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Abstract Neoplastic cells growing under hypoxic
conditions exhibit a more aggressive phenotype by acti-
vating a cascade of molecular events partly mediated by
hypoxia-inducible transcription factor (HIF-1o) and vas-
cular endothelial growth factor (VEGF). The roles of these
markers have been studied previously in several cancer
lines. We ascertained the frequency of HIF-1a expression,
VEGF expression, the degree of neovascularization, and
cell proliferation in osteosarcoma samples. Samples from
osteosarcoma patients were assessed for HIF-1oo and VEGF
protein expression using immunohistochemistry, neovas-
cularization using antibodies for Factor VIII, and cell
proliferation using the Ki-67 labeling index. Associations
between these parameters and clinical features were
examined. HIF-la staining was positive in 35% of
patients and metastases were present in 61% of these
HIF-1a-positive patients. VEGF protein expression was
detected in 69% of patients, 92% of whom were female.
We observed an insignificant trend for a higher frequency
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of VEGF expression in the high-grade as compared to
low-grade osteosarcoma. We observed no association
between vascular density and proliferation index and any
clinical parameters. We found an association between
HIF-1a expression and metastatic disease and between
VEGF expression and female gender.

Introduction

Cancer cells respond similarly to normal cells under hyp-
oxic conditions by activating signaling pathways that
induce cell proliferation, angiogenesis, and apoptosis,
among others [16]. Under hypoxic conditions, more of the
pathways induced in neoplastic cells promote tumor
growth than apoptosis. Furthermore, research suggests
hypoxic conditions in particular may influence a more
aggressive phenotype in neoplastic cells associated with
poor patient prognosis [43]. The characteristics of this
phenotype include radio- and chemoresistance, increased
ability for tumors to metastasize, and the selection of cells
resistant to p53-mediated apoptosis [11, 12, 20, 35, 46].
Despite hypervascularization in solid tumors, hypoxic
conditions are thought to result in part from an imbalance
between the rate of tumor cell proliferation and new
endothelial cell formation, as well as disorganization of the
new vascular supply [29, 44].

Hypoxia-inducible transcription factor (HIF-1) is an
important element in the cellular response to hypoxia.
HIF-1 is a heterodimer that consists of a HIF-1a subunit
and a HIF-1p subunit. Under normoxic conditions, HIF-1a
is degraded and ubiquinated, preventing it from forming a
complex with the HIF-1f subunit. However, in response to
physiologic hypoxia, both subunits combine to form the
HIF-1 complex and bind to specific hypoxia-responsive
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elements within target genes that activate the transcription
of various genes needed to respond to hypoxic conditions
[3]. Studies measuring the level of HIF-1a subunit protein
expression have helped determine the role of this subunit in
cancer and neoplastic growth. HIF-1o subunit is overex-
pressed in colon, breast, gastric, lung, skin, ovarian,
pancreatic, prostate, and renal carcinomas and associated
with cell proliferation [50]. Overexpression of HIF-1a has
been detected in preneoplastic tumors, including colonic
adenoma, breast ductal carcinoma, and prostate intraepi-
thelial neoplasia, but not in benign tumors of the breast and
uterus. Further research on breast cancer has demonstrated
a higher incidence of overexpression of HIF-1a in metas-
tases versus primary tumor [50].

As previously mentioned, HIF-1 is associated with the
activation of various hypoxia-response genes, which
include vascular endothelial growth factor (VEGF). VEGF
specifically binds to two transmembrane VEGF receptor
tyrosine kinases on endothelial cells to initiate intracellular
signal transduction pathways that mediate angiogenesis
and vascular permeability [19]. Increased VEGF expres-
sion is associated with tumor growth and metastasis [8].
Increased VEGF gene expression has been reported in a
number of cancer cell lines, as well as in primary tumor
tissue from breast, lung, ovary, liver, and colon. Neuro-
blastoma and osteosarcoma cell lines and primary tumor
samples also exhibited higher VEGF expression when
compared with normal tissues [6, 18, 23]. The level of
circulating VEGF in patients with different tumor types
may be predictive of tumor status and prognosis [32].

Among a variety of human tumor types analyzed, tumor
hypoxia [9, 13, 14] and proliferation rate [1, 40, 42] may be
important determinants of clinical outcome. Cell prolifer-
ation, as assessed by Ki-67 labeling index, correlates with
HIF-1a overexpression in some human tumors [50].

Limited studies of hypoxia markers in osteosarcoma
have revealed important findings. For example, the survival
rate of the osteosarcoma patients with tumor VEGF
expression was substantially worse than that of the osteo-
sarcoma patients without VEGF expression [18]. More
recently, Wu et al. [47] demonstrated hypoxia is associated
with increased HIF-1o protein expression and subsequent
up-regulation of VEGF expression and angiogenesis in the
osteosarcoma cell line SaOS-2. In osteosarcoma, VEGF
and neovascularization have been studied previously
[18, 24], but the relationship of these parameters with
cell proliferation and HIF-1a expression has not been
previously described.

We therefore determined the frequency of HIF-1a
expression, VEGF expression, degree of vascularization,
and cell proliferation in osteosarcoma patients and deter-
mined preliminarily if these measures predicted the clinical
outcome.

Materials and Methods

We obtained samples from 48 osteosarcomas from patients
who underwent surgery at Memorial Sloan-Kettering
Cancer Center. Of the 48 patients, 22 were male and 26
female (Table 1). Patients ranged from 7 to 38 years of age
(mean, 21 years). The osteosarcomas were subclassified as
osteoblastic (n = 25), chondroblastic (n = 11), fibroblastic
(n = 2), giant cell rich (n = 1), telangiectatic (n = 2), or
mixed (n = 7). The specimens were obtained from the
primary site in 40 patients and from the metastatic site in
eight patients. The locations of the tumors were distal
femur (n = 21), proximal tibia (n = 9), proximal humerus
(n = 5), pelvis (n = 6), foot (n = 1), head (n = 3), and
other locations (n = 3). At the time of diagnosis, distant
metastases were present in 11 patients (23%) and absent in
37 patients (77%). All patients or their guardians provided
written informed consent for participation in this biology

Table 1. Clinical characteristics of the osteosarcoma patients

Characteristic Number of patients

Gender
Male 22 (46%)
Female 26 (54%)
Histologic subtype
Osteoblastic 25 (52%)
Chondroblastic 22 (23%)
Fibroblastic 2 (4%)
Giant cell 1 2%)
Telangiectatic 2 (4%)
Mixed 7 (14%)
Type of specimen
Primary 40 (83%)
Metastasis 8 (17%)
Primary site
Distal femur 21 (44%)
Proximal tibia 9 (19%)
Proximal humerus 5 (10%)
Pelvis 6 (12%)
Foot 1 2%)
Head 3 (6%)
Other 3 (6%)
Metastasis at diagnosis
Present 11 23%)
Absent 37 (77%)
Huvos grade
1 20 (42%)
I 10 (21%)
11 11 (23%)
v 7 (15%)
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study, which was approved by the Memorial Hospital
Institutional Review Board.

Patients received therapy according to CCG 7921,
Regimen A. Induction chemotherapy with cisplatin,
doxorubicin, and high-dose methotrexate with leucovorin
rescue preceded definitive surgical resection. After recov-
ery from definitive surgery, patients received maintenance
chemotherapy with cisplatin, doxorubicin, and high-dose
methotrexate with leucovorin rescue. We assessed che-
motherapy efficacy histologically by the Huvos grading
system [36]. In this system, four grades have been
described: Grade I, little or no evidence of necrosis; Grade
II, tumor necrosis of 50% to 90%; Grade III, necrosis
between 90% to 99%; and Grade IV, 100% of necrosis.
The chemotherapy responses were classified as Grade I
(n = 20, 42%), Grade II (n = 10, 21%), Grade III (n = 11,
23%), and Grade IV (n = 7, 15%). Tumor specimens were
reviewed by a pathologist (AH) to ensure there was less
than 30% contamination with normal stromal cells.

We studied protein expression of HIF-1a,, VEGF, Factor
VIII, and Ki-67 by immunohistochemistry of 6-pm sec-
tions using an avidin-biotin immunoperoxidase assay on
OCT-embedded frozen blocks. Sections were incubated
with primary antibody against HIF-1o (1:100 dilution;
Novus Biologicals, Littleton, CO), VEGF (1:200 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA), Factor VIII
(1:100 dilution; NeoMarkers, Fremont, CA), and Ki-67
(MIB-1; dilution 1:100; Immunotech, Berkeley, CA).
Subsequently, the sections were incubated with biotinyla-
ted secondary antibodies, followed by avidin-peroxidase,
which formed a complex. Diaminobenzidine (0.06%) was
used as the final chromogen, and hematoxylin was used as
the nuclear counterstain. The intensity of immunostaining
was scored as (—) negative, (+1) positive staining, and
(+2) strong by a pathologist (AH) blinded to patient
identity and clinical information. The vascularization was
evaluated by one of the authors (HM) in three different

Fig. 1A-B  Photomicrographs
show HIF-1o immunostaining of
osteosarcoma samples (original
magnification, x400). (A) In 18
of 48 patients, the immunostain-
ing for HIF-1a was positive. The
staining was predominantly ob-
served within the nucleus. (B) In
30 of 48 patients, the immuno-
staining was considered nega-
tive.
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random areas of tumor by vessel count on a x200 field
(%20 objective and x 10 ocular, 0.74 mm? per field), and
the average was recorded. The cell proliferative activity
(labeling index) was calculated as the percentage of the
Ki-67 proliferating cell antigen-positive cells to the total
number of tumor cells in a microscopic field (x200). At
least 500 tumor cells per sample were counted by one of
the authors (HM). For each parameter, the immunostaining
in patient samples was compared with normal bone tissue
as a control.

The association of HIF-1oo and VEGF protein expres-
sion, neovascularization, and cell proliferation with clinical
data was investigated by the chi square test. Followup data
was too limited to allow analysis of the relationship with
survival. Differences between immunohistochemical
staining results and clinical parameters were compared
using the chi square test. An arbitrary p value of 0.05 or
less was used to determine significance. In assessing the
microvascular density of the specimens, receiver operating
characteristic (ROC) curves were generated to divide the
data into separate groups to allow for comparison to clin-
ical data. In brief, ROC curves were generated using
continuous data to maximize the sensitivity and specificity
of a given cutoff value.

Results

HIF-1a staining was positive in 18 of 48 patients (37.5%).
Positivity was predominantly nuclear, except in three
cases, in which the immunoreactivity was located in the
cytoplasm. In nine of 18 cases, it was detected as strong
staining, and in nine of 18, it was scored as weak. In 30 of
48 patients (62.5%), the protein expression could not be
detected and was considered negative (Fig. 1A-B). We
observed an association between HIF-lo and metastatic
disease. Presence of metastases was related to HIF-la
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Table 2. Hypoxia-induced transcription factor (HIF-1o) expression
and metastatic disease

Table 3. Vascular endothelial growth factor (VEGF) expression and
gender

Metastatic disease Number of patients Gender Number of patients

HIF-1a (4) HIF-1a (-) VEGF (+) VEGEF (-)
Yes 11 8 Male 12 11
No 7 22 Female 23 2
protein  expression. There were more (p = 0.019) Table 4. Vascular endothelial growth factor (VEGF) expression and

metastases in HIF-1la-positive patients as compared to
HIF-1a-negative patients (11 of 18 [61%] versus eight of
30 [27%], respectively) (Table 2). Similarly, 11 of 19 of
metastases were HIF-lo-positive. HIF-1o expression was
associated with a 4.3-fold greater risk for having metastatic
disease as compared to HIF-1o-negative patients. HIF-1a
protein expression was not associated with chemotherapy
response according to the Huvos grading system (data not
shown).

VEGF protein expression was detected in 35 of 48
patients (73%) and not detected in 13 of 48 patients (27%)
(Fig. 2A-B). VEGF expression was associated with gender
(chi square = 9.42, p = 0.002). Twelve of 23 male
patients (52%) demonstrated VEGF expression, whereas 23
of 25 female patients (92%) were VEGF positive (Table 3).
We noted an insignificant (p = 0.08) trend for a higher
frequency of VEGF expression to be present in the high-
grade as compared to low-grade osteosarcomas. Thirty-one
of 35 VEGF-positive patients (88.5%) had high-grade
osteosarcomas, whereas only four of these 35 patients
(11.5%) had low-grade osteosarcomas (Table 4). We
observed no other association between the clinical data and
VEGEF expression (data not shown).

The number of vessels per field ranged between three
and 55 (mean + SD, 16 &£ 13). Using ROC curves, we
determined the value of 16 vessels per field as a cutoff for
classifying the cases into high-vessel-density versus low-
vessel-density specimens. This cutoff point was the point

Fig. 2A-B  Photomicrographs
show VEGF immunostaining of
osteosarcoma samples (original
magnification, x400). (A) Thirty-
five of 48 patients were considered
positive for VEGF cytoplasmic
staining. (B) Thirteen of 48 cases
were considered negative.
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Tumor grade Number of patients

VEGF (+) VEGF (-)
Low 4
High 31 9

that maximally discriminated the samples by the primary
clinical variables — Huvos grade and the presence or
absence of metastases. Despite this statistical optimization,
we found no association between the number of vessels and
clinical parameters (data not shown).

The number of cells per field immunopositive for Ki-67
ranged between 9.5 and 53.5 (mean + SD, 32 + 12). In
the case of cell proliferation, a value of 32 was used as
the cutoff value for classifying the cases as it optimized
discrimination of clinical parameters. We found no asso-
ciation between labeling index and clinical data.

Discussion

Neoplastic cells growing under hypoxic conditions exhibit
a more aggressive phenotype by activating a cascade of
molecular events partly mediated by hypoxia-inducible
transcription factor (HIF-1a) and vascular endothelial
growth factor

(VEGF). We therefore hypothesized
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markers of hypoxia would correlate with the prognosis of
osteosarcoma in part through defining chemotherapy
response and in part through defining the metastatic phe-
notype. Thus, we determined the frequency of HIF-1a
expression, VEGF expression, degree of vascularization,
and cell proliferation in osteosarcoma patients as markers
of hypoxia and determined preliminarily if these measures
predicted the clinical outcome through correlation with
chemotherapy response and metastases.

The major limitation of our study is that it is an
immunohistochemical analysis of an existing patient
cohort. Although this group represents all material avail-
able from a single large institution, in any analysis of this
type, the results should be considered exploratory. Any
associations identified may not necessarily be causal. One
must be cautious in interpreting data. In particular, our
primary clinical parameters being assessed were Huvos
grade and metastases (outcome), and the relationship of
VEGEF positivity with gender was an unexpected finding.
Although potentially justifiable scientifically as discussed
later, confirmation in a subsequent study will be crucial.
Finally, limited sample size severely curtails the power of
the study. Negative results cannot be interpreted as a
nonexistent association, and the ability to analyze sub-
groups was limited. Despite these limitations, interesting
results were obtained. Validation of these results in a
subsequent prospective patient cohort has the potential to
identify predictive and prognostic factors supporting the
utility of reporting these results.

Our results expand upon previous work regarding
hypoxia markers and osteosarcoma, and demonstrate an
association between HIF-lo expression and metastatic
disease. In 61% of HIF-la-positive patients, metastases
were present, representing a 4.3-fold greater risk for having
metastatic disease in patients with HIF-lo expression
compared to that of HIF-1o-negative patients. In addition,
increased VEGF protein expression in osteosarcoma sam-
ples from female patients versus male patients was seen.
Finally, we noted an insignificant trend for higher fre-
quency of VEGF expression to be present in the high-grade
as compared to low-grade osteosarcoma. Further analysis
of larger cohorts of low-grade osteosarcoma samples would
be worthwhile in order to confirm or refute the trend.

Hypoxia induces the expression of a number of hypoxia-
regulated genes. Induction of HIF-1a protein appears to be
a critical step in the hypoxic response and occurs via
increased mRNA expression, protein stabilization, nuclear
translocation, and augmented activity of its transcriptional
activation domains [37]. Zhong et al. [50] reported most
normal human tissues showed no HIF-1o immunoreactivity
(153 of 174 clinical specimens [88%]). Furthermore, they
reported overexpression of HIF-1a protein in 69 of 131
primary malignant tumors (53%), representing 13 of 19
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tumor types screened [50]. Recent studies using the human
osteosarcoma cell line SaOS-2 demonstrated a relationship
between hypoxia and increased HIF-1a protein expression
and subsequent VEGF expression [47]. Our data suggest
this increased HIF-1o expression is an important marker
for metastases in osteosarcoma patients. Metastases were
present in 61% of the HIF-1a-positive patients, and 73% of
HIF-1a-negative patients showed no evidence of metasta-
ses. These results for osteosarcoma correlate with studies
reporting a higher incidence of overexpression of HIF-1a
in metastases [4]. We found no other association between
HIF-1a protein expression and clinical data.

Wu et al. [47] reported evidence of increased VEGF
expression in a human osteosarcoma cell line. We observed
VEGEF protein expression in 73% of patients. More spe-
cifically, an association between VEGF expression and
female gender was demonstrated. The mechanism for this
relationship is not entirely clear. A relationship between
estrogen and bone tissue is well-known, mainly through
clinical studies where 17B-estradiol (E2) deficiency in
postmenopausal or ovariectomized women caused a rapid
loss of trabecular bone. Furthermore, in both men and
women, estrogen deficiency is associated with an age-
related sustained bone loss that can lead to osteoporosis
[25, 26, 33, 34]. Although the association between gender
and VEGF expression has not been clearly determined, in
classic hormone-dependent tissues such as the endome-
trium, VEGF gene transcription is increased under the
influence of estrogen [27]. Koos et al. [21] observed
estrogen induces rapid, transient binding of HIF-1 to the
promoter, which subsequently mediates VEGF transcrip-
tion in response to hypoxia. One study, however, reported
no relationship between VEGF expression and gender [51],
suggesting differential VEGF expression in various
cancers.

Correlations between VEGF expression and increased
vascularization have already been demonstrated in osteo-
sarcoma. Using biopsies from 30 osteosarcoma patients,
Lee et al. [24] detected VEGF mRNA transcripts in all
primary osteosarcoma samples and nine xenograft speci-
mens examined and showed the number of vessels in
VEGF-positive tumors was greater than in VEGF-negative
tumors. Kaya et al. [18] studied 27 primary osteosarcoma
samples and found VEGF was positive in 63% of samples.
Microvascular density was higher in VEGF-positive tumors
than in VEGF-negative tumors [18]. Other investigators
have suggested VEGF expression does not always relate to
increased tumor neoangiogenesis. In non-small-cell lung
cancer, about Y2 of the cases expressing VEGF had poor
vascular density, which suggested VEGF-induced angio-
genesis may be dependent on other regulators [10]. We
observed no relationship between VEGF expression and the
microvascular density in our patient samples.
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Malignant progression is another hallmark of the poor
outcome of solid tumors. In giant cell tumor of bone,
overexpression of VEGF is associated with the biologic
behavior of the tumor as determined by clinical parameters.
Stage III giant cell tumors display relatively higher levels
of VEGF gene expression than Stage I/II tumors [49].

The final marker we investigated on osteosarcomas was
the related cell proliferation utilizing a Ki-67 index. Ki-67
is a nuclear antigen that is only expressed in proliferating
cells and is often used as an estimate of tumor growth.
Studies on breast cancer have demonstrated high concen-
trations of HIF-1a were associated with increased pro-
liferation as shown by positive correlations with Ki-67 [2].
Analysis of 25 head and neck osteosarcomas demonstrated
88% were positive for Ki-67 [17]. In a different study, the
positive rate of Ki-67 in recurrent osteosarcoma was 81.8%
but only 35.5% in the primary tumor [30]. In addition, Ki-67
positivity is believed one of the risk factors for recurrence in
meningiomas. However we observed no association
between the Ki-67 labeling index and clinical data. The
high proliferative potential of tumor cells as a prognostic
factor has given variable results. Some studies described a
more favorable outcome for tumors with higher labeling
indices [22, 28]. However, proliferation indices were not
correlated with overall outcome for patients with rectal or
cervical cancers [5, 41, 45].

We examined hypoxia markers in osteosarcoma. HIF-1a
is overexpressed in a substantial proportion of patients with
metastases, confirming previous work showing this rela-
tionship in several other cancers. Previous studies have
suggested HIF-1 mediates resistance to chemotherapy and
radiation [15]. Targeting the HIF-1 pathway, therefore, has
become an important area for cancer therapy research. Tan
et al. [39] demonstrated inhibition of HIF-1a protein syn-
thesis in several cancer lines including human breast
cancer, prostate cancer, and glioblastoma prevented the
activation of HIF-1 target genes, such as VEGF and glu-
cose transporter-1. Using small hairpin RNAs to target the
expression of the HIF-1o gene in human osteosarcoma cell
line SaOS-2, Wu et al. [48] blocked the hypoxia trans-
duction pathway efficiently and inhibited the growth of
osteosarcoma cells; expression of the HIF-la gene was
inhibited by 90%. This direction of research shows promise
for the development of even more efficient cancer therapies
for osteosarcoma. We also observed an overexpression
of VEGF protein in female patients, which may support
previous work postulating VEGF gene transcription is
increased under the influence of estrogen. Studies investi-
gating breast cancer are currently considering cyclo-
oxygenase-2 (COX-2) inhibitors as a possible mechanism
for cancer therapy. Substantial evidence exists linking
COX-2 to the development of cancer [38]. Furthermore,
COX-2 expression in ductal carcinoma in situ has been

correlated with VEGF and HER-2/neu [31]. Although
COX-2 has no relationship to estrogen receptors [7], fur-
ther investigation should reveal the role estrogen plays in
the development of cancer. Finally, we also observed a
trend describing a relationship between VEGF expression
and tumor grade, an area that needs further examination to
prove its importance in osteosarcoma and patient progno-
sis. The data provides novel findings regarding hypoxic
markers in human osteosarcoma and introduces new areas
for further investigation in osteosarcoma research.
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