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a b s t r a c t

Accumulating evidence has shown that PI3K/Akt pathway is frequently hyperactivated in osteosarcoma
(OS) and contributes to tumor initiation and progression. Altered phenotype of glucose metabolism is a
key hallmark of cancer cells including OS. However, the relationship between PI3K/Akt pathway and
glucose metabolism in OS remains largely unexplored. In this study, we showed that elevated
Hexokinase-2 (HK2) expression, which catalyzes the first essential step of glucose metabolism by con-
version of glucose into glucose-6-phosphate, was induced by activated PI3K/Akt signaling. Immuno-
histochemical analysis showed that HK2 was overexpressed in 83.3% (25/30) specimens detected and
was closely correlated with Ki67, a cell proliferation index. Silencing of endogenous HK2 resulted in
decreased aerobic glycolysis as demonstrated by reduced glucose consumption and lactate production.
Inhibition of PI3K/Akt signaling also suppressed aerobic glycolysis and this effect can be reversed by
reintroduction of HK2. Furthermore, knockdown of HK2 led to increased cell apoptosis and reduced
ability of colony formation; meanwhile, these effects were blocked by 2-Deoxy-D-glucose (2-DG), a
glycolysis inhibitor through its actions on hexokinase, indicating that HK2 functions in cell apoptosis and
growth were mediated by altered aerobic glycolysis. Taken together, our study reveals a novel rela-
tionship between PI3K/Akt signaling and aerobic glycolysis and indicates that PI3K/Akt/HK2 might be
potential therapeutic approaches for OS.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Osteosarcoma (OS) is the most primary common bone malig-
nancy and a leading cause of cancer-related death in children and
adolescents [1]. Despite great advances were achieved in chemo-
therapy, radiation therapy and surgical resection, there are still a
large number of patients who respond unfavorably to preoperative
chemotherapy and have a high risk of local relapse or distant
metastasis, which ultimately leads to a poor prognosis [2]. Given
there is limited clinical significance to optimize conventional
therapeutic approaches, more endeavors should be put in devel-
oping novel approaches for treating OS. Therefore, it is necessary to
clarify the fundamental molecular mechanisms underlying the
raphy, Affiliated Hospital of
ad, Xuzhou, Jiangsu Province,

ang).
pathogenesis and progression of this deadly disease, such as his-
tological heterogeneity, drug resistance, and distant metastasis, in
order to identify novel therapeutic targets that can complement
current treatment and further improve the OS patients' prognosis
[3e5].

The phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway
is turned to be a key oncogenic pathway in multiple human cancers
including OS [6]. The PI3K/Akt pathway is a cascade of events,
whose dysregulation in OS plays a critical role in a large number of
pathological processes, such as tumorigenesis [7], cell proliferation
[8], cell cycle progression [9], inhibition of apoptosis [10], cell in-
vasion [11], metastasis [12], angiogenesis [13] and chemoresistance
[14]. After activation, the PI3K/Akt pathway can modulate many
downstream targets to regulate various cellular functions. For
example, activated Akt leads to activation of mTORC1, which me-
diates the phosphorylation of S6K and 4E-BP1and ultimately re-
sults in enhanced protein synthesis [15]; reduced FOXO1 induced
by Akt decreases p27 and p21 expression and in turn increases CDK
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expression, which ultimately promotes cell cycle progression [16].
Tumor cells exhibits an altered metabolic phenotype known as
Warburg effect, which favors tumor growth andmetastasis through
multiple different mechanisms [17]. Many glycolytic enzymes
including Glut1, HK2 and LDHA are amplified in the pathogenesis of
cancer [18e20]. These also include alterations that increase flux
through glycolysis induced by PFKFB3 and PGAM1 as well as
PHGDH-mediated diversion of glycolytic intermediates to biosyn-
thetic pathways [21]. However, little is known about the relation-
ship between the PI3K/Akt pathway and Warburg effect in OS. The
aim of the present study was to investigate whether activated PI3K/
Akt signaling affects the expression glycolytic enzymes, which
further promotes tumor progression via enhancing Warburg effect.

2. Materials and methods

2.1. Clinical tissue samples

This study was approved by the Research Ethics Committee of
the Children's Hospital of Xuzhou and Affiliated Hospital of Xuzhou
Medical College.Written informed consent was obtained from all of
the patients. Thirty OS patients young than 21 years was enrolled in
this study between January 1, 2014 and December 1, 2014 at the
Children's Hospital of Xuzhou. Tumor tissue was obtained at the
time of the initial biopsy prior to treatment. All specimens were
collected in full accordance with the ethical and legal standards.

2.2. Cell culture and transfection

Human OS cells including KRIB, MG63, HOS, KHOS, Saos2 and
U2OS were all obtained from American Type Culture Collection
(ATCC, Manassas, VA). Cells were cultured at 37 �C in a humidified
incubator with 5% CO2 according to ATCC protocols. All the culture
media was supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% antibiotics. 2-DG, phen and LY294002 were purchased from
Sigma. MK-2206 was purchased from Selleck. All reagents were
diluted to preferable concentrations in each cell culture medium
before use. Specific siRNA targeting HK2 as well as a negative
control were obtained from GenePharma, Shanghai, China. An HK2
expression plasmid and vector were obtained from GeneCopoeia™.
The transfection was performed according to the manufacturer's
protocol.

2.3. Quantitative real-time PCR

Total RNA from OS cells was extracted with Trizol reagent
(Invitrogen) and reverse transcription was performed with a High
Capacity cDNA Reverse Transcription Kit (Life technologies). The
cDNA products were used for real-time PCR analysis. Gene
expression was monitored using ABI Prism 7300 Sequence Detec-
tion System with SYBR Green (Applied Biosystems, Life Technol-
ogy). The primer sequences for genes were defined as follows:
Glut1 forward 50-ATTGGCTCCGGTATCGTCAAC-30, reverse 50-
GCTCAGATAGGACATCCAGGGTA-30; HK2 forward: 50-TTGACCAG-
GAGATTGACATGGG-30, reverse 50-CAACCGCATCAGGACCTCA-30;
PFKL forward: 50-GCTGGGCGGCACTATCATT-30, reverse 50-TCAGGTG
CGAGTAGGTCCG-30; PGK1 forward 50-TGGACGTTAAAGGGAAG
CGG-30, reverse 50-GCTCATAAGGACTACCGACTTGG-30; PKM for-
ward 50-ATAACGCCTACATGGAAAAGTGT-30, reverse 50-TAAGCCCAT
CATCCACGTAGA-30; LDHA forward 50-ATGGCAACTCTAAAGGAT-
CAGC-30, reverse 50-CCAACCCCAACAACTGTAATCT-30; PDK1 for-
ward 50-ATGGCAACTCTAAAGGATCAGC-30, reverse 50-CCAACCC
CAACAACTGTAATCT-30; b-actin forward 50-CATGTACGTTGCTATC-
CAGGC-30, reverse 50-CTCCTTAATGTCACGCACGAT-30. The DDCt
method was used to calculate the relative fold change in mRNA
expression. All samples were normalized to b-actin expression
levels.
2.4. Western blotting

Cells lysates were separated by 8e10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride membrane. The membrane was then
blocked by 5% non-fat dry milk in Tris-buffered saline (TBS) at room
temperature for 1 h to block non-specific binding. The membranes
were incubated with the primary antibodies against HK2 (1:1000;
Proteintech, USA). Antibody against b-actin (1:1000; Sigma, USA)
was used as an internal control for protein loading. Membranes
were washed three times for 5 min and incubated with HRP-
conjugated secondary antibodies for 60 min. Blots were washed
with TBS three times and developed with the enhanced chem-
iluminescence system (GE Healthcare, USA).
2.5. Immunohistochemistry

Immunohistochemistry was performed according to the
immunohistochemistry-paraffin (IHCeP) staining protocol of
Abcam (Cambridge, UK) (http://www.abcam.com/index.html?
pageconfig¼resource&rid¼11384). Visualization was performed
by 3, 30-diaminobenzidine tetrahydrochloride (DAB) and counter-
stained by hematoxylin. Scoring was conducted by the area of
positive staining on a scale of 0e3: 0e10% scored 0; 10%e50%
scored 1; 51%e75% scored 2; more than 70% scored 3. And scored at
0 and 1was defined as low expression, while 2 and 3was defined as
high expression. Immunostaining results were independently
evaluated by two clinical pathologists with no information of the
clinicopathological features.
2.6. Cell apoptosis assay

Cells were seeded in 6-well plates at 4� 105 cells per well under
serum deprivation for 48 h. Adherent cells were detached with
0.25% trypsin without EDTA in 1 � PBS and harvested in complete
DMEM medium and centrifuged at 1000 rpm for 5 min. Cells in
each group were washed with 1 � PBS and stained with propidium
iodide (PI) and Annexin V-FITC (Dojindo, Japan) following the
manufacturer's instructions. Then the apoptotic cells were
measured by flow cytometry.
2.7. Cell plate colony formation assay

Equal number of control cells and HK2-slienced cells were
seeded in 6-well plates and cultured in medium supplemented
with 10% FBS for 7 days. The media was changed every other day.
Cell growth was terminated after 9 days incubation and fixed with
methanol and stained with Giemsa. After staining, the number of
fixed colonies in each group were recorded and counted.
2.8. Measurement of glucose uptake and lactate production

5 � 105 MG63 or U2OS cells were seeded in fresh phenol red-
free medium and the culture medium was collected in the first
24 h after HK2-siRNA, LY294002 and MK-2206 treatment. The
glucose and lactate levels were detected by glucose assay kits (Life
technologies) or lactate assay kits (Biovision) according to manu-
facturer's instructions. All experiments were performed at least
three times.
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Table 1
Clinical characteristics of the study population.

Variable Characteristic Cases (n ¼ 30)

Gender Male 21
Female 9

Age (years) <14 11
14e21 19

Enneking's stage ⅡA 10
ⅡB 20

Tumor location Femur 19
Tibia 9
Humerus 1
Others 1

Local recurrence Yes 12
No 18

Lung metastases Yes 9
No 21
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2.9. Statistical analysis

Data were presented as the means ± SD. Statistical analyses and
graphical representations were performed with SPSS 16.0 (SPSS
Inc.; Chicago, USA) and GraphPad Prism 5 (San Diego, CA) software.
The student's t-test was used to determine the statistically signif-
icant differences among indicated experimental results. A P
value< 0.05 was considered as statistically significant.

3. Results

3.1. Elevated expression of HK2 induced by activated PI3K/Akt
signaling

To determine the possible correlation between PI3K/Akt
signaling and Warburg effect, we first detected the alternations in
expression of glycolytic enzymes after treatment with phen, which
selectively inhibits PTEN activity and ultimately results in activa-
tion of PI3K/Akt signaling. As shown in Fig. 1A, mRNA expression of
HK2 was significantly promoted by phen treatment in both MG63
and U2OS cells, while other glycolytic enzymes including Glut1,
PFKL, Pgk1, PKM, LDHA and Pdk1 remain unchanged. To further
confirm this observation, we treated OS cells with LY294002 and
MK-2206, which are inhibitors for PI3K and Akt, respectively.
Expectedly, treatment with LY294002 markedly reduced the pro-
tein expression of HK2 in MG63 and U2OS cells (Fig. 1B).Similar
result was found inMK-2206-mediated suppression of Akt (Fig.1C).
Taken together, these data above indicate that PI3K/Akt signaling
might affect Warburg effect through up-regulation of HK2
expression.

3.2. Expression pattern of HK2 in clinical specimens and cell lines

To observe the expression pattern of HK2 in pediatric OS, we
performed immunohistochemical analysis in 30 clinical pediatric
patient derived specimens. The clinical characteristics are shown in
Table 1. The result showed that HK2 was overexpressed in 83.3%
(25/30) OS specimens detected (Fig. 2A), while more weakly or
moderately positive staining was observed in normal bone tissues
(Fig. 2B). Importantly, HK2 immunoreactivity was not only found in
cytoplasm of OS cells, but also in the nucleus. Meanwhile, HK2
expression closely correlated with the proliferation index as
Fig. 1. Elevated expression of HK2 induced by activated PI3K/Akt signaling. (A) The altern
detected after treatment with LY294002. (C) HK2 protein level was detected after treatmen
assessed by Ki67 staining (p < 0.01, Fig. 2C). Furthermore, HK2
expression was detected in six OS cell lines. As shown in Fig. 2D,
HK2 was commonly overexpressed in OS cell lines except for KRIB.
These data strongly support that HK2 expression is deregulated in
OS and might contribute to tumor growth.

3.3. HK2 inhibits cell apoptosis and promotes tumor growth
through enhanced Warburg effect

To investigate the cellular functions of HK2, we silenced
endogenous HK2 expression by small interference RNA (siRNA). As
shown in Fig. 3A, both two siRNAs (si-1 and si-2) significantly
reduced HK2 expression in MG63 and U2OS cells. And expectedly,
suppression of HK2 led to decreased Warburg effect as demon-
strated by reduced glucose consumption and lactate production
(p < 0.05, Fig. 3B). Besides, whether treatment with LY294002 or
MK-2206, the Warburg effect was significantly inhibited and this
type of inhibition can be reversed by reintroduction of HK2
(p < 0.05, Fig. 3C). This result further confirmed the relationship
between PI3K/Akt signaling and Warburg effect. Given its crucial
roles of in the Warburg effect, we hypothesized whether HK2 af-
fects the biological functions of OS cells. To test this hypothesis, we
performed cell apoptosis assay and plate colony formation assay.
The result showed that knockdown of HK2 remarkably promoted
cell apoptosis (p < 0.05, Fig. 3D) and inhibited tumor cell growth
ations in glycolytic enzymes induced by phen treatment. (B) HK2 protein level was
t with MK-2206.



Fig. 2. Up-regulated HK2 expression in OS clinical specimens and cell lines. (A1e3) Representative images of HK2 positive staining in OS tissues. (B) Representative images of HK2
expression in normal bone tissues. (C) Correlation between HK2 expression and ki67 positive staining percentage. (D) HK2 protein expression in six OS cell lines. **P < 0.01.

Fig. 3. HK2 inhibits cell apoptosis and promotes tumor growth through enhanced Warburg effect. (A) Interfere efficiency of HK2 in MG63 and U2OS cells was detected by Western
blotting. (B) Lactate production and glucose consumption were measured after silencing of endogenous HK2. (C) Lactate production and glucose consumption were measured after
treatment of LY294002, MK-2206 and reintroduction of HK2. In the absence (D) or presence (E) of 2-DG, cell apoptosis ratio was measured after silencing of endogenous HK2. In the
absence (F) or presence (G) of 2-DG, colony formation assay was performed after HK2 was knocked down. *P < 0.05; **P < 0.01.
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(p < 0.05, Fig. 3E). In the presence of 2-DG, a glycolysis inhibitor
through its actions on hexokinase (HK), however, no significant
difference was observed in apoptosis ratio (Fig. 3F) or number of
colonies (Fig. 3G) between HK2-slilenced cells and the negative
cells, indicating that the oncogenic activity of HK2 in OS cells was
dependent on enhanced Warburg effect.

4. Discussion

The study reveals a novel phenomenon that PI3K/Akt pathway
mediated HK2 expression up-regulates Warburg effect and further
facilitates tumor growth. We demonstrated that activation of PI3K/
Akt pathway leads to elevated expression of the glycolytic enzyme
HK2, thereby promoting Warburg effect. Targeting the endogenous
HK2 expression promoted tumor cell apoptosis and reduced cell
growth in vitro.

The selective advantage of aerobic glycolysis (Warburg effect)
has been documented in multiple types of tumor cells and in non-
neoplastic thymotes [22]. The first step of aerobic glycolysis is
catalyzed by HK. HK1 is expressed in normal tissues, while its
expression is replaced by HK2 during several malignant trans-
formations [23]. Consistent with previous reports in renal cell
carcinoma [24], glioblastoma [25] and laryngeal cancer [26], our
observations confirmed the elevated HK2 expression in pediatric
OS. However, we also observed intense staining in the nucleus of OS
cells, indicating an underlying role of HK2 in nucleus distribution-
dependent manner. There are many mechanisms involved in
regulation of HK2 expression. The most important regulator of HK2
expression is c-Myc, a transcription factor that plays crucial roles in
cell growth, apoptosis, differentiation and metabolism [27]. In this
study, we found that activated PI3K/Akt pathway also can up-
regulate HK2 expression but not Glut1, PFKL, Pgk1, PKM, LDHA
and Pdk1 in OS cells.We aslo noted that silencing of HK2 expression
exerted profound effects on aerobic glycolysis, indicating HK2 is
required for maximal glycolysis. Consistent with this, HK2 is well
known to the location of outer mitochondrial membrane and this
sub-location is critical to its pro-glycolytic functions [28].

The roles of HK2 in tumorigenesis have been demonstrated in
several different studies by pharmaceutical or genetic inhibition.
Consistent with these reports that inhibition of HK2 exhibits a
tumor-suppressive role in thyroid cancer [29], hepatocellular car-
cinoma [30] and colon cancer [31], we found that silencing of HK2
expression results in increased cell apoptosis and reduced colony
formation ability. However, the exact mechanism involved in HK2-
mediated glucose metabolism and tumor growth remain largely
unexplored. Previous reports have shown that mitochondria-
bound HK2 is closely associated with cell apoptosis and mito-
chondrial cell death [32,33]. Different from this type of mechanism,
we showed the anti-apoptotic and pro-growth roles of HK2 are
dependent on enhanced Warburg effect. Aerobic glycolysis can
generate ATP at a higher rate than oxidative phosphorylation and
confers a biosynthetic advantage for tumor rapid proliferation [34].
Increased expression of HK2 in cancer cells drives nucleotide and
lipid biosynthesis as well as glutamine-dependent anaplerosis [35].
Accordingly, it is not surprising that the oncogenic activity of HK2
in OS was mediated by enhanced Warburg effect. Because of low
specificity, current agents targeting HK2, such as 3-bromopyruvate
and 2-DG, show limited clinical potential [35]. One promising
strategy is to target HK2 binding to VDAC, thereby blocking its
mitochondrial association and cellular functions.

In conclusion, our study identified that elevated HK2 in OS
induced by activated PI3K/Akt signaling play an anti-apoptotic and
pro-proliferation role through regulating Warburg effect. Impor-
tantly, our results highlight that PI3K/Akt/HK2 axis acts as a po-
tential therapeutic approaches for treatment of OS.
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