX, Zhou Q, Li K, Li S,
Shen LF and Su J. Co-expression of CD147 and
GLUT-1 indicates radiation resistance and
poor prognosis in cervical squamous cell carcinoma. Int J Clin Exp Pathol 2014; 7: 16511666.
Shinohara Y. [Identification and characterization of hexokinase isozyme predominantly expressed in malignant tumor cells]. Yakugaku
Zasshi 2000; 120: 657-666.
Quennet V, Yaromina A, Zips D, Rosner A,
Walenta S, Baumann M and Mueller-Klieser W.
Tumor lactate content predicts for response to
fractionated irradiation of human squamous
cell carcinomas in nude mice. Radiother Oncol
2006; 81: 130-135.
Sattler UG, Meyer SS, Quennet V, Hoerner C,
Knoerzer H, Fabian C, Yaromina A, Zips D,
Walenta S, Baumann M and Mueller-Klieser W.
Glycolytic metabolism and tumour response to
fractionated irradiation. Radiother Oncol 2010;
94: 102-109.
Guo-Qing P, Yuan Y, Cai-Gao Z, Hongling Y, Gonghua H and Yan T. A study of association between expression of hOGG1, VDAC1, HK-2 and
cervical carcinoma. J Exp Clin Cancer Res
2010; 29: 129.
Sun L, Shukair S, Naik TJ, Moazed F and Ardehali H. Glucose phosphorylation and mitochondrial binding are required for the protective effects of hexokinases I and II. Mol Cell Biol
2008; 28: 1007-1017.
Wolf A, Agnihotri S, Micallef J, Mukherjee J,
Sabha N, Cairns R, Hawkins C and Guha A.
Hexokinase 2 is a key mediator of aerobic glycolysis and promotes tumor growth in human
glioblastoma multiforme. J Exp Med 2011;
208: 313-326.
Milane L, Duan Z and Amiji M. Role of hypoxia
and glycolysis in the development of multi-drug

4062

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

resistance in human tumor cells and the establishment of an orthotopic multi-drug resistant tumor model in nude mice using hypoxic
pre-conditioning. Cancer Cell Int 2011; 11: 3.
Suh DH, Kim MA, Kim H, Kim MK, Kim HS,
Chung HH, Kim YB and Song YS. Association of
overexpression of hexokinase II with chemoresistance in epithelial ovarian cancer. Clin Exp
Med 2014; 14: 345-353.
Lyshchik A, Higashi T, Hara T, Nakamoto Y, Fujimoto K, Doi R, Imamura M, Saga T and Togashi
K. Expression of glucose transporter-1, hexokinase-II, proliferating cell nuclear antigen and
survival of patients with pancreatic cancer.
Cancer Invest 2007; 25: 154-162.
Gatenby RA and Gillies RJ. Why do cancers
have high aerobic glycolysis. Nat Rev Cancer
2004; 4: 891-899.
Cairns RA, Harris IS and Mak TW. Regulation of
cancer cell metabolism. Nat Rev Cancer 2011;
11: 85-95.
Pedersen PL, Mathupala S, Rempel A, Geschwind JF and Ko YH. Mitochondrial bound
type II hexokinase: a key player in the growth
and survival of many cancers and an ideal
prospect for therapeutic intervention. Biochim
Biophys Acta 2002; 1555: 14-20.
Mathupala SP, Ko YH and Pedersen PL. Hexokinase II: cancer’s double-edged sword acting
as both facilitator and gatekeeper of malignancy when bound to mitochondria. Oncogene
2006; 25: 4777-4786.
Pedersen PL. Warburg, me and Hexokinase 2:
multiple discoveries of key molecular events
underlying one of cancers’ most common phenotypes, the “Warburg Effect”, i.e., elevated
glycolysis in the presence of oxygen. J Bioenerg
Biomembr 2007; 39: 211-222.
Mathupala SP, Ko YH and Pedersen PL. Hexokinase-2 bound to mitochondria: cancer’s stygian link to the “Warburg Effect” and a pivotal
target for effective therapy. Semin Cancer Biol
2009; 19: 17-24.
Mathupala SP, Rempel A and Pedersen PL.
Glucose catabolism in cancer cells: identification and characterization of a marked activation response of the type II hexokinase gene to
hypoxic conditions. J Biol Chem 2001; 276:
43407-43412.
Bryson JM, Coy PE, Gottlob K, Hay N and Robey
RB. Increased hexokinase activity, of either ectopic or endogenous origin, protects renal epithelial cells against acute oxidant-induced cell
death. J Biol Chem 2002; 277: 11392-11400.
Kwee SA, Hernandez B, Chan O and Wong L.
Choline kinase alpha and hexokinase-2 protein expression in hepatocellular carcinoma:
association with survival. PLoS One 2012; 7:
e46591.

Int J Clin Exp Pathol 2015;8(4):4054-4063

HK2 and cervical squamous cell carcinoma
[29] Yoshino H, Enokida H, Itesako T, Kojima S,
Kinoshita T, Tatarano S, Chiyomaru T, Nakagawa M and Seki N. Tumor-suppressive microRNA-143/145 cluster targets hexokinase-2 in
renal cell carcinoma. Cancer Sci 2013; 104:
1567-1574.
[30] Chen J, Zhang S, Li Y, Tang Z and Kong W.
Hexokinase 2 overexpression promotes the
proliferation and survival of laryngeal squamous cell carcinoma. Tumour Biol 2014; 35:
3743-3753.
[31] Printz RL, Osawa H, Ardehali H, Koch S and
Granner DK. Hexokinase II gene: structure,
regulation and promoter organization. Biochem Soc Trans 1997; 25: 107-112.
[32] Vander HMG, Plas DR, Rathmell JC, Fox CJ,
Harris MH and Thompson CB. Growth factors
can influence cell growth and survival through
effects on glucose metabolism. Mol Cell Biol
2001; 21: 5899-5912.
[33] Pastorino JG and Hoek JB. Hexokinase II: the
integration of energy metabolism and control
of apoptosis. Curr Med Chem 2003; 10: 15351551.
[34] Ahmad A, Ahmad S, Schneider BK, Allen CB,
Chang LY and White CW. Elevated expression
of hexokinase II protects human lung epithelial-like A549 cells against oxidative injury. Am J
Physiol Lung Cell Mol Physiol 2002; 283:
L573-584.
[35] Pedersen PL. Voltage dependent anion channels (VDACs): a brief introduction with a focus
on the outer mitochondrial compartment’s
roles together with hexokinase-2 in the “Warburg effect” in cancer. J Bioenerg Biomembr
2008; 40:123-126.
[36] Shoshan-Barmatz V, De Pinto V, Zweckstetter
M, Raviv Z, Keinan N and Arbel N. VDAC, a
multi-functional mitochondrial protein regulating cell life and death. Mol Aspects Med 2010;
31:227-285.
[37] Hoogsteen IJ, Marres HA, van der Kogel AJ and
Kaanders JH. The hypoxic tumour microenvironment, patient selection and hypoxia-modifying treatments. Clin Oncol (R Coll Radiol)
2007; 19: 385-396.
[38] Harrison L and Blackwell K. Hypoxia and anemia: factors in decreased sensitivity to radiation therapy and chemotherapy. Oncologist
2004; 9 Suppl 5: 31-40.

4063

[39] Wouters BG, van den Beucken T, Magagnin
MG, Lambin P and Koumenis C. Targeting hypoxia tolerance in cancer. Drug Resist Updat
2004; 7: 25-40.
[40] Feron O. Pyruvate into lactate and back: from
the Warburg effect to symbiotic energy fuel exchange in cancer cells. Radiother Oncol 2009;
92: 329-333.
[41] Meijer TW, Kaanders JH, Span PN and Bussink
J. Targeting hypoxia, HIF-1, and tumor glucose
metabolism to improve radiotherapy efficacy.
Clin Cancer Res 2012; 18: 5585-5594.
[42] Fulda S. Tumor resistance to apoptosis. Int J
Cancer 2009; 124: 511-515.
[43] Fulda S. Inhibitor of Apoptosis (IAP) proteins as
therapeutic targets for radiosensitization of
human cancers. Cancer Treat Rev 2012; 38:
760-766.
[44] Azoulay-Zohar H, Israelson A, Abu-Hamad S
and Shoshan-Barmatz V. In self-defence: hexokinase promotes voltage-dependent anion
channel closure and prevents mitochondriamediated apoptotic cell death. Biochem J
2004; 377: 347-355.
[45] Zaid H, Abu-Hamad S, Israelson A, Nathan I
and Shoshan-Barmatz V. The voltage-dependent anion channel-1 modulates apoptotic cell
death. Cell Death Differ 2005; 12: 751-760.
[46] Arzoine L, Zilberberg N, Ben-Romano R and
Shoshan-Barmatz V. Voltage-dependent anion
channel 1-based peptides interact with hexokinase to prevent its anti-apoptotic activity. J Biol
Chem 2009; 284: 3946-3955.
[47] Majewski N, Nogueira V, Bhaskar P, Coy PE,
Skeen JE, Gottlob K, Chandel NS, Thompson
CB, Robey RB and Hay N. Hexokinase-mitochondria interaction mediated by Akt is required to inhibit apoptosis in the presence or
absence of Bax and Bak. Mol Cell 2004; 16:
819-830.
[48] Shoshan-Barmatz V and Ben-Hail D. VDAC, a
multi-functional mitochondrial protein as a
pharmacological target. Mitochondrion 2012;
12: 24-34.

Int J Clin Exp Pathol 2015;8(4):4054-4063

