EXPERIMENTAL CELL RESEARCH 318 (2012) 1685-1698

journal homepage: www.elsevier.com/locate/yexcr

Available online at www.sciencedirect.com

SciVerse ScienceDirect

The hypoxia-inducible factor-responsive proteins
semaphorin 4D and vascular endothelial growth factor
promote tumor growth and angiogenesis in oral squamous

cell carcinoma

Hua Zhou®, Ying-Hua Yang®, Nada O. Binmadi®®, Patrizia Proia®, John R. Basile®%*

2Department of Oncology and Diagnostic Sciences, University of Maryland Dental School, 650W. Baltimore Street, 7-North, Baltimore,

MD 21201, USA

bDepartment of Oral Basic & Clinical Sciences, King Abdulaziz University, Jeddah 21589, Saudi Arabia
‘Department of Sports Science (DISMOT), University of Palermo, Via Eleonora Duse 2 90146, Palermo, Italy
dGreenebaum Cancer Center, 22S. Greene Street, Baltimore, MD 21201, USA

ARTICLE INFORMATION

Article Chronology:

Received 27 January 2012
Received in revised form

19 March 2012

Accepted 10 April 2012
Available online 29 May 2012

Keywords:

Semaphorin 4D

Plexin-B1

VEGF

Oral squamous cell carcinoma
Angiogenesis

HIF

ABSTRACT

Growth and metastasis of solid tumors requires induction of angiogenesis to ensure the delivery of
oxygen, nutrients and growth factors to rapidly dividing transformed cells. Through either
mutations, hypoxia generated by cytoreductive therapies, or when a malignancy outgrows its
blood supply, tumor cells undergo a change from an avascular to a neovascular phenotype, a
transition mediated by the hypoxia-inducible factor (HIF) family of transcriptional regulators.
Vascular endothelial growth factor (VEGF) is one example of a gene whose transcription is
stimulated by HIF. VEGF plays a crucial role in promoting tumor growth and survival by stimulating
new blood vessel growth in response to such stresses as chemotherapy or radiotherapy-induced
hypoxia, and it therefore has become a tempting target for neutralizing antibodies in the treatment
of advanced neoplasms. Emerging evidence has shown that the semaphorins, proteins originally
associated with control of axonal growth and immunity, are regulated by changes in oxygen tension
as well and may play a role in tumor-induced angiogenesis. Through the use of RNA interference,
in vitro and in vivo angiogenesis assays and tumor xenograft experiments, we demonstrate that
expression of semaphorin 4D (SEMA4D), which is under the control of the HIF-family of
transcription factors, cooperates with VEGF to promote tumor growth and vascularity in oral
squamous cell carcinoma (OSCC). We use blocking antibodies to show that targeting SEMA4D
function along with VEGF could represent a novel anti-angiogenic therapeutic strategy for the
treatment of OSCC and other solid tumors.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Oral squamous cell carcinoma (OSCC) is the sixth most common
cancer among men in the developed world and among the most
fatal cancers at any anatomic site [1]. Because even advanced
lesions are usually not painful to the patient, OSCC in areas that
cannot be easily visualized such as the lateral and ventral tongue
and the posterior oropharynx in particular can evade early
detection, eventually requiring aggressive surgical intervention
and chemo- or radiotherapy to establish local control. Like many
other solid tumors, OSCC lesions represent a heterogeneous
population of genetically labile malignant cells that can evolve
mutations under the strong selective pressures of such cytotoxic
therapies, leading to the emergence of resistant cell populations
and eventual treatment failure. A promising alternative treat-
ment strategy is anti-angiogenic therapy, which instead targets
the endothelial cells that line the vessels that feed the tumor,
thus bypassing complications such as resistance to chemother-
apy that can arise in a background of genetic instability when
targeting cancer cells themselves.

Growth and metastasis of solid tumors requires induction of
angiogenesis, the creation and remodeling of new blood vessels
from a pre-existing vascular network, to ensure the delivery of
oxygen, nutrients and growth factors to rapidly dividing trans-
formed cells. Without the ability to induce angiogenesis, most
neoplasms would fail to grow larger than 2 mm in diameter or
metastasize [2]. One way tumor cells acquire the ability to
induce angiogenesis, and hence to grow and metastasize, is
through activity of the hypoxia-inducible factor (HIF) family of
transcription regulators, the most important effectors of the
adaptive response to hypoxia in multicellular organisms. Initially
identified by Semenza and colleagues in the early 1990s, the HIF
transcriptional complex is composed of two polypeptides: the o
and B subunits [3]. While the B subunit is expressed constitu-
tively, HIF activity is regulated at the posttranscriptional level by
the o subunits, which are stabilized or degraded in conditions of
low or high oxygen tension, respectively [4]. As an active dimer,
HIF binds to hypoxia response elements within the promoters of
target genes resulting in the activation of a pro-survival program
that opposes apoptosis, inhibits generation of reactive oxygen
species, and activates the transcription of pro-angiogenic pro-
teins such as vascular endothelial growth factor (VEGF). In OSCC,
high levels of the HIF-1a subunit are correlated with poor
prognosis [5], reduced disease-specific survival [6] and tumor
progression, including enhanced size of primary lesion and
lymph node metastasis [7]. HIF-1a is also over-expressed in
the majority of patients with squamous cell carcinoma of the
oropharynx and here too is correlated with a lower rate of
remission, greater incidence of lymph node metastases, and
poorer disease-free and overall survival [8].

The semaphorins and their receptors, the plexins, are a family
of proteins characterized by cysteine-rich semaphorin domains
originally identified as regulators of axon guidance and lympho-
cyte activation [9-11]. Our group and others have shown that
semaphorin 4D (SEMA4D) is produced and secreted by the
transformed cells of many different aggressive carcinomas,
including OSCC, and that it acts through its receptor, Plexin-B1,
on endothelial cells to promote angiogenesis and enhance tumor
growth and survival [12-14]. Why SEMA4D is over-expressed in

so many different tumor types remains unknown, but studies
demonstrate that like other pro-angiogenic factors, plexins and
semaphorins are regulated by changes in oxygen tension
[15-18]. Indeed, we have previously shown that Sema4D is
induced by hypoxia in a HIF-1-dependent manner and may be
another route by which carcinomas promote angiogenesis [18].

The focus of the current study is to investigate the role of HIF-
mediated SEMA4D induction in the generation of the pro-
angiogenic phenotype in OSCC and determine its biological
significance for tumor growth and vascularity when compared
to, and in combination with, the better-studied angiogenic factor
VEGF. Here we use lentiviral-mediated RNA interference and
over-expression techniques, in vitro and in vivo angiogenesis
assays and tumor xenografts to show that both VEGF and
SEMAA4D transcription is under the control of HIF and cooperate
to promote angiogenesis for the purposes of enhancing vascular
density and tumor cell proliferation in OSCC. We employ block-
ing antibodies to demonstrate that targeting SEMA4D along with
VEGF might represent a new complementary or parallel mode of
treatment for anti-angiogenic therapy of OSCC or other solid
neoplasms.

Materials and methods
Cell culture

Human umbilical vein endothelial cells (HUVEC, ATCC, Manassas,
VA), 293T cells (ATCC), and the head and neck (HN) squamous
cell carcinoma cell lines HN12, HN13, and HN30 [19] were
cultured in DMEM (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum and 100 units/ml penicillin/streptomy-
cin/amphotericin B (Sigma).

Immunoblots

Cells infected with lentiviruses expressing the indicated con-
structs, treated with increasing concentrations of anti-SEMA4D
blocking antibody 1.5 h prior to incubation with soluble SEMA4D
(SSEMA4D) for 3 min (to determine ERK phosphorylation), or
treated with up to 400 ng/ml sSEMA4D under conditions of low
serum (to measure caspase 3 activation), were lysed in buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% NP 40) supplemented with
protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 1 pl/
ml aprotinin and leupeptin, Sigma) and phosphatase inhibitors
(2mM NaF and 0.5mM sodium orthovanadate, Sigma) for
15 min at 4 °C. After centrifugation, protein concentrations were
measured using the Bio-Rad protein assay (Bio-Rad, Hercules,
CA). 100 pg of protein from each sample was subjected to SDS-
polyacrylamide gel electrophoresis and transferred onto a PVDF
membrane (Immobilon P, Millipore Corp., Billerica, MA). The
membranes were then incubated with the appropriate antibo-
dies. The antibodies used were as follows: SEMA4D (BD Trans-
duction Labs, BD Biosciences, Palo Alto, CA); VEGF (Santa Cruz
Biotechnology, Santa Cruz, CA); HIF-1p (BD Transduction Labs);
Tubulin (Santa Cruz Biotechnology); Total ERK (Cell Signaling
Technology, Danvers, MA); Phospho-ERK (Cell Signaling Technol-
ogy); Plexin-B1 (Santa Cruz A8); cleaved caspase 3 (Cell Signal-
ing, Danvers, MA); GAPDH (Sigma). Proteins were detected using
the ECL chemiluminescence system (Pierce, Rockford, IL).
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