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Abstract

Background Hypoxia is a common feature of rapidly
growing solid tumors. Therefore, cellular adaptation to
hypoxia and altered glucose metabolism are fundamental to
the biology of cancer cells. Hypoxia-inducible factor-1o (HIF-
1) is a transcription factor for more than 60 genes recognized
to control the delivery of oxygen and nutrients through the
induction of angiogenesis and glycolysis under hypoxic con-
ditions. Therefore, inhibition of the expression of HIF-1¢ can
be expected to be potentially tumor-specific molecular target-
based therapy. In this study, we evaluated the significance of
HIF-1a expression in relationship to clinicopathological fac-
tors, prognosis, vascular endothelial growth factor (VEGF)
expression, and microvessel density (MVD).

Methods Paraffin-embedded tumor specimens from 128
patients who underwent gastrectomy at Kurume University
from 2004 to 2005 were used to assess the clinical sig-
nificance of HIF-1o expression. We used the ABC method
to perform an immunohistochemical analysis of the HIF-1a
and VEGF expression.

Results  Eighty-four (65.6%) of gastric cancer specimens
were positive for HIF-1o expression. Multivariate analysis
showed that histology, depth of invasion, VEGF expres-
sion, and MVD were significantly associated with HIF-1«
expression. On relapse-free and overall survival curves, the
HIF-1a-negative group was significantly higher than the
HIF-1a-positive group. Moreover, HIF-1a(+)/VEGF(+)
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patients had the worst prognosis. HIF-1a expression was
identified as a significant predictor of relapse-free survival
and overall survival by multivariate Cox’s proportional
hazard analyses.

Conclusion Overexpression of HIF-1o was found to be an
indicator of poor prognosis for patients with gastric cancer
and was significantly correlated with histology, depth of
invasion, VEGF, and MVD.

Keywords HIF-1a - VEGF - Gastric cancer -
Clinicopathological factors

Introduction

Gastric cancer is the second leading cause of cancer-related
death in Japan [1]. Curative resection remains the only
treatment associated with improvement in 5-year survival
rates, but prognosis depends on the extent of lymph node
(LN) metastasis and dissemination [2]. Therefore, a better
understanding of the molecular mechanisms governing
local invasion and systemic spread of gastric cancer is
needed to design and evaluate new therapeutic strategies
for this fatal disease [3].

Hypoxia is a common feature of rapidly growing solid
tumors, because oxygen is only able to diffuse
100-180 pm from the blood capillaries to cells [4—-10].
When tumors grow larger, oxygen and nutrition must be
delivered by newly generated vessels. Therefore, cellular
adaptation to hypoxia and altered glucose metabolism are
fundamental to the biology of cancer cells. Angiogenesis is
essential for tumor growth and metastasis. Tumor neovas-
cularization depends on the production of specific angio-
genic factors. Vascular endothelial growth factor (VEGF)
is one of the major factors that contribute to angiogenesis
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and metastasis in numerous tumor types, and VEGF
overexpression has been associated with tumor progression
and poor prognosis [7, 8, 11-13].

Hypoxia-inducible factor-1o (HIF-1a) is a transcription
factor for more than 60 genes recognized to control the
delivery of oxygen and nutrients through the induction of
angiogenesis and glycolysis under hypoxic conditions
[2, 14-17]. HIF-1a activates the transcription of VEGF,
and the expression of glucose transporters (GLUT-1),
glycolytic enzymes, and growth factors, which may pro-
mote tumor cell survival under hypoxic conditions [17-19].

HIF-1o plays a critical role in angiogenesis during vas-
cular development. HIF-1 is a heterodimer composed of
HIF- 1o and HIF-1§ subunits; HIF-10 is the oxygen-regulated
subunit that determines HIF-1 activity [7]. Under normoxic
conditions, HIF-1« is unstable. The instability is regulated, in
part, by binding to the von Hippel-Lindau tumor suppressor
protein. This binding occurs after hydroxylation of the two
HIF-1a proline residues by HIF-prolyl hydroxylases. The
von Hippel-Lindau protein is one of the components of the
multiprotein ubiquitin-E3-ligase complex. HIF-1« is degra-
ded by the ubiquitin-dependent proteasome pathway [20].
However, under hypoxic conditions, proline hydroxylation is
inhibited, allowing HIF-1a to become stable. The stabilized
HIF-10 dimerizes with HIF-1p, translocates from the cyto-
plasm into the nucleus, and binds to hypoxia-responsive
elements (HRE) within the nucleus. Its target genes then
promote cell proliferation and viability, angiogenesis, and
also metabolic adaptations to hypoxia [6, 21-24].

HIF-1« is a primary determinant of HIF activity. HIF-1o
overexpression has been studied in several cancers, such as
brain, bladder, breast, lung, esophagus, colon, ovary, pan-
creas, kidney, and prostate cancer [15, 25-31]. These
results revealed that HIF-1« is related to the prognosis in
these cancers. Therefore, inhibition in the expression of
HIF-1a will be expected to be a tumor-specific molecular
target-based therapy. So far, few studies have investigated
the correlation between HIF-1a and gastric cancer. In this
study, immunohistochemical analysis was used to investi-
gate HIF-1a protein and VEGF protein expression. We
hypothesized that HIF-1a expression would be correlated
with clinicopathological factors, VEGF expression, and
microvessel density (MVD) expressed as the mean count of
CD34-immunostained vessels, and that this correlation
would predict recurrence and overall survival.

Materials and methods
Patients

Samples of gastric cancer were taken from the resected
stomach of 128 patients who underwent gastrectomy for
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gastric carcinoma at the Kurume University Hospital
between 2004 and 2005, excluding mucosal cancer, mul-
tiple primary cancer, multiple gastric cancer, remnant
cancer, and remnant cancer after endoscopic submucosal
dissection (ESD). All patients were diagnosed histologi-
cally according to the General Rules for Japanese Classi-
fication of Gastric Carcinoma of the Japanese Gastric
Cancer Association (14th edition) [32]. None of the
patients had received any preoperative treatment. Samples
were obtained from the central zone of the cancer lesion
and preserved by formalin fixation, embedded in paraffin,
and stained with hematoxylin and eosin for histological
examination. The paraffin blocks were stored until required
for immunohistochemistry of HIF-1o and VEGF.

Immunohistochemistry

Paraffin-embedded tissues were subjected to immunohis-
tochemical analysis performed by the avidin—biotin—per-
oxidase complex method (Vectastain ABC Kit; Vector,
Burlingame, CA, USA). For immunohistochemistry of HIF-
loo and VEGF, paraffin sections were deparaffinized in
xylene and rehydrated through graded ethanol solutions. For
HIF-1o antigen retrieval, sections were then irradiated by a
domestic microwave oven at 99°C in 10 mM citrate buffer
(pH 9.0) for 30 min, and cooled to room temperature. After
microwave irradiation, the slides were washed with phos-
phate-buffered saline (PBS), treated with 0.3% hydrogen
peroxide in methanol for 30 min to block endogenous per-
oxidase, and then incubated with the primary antibody in a
humidified chamber at 4°C overnight. As the primary anti-
body, the rabbit polyclonal antibody H206 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for HIF-1¢, diluted
at 1:200, and the rabbit polyclonal antibody A-20 (Santa
Cruz Biotechnology) for VEGF, diluted at 1:200, were used.
Sections were washed three times with PBS, then incubated
with biotinylated horse anti-mouse/anti-rabbit immuno-
globulin G antibody for 30 min, washed again three times
with PBS, and then incubated with avidin-biotinylated
peroxidase complex for 30 min. After three additional
washings with PBS, staining was developed by incubating
the sections in 3-amino-9-ethylcarbazole (Vector) for
10 min. The sections were then counterstained with hema-
toxylin and mounted. For evaluation of HIF-1« expression,
five fields were selected randomly and a total of more than
1,000 tumor cells were counted microscopically under high
magnification (400x). The HIF-la expression through
nuclear staining of positive cells was predominant at the
invading edge of the tumor margin and at the periphery of
necrotic regions within tumors. The HIF-1o expression was
defined as positive if nuclear staining was observed in >5%
of the tumor cells. Concomitant cytoplasmic staining was
not counted because HIF-1« in the nucleus determines the
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Fig. 1 Immunoreactivity for hypoxia-inducible factor-1 alpha (HIF-
la) is mainly identified as positive staining in the nucleus of cancer
cells (a, b); for vascular endothelial growth factor (VEGF), immu-
noreactivity is mainly identified as supranuclear staining or diffuse

functional activity of the HIF-1o complex (Fig. 1a, b) [3]. In
regard to overall survival curve, the HIF-1o expression was
classified as one of four categories, depending on the per-
centage of tumor cells stained: — (0-5%), 14 (5-10%), 2+
(10-15%), 34 (>15%). The VEGF expression was defined
as positive if cytoplasmic staining was observed in >10% of
the tumor cells (Fig. 1c, d). The ChemMate Envision
method was used for CD34. Endogenous peroxidase activity
was inhibited by incubating slides in 3% H,O, for 5 min.

staining in the cytoplasm of cancer cells (¢, d); and for CD34,
immunoreactivity is recognized in the endothelium of microvessels
(e). a, ¢, e x100; b, d x200

CD34 antigen retrieval was performed by treating with
proteinase K for 5 min. Each slide was incubated for 30 min
with the antibody at room temperature (Novocastra, New-
castle, UK for CD34, diluted at 1:200). For staining detec-
tion, the ChemMate Envision method was used with DAB
as chromogen (Fig. le). We extracted the digital data of
expression using the following image analysis system.
CD34-stained specimens were examined to identify the
areas with high density. Expression analysis was performed
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to measure the five expression areas of MVD in all cases,
using ‘Win ROOF’ (version 5.7; Mitani, Osaka, Japan)
computer software. The digitized data of the expression area
were measured and averaged. MVD was classified as either
<1,200 or >1,200/um?.

Statistical analysis

Differences in expression rate and association with clinical
characteristics were compared by Fisher’s exact test or the
chi-square test. Significant factors were extracted for fur-
ther analysis, carried out using multivariate analysis with a
logistic regression method. Moreover, Pearson’s correla-
tion coefficient was used to examine the correlation of
positive rate between HIF-loo expression and VEGF
expression. The relapse free-survival (the time of surgical
resection to the time of recurrence) and the overall survival
(the time of surgical resection to patient death) rates were
calculated using the Kaplan—-Meier method. Univariate
analysis of factors thought to influence the relapse-free
survival and overall survival was carried out using the log-
rank test. The Cox proportional hazards model was used in
the multivariate analysis of the factors that were deter-
mined to be significant for relapse-free survival and overall
survival by univariate analysis. The statistical analyses
were performed using a statistical analysis computer pro-
gram (JUMP 8; SAS Institute, Cary, NC, USA). For all
analyses, statistical significance was defined as P < 0.05.

Results
Patients

A total of 128 patients were included in this study; 91
patients were men, and 37 were women. Mean age was
67.3 years, with age ranging from 39 to 85 years. Curative
resections were performed in 100 patients (78.1%), and
noncurative resection was performed in the other 28
(21.9%). On histological differentiation, 53 cases were
differentiated type (41.4%) and 76 cases were undifferen-
tiated type (58.6%). Concerning tumor size, 68 (53.1%)
were 6 cm or larger; 62 patients (48.4%) had LN metas-
tasis, and 15 patients (11.7%) had peritoneal metastasis.
The postoperative stages of patients were I, II, III, and IV
in 48, 24, 34, and 22 patients, respectively.

Clinicopathological significance of HIF-1a protein
expression

Eighty-four (65.6%) of gastric cancer specimens were

positive for HIF-1o expression; 68 (53.1%) specimens were
positive for VEGF expression. Univariate analysis showed
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that tumor size, macroscopic type, histological type, depth of
invasion, LN metastasis, distant metastasis, venous invasion,
lymphatic invasion, infiltration (INF), VEGF expression,
and MVD were significantly correlated with HIF-1a
expression (P = 0.017,P = 0.021, P < 0.0016, P = 0.043,
P = 0.006, P = 0.006, P = 0.015, P = 0.022, P = 0.0004,
P = 0.0001, and P = 0.0001, respectively). However, there
was no significant correlation between the expression of
HIF-1a, age, sex, H, P factor, and cancer stroma. As for
histological types, HIF-1a expression in signet-ring cell
carcinoma or in mucinous adenocarcinoma was significantly
higher than that in the other histological types (Table 1).
Multivariate analysis was performed for 11 parameters
[tumor size, macroscopic type, histological type, depth of
invasion, LN metastasis, venous invasion, lymphatic inva-
sion, distant metastasis, infiltration (INF), VEGF expression,
and MVD] that had been found to be significant by univariate
analysis, using the logistic regression method (Table 2).
Multivariate analysis showed that histology, depth of
invasion, VEGF expression, and MVD were significantly
associated with HIF-1« expression (P = 0.006, P = 0.020,
P = 0.0004, and P = 0.014, respectively). However, the
correlation of positive rate between HIF-1« expression and
VEGF expression was not so strong by Pearson’s correlation
coefficient (r = 0.507, P < 0.0001) (Fig. 2).

Relapse-free survival and overall survival curves

The median follow-up duration was 44.9 months (range,
0-60 months) after surgery. The relapse-free survival curve
in the HIF-1o-negative group was significantly higher than
that in the HIF-lo-positive group in 100 patients who
underwent a curative resection (RO) [P = 0.021; hazard
ratio (HR), 7.685 (95% confidence interval (CI),
1.471-140.980)] (Fig. 3a). There was no significant cor-
relation between VEGF expression and relapse-free sur-
vival (P = 0.381) (Fig. 3b). During the follow-up period,
32 patients died of gastric cancer; the 5-year-overall sur-
vival rate was 97.7% in the HIF-la-negative group and
62.7% in the HIF-1la-positive group. On the overall sur-
vival curve, the HIF-1a-negative group was significantly
higher than the HIF-1a-positive group [P < 0.0001; HR,
19.480 (95% CI, 4.184-346.672)] (Fig. 3c), and the VEGF
negative group was significantly higher than the VEGF
positive group [P = 0.034, HR 2.194 (95% CI
1.066—4.846)] (Fig. 3d). In patients with stage III, The
survival curve in the HIF-1o-negative group was signifi-
cantly higher than that in the HIF-la-positive group
(P = 0.0319), but there were no significant difference in
the other stages (Fig. 4). The 5-year-overall survival rate
according to the percentage of positive tumor staining was
55.6% in (3+), 59.5% in (2+), 69.1% in (14-), and (-) in
97.7%. The prognosis became worse according to the rate
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Table 1 Correlation between expression of hypoxia-inducible factor- Table 1 continued
1 alpha (HIF-1o) and clinicopathological features Factor No. o - P value
Factor No. (=) (+) P value
Venous invasion
Age (years) ) 54 25 29 0.015%
<65 50 14 36 0.224 ) 74 19 s5
=65 78 30 48 Lymphatic invasion
Sex 1y0, 1 55 25 30 0.022
Male 91 35 56 0.127 Iy2, 3 73 19 54
Female 37 9 28 Cancer-stroma
Tumor size (mm) int. 44 12 2 0218
<60 60 27 33 0.017% med. 62 2% 36
260 68 17 Sl sci. 22 6 16
Macroscopic type Infiltration (INF)
Type 0 42 19 23 0.021* a 40 23 17 0.0004:
1 3 2 b 41 13 28
2 20 11 c 47 8 39
3 35 9 26 VEGF
4 12 1 11 ) 60 31 29 0.0001*
5 14 2 12 +) 68 13 55
Histological type MVD (/pm?)
pap. 3 2 1 <0.0016% <1,200 70 35 35 0.0001*
tubl 28 19 9 >1,200 58 9 49
b2 22 7 = * P < 0.05 indicates statistical significance
porl 16 4 12
por2 38 8 30 . . A
sig. 14 3 1 of HIF-1a expression (P = 0.0004) (Fig. 5). When strati-
e 7 { 6 fied for HIF-1a-negative and HIF-1a-positive patients in
Differentiated 53 28 25 0.0002* the.VEGF-negatwe and VEGF-positive subgroups, a sta-
Undifferentiated 76 16 50 tistical dlfferfznce was observed among the groups. The
Depth of invasion HIF-1a-negative an.d VEGF-negative patients haq t.he most
T1b 0 20 - 0.131 favorable prognosis, whereas the HIF-1la-positive and
VEGF-positive patients had the worst prognosis
2 15 > 10 (P = 0.0002) (Fig. 6). On overall survival, HIF-12, VEGF,
3 1 4 ! MVD, tumor size, macroscopic type, histological type,
im 23 ; :Z 0,043+ depth of invasion, LN metastasis, venous invasion, lym-
= ) phatic invasion, liver metastasis, peritoneal metastasis,
>T3 72 19 52 distant metastasis, cancer stroma, and INF (P < 0.0001,
Lymph node metastasis P =0034, P=0004, P<00001, P<0.0001, P=
NO 66 32 i 0.006% 0,025, P < 0.0001, P < 0.0001, P < 0.0001, P < 0.0001,
! 10 3 7 P =0.033, P <0000, P<0.0001, P=0.026 and
2 12 2 10 P = 0.0005, respectively), and on relapse-free survival,
3 40 7 33 HIF-10, macroscopic type, depth of invasion, LN metas-
Liver metastasis tasis, venous invasion, lymphatic invasion, and cancer
HO 124 44 80 0.141 stroma (P = 0.021, P = 0.009, P = 0.001, P = 0.006,
HI 4 0 4 P = 0.002, P = 0.001, and P = 0.030, respectively) were
Peritoneal metastasis indicators for poor prognosis according to the log-rank test.
PO 113 42 71 0.068 Multivariate Cox’s proportional hazard analyses of clini-
P1 15 2 13 copathological factors that appeared significant in the
Distant metastasis univariate analyses revealed that HIF-1« was an indepen-
MO 106 42 64 0.006* dent prognostic factor on overall survival and relapse-free
M1 22 2 20 survival (Tables 3, 4). HIF-1o expression was identified as

a significant predictor of relapse-free survival [P = 0.011;
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Table 2 Multivariate logistic regression analysis of HIF-1o expression

Factors Characteristics Hazard ratio 95% CI P value*
Unfavorable Favorable

Tumor size (mm) >60 <60 1.475 0.462-4.764 0.509
Macroscopic type Type 3,4, 5 0,1,2 2.348 0.606-9.982 0.218
Histological type Undifferentiated Differentiated 4.321 1.560-12.900 0.006*
Depth of invasion T3, T4 Tlb, T2 0.165 0.033-0.711 0.020%*
LN metastasis +) (=) 3.304 0.765-15.152 0.112
Venous invasion (+) (-) 4.244 0.877-22.091 0.075
Lymphatic invasion 1y0, 1 ly2, 3 0.205 0.033-1.056 0.069
Distant metastasis M1 MO 2.265 0.466-13.812 0.334
Infiltration (INF) c a, b 1.287 0.337-4.981 0.711
VEGF (+) =) 4.215 1.634-11.624 0.004*
MVD (/um?) >1,200 <1,200 3.589 1.327-10.349 0.014%*

CI confidence interval

* P < 0.05 indicates statistical significance

N
w
1

[
o
|

—
o
|

positive rates of VEGF (%)
w o
1 1

— v v v
0 5 10 15 20 25
positive rates of HIF-1a (%)

Fig. 2 Coefficients of correlation between HIF-loo and VEGF
expression. Correlation of positive rate between HIF-1a expression
and VEGF expression was not so strong by Pearson’s correlation
coefficient (r = 0.507, P < 0.0001)

HR, 9.723 (95% CI, 1.568-197.633)] and overall survival
[P = 0.016; HR, 7.366 (95% CI, 1.368-137.169)].

Discussion

Under hypoxic condition, angiogenesis is essential for
growth and metastasis of solid tumors, because oxygen is
only able to diffuse 100-180 pm from the blood capillaries
to cells. When tumors grow larger, oxygen and nutrition
should be delivered by newly generated vessels. Therefore,
cellular adaptation to hypoxia and altered glucose metab-
olism are fundamental to the biology of cancer cells [5-9,
11-13, 21-24, 28, 33]. For this reason, inhibition in
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angiogenesis is emerging as a promising strategy for cancer
treatment [3]. Tumor angiogenesis and neovascularization
require VEGF expression. Binding of HIF-1a to the VEGF
promoter is a major pathway resulting in the induction of
VEGF expression under hypoxic conditions [34]. VEGF, as
well as functioning as a growth factor, is able to function as
a vascular permeability factor. Increased permeability of
blood vessels facilitates the extravasation of proteins and
formation of ascites [35-37]. In previous reports, the
expression level of VEGF has been found to be directly
associated with the production of ascites and carcinoma-
tosis [37, 38]. Aoyagi et al. [39] reported that VEGF was
correlated with peritoneal metastasis from gastric cancer,
and that VEGF was a useful indicator of peritoneal recur-
rence. Moreover, Imaizumi et al. [40] reported that bev-
acizumab, which is a humanized monoclonal antibody
against VEGF, suppressed peritoneal dissemination from
gastric cancer using peritoneal metastasis model. These
studies provide clear evidence that VEGF is an essential
element in the development of peritoneal metastasis from
gastric cancer. Some hypoxia-independent mechanisms of
HIF-1 activation in tumor cells have also been reported,
such as genetic alterations in tumor suppressor genes (p53,
VHL, and PTEN) and oncogenes (SRC, HER2, and
H-RAS) [41-44]. Activation of certain growth factor
receptors (insulin-like growth factor I receptor) has also
been shown to increase expression of HIF-1a. Results from
recent studies demonstrated that HIF-1a may also regulate
the invasiveness of colon cancer cells by altering the
expression of genes encoding intermediate filaments
(vimentin, keratins), extracellular matrix components
(fibronectin), and proteases (matrix metalloproteinase 2
and the urokinase plasminogen activator receptor) [11].
Most studies have shown that HIF-1o overexpression has
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Fig. 3 Relapse-free survival and overall survival curves in HIF-1a
and VEGF. a Relapse-free survival curve in the HIF-la-negative
group was significantly higher than that in the HIF-1a-positive group
[P = 0.021; hazard ratio (HR), 7.685 (95% confidence interval (CI),
1.471-140.980)]. b There was no significant correlation between
VEGF expression and relapse-free survival (P = 0.381). ¢ On the

been detected in several human cancers, such as brain,
bladder, breast, lung, esophagus, colon, ovary, pancreas,
kidney, and prostate cancer [15, 25-31]. Furthermore, HIF-
loe overexpression has been reported to be significantly
correlated with highly aggressive disease, resistance to
radiation therapy and chemotherapy, and poor prognosis in
some cancer types such as oligodendroglioma, breast,
ovarian, and oropharyngeal cancer [27, 28, 30, 45-50].
However, few studies have investigated the correlation
between HIF-1a and gastric cancer.

In this study, we have investigated the relationship
between HIF-1o, VEGF, clinicopathological significance,
and patient prognosis in gastric cancer. Our results showed
that HIF-la expression significantly correlated with a
malignant behavior category, including increased expres-
sion of tumor size, macroscopic type, histological type,
depth of invasion, LN metastasis, distant metastasis,
venous invasion, INF, VEGF expression, and MVD.
However, there were no significant correlations between
the HIF-1a expression, H, P, factor, lymphatic invasion and
cancer stroma. The multivariate analysis showed that the

299
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E —
@ 0.4
v
g . P=0.381
& 0.2 HR=1.720 [95%Cl: 0.519-6.566]
4 S-year RFS: 91.8%, 85.7%
00 M T T T T T T T T T T T
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Time after operation (months)
1.0 Face-
. VEGF(-) n=60
084  h__ TTommemmmmTTmTTTTTTTTTTT
o -
z
c 0.64 VEGF(+) n=68
@ 4
T 0.4
@
3 . P=0.034
0.2 HR=2.194 [95%Cl: 1.066-4.846)
. S-year 05: 83.3%, 67.1%
00 T T T I I ]

0 10 20 30 40 50 60
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overall survival curve, the HIF-1a-negative group was significantly
higher than the HIF-1a-positive group [P < 0.0001; HR, 19.480 (95%
CL 4.184-346.672)]. d VEGF-negative group was significantly higher
than VEGF-positive group [P = 0.034; HR, 2.194 (95% CI,
1.066-4.846)]

histology, depth of invasion, VEGF expression, and MVD
were significantly associated with the HIF-1o expression.
However, the correlation of the positive rate between HIF-
1o expression and VEGF expression was not so strong by
Pearson’s correlation coefficient, because HIF-1a is a
transcription factor of more than 60 genes and HIF-1«
induces not only VEGF but also other many factors that
affect tumor progression and prognosis. As for histological
types, HIF-1a expression in the undifferentiated types was
significantly higher than that in the differentiated types.
Hypoxic tumors are aggressive and exhibit stem cell-like
characteristics. Recent genomics studies have further
revealed that poorly differentiated human tumors display a
gene expression signature similar to that found in normal
embryonic stem cells or lineage-committed progenitor cells
[51]. Some clinical studies have shown significant associ-
ations between HIF-1a expression and patient outcome in
human solid tumors [28, 49, 50]. Our data also demon-
strated that relapse-free survival and overall survival
curves in the HIF-lo-negative group were significantly
higher than those in the HIF-1a-positive group. Moreover,
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Fig. 4 In patients at stage III, the survival curve in the HIF-1a-negative group was significantly higher than that in the HIF-1a-positive group
(P = 0.0319), but there were no significant differences at the other stages
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Fig. 5 In regard to overall survival curve, HIF-1a expression was
classified as one of four categories, depending on the percentage of
tumor cells stained: — (0-5%), 14+ (5-10%), 24+ (10-15%), or 3+
(>15%). The prognosis became worse according to the rate of HIF-1a
expression (P = 0.0004)

we classified HIF-1a expression as four groups, and a
statistical difference was observed among the groups. The
prognosis was worse according to the rate of HIF-la
expression. We also found that there was a significant
difference among groups stratified to HIF-1¢/VEGF
expression (P = 0.0002). The patients with HIF-1a(4)/
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Fig. 6 There was a significant difference among groups stratified
according to HIF-1a/VEGF expression (P = 0.0002). Patients with
HIF-1a(+)/VEGF(+) tumors had the worst prognosis

VEGF(+) tumors had the worst prognosis. Concerning the
heterogeneity of the expression of the HIF-1« and VEGF
within each tissue, other pathways upstream can induce
VEGF expression independent of HIF-la signaling. For
example, the oncogene ras upregulates VEGF expression
and downregulates endogenous angiogenic inhibitors such
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Table 3 Univariate and multivariate analysis of overall survival
Factors Univariate analysis Multivariate analysis
Risk ratio 95% CI P value* Risk ratio 95% CI P value*

HIF-1a

(+) vs. (—) 19.48 4.184-346.672 <0.0001* 6.921 1.246-130.459 0.024*
VEGF

(+) vs. (—) 2.194 1.066-4.846 0.034* 1.703 0.690-4.455 0.252
MVD (/um?)

>1,200 vs. <1,200 2.819 1.384-6.069 0.004* 1.170 0.527-2.736 0.704
Age (years)

>65 vs. <65 0.907 0.452-1.880 0.787
Sex

Male vs. female 0.731 0.359-1.572 0.407
Tumor size (mm)

>60 vs. <60 5.953 2.494-17.579 <0.0001* 1.014 0.342-3.517 0.981
Macroscopic type

Type 3,4, 5vs. 0, 1, 2 5.893 2.591-15.840 <0.0001* 1.055 0.347-3.496 0.927
Histological type

Undiff. vs. diff. 2.370 1.110-5.635 0.025* 1.111 0.364-3.572 0.855
Depth of invasion

T3, T4 vs. Tlb, T2 9.683 3.438-40.455 <0.0001* 1.876 0.491-9.665 0.376
LN metastasis

N(+) vs. N(—) 13.402 4.752-56.035 <0.0001* 2.630 0.572-20.120 0.235
Venous invasion

v(+) vs. v(—) 13.624 4.111-84.255 <0.0001* 2.263 0.435-19.376 0.357
Lymphatic invasion

1y0, 1 vs. 1y2, 3 14.13 4.264-87.403 <0.0001* 1.289 0.124-14.851 0.826
Liver metastasis

H1 vs. HO 4.904 1.166-13.981 0.033* 1.878 0.213-19.719 0.570
Peritoneal metastasis

P1 vs. PO 9.108 4.250-18.771 <0.0001* 2.058 0.452-14.851 0.373
Distant metastasis

M1 vs. MO 10.709 5.240-22.129 <0.0001* 2.204 0.314-9.667 0.376
Cancer-stroma

sci vs. int, med 2.481 1.121-5.118 0.026* 1.389 0.500-3.928 0.527
Infiltration (INF)

cvs.a b 3.463 1.715-7.303 0.0005* 1.068 0.362-3.199 0.905

Determined by the Cox proportional hazard model
CI confidence interval

* P < 0.05 indicates statistical significance

as thrombospondin-1 (Tsp-1). Conversely, activation of the
tumor suppressor genes p53, PTEN, and Smad4 increases
Tsp-1 expression and inhibits the angiogenesis. p53 has
been reported to inhibit angiogenesis through the regula-
tion of other unidentified inhibitors [52]. In multivariate
analysis, HIF-1a was an independent prognostic factor for
relapse-free survival and overall survival. These findings

suggested that HIF-1o plays an important role in tumor
growth and progression of gastric cancer.

In conclusion, we have demonstrated in this study that
HIF-1o expression was correlated with clinicopathological
findings. HIF-1a expression was found to be an indicator of
poor prognosis for disease recurrence or progression in
patients with gastric cancer. In addition, immunoreactivity
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Table 4 Univariate and multivariate analysis of relapse-free survival

Factors Univariate analysis Multivariate analysis
Risk ratio 95% CI P value* Risk ratio 95% CI P value*

HIF-1a

(+) vs. (—) 7.685 1.471-140.980 0.021* 9.723 1.568-197.633 0.011*
VEGF

(+) vs. (—) 1.720 0.519-6.566 0.381
MVD (/um?)

>1,200 vs. <1,200 0.634 0.139-2.194 0.498
Age (years)

>65 vs. <65 1.227 0.371-4.686 0.743
Sex

Male vs. female 1.645 0.424-10.786 0.520
Tumor size (mm)

>60 vs. <60 1.801 0.542-6.249 0.324
Macroscopic type

Type 3,4, 5vs. 0, 1, 2 4.939 1.427-22.555 0.009* 0.429 0.074-2.797 0.357
Histological type

Undiff. vs. diff. 2.180 0.631-9.954 0.237
Depth of invasion

T3, T4 vs. Tlb, T2 13.357 2.556-245.067 0.001* 7.099 0.916-150.678 0.062
LN metastasis

N(+) vs. N(—) 5.337 1.543-24.375 0.006* 0.452 0.080-3.338 0.399
Venous invasion

v(+) vs. V(=) 12.608 2.413-231.348 0.002* 3.818 0.590-75.518 0.176
Lymphatic invasion

1y0, 1 vs. 1y2, 3 13.171 2.520-241.675 0.001* 8.722 0.751-207.548 0.083
Cancer-stroma

sci vs. int, med 3.579 0.936-11.871 0.030* 3.409 0.737-16.545 0.113
Infiltration (INF)

cvs.a b 3.005 0.905-10.428 0.056
Determined by the Cox proportional hazard model
CI confidence interval
* P < 0.05 indicates statistical significance
of combination of HIF-1a and VEGF was a useful marker 5. Takahashi R, Tanaka S, Hiyama T et al (2003) Hypoxia-inducible

of the prognosis of gastric cancer.

Conflict of interest No author has any conflict of interest.

References

1. Parkin DM (2001) Global cancer statistics in the year 2000.
Lancet Oncol 2:533-543

2. Liao D, Johnson RS (2007) Hypoxia: a key regulator of angio-
genesis in cancer. Cancer Metastasis Rev 26:281-290

3. Folkman J (1971) Tumor angiogenesis: therapeutic implications.
N Engl J Med 285:1182-1186

4. Gatenby RA, Kessler HB, Rosenblum JS et al (1988) Oxygen
distribution in squamous cell carcinoma metastasis and its rela-
tionship to outcome of radiation therapy. Int J Radiat Oncol Biol
Phys 14:531-538

@ Springer

10.

factor 1 alpha expression and angiogenesis in gastrointestinal
stromal tumor of stomach. Oncol Rep 10:797-802

. Zhong H, Agani F, Baccala AA et al (1998) Increased expression

of hypoxia-inducible factor 1 alpha in rat and human prostate
cancer. Cancer Res 58:5280-5284

. Chen WT, Huang CJ, Wu MT et al (2005) Hypoxia-inducible

factor 1 alpha is associated with risk of aggressive behavior and
tumor angiogenesis in gastrointestinal stromal tumor. Jpn J Clin
Oncol 35:207-213

. Mizokami K, Kakeji Y, Oda S et al (2006) Clinicopathological

significance of hypoxia-inducible factor 1 alpha overexpression
in gastric carcinomas. J Surg Oncol 94:149-154

. Yoshikawa T, Tsuburaya A, Miyagi Y et al (2006) Up-regulation

of hypoxia-inducible factor 1 alpha and VEGF mRNAs in peri-
toneal dissemination of patients with gastric cancer. Anticancer
Res 63:3849-3854

Sumiyoshi Y, Kakeji Y, Egashira A et al (2006) Overexpression
of hypoxia-inducible factor 1 alpha and p53 is a marker for an



Int J Clin Oncol (2013) 18:293-304

303

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

unfavorable prognosis in gastric cancer. Clin Cancer Res 12:
5112-5117

Stoeltzing O, McCarty MF, Wey JS et al (2004) Role of hypoxia-
inducible factor 1 alpha in gastric cancer cell growth, angio-
genesis, and vessel maturation. J Natl Cancer Inst 96:946-956

. Fukuda R, Kelly B, Semenza GL (2003) Vascular endothelial

growth factor gene expression in colon cancer cells exposed to
prostaglandin E, is mediated by hypoxia-inducible factor 1.
Cancer Res 63:2330-2334

. Koshikawa N, Iyozumi A, Gassmann M (2003) Constitutive

upregulation of hypoxia-inducible factor 1 alpha mRNA occur-
ring in highly metastatic lung carcinoma cells leads to vascular
endothelial growth factor overexpression upon hypoxic exposure.
Oncogene 22:6717-6724

Semenza GL (2001) Hypoxia-inducible factor 1: oxygen
homeostasis and disease pathophysiology. Trends Mol Med 7:
345-350

Saramaki OR, Savinainen KJ, Nupponen NN et al (2001)
Amplification of hypoxia-inducible factor 1 alpha gene in pros-
tate cancer. Cancer Genet Cytogenet 128:31-34

Ravi R, Mookerjee B, Bhujwalla ZM et al (2000) Regulation of
tumor angiogenesis by p53 induced degradation of hypoxia-
inducible factor 1o. Genes Dev 14:34-44

Kung AL, Wang S, Klco JM et al (2000) Suppression of tumor
growth through disruption of hypoxia inducible transcription. Nat
Med 6:1335-1340

Akakura N, Kobayashi M, Horiuchi I et al (2001) Constitutive
expression of hypoxia-inducible factor-1 alpha renders pancreatic
cancer cells resistant to apoptosis induced by hypoxia and
nutrient deprivation. Cancer Res 61:6548-6554

Dalgard CL, Lu H, Mohyedin A et al (2004) Endogenous
2-oxoacids differentially regulate expression of oxygen sensors.
Biochem J 380:419-424

Huang LE, Gu J, Schau M (1998) Regulation of hypoxia-induc-
ible factor 1 alpha is mediated by O,-dependent degradation
domain via the ubiquitin-proteasome pathway. Proc Natl Acad
Sci USA 95:7987-7992

Talks KL, Turley H, Gatter KC et al (2000) The expression and
distribution of the hypoxia-inducible factors HIF-1alpha and HIF-
2alpha in normal human tissues, cancers, and tumor-associated
macrophages. Am J Pathol 157:411-421

Chun YS, Kim MS, Park JW (2002) Oxygen-dependent and
-independent regulation of HIF-lalpha. J Korean Med Sci 17:
581-588

Shi YH, Fang WG (2004) Hypoxia-inducible factor-1 in tumor
angiogenesis. World J Gastroenterol 10:1082-1087

Stroka DM, Burkhardt T, Desbaillets I et al (2001) HIF-1 is
expressed in normoxic tissue and displays an organ-specific
regulation under systemic hypoxia. FASEB J 15:2445-2453
Zagzag D, Zhong H, Scalzitti JM et al (2000) Expression
of hypoxia-inducible factor 1 alpha in brain tumors: association
with angiogenesis, invasion, and progression. Cancer (Phila) 88:
2606-2618

Theodoropoulos VE, Lazaris A, Sofras F et al (2004) Hypoxia-
inducible factor 1 alpha expression correlates with angiogenesis
and unfavorable prognosis in bladder cancer. Eur Urol 46:200-208
Bos R, Zhong H, Hanrahan CF et al (2001) Levels of hypoxia-
inducible factor 1 alpha during breast carcinogenesis. J Natl
Cancer Inst 93:309-314

Kuwa T, Kitada Y, Tanaka S et al (2003) Expression of hypoxia-
inducible factor 1 alpha is associated with tumor vascularization
in human colorectal carcinoma. Int J Cancer 105:176-181
Wiesener MS, Munchenhagen PM, Berger I et al (2001) Con-
stitutive activation of hypoxia-inducible factor-1 alpha in clear
cell renal carcinomas. Cancer Res 61:5215-5222

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Birner P, Schindl M, Obermair A et al (2001) Expression of
hypoxia-inducible factor 1 alpha in epithelial ovarian tumors: its
impact on prognosis and on response to chemotherapy. Clin
Cancer Res 7:1661-1668

Buchler P, Reber HA, Buchler M et al (2003) Hypoxia-inducible
factor 1 regulates vascular endothelial growth factor expression in
human pancreatic cancer. Pancreas 26:56—64

Japanese Gastric Cancer Association (2010) Japanese classifica-
tion of gastric carcinoma, 14th edn. Kanehara, Tokyo
Livingston DM, Shivdasani R (2001) Toward mechanism-based
cancer care. JAMA 285:588-593

Oskoski R Jr (2007) Vascular endothelial growth factor (VEGF)
signaling in tumor progression. Crit Rev Oncol Hematol 62:
179-213

Senger DR, Galli SJ, Dvorak AM et al (1983) Tumor cells secrete
a vascular permeability factor that promotes accumulation of
ascites fluid. Science 219:983-985

Dvorak HF, Brown LF, Detmar M et al (1995) Vascular per-
meability factor/vascular endothelial growth factor, microvascu-
lar hyperpermeability, and angiogenesis. Am J Pathol 146:
1029-1039

Nagy JA, Masse EM, Herzberg KT et al (1995) Pathogenesis of
ascites tumor growth: vascular permeability factor, vascular
hyperpermeability, and ascites fluid accumulation. Cancer Res
55:360-368

Boocock CA, Charnock-Jones DS, Sharkey AM et al (1995)
Expression of vascular endothelial growth factor and its receptors
fit and KDR in ovarian carcinoma. J Natl Cancer Inst 87:506-516
Aoyagi K, Kouhuji K, Takeda J et al (2005) VEGF significance in
peritoneal recurrence from gastric cancer. Gastric Cancer 8:
155-163

Imaizumi T, Aoyagi K, Shirouzu K et al (2010) Suppressive
effect of bevacizumab on peritoneal dissemination from gastric
cancer in a peritoneal metastasis model. Surg Today 40:851-857
Chen C, Pore N, Behrooz A et al (2001) Regulation of glutl
mRNA by hypoxia-inducible factor-1. Interaction between H-ras
and hypoxia. J Biol Chem 276:9519-9525

Jiang BH, Agani F, Passaniti A et al (1997) V-SRC induces
expression of hypoxia-inducible factor 1(HIF-1) and transcription
of genes encoding vascular endothelial growth factor and enolase
1: involvement of HIF-1 in tumor progression. Cancer Res 57:
5328-5335

Laughner E, Taghavi P, Chiles K et al (2001) HER2 (neu)
signaling increases the rate of hypoxia-inducible factor lalpha
(HIF-1alpha) synthesis: novel mechanism for HIF-1-mediated
vascular endothelial growth factor expression. Mol Cell Biol 21:
3995-4004

Mazure NM, Chen EY, Laderoute KR et al (1997) Induction of
vascular endothelial growth factor by hypoxia is modulated by a
phosphatidylinositol 3-kinase/Akt signaling pathway in Ha-ras-
transformed cells through a hypoxia inducible factor-1 tran-
scriptional element. Blood 90:3322-3331

Aebersold DM, Burri P, Beer KT et al (2001) Expression of
hypoxia-inducible factor 1 alpha: a novel predictive and prog-
nostic parameter in the radiotherapy of oropharyngeal cancer.
Cancer Res 61:2911-2916

Matuyama T, Nakanishi K, Hayashi T et al (2005) Expression of
hypoxia-inducible factor lo in esophageal squamous cell carci-
noma. Cancer Sci 96:176-182

Koukourakis MI, Giatromanolaki A, Skarlatos J et al (2001)
Hypoxia-inducible factor (HIF-1a and HIF-20) expression in
early esophageal cancer and response to photodynamic therapy
and radiotherapy. Cancer Res 61:1830-1832

Beasley NJP, Leek R, Alam M et al (2002) Hypoxia-inducible
factor HIF-1a and HIF-2« in head and neck cancer: relationship

@ Springer



304

Int J Clin Oncol (2013) 18:293-304

49.

50.

to tumor biology and treatment outcome in surgically resected
patients. Cancer Res 62:2493-2497

Griffiths EA, Pritchard SA, Valentine HR et al (2007) Hypoxia-
inducible factor 1 alpha expression in the gastric carcinogenesis
sequence and its prognostic role in gastric and gastroesophageal
adenocarcinomas. Br J Cancer 96:95-103

Krishnamachary B, Berg-Dixon S, Kelly B et al (2003) Regula-
tion of colon carcinoma cell invasion by hypoxia-inducible factor
1. Cancer Res 63:1138-1143

@ Springer

51.

52.

Yuri K, Qun L, Daniel Z et al (2009) Hypoxia-regulated delta-
like 1 homologue enhances cancer cell stemness and tumorige-
nicity. Cancer Res 69:9271-9280

Wen WM, Alex AA (2009) Novel agents on the horizon for
cancer therapy. CA Cancer 59:111-137



	Clinicopathological significance of hypoxia-inducible factor-1 alpha (HIF-1 alpha ) expression in gastric cancer
	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Patients
	Immunohistochemistry
	Statistical analysis

	Results
	Patients
	Clinicopathological significance of HIF-1 alpha protein expression
	Relapse-free survival and overall survival curves

	Discussion
	Conflict of interest
	References


