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Abstract
Aim: Prostate cancer (PC) is the second most common cancer in men. Therefore, the search for genes
that could be potential targets for therapy as well as diagnostic and prognostic markers is an important task.
Materials and Methods: In this work, the expression of genes encoding the enzymes of the first stage of
glycolysis, hexokinases (HK1, HK2, and HK3), was analyzed by quantitative polymerase chain reaction (qPCR).
Results: In 35% of PC samples, up to 7-fold increase was revealed in the expression of the HK2 gene, whereas in
15% of cases, up to 5-fold decrease was observed. The HK1 mRNA level was unchanged in most of the examined
samples. The HK3 expression was very low and could not be detected by qPCR. Conclusion: Thus, obtained
results indicate that the activation of glycolysis in PC is likely caused by the HK2 upregulation. The increased
mRNA level of HK2 gene could be a marker of this process in PC.
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INTRODUCTION

rostate cancer (PC) is one of the most
commonly diagnosed malignancies
in men. In developed countries, about
150,000 people with PC die every year. If PC
is diagnosed in time, a 5-year survival rate of
patients is quite high (>90%), as there are a wide
range of treatment options for early-stage PC.
Recent research considers that PC is primarily
driven by genetic and molecular alterations.
Thus, molecular basis of PC is extensively
studied worldwide.[1,2]
Carcinogenesis is a complex multifactor
process that is characterized by alterations in
metabolic and signaling pathways. One of the
universal characteristics of malignant tumors
is a disturbed energy metabolism.[3-5] There is
a shift from mitochondrial phosphorylation
to glycolysis even in the presence of oxygen
(Warburg effect).[6] As a consequence of
the Warburg effect, cancer cells secrete
large amounts of lactate to the extracellular

microenvironment, which breaks down the collagen matrix,
and causes the connections between cells to be lost. This is
one of the mechanisms of cancer metastasis.[7-9]
The causes and mechanisms of glycolysis activation in
tumor cells are still not fully understood.[10,11] It has been
shown that some glycolytic genes were characterized by the
tumor-specific activation or inactivation and are involved in
carcinogenesis.[8,11-13]
Hexokinases catalyze the first step of glycolysis, in which
a molecule of glucose is phosphorylated to glucose-6phosphate. These important enzymes are encoded by four
genes, HK1, HK2, HK3, and HK4 (glucokinase [GCK]).
GCK is mainly expressed in liver and pancreatic beta
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cells. Hexokinases HK1, HK2, and HK3 are constitutively
expressed in all human tissues. Despite the fact that these
hexokinases are characterized by a high affinity for glucose
and have many common biochemical properties, it has been
shown the involvement of HKs in carcinogenesis.[14,15] HK2
is associated with the voltage-dependent anionic channel on
the outer mitochondrial membrane and is involved in the
inhibition of apoptosis.[4]
In this work, we have analyzed the expression of HK1,
HK2, and HK3 genes in PC using quantitative polymerase
chain reaction (qPCR). The deregulation of HK2 gene
expression was detected. Obtained results will help clarify
molecular mechanisms of PC and provide an area for further
investigations.

MATERIALS AND METHODS
Tissue samples
A total of 59 samples of PC (II-III stages) and adjacent
morphologically normal tissues (conventional “normal”
tissues) were collected after surgical resection. Each sample
was frozen and placed in liquid nitrogen immediately after
surgery. Most of the specimens were obtained from patients
with locally advanced PC, who had not received neoadjuvant
chemotherapy. All patients had an elevated level of prostatespecific antigen (PSA) and lymphogenous dissemination.
The Gleason score was reported as 3 + 3 = 6, 3 + 4 = 7, and
4 + 3 = 7. Tumor samples were characterized according to
the International System of Classification of Tumors, based
on the tumor-node-metastasis and staging classification of
the Union for International Cancer Control (UICC, Version
2009). Only samples with 70% or more tumor cells were
studied. The study was approved by the Ethics Committee
of Herzen Moscow Cancer Research Institute, the Ministry
of Health of The Russian Federation. The study was done in
accordance with the principles outlined in the Declaration of
Helsinki (1964).[16]

qPCR
qPCR was performed with Applied Biosystems
commercial primer-probe sets for target genes (HK1:
Hs00175976_m1,
HK2: Hs00606086_m1, and
HK3: Hs01092850_m1) and reference ones (RPN1:
Hs01092850_m1 and GUSB: Hs00939627_m1) using
Applied Biosystems 7500 Real-Time PCR System (Thermo
Fisher Scientific, USA).[17,18] Each reaction was repeated
three times. qPCR procedure was performed as described.[19]
qPCR data were analyzed using the relative quantification
(ΔΔCt) method.[20,21] Relative mRNA level of the genes
was calculated using ATG program compatible with
relative quantification software (Thermo Fisher Scientific,
USA).[22] At least 2-fold mRNA level changes were considered
as significant.
Nonparametric Wilcoxon test was used to compare mRNA
expression differences of target and reference genes in PC
samples. Spearman’s rank correlation analysis was used to
check the dependence between target gene expression levels.
P < 0.05 was considered statistically significant.

RESULTS
We found an increase (from 2 to 7-fold) of HK2 mRNA level
in 35% (21 of 59, P < 0.05) of PC samples [Figure 1]. Up to
5-fold downregulation of HK2 expression was observed in
15% (9 of 59) of the cases. The mean value of relative mRNA
level was 2.5.
The HK1 mRNA level was not changed in most (85%,
51 of 59) of the PC samples. A decrease in HK1 expression
(from 2 to 7-fold) was detected in 15% (9 of 59) of examined
samples. The mean value of relative mRNA level was 1.9.
The mRNA level of HK3 gene was very low and could not be
detected by qPCR method.

Nucleic acid isolation and reverse transcription

We found no significant correlation between expression levels
of HK1 and HK2. The Spearman’s correlation coefficient was
rs = 0.04.

Total RNA was isolated from tumor and conventional
“normal” tissues by MagNA Pure Compact RNA Isolation
Kit (Roche, Switzerland) using MagNA Pure Compact
Instrument (Roche, Switzerland) according to the
manufacturer’s instructions. Purified RNA was quantified
using Qubit 2.0 (Invitrogen, USA). RNA quality was
measured with the RIN method (RNA Integrity Number)
on Agilent RNA Bioanalyzer 2100 (Agilent Technologies,
USA). cDNA synthesis was done using M-MLV Reverse
Transcriptase (Thermo Fisher Scientific, USA) and
random hexamers according to the standard manufacturer’s
protocol.

Figure 1: Relative mRNA level of HK2 gene in prostate
cancer. QPCR data
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DISCUSSION
The increase of HK2 gene expression is consistent with
the results obtained by other scientists, which have shown
elevated protein and mRNA levels of HK2 in PC. However,
there have been no studies on quantitative estimation of
the mRNA level of the HK2 gene in the tumor tissues
compared with conventional “normal” ones.[23] Moreover, the
comparison of HK2 expression at mRNA and protein levels
has also not been studied.
Interestingly, the increase in the HK2 expression may
correlate with the total PSA level.[24,25] In several clinical
studies, the combination of HK2 expression and PSA level
values (4-10 ng/ml) was shown as an important diagnostic
and prognostic marker of PC.[26-29]
On xenograft models of PC (mice), the mechanisms of an
increase in the HK2 expression were studied. A selective
positive regulation of HK2 through combination of Pten
and p53 protein inhibition was shown in PC. Deletions of
Pten gene stimulate an increase of HK2 gene expression via
activation of AKT-mTORC1-4EBP1 pathways. The loss of
p53 functionality mediates the stable mRNA level of HK2
by inhibiting the biogenesis of miR143. Thus, HK2-mediated
aerobic glycolysis (Warburg effect) is associated with the
loss of Pten-/p53 activity.[30] Verification of the hypothesis
could provide an opportunity to select a particular targeted
treatment, based on inhibition of HK2 through Pten-/p53
proteins, for some patients. Currently, potential drugs that
are inhibitors of HK2 are known. The most famous of these
is 3-bromopyruvate, which inhibits HK2-mediated cell
death by activating the mitochondrial route of apoptosis or
necrosis.[31] Thus, the obtained data allow us to suggest HK2
as a potential marker for diagnosis and a target for therapy
of PC.

This work was financially supported by the Russian Science
Foundation grant no. 14-35-00105.

REFERENCES
1.

2.

3.

4.

5.

6.
7.

8.
9.

CONCLUSIONS
We showed a significant increase in the expression of HK2
gene in PC. The obtained results indicate that HK2 might
be involved in the alterations of energy metabolism in PC.
Further investigation is required to determine a possibility of
application of HK2 expression level as a marker of PC.

10.

11.

ACKNOWLEDGMENTS
The authors thank the National Medical Research Radiological
Center for the collection and characterization of PC samples,
Evrogen Lab LLC for carrying out the RNA isolation, and
Engelhardt Institute of Molecular Biology for the opportunity
to perform qPCR experiments using the equipment of EIMB
RAS “Genome” center (http://www.eimb.ru/rus/ckp/ccu_
genome_c.php).

12.

13.

Dmitriev AA, Rosenberg EE, Krasnov GS,
Gerashchenko GV, Gordiyuk VV, Pavlova TV, et al.
Identification of novel epigenetic markers of prostate
cancer by noti-microarray analysis. Dis Markers
2015;2015:241301.
Krasnov GS, Dmitriev AA, Sadritdinova AF,
Volchenko NN, Slavnova EN, Danilova TV, et al.
Molecular genetic mechanisms of drug resistance in
prostate cancer. Mol Biol (Mosk) 2015;49:716-27.
Sawayama H, Ishimoto T, Sugihara H, Miyanari N,
Miyamoto Y, Baba Y, et al. Clinical impact of the
Warburg effect in gastrointestinal cancer (review). Int J
Oncol 2014;45:1345-54.
Krasnov GS, Dmitriev AA, Lakunina VA, Kirpiy AA,
Kudryavtseva AV. Targeting VDAC-bound hexokinase II:
A promising approach for concomitant anti-cancer
therapy. Expert Opin Ther Targets 2013;17:1221-33.
Kudryavtseva AV, Krasnov GS, Dmitriev AA,
Alekseev BY, Kardymon OL, Sadritdinova AF, et al.
Mitochondrial dysfunction and oxidative stress in aging
and cancer. Oncotarget 2016;7:44879-905.
Warburg O, Wind F, Negelein E. The metabolism of
tumors in the body. J Gen Physiol 1927;8:519-30.
Moreno-Sanchez R, Rodriguez-Enriquez S, Saavedra E,
Marin-Hernandez A, Gallardo-Perez JC. The
bioenergetics of cancer: Is glycolysis the main ATP
supplier in all tumor cells? Biofactors 2009;35:209-25.
Gatenby RA, Gillies RJ. Glycolysis in cancer: A
potential target for therapy. Int J Biochem Cell Biol
2007;39:1358-66.
Lee GH, Kim DS, Chung MJ, Chae SW, Kim HR,
Chae HJ. Lysyl oxidase-like-1 enhances lung metastasis
when lactate accumulation and monocarboxylate
transporter expression are involved. Oncol Lett
2011;2:831-838.
Krasnov GS, Dmitriev AA, Snezhkina AV,
Kudryavtseva AV. Deregulation of glycolysis in
cancer: Glyceraldehyde-3-phosphate dehydrogenase
as a therapeutic target. Expert Opin Ther Targets
2013;17:681-93.
Marín-Hernández A, Gallardo-Pérez JC, Ralph SJ,
Rodríguez-Enríquez S, Moreno-Sánchez R. HIF-1alpha
modulates energy metabolism in cancer cells by inducing
over-expression of specific glycolytic isoforms. Mini
Rev Med Chem 2009;9:1084-101.
Krasnov GS, Dmitriev AA, Sadtritdinova AF,
Fedorova MS, Snezhkina AV, Melnikova NV, et al.
Evaluation of gene expression of hexokinases in
colorectal cancer with the use of bioinformatics methods.
Biofizika 2015;60:1050-6.
Zancan P, Sola-Penna M, Furtado CM, Da Silva D.

Asian Journal of Pharmaceutics • Jan-Mar 2017 (Suppl) • 11 (1) | S160

Kudryavtseva, et al.: Expression of HK2 gene is deregulated in prostate cancer

14.

15.

16.
17.

18.

19.

20.

21.

22.

Differential expression of phosphofructokinase-1
isoforms correlates with the glycolytic efficiency of
breast cancer cells. Mol Genet Metab 2010;100:372-8.
Oparina NY, Snezhkina AV, Sadritdinova AF,
Veselovskii VA, Dmitriev AA, Senchenko VN, et al.
Differential expression of genes that encode glycolysis
enzymes in kidney and lung cancer in humans. Russ J
Genet 2013;49:707-16.
Kudryavtseva AV, Fedorova MS, Zhavoronkov A,
Moskalev AA, Zasedatelev AS, Dmitriev AA, et al.
Effect of lentivirus-mediated shRNA inactivation of
HK1, HK2, and HK3 genes in colorectal cancer and
melanoma cells. BMC Genet 2016 22;17(Suppl 3):156.
Rickham PP. Human experimentation. Code of ethics of
the world medical association. Declaration of Helsinki.
Br Med J 1964;2:177.
Krasnov GS, Oparina NI, Dmitriev AA, Kudriavtsev AV,
Anedchenko EA, Kondrat’eva TT, et al. Novel reference
gene RPN1 for normalization of quantitative data in lung
and kidney cancer. Mol Biol (Mosk) 2011;45:238-48.
Fedorova MS, Kudryavtseva AV, Lakunina VA,
Snezhkina AV, Volchenko NN, Slavnova EN, et al.
Downregulation of OGDHL expression is associated
with promoter hypermethylation in colorectal cancer.
Mol Biol (Mosk) 2015;49:678-88.
Snezhkina AV, Krasnov GS, Lipatova AV,
Sadritdinova AF, Kardymon OL, Fedorova MS, et al.
The dysregulation of polyamine metabolism in colorectal
cancer is associated with overexpression of c-Myc and
C/EBPß rather than enterotoxigenic bacteroides fragilis
infection. Oxid Med Cell Longev 2016;2016:2353560.
Dmitriev AA, Krasnov GS, Rozhmina TA, Kishlyan NV,
Zyablitsin AV, Sadritdinova AF, et al. Glutathione
S-transferases and UDP-glycosyltransferases are
involved in response to aluminum stress in flax. Front
Plant Sci 2016;7:1920.
Dmitriev AA, Kudryavtseva AV, Krasnov GS,
Koroban NV, Speranskaya AS, Krinitsina AA,
et al. Gene expression profiling of flax (Linum
usitatissimum L.) under edaphic stress. BMC Plant Biol
2016;16 Suppl 3:237.
Melnikova NV, Dmitriev AA, Belenikin MS,
Koroban NV, Speranskaya AS, Krinitsina AA, et al.
Identification, expression analysis, and target prediction
of flax genotroph microRNAs under normal and nutrient
stress conditions. Front Plant Sci 2016;7:399.

23. He HC, Bi XC, Zheng ZW, Dai QS, Han ZD, Liang YX,
et al. Real-time quantitative RT-PCR assessment
of PIM-1 and hK2 mRNA expression in benign
prostate hyperplasia and prostate cancer. Med Oncol
2009;26:303-8.
24. Briganti A. Role of hK2 in predicting clinically
insignificant prostate cancer. Eur Urol 2007;52:1297-9.
25. Raaijmakers R, de Vries SH, Blijenberg BG,
Wildhagen MF, Postma R, Bangma CH, et al. hK2
and free PSA, a prognostic combination in predicting
minimal prostate cancer in screen-detected men within
the PSA range 4-10 ng/ml. Eur Urol 2007;52:1358-64.
26. Magklara A, Scorilas A, Catalona WJ, Diamandis EP.
The combination of human glandular kallikrein and free
prostate-specific antigen (PSA) enhances discrimination
between prostate cancer and benign prostatic hyperplasia
in patients with moderately increased total PSA. Clin
Chem 1999;45:1960-6.
27. Haese A, Graefen M, Steuber T, Becker C, Pettersson K,
Piironen T, et al. Human glandular kallikrein 2 levels
in serum for discrimination of pathologically organconfined from locally-advanced prostate cancer in total
PSA-levels below 10 ng/ml. Prostate 2001;49:101-9.
28. Steuber T, Vickers AJ, Haese A, Becker C, Pettersson K,
Chun FK, et al. Risk assessment for biochemical
recurrence prior to radical prostatectomy: Significant
enhancement contributed by human glandular kallikrein
2 (hK2) and free prostate specific antigen (PSA) in men
with moderate PSA-elevation in serum. Int J Cancer
2006;118:1234-40.
29. Haese A, Vaisanen V, Lilja H, Kattan MW,
Rittenhouse HG, Pettersson K, et al. Comparison of
predictive accuracy for pathologically organ confined
clinical stage T1c prostate cancer using human glandular
kallikrein 2 and prostate specific antigen combined with
clinical stage and Gleason grade. J Urol 2005;173:752-6.
30. Wang L, Xiong H, Wu F, Zhang Y, Wang J, Zhao L,
et al. Hexokinase 2-mediated Warburg effect is required
for PTEN- and p53-deficiency-driven prostate cancer
growth. Cell Rep 2014;8:1461-74.
31. Zhang Q, Zhang Y, Zhang P, Chao Z, Xia F, Jiang C,
et al. Hexokinase II inhibitor, 3-BrPA induced autophagy
by stimulating ROS formation in human breast cancer
cells. Genes Cancer 2014;5:100-12.
Source of Support: Nil. Conflict of Interest: None declared.

Asian Journal of Pharmaceutics • Jan-Mar 2017 (Suppl) • 11 (1) | S161

