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Abstract. The development and identification of novel poten-
tial targeting sites for intervention therapy are essential in the
search for improved treatment methods for gastric cancer (GC).
Previously, it has been reported that hypoxia inducible
factor-lo. (HIF-10) is a potential target gene involved in the
endogenous hypoxic response and bioenergetic metabolism
of GC cells. In the present study, with the assumption of a
close interplay among HIF-1a, glucose transporter 1 (GLUT1)
and lactate dehydrogenase-5 (LDH-5), 85 patients with GC
were recruited and the protein and gene expression levels of
HIF-1a, GLUTI1 and LDH-5 in tumor tissues were evaluated
in order to assess clinical correlations and co-expression
patterns, using Immunohistochemical staining and reverse
transcription-quantitative polymerase chain reaction. The
results demonstrated that the protein and gene expression levels
of HIF-1a were significantly associated with the depth of inva-
sion, nodal metastasis, clinical stage, differentiation and distant
metastasis. Consistent with the protein expression results,
the mRNA expression levels of the genes coding for GLUT1
and LDH-5 were clearly associated with tumor size, depth of
invasion, distant metastasis, clinical stage and differentiation.
Correlation analysis of HIF-1a with GLUT1 and LDH-5 at the
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protein and mRNA expression levels in gastric carcinoma indi-
cated that HIF-1a expression was positively correlated with the
expression of GLUT1 (P<0.01, r=0.765 for mRNA expression;
P<0.01, r=0.697 for protein expression) and LDH-5 (P<0.01,
r=0.892 for mRNA expression; P<0.01, r=0.783 for protein
expression) at the mRNA and protein levels. Therefore, it may
be concluded that HIF-1a, GLUT1 and LDH-5 are potential
target genes involved in the endogenous tumor response to
hypoxia and the inhibition of tumor energy metabolism, high-
lighting a novel therapeutic target for GC.

Introduction

Gastric cancer (GC) is commonly diagnosed and has been
identified as the leading cause of cancer-associated mortality
in China since 2010; it remains a major clinical challenge due
to the limited treatment options and poor prognosis (1,2). The
occurrence and development of GC are complex processes
involving multiple genes and mechanisms. Numerous studies
have been performed to investigate potential associated
genes, with the aim of identifying the pathogenic mechanisms
involved in GC, which may ultimately aid in improving
diagnostic and treatment methods for the disease (3,4).
Hypoxia, which serves a vital role in carcinogenesis, is able
to induce metabolic reprogramming and alterations associated
with glucose metabolism and glucose transport, angiogen-
esis, invasion and metastasis in malignant cells, facilitating
adaptation to anaerobic conditions by upregulation of target
genes (5,6). Hypoxia not only induces tumor cell mutations,
but also promotes the survival of malignant cell clones via
hypoxia-mediated anti-apoptotic effects, which are associated
with malignant tumor cell invasion, proliferation, and resis-
tance to radiotherapy and chemotherapy (5). Hypoxia-inducible
factor-1 (HIF-1) is a heterodimeric transcription factor
consisting of a (HIF-1a) and B (HIF-1f) subunits (7).
HIF-1 is overexpressed and exhibits enhanced activity in
the hypoxic microenvironment of tumors (8,9). Notably, the
protein expression levels of HIF-1a and the binding activity of
HIF-1p are upregulated during hypoxia. The overexpression
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of HIF-1a has been identified in numerous types of cancer
and precancerous lesions, but not in normal tissues or benign
lesions (10-12). Additionally, HIF-la may contribute to
hypoxia-induced drug resistance, which is a major obstacle in
the development of effective cancer therapy (13). Previously,
clinical studies have revealed a significant association between
the expression levels of HIF-1a and prognosis in GC (14-16).
The role of HIF-1a in the initiation and progression of tumors
has attracted increasing attention.

GC, as is the case for most solid types of cancer, produces
energy via active glycolysis, regardless of whether the condi-
tions are aerobic or anaerobic (17). The increased energy
consumption of tumor cells requires higher levels of glucose
transporters (GLUTs) to be present in the cell membranes
for the transport of glucose. A previous study investigated
the association between glucose transporter 1 (GLUT1) and
various tumor types, and identified that the abnormal expres-
sion of GLUTI1 and other relevant genes may be associated
with the intensive glucose metabolism in malignant cells (18).
Previous studies have demonstrated that the transcription of
GLUT! is enhanced by HIF-1a in other solid types of cancer
under hypoxic conditions (19,20), and glycolysis is enhanced
to compensate for the increased energy demands (21,22).
Therefore, HIF-1o. and GLUT1 may also be associated with
the regulation of certain oncogenes and growth factors in GC.

Lactate dehydrogenase-5 (LDH-5) contains four LDH-M
subunits, and is one of the LDH isoenzymes that catalyze the
transformation of pyruvate to lactate to provide energy under
hypoxia, which may serve an important role in the development
and progression of malignancies, according to the well-known
Warburg effect (23). The role of LDH-5 in GC remains unclear,
although recent studies have revealed certain insights (24,25).
Kolev et al (25) demonstrated that LDH-5 expression in human
GC has a positive correlation with the HIF-1a pathway at the
protein expression level. Additionally, it appears that LDH-5
expression is associated with high tumoral and stromal vascular
endothelial growth factor expression in GC (24).

The development and identification of novel potential
targeting sites for intervention are essential in the search for
enhanced treatments for GC. Effective targeting to GC requires
a considerable understanding of the associated crosstalk and
pathways in cancerous and noncancerous cells. Our group
previously demonstrated that HIF-1a is a potential target gene
involved in the endogenous hypoxic response and bioenergetic
metabolism of GC cells. HIF-1a gene silencing may disturb
cellular energy metabolism and promote the apoptosis of GC
cells (Hao et al, unpublished). Furthermore, GLUT1 and LDH-5
serve key roles in the use of pyruvate for anaerobic energy
acquisition and the predominance of this metabolic pathway
in cancer cells. Given the close interplay among HIF-1a,
GLUT1 and LDH-5, the present study investigated the protein
and gene expression levels of HIF-1a,, GLUT1 and LDH-5 in
patients with GC in order to assess their clinical correlation
and co-expression, with the aim of providing a basis for the
development of diagnostic and treatment methods for GC.

Materials and methods

Patients and samples. A total of 85 patients with GC who
were recruited between March 2015 and September 2015 were
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included in the present study, and were treated at the General
Surgery Department, West China Hospital. All individuals had
a confirmed diagnosis of GC based on histopathological evalu-
ation and underwent partial or total gastrectomy, depending on
the extent of the neoplastic lesions [21 of these 85 patients with
distant metastasis (M1) underwent planned gastrectomy due
to bleeding, obstruction or perforation directly resulting from
GC]. Clinical data describing the patient demographics (age
and sex) and clinical variables (site, size of lesions and disease
duration) were obtained and documented (Table I). The grading
and staging classifications were made according to the 8th
English edition of American Joint Committee on Cancer/Union
for International Cancer Control TNM classifications (26).
A written consent form approved by the Clinical Trials and
Biomedical Ethics Committee of West China Hospital, Sichuan
University, was signed by every patient prior to study initiation.

The tissue specimens collected in the operating room
were prepared and evaluated by an experienced pathologist.
Normal gastric tissues were taken from distant sites from the
margins of the tumors (>5.0 cm) by individually harvesting
samples from presumed noncancerous regions. Hematoxylin
and eosin staining was performed for the histological confir-
mation of noncancerous and cancerous tissues. In brief, tissues
were fixed in 4% paraformaldehyde for 24 h and embedded
in paraffin. Then, tissue blocks were cut into 4-um thick
sections and incubated at 60°C for 4 h. After the removal of
the paraffin, the sections were incubated with hematoxylin for
5 min and with eosin for 1 min, respectively. The slides were
observed under a Zeiss light microscope at x400 magnification
(Carl Zeiss AG). Biopsies from cases were site-matched and
stored at -80°C prior to analysis.

Reagents. Mouse anti-human HIF-1a monoclonal antibody
(cat. no. ab16066), rabbit anti-human GLUT1 polyclonal anti-
body (cat. no. ab15309) and goat anti-human LDH-5 polyclonal
antibody (cat. no. ab240482) were purchased from Abcam.
Horseradish peroxidase (HRP) labeled secondary antibodies
(cat. nos. ZB-2305, ZB-2306 and ZB-5301) were from Origene
Technologies, Inc. An UltraSensitive SP kit, liquid diaminoben-
zidine (DAB) enzyme substrate kit, poly-L-lysine and antigen
retrieval buffer were obtained from Fuzhou Maixin Biotech
Co., Ltd. TRIzol® reagent, a total RNA extraction kit and the
RevertAid™ First Strand cDNA Synthesis kit were purchased
from Invitrogen; Thermo Fisher Scientific, Inc. DNA Marker
(Marker I) was provided by Tiangen Biotech Co., Ltd. All other
chemicals and solvents were of analytical grade.

Immunohistochemical staining. Sections of tumor tissues
(4-um thickness) were deparaffinized and peroxidase was
quenched with methanol and 3% hydrogen peroxide (1:1) for
30 min at 80°C. The sections were immersed in citrate buffer,
followed by microwaving for antigen retrieval (3x5 min). After
neutralization with endogenous peroxidase using 3% H,O, for
5 min at room temperature, sections were preincubated with
5% blocking serum for 1 h and then incubated with primary
antibodies overnight at room temperature (mouse anti-human
HIF-1a monoclonal antibody was diluted to 1:80; rabbit
anti-human GLUT1 polyclonal antibody was diluted to 1:100;
goat anti-human LDH-5 polyclonal antibody was diluted to
1:150). Following washing with 0.01 M PBS (pH=7.4), the
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Table I. Demographic characteristics of patients with gastric
cancer.

Characteristics Number of patients, n (%)
Sample size 85
Median age (range) 52 (33-81)
Age (years)

<50 36 (42.35)

=50 49 (57.65)
Sex

Male 52 (61.18)

Female 33 (38.82)
Tumor size

<3 cm 32 (37.65)

=3 cm 53 (62.35)
Site of lesions

Fundus 28 (32.94)

Body 20 (23.53)

Antrum 37 (43.53)
Lymph node metastasis®

N 26 (30.59)

N, 12 (14.12)

N, 27 (31.76)

N, 20 (23.53)
Degree of tumor infiltration®

T, 10 (11.76)

T, 13 (15.29)

T, 51 (60.00)

T, 11 (12.95)
Clinical stage®

I 11 (12.95)

I 13 (15.29)

I 34 (40.00)

v 27 (31.76)
Histologic grade®

G, 15 (17.65)

G, 29 (34.12)

G; 41 (48.23)

*The classification was made according to the 8th English edition of
American Joint Committee on Cancer/Union for International Cancer
Control TNM classifications (26).

sections were incubated with HRP-labeled secondary anti-
bodies (diluted 1:200) at room temperature for 15 min and
washed in PBS. Finally, the sections were incubated with
streptavidin peroxidase reagent for 15 min at room tempera-
ture and washed in PBS again. The color was developed via
a 15 min incubation with DAB solution and the sections were
weakly counterstained with hematoxylin at room temperature
for 1 min. Normal IgG was substituted for the primary anti-
body as a negative control (equivalent concentration to the
respective test antibody) (11). The slides were observed under a
Zeiss light microscope at x400 magnification (Carl Zeiss AG).

ONCOLOGY LETTERS 18: 1431-1441, 2019

1433

Assessment of HIF-1a, GLUTI and LDH-5 protein expression.
The percentages of GC cells with strong cytoplasmic and
nuclear HIF-1a, GLUT1 and LDH-5 expression were assessed
following inspection of each entire section. Blinded scoring
of the specimens was performed using a Zeiss microscope
(Zeiss AG) by three independent evaluators. In each x200
magnification optical field the percentage was recorded and the
final score for each case was the mean value, and the blinding
was removed when all scoring had been completed. Tumors
were semi-quantitatively scored using a three-point system
(score 0-3) according to the intensity and extent of staining.

HIF-1a expression in GC cells was assessed as score 0
(no positive or <1% of cell nuclei positive), score 1 (1-10% of
cell nuclei positive), score 2 (11-50% of cell nuclei positive)
and score 3 (>50% of cell nuclei positive), as previously
described (27).

Cellular GLUT!1 expression was considered positive only
if distinct membrane staining was present. Cytoplasmic-only
stained cells were not designated as positive. GLUT1 expression
in GC cells was classified as score 0 (no positive cells), score 1
(<10% of cells positive), score 2 (11-50% of cells positive) and
score 3 (51-100% of cells positive), as described previously (28).

LDH-5 expression in GC cells was graded as score 0
(negative or weak staining in <50% of the optical fields), score 1
(weak staining in 60-100% of the optical fields), score 2 (strong
staining in <50% of the optical fields) and score 3 (strong staining
in 60-100% of the optical fields), as described previously (29).

Reverse transcription-quantitative PCR (RT-qgPCR). Tissues
stored at -80°C were placed in a liquid nitrogen pre-cooled
mortar. Following homogenization with liquid nitrogen, the
total RNA of the tissues was isolated using the TRIzol®one-step
extraction method at 4°C and cDNA was synthesized using the
RevertAid™ first strand cDNA synthesis kit and followed by
the PCR condition protocol from Bio-Rad Laboratories, Inc.
The reaction mixture was incubated at 20°C for 10 min, 42°C
for 60 min then at 70°C for 10 min. After centrifugation at
4°C for 10 min, the cDNA was obtained and stored at -20°C.
The primers and probes were designed using Primer-BLAST
(www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table II) and
synthesized by Sangon Biotech Co., Ltd. The B-actin gene
was used as the internal control. The amplification reaction
of the target genes, including HIF-1a, GLUT1 and LDH-M
(LDH-5 contains four LDH-M subunits), was performed in
a 30-ul volume containing 3 ul 10X buffer (Mg** free), 3 ul
MgCl, (25 mM), 0.36 ul ANTP (25 mM), 2 ul respective
primers, 1 ul probe with a FAM (10 uM), 5 ul cDNAs and
0.3 pl Taq DNA polymerase (5 U/ul). The RT-qPCR reaction
was conducted under the following conditions: Denaturation
for 3 min at 95°C, followed by 33 cycles of 30 sec at 95°C,
annealing for 35 sec at 61.4°C and extension for 1 min at 72°C.
All PCR results contained amplification products obtained in
the linear range of amplification. Relative mRNA quantifica-
tion was performed using the *Cq method. Relative expression
ratios (R) were recalculated using the following equation (30):
R:(E!arget)ACP target(control-sample)/(Ereference)ACP ref(control-sample)

Where E represents the corresponding real-time PCR

efficiency of one cycle in the exponential phase which was
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Table II. Sequences of primers and probes for the determination of HIF-1a, GLUT1 and LDH-M gene expression.

Target gene

Sequence (5'-3")

Length (bp)

HIF-1a (245 bp)

Forward CTGACCCTGCACTCAATCAA 20

Reverse CTTTGCTTCTGTGTCTTCAGCA 22

Probe FAM-CACCTGAGCCTAATAGTCCCAG 22
GLUT1 (126 bp)

Forward GGCATCAACGCTGTCTTCTAT 21

Reverse CACAAACAGCGACACGACAGT 21

Probe FAM-CAGCAGCCTGTGTATGCCACCA 22
LDH-M (195 bp)

Forward CCAGCGTAACGTGAACATCTT 21

Reverse CCCATTAGGTAACGGAATCG 20

Probe FAM-CTTGACCTACGTGGCTTGGAAGA 23
[-actin (114 bp)

Forward GCCAACACAGTGCTGTCT 18

Reverse AGGAGCAATGATCTTGATCTT 21

Probe FAM-ATCTCCTTCTGCATCCTGTC-TAMRA 20

GLUT]1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH-M, lactate dehydrogenase M.

calculated according to the equation E=10[-1/slope]; CP is
defined as the point at which the fluorescence rises appre-
ciably above the background fluorescence; E,,,., is the gPCR
efficiency of the target gene transcript; E, ence 1S the qPCR
efficiency of the reference gene transcript; *CP,,,, is the CP
deviation of the control-sample of the target gene transcript;
and 2CP, . erence 18 the CP deviation of control-sample of the
reference gene transcript.

Statistical analysis. Statistical analysis was performed using
SPSS version 14.0 software (SPSS, Inc.). The y%? test and
Fisher's exact test were used to assess the associations between
categorical tumor variables, as appropriate. Spearman's rank
correlation was used to test the associations between contin-
uous variables. Gene expression in GC and normal tissues
was analyzed using the Relative Expression Software Tool
(REST, version 2009) (31). RT-qPCR experiments for each
sample were repeated at least twice. The data were presented
as mean + standard deviation. All P-values were two-sided and
P<0.05 was considered to indicate a statistically significant
difference.

Results

HIF-1a expression in GC. HIF-1a expression was semi-quan-
titatively examined using immunohistochemical staining.
Generally, the staining was evident at the edges of the tumor
invasion and necrotic areas, whereas the staining in the normal
gastric mucosa was negative (Fig. 1A-D). The staining was
primarily nucleoplasmic and partly cytoplasmic, and the
extent of staining also varied appreciably among sections.
Tumors with scores of 0-1 were considered to have negative
reactivity, while tumors with scores of 2-3 were considered to
exhibit HIF-1a reactivity. A total of 56/85 cancerous tissues

(65.88%) exhibited HIF-1a positive reactivity using these
criteria (Table III), indicating that HIF-1la expression was
significantly associated with tumor invasion (P<0.01), lymph
node metastasis (P<0.05), clinical stage (P<0.01), degree of
differentiation (P<0.01) and distant metastasis (P<0.01), but
not with age, sex, tumor location or tumor size (Table IV).

GLUTI expression in GC. The majority of cancerous cells
exhibited distinct membrane staining for GLUT1, while cyto-
plasmic staining was occasionally observed (Fig. 1E and F).
Normal gastric mucosa exhibited non-staining with
anti-GLUT1. Tumors with scores 0-1 were considered to exhibit
negative reactivity, while tumors with scores 2-3 were consid-
ered to exhibit GLUTI reactivity. The results demonstrated
that 61/85 cancerous tissues (71.76%) were GLUT1-positive
(Table III). The protein expression levels of GLUT1 were
clearly associated with tumor size (P<0.05), depth of invasion
(P<0.01), distant metastasis (P<0.05), clinical stage (P<0.01)
and differentiation (P<0.05), but not with age, sex, tumor loca-
tion or nodal metastasis (Table IV).

LDH-5 expression in GC. Cytoplasmic expression of LDH-5
was strong and universal, while nucleoplasmic staining was an
infrequent observation. In addition, nucleoplasmic expression
was always accompanied by strong staining in the cytoplasm.
The paracancerous tissues were occasionally weakly posi-
tive (Fig. 1G and H). There was no staining in the normal
tissues. Tumors with scores of 0-1 were designated as having
negative LDH-5 reactivity, and tumors with scores of 2-3
were considered to exhibit positive reactivity. A total of 65/85
cancerous tissues (76.47%) were LDH-5-positive (Table III).
Consistent with GLUT]1, the expression levels of LDH-5
protein were also associated with tumor size (P<0.05), depth
of invasion (P<0.01), distant metastasis (P<0.05), clinical stage
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Figure 1. Immunohistochemical staining for the determination of HIF-1a, GLUTI and LDH-5 protein expression. (A) Non-staining normal gastric tissue
and (B) gastric tumor tissue with negative staining. (C and D) Tumor cells exhibited strong HIF-1a reactivity. The staining was obvious at the edge of the
tumor infiltration and necrotic areas, whereas the normal gastric tissue (A) had negative staining. (E and F) The cellular membranes were strong reactive
with GLUT1 while cytoplasmic staining was an occasional finding. (G and H) Cytoplasmic expression of LDH-5 was strong and universal and nucleoplasmic
staining was an infrequent observation. (C, E and G) revealed well-differentiated adenocarcinoma of the stomach. (D, F and H) revealed poorly differentiated

adenocarcinoma of the stomach. Magnification x400.

(P<0.01) and differentiation (P<0.05), but not with age, sex,
tumor location or nodal metastasis (Table IV).

Correlation of HIF-1a expression to GLUTI and LDH-5.
Details of the correlations among HIF-1a expression and
GLUTI1 and LDH-5 are presented in Table V. Out of 61
cancerous tissues with GLUT1 expression, 45 cancerous
tissues (73.77%) exhibited HIF-1a expression, while 11/24
cancerous tissues (45.83%) with negative expression of GLUT1
exhibited HIF-1a expression (P<0.05). Correlation analysis
of GLUT1 expression with HIF-1a expression revealed a
significant association (P<0.01, r=0.697). Additionally, the
expression of LDH-5 in the tumor tissues was observed in

47/65 cancerous tissues (72.31%) exhibiting HIF-1a expression,
whereas 9/20 cancerous tissues (45.00%) with no expression
of GLUT1 exhibited HIF-1a expression (P<0.05). Therefore,
LDH-5 expression was significantly correlated with HIF-1a
expression (P<0.01, r=0.783).

HIF-1a, GLUTI and LDH-M gene expression in GC.RT-qPCR
analysis was performed for the determination of mRNA
expression levels of HIF-1a, GLUT1 and LDH-M in cancerous
and noncancerous tissues, with (3-actin as a reference. As a
standard practice, R of target genes was expressed as levels in
samples compared with those in controls and normalized to the
reference gene. R values >1 represented upregulated expression
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Table III. HIF-1a, GLUT1 and LDH-5 expression in normal stomach and gastric cancer tissues.

HIF-1a GLUT1 LDH-5
(+) ) (+) ) (+) )
Specimen Number, n ¥’=83.509 P<0.01 %?=95.138 P<0.01 v’=105.238 P<0.01
Cancerous tissues 85 56 29 61 24 65 20
Normal tissues 85 0 85 0 85 0 85

GLUT]1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH-5, lactate dehydrogenase-5.

Table I'V. Associations of the expression levels of HIF-1a, GLUT1 and LDH-5 with clinical and pathological parameters.

HIF-1a expression GLUTI expression LDH-5 expression
Variable Number, n (n=85) + (n=56) - (n=29) + (n=61) - (n=24) + (n=65) - (n=20)
Sex ¥’=0.349 P>0.05 v’=0.692 P>0.05 ¥’=0.015 P>0.05
Male 52 33 19 39 13 40 12
Female 33 23 10 22 11 25 8
Age (years) %?=0.353 P>0.05 v*=0.006 P>0.05 ¥’=0.075 P>0.05
<50 36 25 11 26 10 27 9
>50 49 31 18 35 14 38 11
Tumor location y*=1419 P>0.05 v’=4.361 P>0.05 x=1.217 P>0.05
Upper 28 19 9 20 8 20 8
Middle 20 11 9 11 9 17 3
Lower 37 26 11 30 7 28 9
Tumor diameter (cm) ¥’=0.967 P>005  %*=6.096  P<0.05 ¥’=5.567 P<0.05
<3 32 19 13 18 14 20 12
>3 53 37 16 43 10 45 8
Degree of Differentiation v=11.149  P<0.01 ¥’=6209  P<0.05 ¥’=6.272 P<0.05
Well 15 5 10 7 8 8 7
Moderate 29 18 11 21 8 22 7
Poor 41 33 8 33 8 35 6
Tumor invasion? v*=10.040 P<0.01 v’=8.918 P<0.01 ¥’=10.345 P<0.01
T,+T, 23 9 14 11 12 12 11
T+ T, 62 47 15 50 12 53 9
Lymph node metastasis® ¥’=4.204 P<005 %*=1933 P>0.05 ¥?=1.091 P>0.05
NO 26 13 13 16 10 18 8
N, +N,+N; 59 43 16 45 14 47 12
Distant metastasis® ¥?=7.505 P<0.01 v’=4.819 P<0.05 ¥?=4.162 P<0.05
M, 64 37 27 42 22 45 19
M, 21 19 2 19 2 20 1
Clinical stage® ¥’=8.725 P<0.01 ¥’=7.818 P<0.01 %*=9.246 P<0.01
I+I1 24 10 14 12 12 13 11
I+1v 61 46 15 49 12 52 9

*The classification was made according to the 8th English edition of American Joint Committee on Cancer/Union for International Cancer
Control TNM classifications (26). GLUT1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH-5, lactate dehydrogenase 5.
GLUT1, glucose transporter; HIF-1a, hypoxia inducible factor 1a; LDH-5, lactate dehydrogenase 5.

of the target genes. Upregulated expression of HIF-1a, GLUT1  78.82 (67/85) and 81.18% (69/85) of cancerous tissue samples,
and LDH-M transcripts was confirmed in 72.94 (62/85), respectively. The statistical significance of the differences in
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Table V. Correlations of HIF-1a expression with expression levels of GLUT1 and LDH-5 in gastric cancer.
Spearman's
HIF-1a ¥’ test rank correlation
Number, n
Marker n=85 + (n=56) - (n=29) Positive ratio (%) ¥ P-value r P-value
GLUT1 (+) 61 45 16 73.77 5.981 P<0.05 0.697 P<0.01
GLUTI1 (-) 24 11 13 45.83
LDH-5 (+) 65 47 18 72.31 5074 P<0.05 0.783 P<0.01
LDH-5 (-) 20 9 11 45.00

GLUT1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH-5, lactate dehydrogenase-5.

mRNA expression levels was analyzed using REST. mRNA
expression levels of HIF-1a, GLUT1 and LDH-M in GC were
significantly higher compared with those in normal gastric
tissues, with P-values of 0.003, 0.014 and 0.008, respectively.

The expression levels of HIF-1a, GLUT1 and LDH-M
transcripts with respect to relevant clinical and pathological
parameters in patients with GC are presented in Table VI.
Consistent with the protein expression data, the mRNA expres-
sion levels of HIF-1a were significantly associated with depth
of invasion, nodal metastasis, clinical stage, differentiation
and distant metastasis, and not with age, sex, tumor location
or tumor size. GLUT1 mRNA expression was associated with
tumor size, depth of invasion, distant metastasis, clinical stage
and differentiation, but not with age, gender, tumor location
or nodal metastasis, which was consistent with the protein
expression pattern of GLUT1. The same trends were observed
for the mRNA expression levels of LDH-M.

Correlations of individual protein and mRNA expression
levels. The present study compared the protein expression levels
of HIF-1a, GLUT1 and LDH-5 with their associated mRNA
expression levels in 85 GC samples (Table VII). The Spearman
correlation coefficients of HIF-1a, GLUT1 and LDH-5 and
their associated mRNAs were 0.648, 0.664 and 0.713, respec-
tively, indicating statistically significant correlations among the
expression levels of proteins and mRNAs (P<0.01).

Correlation of HIF-1o gene expression with GLUTI and
LDH-M gene expression levels. The R values of HIF-1a,
GLUTI1 and LDH-M gene expression and the results of the
statistical analysis are summarized in Table VIII. Out of 67
cancerous tissues with GLUT1 gene upregulation, 54 cancerous
tissues (80.60%) exhibited HIF-1a gene upregulation, while
8/18 cancerous tissues (44.44%) with downregulated expres-
sion of GLUT1 exhibited HIF-1a gene upregulation (P<0.01).
A significant correlation was observed between GLUTI1 and
HIF-1la mRNA expression levels (P<0.01, r=0.765). In addi-
tion, upregulated expression levels of the LDH-M gene in
the tumor tissues were observed in 56/69 cancerous tissues
(81.16%) exhibiting HIF-1a gene upregulation, whereas 6/16
cancerous tissues (37.50%) with downregulated expression of
LDH-M exhibited upregulated expression of HIF-1a (P<0.05).
Correlation analysis of LDH-M with HIF-loa mRNA expres-
sion levels revealed a significant association (P<0.01, r=0.892).

Discussion

Associations among HIF expression and tumor properties
have become a topic of interest in oncology research (6,32).
Notably, a trend between rapid tumor proliferation and metas-
tasis and positive HIF-1a expression in cancer cells has been
identified (33). Additionally, certain studies have demonstrated
that HIF-1a. may be a predictive marker of a high recurrence
risk in patients with Dukes B colorectal cancer, as high-level
expression of HIF-1a is strongly associated with invasive
subtypes (21,34,35). Furthermore, elevated expression levels
of HIF-1a are considered to be a response of tumor cells to
hypoxia, and may be one of the factors that induce glycolysis
during hypoxia (36).

In the present study, high protein expression levels of
HIF-1a in GC samples with a positive ratio of 65.88% were
revealed by immunohistochemical staining. The staining
was marked at the edge of the tumor invasion and necrotic
areas, particularly with larger or deeply invasive tumors, far
from interstitial blood vessels with poor oxygen supplementa-
tion and nutritional intake. The positively-stained cells were
observed in the nucleoplasmic and cytoplasmic areas, since
HIF-1a is synthesized in the cytoplasm and transferred to the
nucleus, followed by binding to HIF-1p for activation (37).
Additionally, Jung et al (38) demonstrated that HIF-1a was
overexpressed in GC at the protein expression level with a ratio
of 52.3%, but not in normal gastric tissues. Furthermore, in
the present study, the protein expression data were consistent
with the mRNA expression levels of HIF-1a in GC samples.
However, there was no positive response in certain cases. The
reason for this may be that hypoxia-induced apoptosis was
increased while hypoxia-induced adaptation was restricted in
patients, reducing the proliferation of tumor cells. This may
also explain the improved prognosis of patients with negative
HIF-1a expression.

HIF-1a is able to upregulate glucose-associated receptors,
including GLUT1, GLUT4 and GLUTS in the cell membrane,
in addition to the expression of key enzyme genes, in order
to facilitate the intake and metabolism of glucose in tumor
cells, and even to biosynthesize nutrients for the prolif-
eration and differentiation of tumor cells via the glycolysis
pathway (39,40). In a rapidly growing tumor tissue, the
hypoxic cells tend to consume more glucose to satisfy their
energy requirements as a consequence of enhanced glycolytic
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Table VI. Associations of the gene expression levels of HIF-1a, GLUT1 and LDH-5 with clinical and pathological parameters.

HIF-1o. mRNA GLUT1 mRNA LDH-5 mRNA
Variable Number, n (n=85) R>1 (n=62) R=<l (n=23) R>1 (n=67) R=<1 (n=18) R>1 (n=69) R<l1 (n=16)
Sex ¥’=0.217 P>0.05 ¥’=0.304 P>0.05 v*=0.201 P>0.05
Male 52 37 15 42 10 43 9
Female 33 25 8 25 8 26 7
Age (years) ¥’=0.134 P>0.05 ¥’=0.547 P>0.05 v’=0.016 P>0.05
<50 36 27 9 27 9 29 7
>50 49 35 14 40 9 40 9
Tumor location v’=2.311 P>0.05 ¥’=3.592 P>0.05 v’=1.718 P>0.05
Upper 28 21 7 22 6 21 7
Middle 20 12 8 13 7 18 2
Lower 37 29 8 32 5 30 7
Tumor diameter (cm) ¥?=0.030 P>0.05 ¥’=8.192 P<0.01 ¥’=5.186 P<0.05
<3 32 23 9 20 12 22 10
>3 53 39 14 47 6 47 6
Degree of differentiation ¥’=8.686 P<0.05 ¥?=7.824 P<0.05 v’=6.674 P<0.05
Well 15 7 8 8 7 9 6
Moderate 29 20 9 23 6 23 6
Poor 41 35 6 36 5 37 4
Tumor invasion® ¥?=4.307 P<0.05 ¥?=4.704 P<0.05 ¥’=6.785 P<0.01
T,+T, 23 13 10 14 9 14 9
T, 62 49 13 53 9 55 7
Lymph node metastasis® =441 P<0.05 ¥?=2.065 P>0.05 ¥?=0.935 P>0.05
N, 26 15 11 18 8 19 7
N +N,+N, 59 47 12 49 10 50 9
Distant metastasis® ¥?=7.025 P<0.01 ¥?=5.903 P<0.05 v’=4.935 P<0.05
M, 64 42 22 46 18 48 16
M, 21 20 1 21 0 21 0
Clinical stage® ¥}=5.972 P<0.05 ¥?=8.412 P<0.01 $’=6.626 P<0.05
1+ 24 13 11 14 10 15 9
MI+IV 61 49 12 53 8 54 7

*The classification was made according to the 8th English edition of American Joint Committee on Cancer/Union for International Cancer
Control TNM classifications (26). GLUT1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH-5, lactate dehydrogenase-5;

R, relative expression ratio.

flux and accumulation of pyruvate (40). Consistent with the
studies by Kawamura et al (41) and Jung et al (38), the results
of the present study suggested that GLUT]1 is essential for the
tumorigenesis, progression, invasion and metastasis of GC.
From the perspective of glycolytic flux control analysis, it has
been demonstrated that GLUT and key glycolytic enzymes
provide the ideal targeting sites for therapeutic intervention
at the level of energy metabolism in hypoxic and glycolytic
tumors (42).

LDH-5 is the most important enzyme for promoting
anaerobic glycolysis via transformation of pyruvate to lactate,
and the upregulation of LDH-5 in cancerous cells guarantees a
predominant glycolytic metabolism that reduces tumor depen-
dence in the presence of oxygen (25). The clinical importance

of high LDH-5 expression in tumors has attracted extensive
attention and thorough investigation (25,43,44). The correla-
tion of a high LDH-5 level with aggressive forms of several
different tumor types have been observed (23-25,27). Notably,
HIF-1a upregulates LDH-5 expression favoring enhanced
glycolytic flux (42). Under hypoxia, lactate, as the end product
of anaerobic glycolysis catalyzed by lactate dehydrogenase
enzyme, is released to acidify the cellular matrix, which may
further trigger aggressive behavior. In accordance with the
study of Kolev et al (25), the present study demonstrated that
cytoplasmic expression of LDH-5 was strong and universal,
with a positive ratio of 76.47% (65/85 cases), while nucleo-
plasmic staining was an infrequent observation. The results
demonstrated that LDH-M mRNA and LDH-5 protein were
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Table VII. Correlations of protein expression levels with mRNA expression in gastric cancer (n=85).

Spearman's rank

Protein Gene correlation
Protein/Gene name Positive Negative R>1 R=<l1 r P-value
HIF-1a 56 29 62 23 0.648 <0.01
GLUTI 61 24 67 18 0.664 <0.01
LDH-5/LDH-M 65 20 69 16 0.713 <0.01

GLUT1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH, lactate dehydrogenase; R, relative expression ratio.

Table VIII. Correlations of HIF-1a mRNA expression with GLUT1 and LDH-M mRNA expression in gastric cancer.

Spearman's
HIF-1a. mRNA ¥’ test rank correlation
Marker Number, n (n=85) R>1(n=62) R<1 (n=23) Upregulation ratio, % ¥ P-value r P-value
GLUTI1 R>1 67 54 13 80.60 7.653 <001 0.765 <001
GLUTI1 R=<1 18 8 10 44 .44
LDH-M R>1 69 56 13 81.16 10.43 <001 0.892 <001
LDH-M Rx<l1 16 6 10 37.50

GLUT]1, glucose transporter; HIF-1a, hypoxia inducible factor-1a; LDH, lactate dehydrogenase; R, relative expression ratio.

specifically upregulated in GC, indicating the induction of
energy metabolism in tumor cells via the glycolysis pathway,
which confers a dominant proliferation during cancer evolu-
tion. At early stages in carcinogenesis, LDH-5 may represent a
promising target for cancer treatment.

At present, limited data are available regarding the linkage
of HIF-1a with GLUT-1 and LDH-5 co-expression to bioen-
ergetic metabolism in GC. In the present study, correlation
analysis of HIF-1a with GLUT1 and LDH-5 protein and gene
expression levels in GC indicated that HIF-1a expression was
positively correlated with the mRNA and protein expression
levels of GLUT1 and LDH-5 (LDH-M). GLUT1 and LDH-M
(LDH-5), as downstream target genes, are upregulated by
HIF-1a, increasing the transmembrane transport of glucose,
promoting the conversion of pyruvate to lactate and enhancing
the activity of the LDH isoenzyme (45). The increased glycol-
ysis in proliferating cells results in high expression levels of
a number of glycolytic enzymes, which serve an important
role in the energy metabolism of tumor cells. HIF-1 upregu-
lates glucose transporters and glycolysis enzymes in tumors,
directing tumors toward anaerobic glycolysis in hypoxic
conditions. Due to genetic mutations in protein-coding and
tumor suppressor genes causing structural alterations in HIF-1,
tumor cells preferentially convert pyruvate into lactate even
under conditions of sufficient oxygen (46). Additionally, the
metabolic switch from oxidative phosphorylation to glycolysis
in tumor cells is able to reduce the formation of oxygen free
radicals during the destruction of DNA to facilitate prolifera-
tion. The enhanced structural regulation of glycolysis and the
formation of the acidic tumor microenvironment serve key

roles in invasive tumor growth. Upregulation of glycolysis
leads to microenvironmental acidosis, requiring tumor cells
to evolve phenotypes resistant to acid-induced cell toxicity.
Subsequent cell populations with acid resistance and upregu-
lated glycolysis have a powerful growth advantage, promoting
unconstrained proliferation and invasion (47). However, the
present study had several limitations. The use of immunohis-
tochemistry for the evaluation of protein expression levels is
not always sufficient to reflect protein structure and function-
ality. Immunofluorescence staining and other methods should
be performed in future studies. Nonetheless, a strength of the
present study was that HIF-1a, GLUT1 and LDH-5 expres-
sions were examined at the protein and gene levels to examine
their correlations.

In conclusion, the results of the present study provided
evidence for a possible key role of the HIF-1a,, GLUTI1 and
LDH-5 pathway in the occurrence, development, metastasis
and poor prognosis of gastric tumors. These proteins may be
used as markers for the diagnosis and prognosis of GC. HIF-1a,
GLUT1 and LDH-5 are capable of acting as an important refer-
ence for the evaluation of hypoxia in GC prior to and following
treatment. Additionally, the results of the present study
suggested that HIF-1a,, GLUT1 and LDH-5 may be potential
target genes involved in the endogenous tumor response to
hypoxia and the inhibition of tumor energy metabolism, and
thus highlighted novel therapeutic targets for GC.
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