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Expression of hypoxia-inducible factor-1a affects tumor
proliferation and antiapoptosis in surgically resected lung cancer
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Abstract. Hypoxia-inducible factor (HIF)-1 is a transcription
factor that allows cells to adapt to hypoxic situations. HIF-1 is
known to control tissue proliferation, antiapoptosis, angio-
genesis and glucose metabolism. Furthermore, HIF-1 is
involved in the growth of numerous cancer types. The present
study aimed to examine the expression of HIF-la immuno-
histochemically in resected lung cancers. The present study
included 216 consecutive patients with lung cancer who under-
went resection between April 2013 and January 2015. The
patients' clinicopathological data were summarized, including
imaging findings, tumor pathological characteristics, and the
patient's age, sex and smoking status. The intratumoral expres-
sion of HIF-1a, survivin, c-Myc and the Ki-67 proliferation
index were evaluated immunohistochemically. The patients
were divided into two groups, according to the expression
of HIF-1a (low vs. high) and the clinicopathological charac-
teristics of these groups were compared. It was revealed that
HIF-1la expression was significantly associated with ground
glass opacity ratio, maximum standardized uptake value index,
histological type (squamous cell carcinoma), differentiation
and lymphatic invasion. Regarding the immunohistochemical
findings, HIF-1a expression was significantly correlated with
the expression levels of c-Myc (P<0.01) and survivin (P<0.01).
Furthermore, the Ki-67 proliferation index was significantly
higher in high-HIF-1a tumors compared with in low-HIF-1a
tumors (P=0.01). The multivariate analysis identified squa-
mous cell carcinoma, high SUVmax and lymphatic invasion
as significant and independent factors for high HIF-1a expres-
sion. In conclusion, HIF-1 was highly expressed in certain
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subgroups of lung cancer with specific histopathology and
images. HIF-1a expression was associated with tumor prolif-
eration and antiapoptosis in lung cancer.

Introduction

Oxygen is essential for aerobic organisms and a lack of oxygen
results in considerable stresses to these organisms. Cells have
a variety of hypoxia response mechanisms to counter hypoxic
stress. The gene, hypoxia-inducible factor (HIF)-1, serves
an important role in many of these mechanisms (1-7). The
HIF-1 protein is a complex of HIF-la. and HIF-1p3. HIF-1
is present constitutively within the cell nucleus. By contrast,
HIF-1la is present in the cytoplasm under normoxic condi-
tions, and it promptly binds to the von Hippel-Lindau (VHL)
protein and is decomposed by the ubiquitin proteasome
system. In hypoxic conditions, HIF-1a is unable to bind to the
VHL protein in the cytoplasm, escapes decomposition and
enters the nucleus. In the nucleus, it combines with HIF-13
to form the HIF-1 complex, which binds to DNA and acts as
a transcription factor. HIF-1 assists in the activation of genes
involved in angiogenesis, glycolysis, tumor proliferation and
other associated pathways (1-7).

Solid cancers generally grow very rapidly and these tumors
often face a shortage of oxygen since tumor angiogenesis is
slower than growth. Therefore, numerous cancer types use
the HIF-1 complex to adapt to hypoxia (1-3). A previous study
reported that HIF-1la expression was associated with tumor
proliferation, antiapoptosis, angiogenesis, glycolysis and
patient prognosis (4-7).

Few studies have examined HIF-1a expression in surgically
resected lung cancer (8,9). Accordingly, the present study
decided to perform a comprehensive clinicopathological study
of the intratumoral expression of HIF-1a in resected lung
cancers, investigating the associations between HIF-1a expres-
sion, other tumor malignancy indicators [survivin (10-15) and
c-Myc (16-18)] and the clinicopathological features of the
patients.

Patients and methods
Patients. The present study included 216 consecutive patients

with lung cancer who underwent a pulmonary resection
at Tokyo Medical and Dental University Hospital (Tokyo,
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Japan) between April 2013 and January 2015. The histo-
logical tumor classification was based on the 7" lung cancer
tumor node metastasis classification and the staging system
proposed by the International Union Against Cancer (19).
The clinical records and histological examination results of
all patients were fully documented. High-resolution computed
tomography was performed in all patients within 1 month
prior to resection. The ground glass opacity (GGO) ratio was
calculated in a lung window using the following formula:
(1 - solid tumor size / GGO size) x100. Positron emission
tomography was performed in 176 patients (82.2%) and the
maximum standardized uptake value (SUVmax) of the tumor
was measured in these patients. Patients who received chemo-
therapy or radiotherapy prior to resection were excluded.
The study was approved by the Ethics Committee of Tokyo
Medical and Dental University Hospital and informed consent
was obtained from each patient.

Immunohistochemical analysis. The antibodies used for
immunohistochemical analysis were mouse monoclonal
anti-Ki-67 (MIB-1; cat. no. M7240; Dako Denmark A/S,
Glostrup, Denmark; 1:100), mouse monoclonal anti-survivin
(D-8; cat. no. sc-17779; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA; 1:50), mouse monoclonal anti-c-Myc (9E10;
cat.no.sc-40; Santa Cruz Biotechnology, Inc.; 1:100) and mouse
monoclonal anti-HIF-1a (H1 alpha 67; cat. no. NB100-105;
Novus Biologicals, Littleton, CO, USA; 1:50). Formalin-fixed
paraffin-embedded tissues were cut into 4 pgm sections
and mounted onto coated slides. Following deparaffiniza-
tion and rehydration, the slides were heated in a microwave
(10 min for Ki-67, 25 min for survivin, 5 min for c-Myc
and 30 min for HIF-1a) in a citrate buffer solution (10 gzmol/l)
at pH 6.0. After quenching the endogenous peroxidase
activity with 0.3% H,0, for 30 min, the sections were treated
with 5% bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA). Duplicate sections were incubated overnight with
the corresponding primary antibody. The sections were subse-
quently incubated with the avidin-biotin-peroxidase complex
(Vector Laboratories, Burlingame, CA, USA) for 30 min and
antibody binding was visualized with 3,3'-diaminobenzine
tetrahydrochloride. The tissue sections were counterstained
with Mayer's hematoxylin.

The immunostained sections were examined by two
authors (Chihiro Takasaki and Masashi Kobayashi), in a
blinded manner. At least 200 tumor cells were scored per field
under x40 magnification. The percentages of tumor cells with
positive staining for Ki-67, survivin, c-Myc and HIF-1a were
determined (Fig. 1). Discrepancies were jointly re-evaluated
until a consensus was reached.

Statistical analysis. The statistical analysis was performed
using StatView-J Software (version 5.0; SAS Institute Inc.,
Cary,NC, USA). Based on previous reports (8,9,20), all samples
were divided into two groups: A high-HIF-1la tumor group,
in which the percentage of HIF-1a-positive cells was =20%,
and a low-HIF-la tumor group, in which the percentage of
HIF-1la-positive cell was <20%. The y*-test was used to assess
the association between HIF-1a expression and categorical
variables, including patient gender, smoking habits, patho-
logical tumor stage, histological tumor type, vascular invasion,
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tumor differentiation and SUVmax (The tumor sample was
considered to have a high SUVmax if the SUVmax was >5.0.).
The t-test was used to assess the association between HIF-1a
expression and continuous variables, including patient age,
tumor size, GGO ratio, Ki-67 proliferation index, survivin
expression and c-Myc expression. All continuous variables
were summarized in terms of their means and standard
deviations. When investigating the association between the
Ki-67 proliferation index and the survivin and c-Myc expres-
sion in the tumors, the sample was divided into two groups
according to the rates of survivin and c-Myc expression, as
follows: The sample was classified as a nuclear survivin-high
tumor if the percentage of nuclear survivin-positive cells was
=17% and the tumor was classified as a c-Myc-high tumor
if the percentage of c-Myc-positive cells was =40%. These
thresholds were selected as they had the highest significance
values in relation to the Ki-67 proliferation index (21).

A multivariate analysis using a logistic regression model
was performed to determine the independent factors for
high HIF-1a expression. All statistical tests were two-tailed
and P<0.05 was considered to indicate a statistically
significant difference.

Results

Patient characteristics. The characteristics of the patients
are presented in Table I. The study included 216 patients with
resected lung cancer, of whom 54 had squamous cell carci-
noma (25.0%) and 162 had non-squamous cell carcinoma (75%),
including adenocarcinoma, adenosquamous cell carcinoma,
large cell carcinoma, large cell neuroendocrine carcinoma,
and small cell carcinoma. With respect to tumor differentia-
tion, 148 patients had =G2-grade disease and 68 patients had
Gl-grade disease.

Clinical significance of HIF-la expression. The
immunohistochemical staining for HIF-1a revealed a nuclear
pattern (Fig. 1). Among the 216 tumors, the mean percentage
of HIF-la-positive cells was 14.6+24.3%. Based on the 20%
threshold for high HIF-1a, 58 (26.9%) high-HIF-1a tumors
and 158 (73.1%) low-HIF-1a tumors were observed.
Regarding the patients' clinical characteristics, no
significant associations between patient age, gender, smoking
index, and HIF-1a expression were observed. With respect
to the preoperative imaging findings, the mean GGO ratios
were 8.9+21.0% for high-HIF-1a tumors and 19.0+30.0% for
low-HIF-1a tumors; the GGO ratio was significantly lower for
high-HIF-1a tumors compared with for low-HIF-1a tumors
(P=0.02; Table II). The rate of tumors with high SUVmax was
significantly greater in the high-HIF-1a tumor group compared
with that in the low-HIF-1a tumor group (P<0.01; Table II).
Regarding the tumors' pathological features, the rate of
squamous cell carcinoma was significantly higher in the
high-HIF-1a tumors compared with that in the low-HIF-1a
tumors (P<0.01; Table IT). The lymphatic invasion rate was
also significantly higher in the high-HIF-1a tumors compared
with in low-HIF-1a tumors (P=0.03; Table II). With respect to
tumor differentiation, low-grade (=G2) tumors had a signifi-
cant association with high-HIF-1a tumors. No association was
observed between pathological stage and HIF-1a expression.
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Table I. Patient characteristics.

Characteristic No. patients (%)
Total 216 100.0
Age, years

Median 72 -

Range 39-89 -
Gender

Male 138 63.9

Female 78 36.1
Smoking status

Non-smoker (BI <100) 53 245

Smoker 163 75.5
Pathological tumor stage

IA 92 42.6

IB 55 255

1A 17 79

1IB 14 6.5

1A 36 16.6

1B 0 0.0

v 2 1.0
Histological tumor type

Squamous 54 250

Non-squamous 162 75.0
Lymphatic invasion

+ 38 17.6

- 178 824
Venous invasion

+ 108 50.0

- 108 50.0
Tumor size (mm)

Median 31 -

Range 9-82 -
GGO ratio (%)

Median 16.3 -

Range 0-100 -
SUVmax

Median 44 -

Range 0-27 -
Tumor differentiation

Gl 58 28.2

>G2 148 71.8

BI, brinkman index; GGO, ground glass opacity; SUVmax, maximum
standardized uptake value.

The multivariate logistic regression analysis identified
squamous cell carcinoma (P=0.0009), lymphatic invasion
(P=0.0350), and high SUVmax (P=0.0471) as significant and
independent factors for high HIF-1a expression in patients
with lung cancer.
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Table II. Association between HIF-lo expression and the
clinicopathological characteristics.

HIF-1a
expression
Characteristic High Low P-value
Mean age (years) 70.8 70.0 0.56
Gender (n)
Male 39 99 0.64
Female 19 59
Smoking status (n)
Non-smoker 12 41 0.54
Smoker 46 117
Pathological tumor stage (n)
I 38 109 0.75
>I1 20 49
Histological tumor type (n)
Squamous 27 27 <0.01
Non-squamous 31 131
Lymphatic invasion (n)
+ 16 22 0.03
- 42 136
Venous invasion (n)
+ 35 73 0.09
- 23 85
Mean tumor size (mm) 334 30.2 0.18
Mean GGO ratio (%) 8.9 190 0.02
SUVmax (n)
=5 30 50 <0.01
<5 17 79
Tumor differentiation (n)
Gl 9 49 0.03
>G2 47 101

HIF-1a, hypoxia-inducible factor-1a; GGO, ground glass opacity;
SUVmax, maximum standardized uptake value.

Associations between the expression levels of HIF-1a,
survivin and c-Myc, and the Ki-67 proliferation index.
Immunohistochemical staining for survivin revealed a nuclear
and/or cytoplasmic pattern (Fig. 1). The mean percentage of
nuclear survivin-positive tumor cells was 13.7+20.3% and that
of cytoplasmic survivin-positive tumor cells was 31.8+36.9%.
The nuclear survivin expression was significantly higher in
the high-HIF-1la tumors compared with in the low-HIF-1a
tumors (20.3+25.3 vs. 11.2+17.7%; P<0.01; Table III; Fig. 2).
No difference in HIF-1a expression was observed according
to cytoplasmic survivin.

Immunohistochemical staining for c-Myc revealed a
cytoplasmic pattern following staining (Fig. 1). The mean
percentage of c-Myc-positive tumor cells was 39.8+38.8%
among all included tumors. c-Myc expression was signifi-
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Figure 1. Representative immunohistochemistry findings for a lung tumor. A lung cancer tumor with positive nuclear staining for (A) hypoxia-inducible
factor-1a, (B) Ki-67 and (C) survivin, as well as positive cytoplasmic staining for (D) c-Myc (scale bar, 200 pm).
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Figure 2. Survivin- and c-Myc positive cases, according to the expression of HIF-1a. (A) The survivin-positive rate and (B) the c-Myc-positive rate in relation
to HIF-1a expression. The data are presented as the mean =+ standard deviation. HIF, hypoxia-inducible factor.

cantly higher in the high-HIF-la tumors compared with
the low-HIF-1a tumors (54.3+37.1 vs. 34.5+38.2%; P<0.01;
Table III; Fig. 2).

With regards to Ki-67, the Ki-67 proliferation index
was significantly higher in the high-HIF-la tumor group
compared with that in the low-HIF-la tumor group
(47.5£30.9 vs. 34.6£32.9%; P=0.01; Table III). The
Ki-67 proliferation index also had significant associations
with high-survivin tumors and high-c-Myc tumors: The
Ki-67-positive rates for high- and low-survivin tumors
were 58.1+28.8 and 29.7+30.8%, respectively (P<0.01), while
the Ki-67-positive rates for high- and low-c-Myc tumors
were 47.0+31.1 and 30.1+32.3%, respectively (P<0.01).

Table III. Association between HIF-10. and other immunohis-
tochemical markers.

HIF-1a
expression
Tumor marker (%) High Low P-value
Ki-67 475 34.6 0.01
Survivin 20.3 11.2 <0.01
c-Myc 543 345 <0.01

HIF-1a, hypoxia-inducible factor-1a.




Discussion

A variety of genes are involved in tumor proliferation, invasion
and metastasis. HIF-1a is a transcriptional factor that controls
situations, including angiogenesis, glucose metabolism and
antiapoptosis. HIF-1a is expected to be an important gene that
cancers utilize during growth (4-7).

Survivin and c-Myc are genes that are known to be highly
expressed in certain cancer types. Survivin is a member of the
inhibitor of apoptosis protein family and it inhibits the activa-
tion of caspase included in the apoptotic pathway (10,13-15).
c-Myc is a famous transcriptional factor that has been observed
in various types of cancers. It serves a role in cell-cycle progres-
sion through the stimulation and repression of the expression
of cell-cycle regulators (17,18,22,23). Although the signaling
pathways between HIF-1a, survivin and c-Myc remain to be
sufficiently elucidated, certain previous reports have noted
that HIF-1a is a regulator of survivin and c-Myc, and also acts
as their transcription factor (15,23).

The present study revealed that squamous cell carcinoma,
alow GGO ratio and a high SUVmax were significantly asso-
ciated with HIF-1a expression. These findings indicated that
the solid tumors were sometimes subjected to low-oxygen
conditions and expressed HIF-1a to adapt to hypoxia. The
pathological features of the patients also showed that positive
lymphatic invasion and high tumor differentiation were
correlated with HIF-1a expression, indicating an associa-
tion between HIF-1a and tumor proliferation. Regarding the
immunohistochemistry results, the present study revealed
that HIF-1a expression was significantly associated with
the expression levels of survivin and c-Myc, indicating that
HIF-1a was associated with tumor proliferation and anti-
apoptosis in resected lung cancer. The observed correlation
between HIF-1a expression and the Ki-67 proliferation index
is also suggestive of the association between HIF-la and
tumor proliferation.

Previous studies have identified HIF-la expression in
various cancer types, and HIF-la-targeted therapy has started
to be applied clinically to several cancers (24,25). For example,
the molecularly targeted drug, everolimus, has been applied to
renal cell cancer and pancreatic endocrine tumors. Everolimus
inhibits mammalian target of rapamycin (mTOR), a HIF-Ia
translation activator, and reduces the quantity of HIF-1a
protein. Other HIF-1la-targeted drugs are in clinical trials,
including HIF-1a small interfering RNA. Furthermore, a drug
that inhibits the binding of the HIF complex to DNA (GL331,
echinomycin) has been included cell-line experiments (24,25).
Although no HIF-la-targeted therapy that has been adapted
for lung cancer currently exists, these HIF-1a-targeted thera-
pies are expected to provide novel treatments for lung cancer
in the future. Appropriate patient selection will become a key
issue when these anti-HIF-1 treatments are clinically applied
to lung cancer. Subgroups of patients in which high HIF-1a
expression is expected may represent good candidates for
these therapies, including patients of squamous cell carcinoma
with positive lymphatic invasion, low tumor differentiation, a
low GGO ratio and a high SUVmax.

In conclusion, the present study demonstrated that HIF-1a
expression was associated with tumor proliferation and anti-
apoptosis in lung cancer via the expression of survivin and
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c-Myc. Future studies involving clinical HIF-la-targeted
therapy are warranted.
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