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Abstract Proliferating cancer cells preferentially use anaero-
bic glycolysis rather than oxidative phosphorylation for ener-
gy production. Hexokinase 2 (HK2) is highly expressed in
many malignant cells and is necessary for anaerobic glycoly-
sis. The role of HK2 in laryngeal squamous cell carcinoma
(LSCC) is unknown. In this study, the expression of HK2 in
LSCC was investigated and the effect of inhibiting HK2
expression with small hairpin RNA (shRNA) on tumor
growth was investigated. Using immunohistochemistry,
HK2 expression was assessed in LSCC tissues. Human laryn-
geal carcinoma Hep-2 cells were stably transfected with a
plasmid expressing HK2 shRNA (pGenesil-1.1-HK2) and
were compared to control cells with respect to the cell cycle,
cell viability, apoptosis, and their ability to form xenograft
tumors. HK2 expression was significantly higher in LSCC
than in papilloma or glottis polypus. Tumor samples of higher
T, N, and TNM stage often had stronger HK2 staining. HK2
shRNA reduced HK2 mRNA, protein levels, and HK activity
in Hep-2 cells. HK2 cells expressing shRNA demonstrated a
higher G0–G1 ratio, increased apoptosis, and reduced viabil-
ity. Xenograft tumors derived from cells expressing HK2
shRNA were smaller and had lower proliferation than those

from untransfected or control-plasmid-transfected cells. In
conclusion, depletion of HK2 expression resulted in reduced
xenograft tumor development likely by reducing proliferation,
altering the cell cycle, reducing cell viability and activating
apoptosis. These data suggest that HK2 plays an important
role in the development of LSCC and represents a potential
therapeutic target for LSCC.
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Introduction

Laryngeal squamous cell carcinoma (LSCC) is one of the
most common malignant tumors of the head and neck region
and is the eighth most common cause of cancer death world-
wide [1]. The estimated new cases and deaths due to LSCC
account for more than 1 % of all cancers [2]. In 2008, there
were 151,000 new LSCC cases and 82,000 LSCC-related
deaths worldwide [3]. The incidence of LSCC is increasing
in most countries [4].

Conventional therapies for treating LSCC include surgery,
radiation, and chemotherapy [5].Molecular targeted therapies,
such as small-molecule tyrosine kinase inhibitors and mono-
clonal antibodies directed against EGFR, are also being used
to treat LSCC [1, 5]. Although a multidisciplinary approach to
treating LSCC is evolving, minimal progress has beenmade in
improving the outcome of the disease; over the past 3 decades,
the 5-year survival rate has decreased by only about 5 % [2].
These findings indicate the need for further understanding of
the etiology and pathogenesis of this disease.

The factors that influence the development of LSCC in-
clude tobacco and alcohol abuse, occupational asbestos expo-
sure, human papilloma virus infection, diet and nutritional
factors, gastroesophageal reflux, and genetic susceptibility
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[1, 4]. In the last decade, it has been learned that cancer cells
reprogram their energy metabolism, which was hypothetically
linked with other hallmarks of cancer, i.e., evading growth
suppressors, resisting cell death, enabling replicative immor-
tality, and inducing angiogenesis and metastasis [6, 7].

Cancer cells produce energy predominately by anaerobic
glycolysis, in which glucose is transformed to pyruvate. Cancer
cells do not depend on oxidative phosphorylation, even in the
presence of sufficient oxygen; this phenomenon is known as the
Warburg effect [8]. The first step of anaerobic glycolysis is
catalyzed by hexokinase. In cancer cells, a normally uncommon
isoform of this enzyme, hexokinase 2 (HK2), is overexpressed.
The binding of HK2 to the mitochondrial membrane has been
suggested to promote the Warburg effect [9, 10]. While the
glycolytic pathway has been the target of somemalignant tumor
treatments, the effectiveness of such treatments has been limited
by poor efficacy or unacceptable toxicity [11].

Abnormal energy metabolism is thus a common phenome-
non in malignancies and has been regarded as a marker for
malignancy [6, 12]. The overexpression of transketolase-like-1
(TKTL1), one of key enzymes involved in energy production in
cancers, has been reported in laryngeal cancer [13]. The roles of
glycolysis and HK2 have been investigated in human glioblas-
toma multiforme [14] and hepatocellular carcinoma [15]. Sev-
eral studies have reported the occurrence of aberrant glycolysis
in head and neck cancers. Hypopharyngeal carcinoma, charac-
terized by a high frequency of lymph node spread or distant
metastasis, was found to be associated with glucose transporter
1 (Glut 1) overexpression [16]. The disease progression of oral
cancer was also reported to be associated with Glut-1 expres-
sion [17]. These studies cite the potential prognostic value of
glucose transporter 1expression. However, the role of abnormal
energy metabolism in head and neck squamous cell carcinoma,
especially laryngeal cancer, is still unclear.

Thus, the aim of this study is to explore the role of HK2 in
laryngeal cancer. We asked whether HK2 expression is ele-
vated in human LSCC tissues and is associated with cell
viability and apoptosis. We also investigated the use of small
hairpin RNA (shRNA) to decrease the survival of human
laryngeal cancer Hep-2 cells in vitro and in vivo.

Materials and methods

Patients and tissue samples

Patients with LSCC, laryngeal papilloma, and glottic polypus
who were treated at Hubei Cancer Hospital, Hubei, China,
from 2007 to 2012 were enrolled in this study. This study was
approved by the Human Ethics Committee of Hubei Cancer
Hospital and performed according to the Declaration of Hel-
sinki. All patients gave their written informed consent. Tumor
types, TNM stage and histological grade classifications were

designated according to World Health Organization Classifi-
cation of Tumors: Pathology and Genetics of Head and Neck
Tumors [4]. All tissue samples were from patients who had
not been treated with radiotherapy or chemotherapy.

Immunohistochemistry

HK2 and Ki-67 (an antigen associated with cell proliferation)
expression levels were assessed using immunohistochemistry
and the PV-6000 polymer detection system (Zhongshan
Goldenbridge Biotechnology, Beijing, China) according to
the manufacturer's instructions. Deparaffinized sections were
then incubated with the primary HK2 rabbit monoclonal an-
tibody (Cell Signaling Technology, Danvers, MA, USA) or
Ki-67 monoclonal rat anti-mouse antibody (Dako Inc.,
Glostrup, Denmark) at 37 °C for 120 min, incubated with
HRP-conjugated universal IgG, and developed by DAB kit
(Zhongshan Goldenbridge Biotechnology).

The HK2 protein expression was analyzed as described
previously [18]. Briefly, HK2 staining was scored on a scale
of 0–4, where 0 indicates no staining or weak staining in
<10 % of cells; 1 indicates weak staining in 11–50 % of cells;
2 indicates weak staining in >50 % of cells, or strong staining
in <10 % of cells; 3 indicates strong staining in 11–50 % of
cells; and 4 indicates strong staining in >50 % of cells. For
quantification of proliferation index, nuclear Ki-67 staining
was scored in three different randommicroscopic fields (mag-
nification, 400×). The proliferation index was calculated as
the percentage of Ki-67 positive cells over the total counted
cells within the given field.

shRNA design and expression plasmid vector construction

The following sequences were used to design the shRNA:
HK2, 5′-GACCCTCTACAAGCTACAT-3′ and Control 5′-
GGTAAGCAAGGGAGATCAA −3′. Recombinant plasmid
pGenesil-1.1-HK2 and pGenesil-1.1-control were constructed
and verified by Genesil Biotechnology (Wuhan, China).

Cell culture and transfection

The human LSCC cell line Hep-2 was obtained from the
China Center for Type Culture Collection (Shanghai, China)
and grown in DMEM/high glucose supplemented with 10 %
fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml strep-
tomycin at 37 °C in an atmosphere of 95 % air and 5 % CO2.
After reaching 50 % confluence, the cells were transfected
with pGenesil-1.1-HK2 or pGenesil-1.1-control using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's instructions, and subsequently grown in
DMEM/high glucose containing 800 μg/ml G418
(Invitrogen) for 6 weeks. After 6 weeks, a single cell clone

3744 Tumor Biol. (2014) 35:3743–3753



expressing enhanced green-fluorescence protein was screened
for stable transfection.

Quantitative RT-PCR

Total RNAwas extracted from 5×106 of transfected cells using
TRIzol (Invitrogen) and cDNA was generated by ReverTra
Ace qPCR RT Kit (Toyobo, Japan) according to the manufac-
tures' instructions. qPCR was performed using THUNDER-
BIRD SYBR qPCRMix (Toyobo) and SLANReal-Time PCR
System (Hongshi Medical Technology, Shanghai, China).
PCR cycling conditions were 95 °C for 1 min, followed by
95 °C for 15 s, then 58 °C for 15 s, and 72 °C for 45 s
(40 cycles). The HK2 primers used were as follows: forward,
5′-AGCCACCACTCACCCTACTGC-3′, and reverse, 5′-
CTGGAGCCCATTGTCCGTTAC-3′. The amplified frag-
ment was 154 bp in length. β-Actin was used as an internal
standard and the primers were as follows: forward, 5′-GTCC
ACCGCAAATGCTTCTA-3′, and reverse, 5′-TGCTGTCA
CCTTCACCGTTC-3′. The predicted product was 190 bp in
length. Experiments were performed in triplicate. The qPCR
results were analyzed using the 2−ΔΔCt method.

Western blot analysis

Logarithmic growing cells were collected in TBS and lysed
using the following lysis buffer: 50 mM Tris (pH 8.0),
110 mM NaCl, 5 mM EDTA, 1 % Triton X-100, PMSF
(100 mg/ml), 10 % glycerol, 1.5 mM MgCl2, and protease
inhibitor cocktail (Genentech/Roche, South San Francisco,
CA, USA). The protein level of the lysate was measured using
the Bradford Protein Assay Kit (Beyotime, Haimen, China).
Proteins were separated on a 10 % SDS gel and transferred to
polyvinylidene difluoride (PVDF)membranes (Millipore, Bil-
lerica, MA, USA). Immunoblots were incubated with β-actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or HK2
antibodies (Cell Signaling Technology, Beverly, MA, USA)
and visualized using HRP conjugated secondary antibody
(KPL, Gaithersburg, MD, USA,) and BeyoECL Plus
(Beyotime). The reaction was detected using Kodak X-
OMAT BT (XBT-1) film (Kodak, Rochester, NY, USA). For
quantitation, the films were scanned using an Epson Perfec-
tion V300 Photo scanner (Epson, Tokyo, Japan), and the
density of the bands was quantified. Each experiment was
carried out in triplicate.

HK activity assay

HK activity was measured as the total glucose phosphorylat-
ing capacity of whole cell lysates using a standard glucose-
6-phosphate dehydrogenase-coupled spectrophotometric
assay.25 Briefly, cells were lysed in 45 mM Tris-Cl,
pH 8.2, 50 mM KH2PO4, 10 mM glucose, 11.1 mM

monothioglycerol, 0.5 mM EDTA, and 0.2 % Triton X-100,
and HK activity was measured using an HK assay kit
(Jiancheng Bioengineering Institute, Nanjing, China). Ap-
proximately 50 μl of freshly lysed cell supernatant was added
to 950 μl assay mix prepared according to the instruction
manual. The absorbance at 340 nm at 37 °C was measured
at 30 s (A1) and again 20 min later (A2). HK activities were
normalized to the protein content of the lysate. One activity
unit was defined as micromoles of NADPH per milliliter per
minute at 37 °C.

MTT assay for cell proliferation

The viability of cells was determined using the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
say. Cells were plated in 96-well microplates (6 wells per
group) at 5×103 cells per well in 100 μl of RPMI 1640
complete medium. After incubation for 168 h with the
medium replaced every 72 h at 37 °C in a humidified
incubator, cell viability was determined using the MTT
assay. Briefly, 10 μl of MTT reagent (5 mg/ml in PBS)
was added to each well and incubated for 4 h. Subse-
quently, the plates were centrifuged at 1,000 rpm for
10 min at 4 °C. The MTT solution was removed, and
150 μl of dimethyl sulfoxide was added to each well and the
plate was agitated for 10min to dissolve the formazan crystals.
Absorbance was recorded on a microplate reader at a wave-
length of 570 nm.

Flow cytometry

To assess the cell cycle phase and cell apoptosis, approximate-
ly 2×105 logarithmically growing cells were harvested,
washed in PBS (pH 7.4) and fixed with 70 % cold alcohol at
4 °C for 1 h. After centrifugation and removal of the
supernatant, the cells were re-suspended in 3 ml PBS
for 5 min and filtered using 400-mesh screen cloth,
centrifuged and stained with 1 ml PI working solution
(Keygen Biotech, Nanjing, China). Distribution of cell
cycle states of the samples was examined using a
FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) at an excitation wavelength of 488 nm, and
the data were analyzed with the Modfit LT software.

Apoptotic cells were measured with an Annexin V-APC/7-
AAD apoptosis detection kit (Keygen Biotechnology) accord-
ing to the manufacturer's instructions. Stained cells were de-
tected on a FACSCalibur flow cytometer at an excitation
wavelength of 633 nm for AnnexinV-APC in FL-4 and
546 nm for 7-AAD in FL-3, and the data were analyzed using
Cell-Quest software. A minimum 10,000 events were collect-
ed for each sample.
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Subcutaneous xenograft model

Eighteen 7-week-old female BALB/c-nu nude mice were
provided by Vital River Laboratories (Beijing, China) and
were maintained under specific pathogen-free conditions ac-
cording to the guidelines of the Committee on Animals Use of
Huazhong University of Science and Technology. Tumor cell
suspensions were injected subcutaneously into the right flank
of the mice (2×106 cells/mouse in 0.2 ml of serum-free
DMEM). Mice that grew tumors over a 4-week period were
sacrificed, and the tumors were harvested. The experiment
included three groups of mice (n=6): mice in group 1 were
injected with untransfected Hep-2 cells; group 2 with Hep-2
cells transfected with pGenesil-1.1-HK2; and group 3 with Hep-
2 cells transfected with pGenesil-1.1-control. The tumor diam-
eter was measured weekly using a sliding caliper, and the tumor
volume was calculated using the following formula: tumor
volume (mm3)=(longest diameter)×(shortest diameter)2×0.5.

Statistical analysis

Baseline demographics and disease characteristics were pre-
sented as n (%) by HK2 expression score and compared using
the Pearson Chi-square test or Fisher's exact test (cell number
less than 5). Other data were presented as the mean with
standard deviation (SD) in the line or bar graphs. Comparisons
were performed using ANOVA with post-hoc comparison
adjusted by the Bonferroni method. All statistical assessments
were two-tailed and considered significant for P <0.05. Data
were analyzed using SPSS 15.0 statistics software (SPSS Inc,
Chicago, IL, USA).

Results

Relationship between HK2 expression and larynx tissue
of patients with LSCC, papilloma, and glottis polypus

All 108 LSCC patients had HK2 expression scores of ≥2; of
these patients, 24 showed weak staining in >50 % of cells, or
strong staining in <10 % of cells (score 2), 33 showed strong
staining in 11–50 % of the cells (score 3), and 51 showed
strong staining in >50 % of cells (score 4) (Table 1). The HK2
expression patterns differed significantly between larynx tis-
sues from patients with LSCC, papilloma, and glottis polypus
(P <0.001; Table 2). In contrast, 63 % of the papilloma pa-
tients and 90 % of the glottic polypus patients had nearly no
HK2 expression (score 0–1), while no one had a score of 4
(Table 2). Representative photographs of HK2 immunohisto-
chemical staining are shown in Fig. 1.

Table 1 HK2 expression and
disease stage and location

Data are presented as n (%) by
HK2 expression score
aP value was derived from Fish-
er's exact test

*Significant difference (P<0.05)

HK2 expression score

Variable Total (N =108) 2 (n =24) 3 (n=33) 4 (n =51) P valuea

Age (years) 0.379

≤60 55 (51 %) 12 (50 %) 13 (39 %) 28 (55 %)

>60 53 (49 %) 12 (50 %) 20 (61 %) 23 (45 %)

Location 0.011*

Supraglottis 37 (34 %) 3 (12 %) 10 (30 %) 24 (47 %)

Glottis 71 (66 %) 21 (88 %) 23 (70 %) 27 (53 %)

T stage <0.001*

1–2 50 (46 %) 21 (88 %) 16 (48 %) 13 (25 %)

3–4 58 (54 %) 3 (12 %) 17 (52 %) 38 (75 %)

N stage <0.001*

0 70 (65 %) 24 (100 %) 21 (64 %) 25 (49 %)

1–2 38 (35 %) 0 12 (36 %) 26 (51 %)

TNM stage <0.001*

I–II 45 (42 %) 21 (88 %) 14 (42 %) 10 (20 %)

III–IV 63 (58 %) 3 (12 %) 19 (58 %) 41 (80 %)

Table 2 HK2 expression in LSCC, papilloma, and glottis polypus

HK2 expression score

Total N 0–1 2–3 4 P valuea

Tissues < 0.001*

LSCC 108 0 (0) 57 (53 %) 51 (47 %)

Papilloma 24 15 (63 %) 9 (37 %) 0 (0)

Glottic polypus 21 19 (90 %) 2 (10 %) 0 (0)

Data are presented as n (%) for HK2 expression score
aP values were derived using Pearson Chi-square test or Fisher's exact
test (cell number less than 5)

*Significant difference (P<0.05)
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HK2 expression and disease characteristics

Of the 108 LSCC patients, about half were under 60 years of
age (51 %), and most had cancer of the glottis (66 %) and N
stage of 0 (65 %) (Table 1). Of the patients with supraglottis
tumors, more had high HK2 protein expression than low

expression. Among the patients with glottis tumors, more
had low HK2 expression than high expression. T, N, and
TNM stages were significantly associated with HK2 expres-
sion (all P <0.001). More tumor samples with T stage of 3–4,
N stage of 1–2, and TNM stage of III–IV had strong staining
(score 4) than weak staining (scores 2–3) (Table 1).

Fig. 1 Immunohistochemical
staining of HK2 protein in human
larynx samples (squamous
epithelium). a Squamous cells in
poorly differentiated LSCC. b
Squamous cells in well-
differentiated LSCC. c Squamous
cells in papilloma. d Squamous
cells in glottic polyps. a′ , b′ , c′ , d
′ Views of higher magnification
of a , b , c , and d , respectively.
Arrows refer to positive staining
of cells. Black scale bar in the
left=20 μm. Red scale bar in the
right=10 μm

Tumor Biol. (2014) 35:3743–3753 3747



Relationship between HK2 expression and the cell cycle, cell
proliferation, and apoptosis

RT-PCR, Western blot analysis, and HK activity assays were
performed to assess the effect of HK2 shRNA on HK2 gene
expression. Cells transfected with pGenesil-1.1-HK2 showed

significantly lower HK2 mRNA and protein levels and HK
activity compared with untransfected Hep-2 cells (P <0.05)
(Fig. 2a,b and c). This reduction in gene expression and protein
activity was due to the HK2 shRNA, as there was no significant
difference in HK2 mRNA or protein levels in untransfected
cells compared with those transfected with the control plasmid
pGenesil-1.1-control (P >0.05) (Fig. 2a,b and c).

Reduced HK2 expression and HK activity affected the cell
cycle phase distribution of the Hep-2 cells. Compared to
untransfected cells and those transfected with the pGenesil-
1.1-control, a greater proportion of cells transfected with
pGenesil-1.1-HK2 were in G0-G1 and fewer were in S phase
or G1-M transition (all P <0.001) (Fig. 3a). There was no
difference in the cell cycle distribution between untransfected
cells and cells transfected with pGenesil-1.1-control cells,
indicating that cell cycle changes were likely due to the
presence of HK2 shRNA.

Lower HK2 expression significantly reduced cell prolifer-
ation and increased apoptosis compared with control cells, as

Fig. 2 shRNA-mediated inhibition of HK2 expression and HK activity.
a RT-PCR and b Western blot of analysis of HK2 mRNA and protein,
respectively, in Hep-2 cells that were untransfected (sample 1) or
transfected with pGenesil-1.1-HK2 (sample 2) or pGenesil-1.1-control
(sample 3). c Ratio of HK activity in untransfected Hep-2 cells to
themselves or in Hep-2 cells transfected with pGenesil-1.1-HK2 or
pGenesil-1.1-control to untransfected Hep-2 cells. *P< 0.05 vs.
untransfected Hep-2 cells and pGenesil-1.1-control transfected cells

Fig. 3 The effects of inhibition of HK2 expression on a the percentages
of cells in different phases and b cell growth byMTTassay. *P< 0.05 vs.
untransfected and pGenesil-1.1-control transfected cells
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assayed by MTT incorporation (Fig. 3b) and flow cytometry
(Fig. 4) (all P <0.05). There was no apparent difference in cell
proliferation or the degree of apoptosis between untransfected
cells and cells transfected with the pGenesil-1.1-control.

HK2 expression and xenograft tumor growth

To further determine the effect of HK2 depletion on the
tumorigenicity of Hep-2 cells, untransfected cells, cells
transfected with pGenesil-1.1-HK2, or cells transfected with
the pGenesil-1.1-control were injected into the flanks of
BALB/c-nu nude mice. Xenograft tumor formation was de-
tectable in all mice 7 days post-injection, and the tumor size
increased during the 4-week follow up period (Fig. 5a). After
4 weeks, tumors were dissected and weighed for comparison
(Fig. 5b). Tumor volumes and weights were significantly
lower in xenografts from mice injected with HK2 shRNA
expressing Hep-2 cells than from those injected with
untransfected cells or control shRNA-expressing cells (all
P <0.01) (Fig. 5a and c).

To evaluate the effects of HK2 depletion on cell prolifera-
tion in vivo, we used immunohistochemistry to evaluate the
levels of Ki67 antibody (an antigen associated with prolifera-
tion) in the three different xenograft tumor models. The pro-
liferation index was lowest in xenograft tumors derived from
cells expressing HK2 shRNA (46.71±5.17 %) compared with
xenograft tumors produced from untransfected cells (70.30±
4.92 %) or cells expressing control shRNA (67.14±4.76 %;
P <0.002) (Fig. 6).

Discussion

We observed that HK2 protein expression in LSCC tissue
samples was associated with tumor stage and location. Of
the patients with cancer of the supraglottis, more had strong
than weak HK2 staining. More of the tumor samples that were
of higher T, N, and TNM stages had strong HK2 staining. We
also found that the shRNA-induced reduction in HK2 expres-
sion and HK activity resulted in a greater proportion of laryn-
geal carcinoma Hep-2 cells arresting in G0–G1 phase of the
cell cycle, reduced cell viability, and increased apoptosis.
Moreover, xenograft tumors derived from Hep-2 cells ex-
pressing HK2 shRNA were smaller, weighed less, and had
reduced cellular proliferation compared with those produced
from untransfected Hep-2 cells or those transfected with a
control plasmid.

The first step of glycolysis is catalyzed by HK1 in most
cells. HK2 is rarely expressed in normal tissues, with the
exception of skeletal and cardiac muscle, renal mesangial
cells, and adipose tissue [10]. HK1 expression is replaced by
high levels of HK2 expression in some malignancies, includ-
ing glioblastoma multiforme [14] and oral squamous cell
carcinomas [19].We observed here that HK2 is also expressed
in vocal cord polyps, with higher expression levels in precan-
cerous lesions (laryngeal papilloma). HK2 expression was
observed to varying degrees in all laryngeal cancer patients,
with half of the patients demonstrating high levels of HK2
expression. These data suggest that HK2 expression is related
to the occurrence of laryngeal cancer and increases with
laryngeal cancer progression.

Fig. 4 The effects of HK2
knockdown on Hep-2 survival.
Hep-2 cells that were a
untransfected or transfected with
b pGenesil-1.1-HK2, or c
pGenesil-1.1-control were stained
with Annexin V-APC/7-AAD
and analyzed in flow cytometer. d
The percents of apoptotic cells are
noted. *P <0.05 vs. untransfected
and pGenesil-1.1-control
transfected cells
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Our observations are consistent with numerous reports of
elevated HK2 expression in many cancers, including gastric
cancers [20], glioblastoma tumors [14], hepatocellular carci-
noma [21], renal cell carcinoma [22], and in brain metastases
of breast cancer [23]. In addition, a recent report described
HK2 expression in laryngeal cancer [24]. Together, these
studies indicate that HK2 expression plays a central role in
the pathogenesis of these cancers. Indeed, patient survival
negatively correlates with HK2 expression in hepatocellular
carcinoma [21] and brain metastases of breast cancer [23].
Furthermore, several studies have investigated the role of
HK2 in tumorigenesis by inhibiting its activity either through
use of a drug (e.g., 3-bromopyruvate) or by RNAi. Consistent
with our findings, these studies have shown that decreased
HK2 expression resulted in decreased cell proliferation, in-
creased apoptosis, and diminished tumor growth in glioblas-
toma multiform [14], colon cancers [25], and thyroid cancers
[26]. Such results support the investigation of HK2 inhibitors
as potential treatments for these cancers [10, 27]. Our results
thus indicate that patients with LSCC may also benefit from
treatments that inhibit HK2 expression and activity.

The Warburg effect is a well-established metabolic alter-
ation associated with cancer cells [28–30]. How and why
cancer cells increase their use of glycolysis over oxidative
phosphorylation to produce cellular energy is not well under-
stood. One idea is that glycolytic metabolism arises as an
adaptation to hypoxic conditions during the early avascular
stage of tumor development [28]. Glycolysis can generate
ATP at a higher rate than oxidative phosphorylation and
provides a biosynthetic advantage for tumor cells, allowing
the effective shunting of carbon to key biosynthetic pathways
[28]. Several signaling pathways have been implicated in
cancer-associated changes in cellular metabolism, including
an increase in the PI3K pathway; this pathway regulates
multiple cellular processes, including translocation of HK2
to the mitochondrial membrane [9].

The exact mechanism whereby HK2 influences glucose
metabolism, inhibits apoptosis, and promotes cell prolifera-
tion is not entirely clear. Both glucose phosphorylation and
increased localization of HK2 to the mitochondrial membrane
are reported to contribute to these effects [9]. The interaction

of HK2 with the voltage-dependent anion channel on the
mitochondrial membrane results in the inhibition of cyto-
chrome c release and apoptosis [31, 32]. Binding of HK2 to

�Fig. 5 Reduction in HK2 expression reduces tumor size and weight
in vivo. a Mice were injected with untransfected Hep-2 cells or Hep-2
cells transfected with pGenesil-1.1-HK2 or pGenesil-1.1-control and the
tumor size was monitored weekly for 4 weeks. The volume is shown as
mean ± SD. b Mice sacrificed 4 weeks after the injection of untransfected
Hep-2 cells (left panel), Hep-2 cells transfected with pGenesil-1.1-HK2
(middle panel), or pGenesil-1.1-control (right panel). c Tumor dissected
from mice 4 weeks after the injection of untransfected Hep-2 cells (left
panel) or Hep-2 cells transfected with pGenesil-1.1-HK2 (middle panel)
or pGenesil-1.1-control (right panel). d The weight of tumors at the end
of 4 weeks was measured and expressed as mean ± SD. *P< 0.05 vs.
untransfected and pGenesil-1.1-control transfected cells
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the mitochondria also decreases the negative feedback of
glucose-6-phosphate on glycolysis, increasing glucose metab-
olism via glycolysis [9]. Increased glycolysis enhances the
growth of cancer cells by increasing the production of biosyn-
thetic substrates and acidifying the environment to enhance
tissue invasion [7].

The regulation of energy metabolism, a key factor under-
lying the Warburg effect, can be traced to three transcription
factors: c-MYC, HIF-1α and p53 [33]. HIF-1α has been
shown to upregulate HK2 expression in some cancers [33],
and both HIF-1α and the Myc oncogene have been shown to
be highly expressed in laryngeal cancer [34, 35]. Increased
HK2 expression in laryngeal cancer might thus be associated

with HIF-1α andMyc expression. Further studies are required
to investigate this possibility.

This study has several limitations. We did not directly
measure the effect of HK2 overexpression or HK2 shRNA
on cellular metabolism, ATP synthesis, or FDG uptake. Thus,
the mechanism underlying the effects of HK2 on LSCC cells
was not addressed here. We also did not investigate the rela-
tionship between HK2 expression and disease prognosis. We
evaluated the glycolytic process based on HK2 activity alone.
While HK2 is a major glycolytic enzyme, other enzymes are
also involved in the glycolytic process [7]. These include
Glut-1, a transporter of glucose in glycolysis, CAIX (carbonic
anhydrase IX), which neutralizes the intracellular acidic

Fig. 6 Determination of
proliferation index using Ki67
immunohistochemistry. Tumors
grown from a untransfected Hep-
2 cells, b Hep-2 cells transfected
with pGenesil-1.1-HK2 or c
pGenesil-1.1-controls were used
in immunohistochemistry for
detecting Ki67 expression. d The
Ki67 proliferation index for
untransfected Hep-2 cells, or
Hep-2 cells transfected with
pGenesil-1.1-HK2 or pGenesil-
1.1-control were compared. The
proliferation index is presented as
mean ± SD. *P< 0.05 vs.
untransfected and pGenesil-1.1-
control transfected cells. a′ , b′ , c′
Views of higher magnification of
a , b and c , respectively. Arrows
refer to positive staining of cells.
Black scale bar in the left =
20 μm. Red scale bar in the
right=10 μm
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microenvironment caused by lactic acid yielded during aero-
bic glycolysis in tumor cells, and MCT-4, a transporter of the
lactic acid yielded during aerobic glycolysis in tumor cells.
Analysis of the activity of these enzymes will be required to
fully evaluate the effects of HK2 overexpression on the glyco-
lytic process in these cells [7]. Despite these limitations, this
study is the first to demonstrate high HK2 expression in laryn-
geal cancer and to present data suggesting that high HK2
expressionmay be related to the progression of laryngeal cancer.

Drugs that target glycolysis are being pursued for use in
cancer treatment. To date, however, the trials of HK2 inhibi-
tors, 2-deoxyglucose and lonidamine, have been terminated
due to unacceptable toxicities or poor efficacy [8]. Several
other types of HK2 inhibitors as well as drugs that indirectly
reduce the glycolytic pathway (e.g., mTOR signaling path-
way) are being investigated [8].

In conclusion, downregulation of HK2 expression via
shRNA led to a reduction in tumor growth, likely by decreas-
ing cell proliferation, reducing cell viability, and activating
apoptosis. These data suggest that HK2 plays an important
role in the pathogenesis of LSCC and is a potential therapeutic
target for LSCC treatment.
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