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Abstract
Membrane type 1 matrix metalloproteinase (MT1-MMP) is an integral
membrane protein that is important in tumor growth, migration, and invasion. It has
the ability to degrade ECM, non-matrix proteins such as CD44 and integrin, and
activate MMP2. Semaphorin 4D (Sema4D), a membrane-bound semaphorin, is
highly expressed in malignancies such as head and neck squamous cell carcinoma
(HNSCC) and is known to be pro-angiogenic, promoting the growth of blood
vessels into a developing tumor by acting as a chemoattractant when bound to its
receptor, Plexin-B1 (PB1), on endothelial cells. Our central hypothesis is that tumor
hypoxia causes an increase in Sema4D, which acts in an autocrine and paracrine
manner on tumor cells to induce the overexpression of MT1-MMP, which, in turn,
cleaves Sema4D and increases availability to the tumor microenvironment to
promote tumor-induced angiogenesis and invasion. Using immunoblots and flow
cytometry, we demonstrate that MT1-MMP increases in HNSCC cells in a Sema4D
and Plexin-B1-dependent manner in hypoxia. Also, we show that RhoA and NF-κB
(downstream effectors of Plexin-B1) are important in the regulation of cell surface

MT1-MMP expression under hypoxic conditions. Consequently, tumor-induced
invasion and angiogenesis are enhanced. Soluble Sema4D diffuses out from the
tumor and acts as a chemoattractant for endothelial cells, which also upregulate
MT1-MMP on their surface to facilitate migration through the extracellular matrix.
We conclude that Sema4D controls its own availability and, therefore, its own proangiogenic potential through autocrine/paracrine regulation of MT1-MMP.
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Chapter 1

Introduction

A. Head and Neck Squamous Cell Carcinoma
Every year about 644,000 head and neck cancers are diagnosed around the world.
In the United States, 3.2% of new cancers are head and neck cancers (39.750). More than
90% of head and neck cancers are a squamous cell carcinoma, which is the sixth most
common cancer in the world [1]. The oral cavity and oropharynx are the most common
sites for head and neck squamous cell carcinoma (HNSCC) [2]. HNSCC can develop due
to multiple factors, but smoking and alcohol are the most common etiological risk
factors. Also, high-risk human papilloma virus (HPV) infection increases the incidence of
HNSCC especially in younger patients. HPV-positive HNSCC has a better prognosis and
higher survival rate than HPV-negative HNSCC. Most of HNSSCs occur in older
individuals, with the floor of the mouth and the anterior two-thirds of the tongue are the
most commonly affected sites. Cervical lymph nodes are the common site for oral SCC
metastasis. Twenty-one percent of patients have a cervical lymph node metastasis at the
time of diagnosis [3-5].

B. Cancer Metastasis
Metastasis is the ability of tumor cells to spread from their primary originating
site to another site through blood vessels, lymphatic channels, or nerves. They
metastasize either to regional lymph nodes or distant organs.
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1. Regional Metastasis
Cervical lymph nodes are the common site for HNSCC metastasis. Twenty-one
percent of such patients have a cervical lymph node metastasis at the time of the
diagnosis [5]. Cervical lymph node evaluation for a metastasis in patients with tongue
SCC is an important predictive factor for regional recurrence, survival, and treatment
success. Spreading of the HNSCC to cervical lymph nodes worsens the prognosis [6].
Tumor invasion of the lymph node capsule makes the prognosis even worse and reduces
patients’ survival rates [7]. Nodal metastasis occurs when tumor cells at the primary site
penetrate the lymphatic channels and migrate to the regional lymph nodes in the neck,
forming a micrometastasis [7].

2. Cancer Invasion-Metastasis Cascade (Distant Metastasis)
About 5%–24% of patients with HNSCC show spreading of tumor cells from
their primary site to different organs via blood circulation [8]. Distant tumor metastasis in
patients with oral or oropharyngeal carcinomas reduces the 5-year survival rate to 21%
[9]. Metastasis of carcinomas requires certain biological events in order to spread from
the primary tumor site to an anatomically distant site. There are multiple steps required
for cancer cells to spreading from their original sites to the metastatic ones, as shown in
the invasion-metastasis cascade (Figure 1.1). The cascade starts at the primary tumor site
where the cancer cells locally breach the basement membrane (BM) to invade the
surrounding extracellular matrix (ECM) and connective tissue. The cascade then enters
the blood vessels by invasion of the lumina, where the tumor cells are transported and are
disseminated widely through the blood to arrive at their distant organ site. At that time,
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tumor cells start to extravasate from the blood vessels into the stroma of the metastatic
site. Initially, they use the metastatic tissue microenvironment to survive and form
micrometastasis. Later, tumor cells establish metastatic colonization, which is their own
proliferative program to form macroscopic metastasis at the distant metastatic site (Figure
1.1) [10]. The lung is the most common site for distant metastasis for HNSCC, followed
by bone. Metastasis to liver has also been reported [11].

Figure 1.1. The cancer invasion-metastasis cascade [10].
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3. Angiogenesis
The abilities of endothelial cells to proliferate and migrate to form new capillaries
from preexisting blood vessels is called angiogenesis, which is physiologically critical for
embryonic development and wound healing. Yet angiogenesis plays a critical role in
some vascular diseases and tumorigenesis [12]. Different cellular mechanisms have been
suggested for angiogenesis. Sprouting angiogenesis, where endothelial cells breach the
preexisting capillary BM, is the most studied mechanism. For example, in tumor
microenvironment, endothelial cells degrade the surrounding ECM and migrate toward
the tumor. Interestingly, tumor cells secrete angiogenic factors, such as vascular
endothelial growth factor A (VEGFA), that stimulate endothelial cell proliferation, and
platelet-derived growth factor (PDGF), which attract smooth muscle cells to encircle the
newly formed capillary and form a BM (Figure 1.2) [12]. Tumor-associated angiogenesis
is necessary for tumor growth and metastasis because it provides nutrients and oxygen to
the tumor microenvironment and eliminates tumor waste products. Moreover, it delivers
immune cells to the tumor microenvironment to enhance tumor growth. Angiogenesis is
an important predictive factor for tumor prognosis. For example, a study has showed that
patients with highly vascular breast cancers have a worse prognosis than those whose
tumors do not exhibit this trait [13].
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Figure 1.2. Sprouting angiogenesis is shown. Endothelial cells penetrate blood vessels
and migrate toward tumor cells to form new capillaries to help in tumor growth and
metastasis [12].
4. Hypoxia
Tumor hypoxia plays an important role in tumorigenesis by regulating tumor
formation, progression, and metastasis [14]. Hypoxia-inducible factors (HIFs) are
transcriptional factors that regulate the expression of different genes responsible for
different cellular processes such as tumorigenesis, glucose uptake, angiogenesis, and
apoptosis. These heterodimeric proteins consist of an oxygen-sensitive alpha subunit and
a constitutively expressed beta subunit [14]. The HIF family consists of three members:
HIF1, HIF2, and HIF3 [14]. HIF 1 has been reported to regulate angiogenesis by
regulating the expression of different angiogenic factors such as VEGF [15]. In normoxic
conditions, proline residues in the oxygen-dependent degradation domain (ODD) within
HIF-1α get hydroxylated by the prolyl-4-hydroxylase domain (PHD) proteins.
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Hydroxylated proline allows the interaction of HIF-1α with Von-Hippel-Lindau (VHL), a
tumor suppressor protein. This complex is recognized by E3 ubiquitin ligase, leading to
HIF-1α ubiquitination and degradation. A low oxygen level reduces the activity of PHD,
which in turn decreases the hydroxylation of proline residues and subsequently inhibits
HIF-1α degradation. Thereafter, the dimerization of HIF-1α and HIF-1β occurs, and the
complex binds to hypoxia response elements (HREs) in the promoters of a broad range of
genes that are critical for both physiological and pathological processes [14, 16].

C. Matrix Metalloproteinases (MMPs)
The matrix metalloproteinase family consists of more than 20 zinc-containing
endopeptidases that play a critical role in a wide variety of biological activities. Most
MMP members are secreted extracellularly; only six members are attached to the cell
surface membrane [17]. Their main functions are connective tissue remodeling and
degradation of ECM components such as collagens, elastins, glycoproteins, and
proteoglycans [18, 19]. Accordingly, they are subclassifed into collagenases,
stromelysins, and gelatinases [19]. A variety of cells have the ability to excrete MMPs,
including fibroblasts, endothelial cells, macrophages, neutrophils, and lymphocytes [18].
Under physiological conditions, expression of MMPs’ and their proteolytic activity are
controlled by tissue inhibitors of MMPs (TIMPs) to maintain homeostasis. They are
involved in embryonic development, angiogenesis, and wound healing. However, an
imbalance of MMP activity and TIMPs leads to excessive ECM degradation, which is
responsible for a variety of pathological conditions [19]. A wide range of diseases is
associated with the overexpression of MMPs such as cancer invasion and metastasis,
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periodontal disease, aortic aneurysms, and Alzheimer’s disease [20]. In regard to their
role in cancer progression, originally MMPs were believed to degrade only the ECM to
allow tumor cell invasion and metastasis. Recently, it has been reported that MMPs play a
critical role in primary tumor growth by contributing to tumor-associated angiogenesis
and the release of different growth factors [19].

D. Membrane-Type 1 Matrix Metalloproteinase (MT1-MMP)
Also known as MMP14, MT1-MMP is a cell surface protein that accumulates in
the invadopodia of cancer cells to mediate ECM degradation [21]. Almost all the MMP
family members share a structure with a propeptide, catalytic domain, hinge, and
hemopexin-like domain (PEX). Membrane-Type Matrix Metalloproteinases (MT-MMPs)
have a unique hydrophobic sequence at their C-terminus that acts as a transmembrane
domain with a cytoplasmic tail (Figure 1.3) [22]. MT1-MMP is expressed as pro-enzyme
(proMT1-MMP); activation occurs after removing the propeptide sequence by furin and
convertase enzyme. Activation of MT-MMP occurs intracellularly and it is then
transferred to the cell surface membrane [23]. MT1-MMP expression is inhibited by
TIMP-2 to maintain its balance in the tissue [24].
During embryogenesis, MT1-MMP expression mainly occurs in mesenchymal
cells such as fibroblasts, muscular cells, and osteoclasts. Interestingly, with maturation
and after birth, the expression of MT1-MMP is reduced [25]. Re-induction of MT1-MMP
expression can occur in many situations when the cells need ECM remodeling such as
with wound healing and angiogenesis [8, 26]. Also, in tumors, both tumor cells and
surrounding cells in the tumor microenvironment have the ability to abnormally express

7

MT1-MMP in order to promote invasion and metastasis [27]. A wide range of ECM
components are substrates for MT1-MMP degradation such as fibronectin, vitronectin,
lamin-1, fibrin, and collagens (Ι, ΙΙ, ΙΙΙ). Moreover, MT1-MMP degrades non-ECM
proteins such as CD44 and tissue transglutaminase (tTG). In addition, MT1-MMP cleaves
the propeptide in inactive proMMP2 to produce an active form of MMP2, which is
important in tumor invasion [17].

Figure 1.3. MMP structure is shown. MMPs almost share the same structure. Basic
components are a catalytic domain, hinge and hemopexin-like domain (PEX). MT1MMP has additional transmembrane and cytoplasmic domains. MMP-7 and MMP-26
lack the PEX [23].
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E. Semaphorins and plexins
The large family of semaphorins consists of more than 20 members first
recognized in the nervous system as axon guidance factors [28]. Semaphorin structure
consists of a Sema domain, an N-terminal structure approximately 500-amino-acids in
size, which is necessary for its function. This N-terminal domain has a similar structure to
the extracellular domain of β-integrins [29]. Recently, researchers have found that
semaphorins are involved in a wide range of biological and cellular events other than
axonal guidance such as apoptosis, cell survival, and cell migration [30]. Semaphorin
members are either secreted or membrane-associated glycoproteins, which have been
assigned eight classes according their structure. Classes 1 and 2 are called invertebrate
semaphorins, whereas classes 3–8 are known as vertebrate sempharonins [31]. All
semaphorins share two basic structures: the sema domain and the plexin-semaphorinintegrin domain (PSI) [29, 32]. The different classes are further distinguished by other
distinct protein domains, including immunoglobulin-like, thrombospondin, and basic Cterminal domains [31]. All vertebrate semaphorin classes are cell-membrane-anchored
proteins except for class 3, the only secreted form, which is characterized by a basic
charged domain at its C-terminus [31]. The membrane-anchored vertebrate semaphorins
have

unique

structural

elements,

including

thrombospondin

repeats

and

a

glycophosphatidylinositol (GPI) anchor [31]. Beside their physiological role,
semaphorins have a critical role in cancer development including the regulation of the
cells in tumor microenvironment, tumor-associated angiogenesis, and tumor invasion
[31].
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Two categories of semaphorin receptors are identified: high-affinity (e.g., plexins
and neuropilins) and low-affinity receptors (e.g., CD72) [31]. Nine plexins are known as
receptors for vertebrate semaphorins and are grouped into four subfamilies (A, B, C, and
D). Neuropilins (NP1 and NP2) are recognized as co-receptors for class-3 semaphorin
and VEGF (Figure 1.4) [33]. The low-affinity receptor CD72 plays an important role in
immunity [34].
Activation of plexins via semaphorins can elicit multiple intracellular signaling
cascades. It can sometimes result in opposing functional responses, depending on the
activation of distinct pathways in a cell-type-specific manner. The intracellular domain of
Plexin-B1 contains an intrinsic GTPase-activating protein (GAP) motif that down
regulates the activity of the G protein R-Ras and the subsequent inhibition of cell
migration. In addition, plexins contain a Rho guanine nucleotide exchange
factor (RhoGEF) binding site, the PDZ binding motif, where it associates with PDZRhoGEF/ Leukemia-Associated RhoGEF (LARG) to activate an intracellular cascade
that is important in actin filament formation and cytoskeleton reorganization [35-37].
Even though plexins have no intrinsic tyrosine kinase activity, they can associate on the
cell surface with different tyrosine kinase receptors such as Met, ERB2 and VEGFR2,
which can activate a wide range of downstream effectors (Figure 1.5). A study has
reported that breast cancer migration is enhanced when Plexin-B1 forms a complex with
ErbB-2, a cell membrane tyrosine kinase receptor, while its coupling with MET
(mesenchymal-epithelial transition factor), another tyrosine kinase receptor, inhibits
tumor cell migration [38].
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Figure 1.4. Semaphorins and their receptors (NPs and plexins) are shown. A. Structure of
different classes of semaphorins. B. NPs receptors structure. C. Plexin receptor
subfamilies [31].
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Figure 1.5. Semaphorin and plexin binding initiates multiple opposing functional
signaling cascades. Intrinsic GAP activity of Plexins can inhibit cell motility via RRas inactivation and activate the Rho GTPase family and enhance actin filament
formation. Also, they can bind to cell surface tyrosine kinase receptors to initiate
multiple downstream signaling events.

F. Semaphorin 4D (Sema4D)/Plexin-B
Also known as CD100, this glycoprotein homodimer was first recognized on T
lymphocytes [39]. It is a transmembrane protein containing an amino acid terminal
sequence followed by a sema domain, an immunoglobulin-like domain, a hydrophobic
transmembrane region, and a cytoplasmic tail (Figure 1.4) [39]. Although Sema4D does
not contain a catalytic domain within its cytoplasmic tail, it has one tyrosine
phosphorylation site and multiple sites for serine/threonine phosphorylation [40]. A
12

soluble form of Sema4D can be produced in the extracellular microenvironment by
proteolytic cleavage of cell membrane-anchored Sema4D [41]. A wide range of human
tissues has been reported to secrete Sema4D, including the brain, kidney, and heart [42].
Plexin-B1 is a heterodimeric (α and β subunits) protein characterized by high affinity to
Sema4D [43]. The α subunit forms of the majority of extracellular domain, and it weakly
binds to cell surfaces by its interaction with the β subunit. An extracellular domain and a
cytoplasmic tail are found in the β subunit [43]. The role of Sema4D/Plexin–B1 in tumor
growth has been reported to include tumor-associated angiogenesis, the regulation of
tumor associated macrophages, and tumor invasion [44]. High expression of Sema4D is
correlated with a poor prognosis and affects the survival rate of patients with sarcomas
[44].
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Chapter 2

MT1-MMP expression is regulated by hypoxia in a
Sema4D/PlexinB1-dependent manner to enhance the invasion of
HNSCC and other cells

Semenza et al. initially identified HIF-1 as the “master switch” for hypoxia in
1995. HIF-1 is a DNA-binding protein that regulates the expression of more than 40
widely varying genes [15, 45]. Hypoxia is required to enhance tumor growth and vascular
density. HIF-1 is involved in genetic alterations associated with tumor progression via
three different sequences. First, a reduction in the oxygen level in the tumor
microenvironment leads to an overexpression of HIF-1 transcriptional factor, which, in
turn, increases the transcription of angiogenic factors and decreases synthesis of antiangiogenic proteins to promote tumor vascularization. Second, in hypoxic conditions,
tumor cells adjust their metabolism to maintain ATP production via an increase in their
glucose transportation and glycolysis. Finally, inadequate O2 delivery to tumor cells leads
to an increase in the expression of anti-apoptotic factors, which improves their ability to
resist both radiotherapy and chemotherapy and promotes survival of tumor cells [45].
HIF-1 activates the transcription of genes important for tumor growth such as VEGF and
glucose transporters 1 and 3 (GLUT1, GLUT3), which are required for tumor
angiogenesis and to promote tumor cell survival through enhanced import of glucose,
respectively [46, 47].
Most MMPs are secreted as soluble enzymes, except for a few members that are
anchored to the cell surface and share a common carboxyl-terminal cytoplasmic domain
and an amino-terminal furin recognition site [48]. Six members of MMPs have been
reported as MT-MMPs, which are associated with different physiological and
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pathological activities through their unique ability to degrade and remodel the ECM.
MT1-MMP is necessary for a wide range of activities against ECM proteins including
type Ι and II collagens, fibronectin, vitronectin, fibrin, and proteoglycan [49-51].
Previous experimental studies have shown that MT1-MMPs are implicated in cancer
invasion and metastasis including lung, gastric, breast, and cervical carcinomas and
melanomas [26, 48, 52, 53]. The expression of MT1-MMP is regulated by different
stimuli, including cytokines, growth factors, and hypoxia. The association between
hypoxia and MT1-MMP expression has been reported in different cells such as breast
cancer, endothelial cells, and bone marrow-derived stromal cells [54-58]. Several studies
have shown that hypoxia regulates MT1-MMP function. For example, Munoz-Najar et al.
found that hypoxia potentiates breast cancer cell invasion through MT1-MMP
overexpression [59]. Sun et al. showed that hypoxia increases the transcription of MT1MMP and enhances its translocation to cell membranes in ovarian cancer cells [60].
Another study showed that hypoxia could modulate MT1-MMP function in breast cancer
cell lines by increasing its translocation to the surface membrane of invadopodia
projections without affecting gene transcription [59]. However, several other reports have
shown that the MT1-MMP promoter has an HRE, where HIF can bind regulate its
expression [61, 62].
Sema4D is a homodimer protein expressed on the cell surface, and it can be shed
from the membrane to produce a secreted form in the tumor microenvironment [63]. The
later form produced as a sequence of proteolytic activity [64]. Sema4D and its receptor
Plexin-B1 are involved in tumor progression by regulation of blood vessel growth, cancer
cell protection against apoptosis, and enhanced tumor invasion [44]. Others and we have
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demonstrated that Sema4D is overexpressed by many different aggressive carcinomas,
including HNSCCs.
Plexin-B1, a heterodimeric transmembrane protein that has an extracellular Sema
domain, is mainly expressed in brain and kidney tissues [30]. It has a unique intracellular
domain that governs different signaling cascades. Interaction between Sema4D and its
receptor Plexin-B1 can induce different intracellular signaling cascades, which can
produce diverse cellular responses in normal and tumor cells [31]. Coupling Sema4D
with Plexin-B1 can initiate either antimigratory or promigratory effects in breast cancer
cell lines depending upon which proteins are recruited to the Plexin-B1 signaling
complex.
Tumor cells secrete many factors to regulate their own microenvironment, such as
Semaphorins, which have the potential to act on different stromal cells. For example,
Sema4D can interact with Plexin-B1 on endothelial cells to promote tumor angiogenesis
[65]. Furthermore, Sema4D can bind to Plexin-B1 on nerve cells to enhance perineural
invasion of HNSCC. Recently, Plexin-B1 expression on tumor cells has been linked to
enhanced growth, migration and invasion [66]. We recently have showed that interaction
of Sema4D with Plexin-B1 activates downstream effectors RhoA and ROK. This results
in contraction of actin/myosin stress fibers and subsequent interaction between adhesion
proteins and integrins. This activates Pyk2, which results in the phosphorylation of PI3K,
Akt and Erk1/2, a response necessary for cell migration and the pro-angiogenic
phenotype [67].
Rho GTPases are a family of 22 intracellular signaling proteins involved in a wide
variety of cellular processes, including cell motility, gene transcription, survival,
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adhesion, and proliferation [68]. They are controlled by upstream GEFs, which switch
GTPases from inactive GDP-bound forms to active GTP-bound forms, and GAPs, which
stimulate the hydrolysis of GTP to GDP [69]. RhoA is a member of the Rho family,
which increases the contraction of actin/myosin and enhances cell motility [69].
Therefore, coupling Sema4D and its receptor Plexin-B likely initiates a signaling cascade
that controls the cell cytoskeleton [70].
The nuclear factor κB (NF-κB) family of proteins include five transcription
factors: NF-κB1 (p50/p105), NF-κB2 (p52/p100), RelA (p65), RelB, and c-Rel [71].
Normally, their main function is to adapt the cell to environmental changes. Abnormal
activation of NF-κB is involved in the development of cancers and several others diseases
[72]. In most cells, NF-κB is located in the cytoplasm as an inactive form due to its
coupling with inhibitors of NF-κB (IΚβs). Activation of NF-κB is initiated by variety of
cytokines, growth factors, and tyrosine kinases. Various receptors are responsible for NFκB’s signaling induction, including insulin growth factor receptors, tumor necrosis factor
receptors, and epidermal growth factor receptors. Upon activation, IκBs are
phosphorylated with IκB kinases (IKKs). Subsequently, phosphorylated IκBs undergo
ubiquitin-dependent degradation by a proteasome enzyme. Afterward, NF-κB is
translocated to the nucleus, where it acts as a nuclear transcription factor for several
genes involved in apoptosis, cancer development, invasion, and proliferation [71].
Here we demonstrated that HNSCC cell lines exhibited an enhanced hypoxic
response, as evidenced by increased activity of MT1-MMP in hypoxic conditions
compared to normoxic conditions. The HNSCC cell line HN12 shows overexpression of
HIF-1α, which is strongly correlated with an increase of MT1-MMP activation under
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hypoxic conditions. Thus, we suggested that an increase of the proteolytic activity of
MT1-MMP by hypoxia induces the shedding of membrane-anchored Sema4D from
tumor cells to act in autocrine and paracrine manner. Soluble Sema4D (sSema4D) feeds
back on cancer cells to increase production of more sSema4D, which attracts endothelial
cells to the tumor and aids in invasion and additionally, to enhance the ability of HN12
cells themselves to degrade and invade the ECM. We further studied the underlying
signaling pathway following Sema4D’s binding to Plexin-B1, which involves MT1-MMP
expression in HNSCC cells. Based on the experiments we performed, Plexin-B1 can
receive an extracellular signal from Sema4D and transfer it through the plasma
membrane to activate downstream effectors Rho GTPase and NF-κB, which is important
in MT1-MMP expression.

B. Material and Methods
1. Cell Culture
HNSCC cells, HN6 and HN12 cells [73] and HN13 (gifts of Dr. J. Silvio
Gutkind) were cultured in DMEM (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum and 100 units/ml penicillin/streptomycin/amphotericin B (Sigma). HNSCC
cells were grown under normoxic conditions and cultured in hypoxia (at 37° C in a sealed
chamber containing a mixture of inert gases with 1% oxygen) or treated with different
concentrations of sSema4D with or without co-treatment with the hypoxia mimetic CoCl2
(Sigma). 5 µM of the NF-κB inhibitor BAY11-7085 (Sigma), and 2.5 µg/ml of the
Clostridium botulinum toxin C3 (List Biological Laboratories, Campbell, CA), which
inhibits Rho and Rho Kinase (ROK) signaling pathways, were used where indicated.
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Cells were also infected with lentivirus coding for a scrambled shRNA sequence or one
designed to silence expression of Plexin-B1, Sema4D, or (HIF)-1α, as described below.

2. Purification of sSema4D
sSema4D was produced and purified as described previously [65]. Briefly, the
extracellular portion of Sema4D was subjected to PCR and the resulting product was
cloned into the plasmid pSecTag2B (Invitrogen, Carlsbad, CA). This construct was
transfected into 293T cells growing in serum-free DMEM. Media containing sSema4D
were collected 65 hours post-transfection and purified with TALON metal affinity resin
(Clontech Laboratories, Palo Alto, CA) according to the manufacturer’s instructions. The
concentration and purity of the TALON eluates were determined by SDS PAGE analysis
followed by silver staining (Amersham Life Science, Piscataway, NJ) and the Bio-Rad
protein assay (Bio-Rad, Hercules, CA). In all cases, media collected from cells
transfected with the empty pSecTag2B vector were used as a control.

3. Immunoblots
HN12 cells treated as indicated, were lysed in a lysis buffer (50 mM Tris-HCl,
150 mM NaCl, 1% NP 40) and supplemented with protease inhibitors (0.5 mM
phenylmethylsulfonyl fluoride, 1 µl/ml aprotinin and leupeptin; Sigma) and phosphatase
inhibitors (2 mM NaF and 0.5 mM sodium orthovanadate; Sigma) for 15 minutes at 4° C.
After centrifugation, we measured protein concentrations using the Bio-Rad protein assay
(Bio-Rad). One hundred µg of protein from each sample were subjected to SDSpolyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Immobilon
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P, Millipore Corp., Billerica, MA). The membranes were then incubated with the
following antibodies: anti-HIF-1α (1:100 dilution; BD Pharmingen, San Jose, CA), antiMT1-MMP (clone LEM-2/15.8; EMD Millipore, Temecula, CA), anti-Sema4D (BD
Transduction Labs, BD Biosciences, Palo Alto, CA), anti-Pelxin-B1 (A8, Santa Cruz
Biotechnology, Santa Cruz, CA), the loading controls tubulin (1:100 dilution, Santa
Cruz), or GAPDH (Sigma). We detected proteins using the ECL chemiluminescence
system (Pierce, Rockford, IL).

4. shRNA and Lentivirus Infections
We obtained shRNA sequences for human Sema4D, Plexin-B1, and HIF-1α from
Cold

Spring

Harbor

Laboratory's

RNAi

library

(RNAi

Central,

http://cancan.cshl.edu/RNAi_central/RNAi.cgi?type=shRNA) [74, 75]. The sequences
used as PCR templates for Sema4D and Plexin-B1 shRNA have been previously reported
[76].

The

sequence

used

as

a

PCR

template

for

HIF-1α

shRNA

was

TGCTGTTGACAGTGAGCGAAGAGTCCATCTCATATTTAAATAGTGAAGCCAC
AGATGTATTTAAATATGAGATGGACTCTCTGCCTACTGCCTCGGA.
Oligos were synthesized (Invitrogen) and cloned into pWPI GW, a Gateway-compatible
CSCG-based lentiviral destination vector, as previously described [76, 77]. Viral stocks
were prepared and infections were performed, as previously reported [76]

5. Zymography
We performed zymography as previously described [78]. Briefly, we grew HN12
cells for 12 hours under normoxic or hypoxic conditions, along with the indicated co-
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treatments or lentiviral gene silencing. SDS PAGE gelatin gels (Invitrogen) were then
loaded with 25 µg of protein and run as a standard immunoblot (see above). The gels
were soaked in renaturing buffer for 30 minutes, incubated overnight in developing
buffer, and stained with Coomassie Blue.

6. Flow Cytometry
The 1 x 106 HN12 cells, controls, and those with Sema4D and Plexin-B1 silenced
with shRNA were treated with CoCl2 both with and without pretreatment. Cells were
suspended in a buffer (PBS containing 1% BSA) and incubated on ice for 1 hour, with
antibodies specific for the MT1-MMP catalytic domain (EMD Millipore). Following
buffer wash, cells were incubated for 30 minutes with FITC conjugated goat anti-mouse
IgG (1:100 dilution; Thermo Scientific, Rockford, IL). After washing, cells were
resuspended in 0.5 ml PBS and analyzed by flow cytometry (Becton Dickinson, San Jose,
CA).

7. Collagen Digestion Assay
Collagen degradation was determined as previously published [79]. Briefly, a 50
µl droplet containing 60,000 HN12 cells, controls, or those with Sema4D or Plexin-B1
silenced by shRNA were grown under normoxic or hypoxic conditions for 4 days in 35
mm plates coated with 2 ml of rat tail collagen (BD Biosciences, Bedford, MA) diluted in
PBS to a final concentration of 2.5 mg/ml, with and without 2.5 µg/ml of C3 and 5 µM of
BAY11-7085. Collagen degradation was revealed after removing cells with trypsin/
EDTA, washing with Triton X-100 and water, and staining with 0.6 mg Coomassie Blue
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in 10 ml of water containing 30 µl HCl. We performed experiments in triplicate, with the
results quantified by NIH Image J software.

8. Invasion Assay
Cell invasion was assayed using BioCoat Matrigel invasion chambers (8 µm pore
size; Corning, Bedford, MA) per the manufacturer's instructions. HN12 cells, controls or
those with silenced Sema4D or Plexin-B1 and pretreated with and without 2.5 µg/ml of
C3 and 5 µM of BAY11-7085 were harvested from culture dishes by treatment with 1
mM EDTA and resuspended in 0.2% BSA-containing medium. Approximately 1×105
cells were added in the upper chamber and allowed to invade through the BME and
migrate through the filter toward a lower chamber containing growth medium with 5%
FBS (except for the negative control that contained 1% BSA) in normoxia or hypoxia at
37º C. After 16 hours, cells adherent to the upper side of the filter were mechanically
removed while those that migrated to the lower side were fixed in glutaraldehyde and
stained using a Diff-Quik kit (vWR, Radnor, PA). Photographs were taken of three high
power fields for each membrane and the cells counted and expressed as an average.

9. Wound Healing Assay
HN12 cells, controls, and those with Sema4D or Plexin-B1 silenced by shRNAexpressing lentiviruses were grown to confluency in 35mm 6-well plates and exposed to
normoxia or hypoxia with and without 2.5 µg/ml of C3 and 5 µM of BAY11-7085. We
then performed the assay as previously described [81]. Briefly, a sterile 200µl pipette tip
was used to make a vertical “wound” in the cell monolayer and photographs were taken

22

at time 0 and then again at 12 hours. We used Image J analysis to measure 10 random
distances, in pixels, between the cell fronts, with results expressed as the averages of
three independent experiments.

10. Statistical Analysis
Student’s paired t tests were performed on means, and p values calculated: *, p ≤
0.05; **, p ≤ 0.01.

C. Results
1. Hypoxia Upregulates MT1-MMP Expression in HNSCC Cells
We primarily wanted to study the effect of hypoxia on MT1-MMP protein levels
in HNSCC cells. So, we lysed HN12 cells (a line isolated from a lymph node metastasis)
and then extracted proteins following exposure to normal tissue culture conditions
(normoxia) or an atmosphere of 1% oxygen (hypoxia). Immunoblot analysis showed that
HN12 cells exhibited increasing MT1-MMP protein levels in a dose-dependent manner
when exposed to hypoxia with respect to HN12 cells growing in normoxia. Interestingly,
the increase in MT1-MMP protein levels was correlated with increased HIF-1α levels
(Figure 2.1A). To determine further the role of hypoxia in MT1-MMP activation, we
exposed HN12 cells to culture condition containing CoCl2, a chemical compound that
mimics hypoxic conditions. We noted that protein levels of MT1-MMP increased in
HN12 cells following treatment with CoCl2, a response correlated with increased levels
of HIF-1α protein (Figure 2.1B). To determine if elevated levels of MT1-MMP are due to
HIF-1α-mediated MT1-MMP transcription, we transfected HN12 cells with a control or
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HIF-1α siRNA oligos and then treated them with 200µM CoCl2. We observed a
correlated expression of both HIF-1α and MT1-MMP proteins in control HN12 cells
cultured with CoCl2. Meanwhile, MT1-MMP protein levels were strongly reduced in
HN12 cells transfected with HIF-1α siRNA (Figure 2.1C). Moreover, we studied the
effect of HIF-1α-induced MT1-MMP on gelatinolytic activity of MMP2, which is
released and activated by MT1-MMP. Conditioned media were isolated from HN12 cells
placed in hypoxic and normoxic conditions and used to perform a gelatin zymogram. We
observed that hypoxia increases MMP2 activation with respect to control, normoxia
(Figure 2.1D).
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Figure 2.1. Hypoxia upregulates MT1-MMP expression in HNSCC cells. (A) Immunoblot
analysis showed that MT1-MMP protein levels increased in HN12 cells along with HIF-1α in
hypoxia. (B) The hypoxia mimetic CoCl2 also increased MT1-MMP expression in HN12
cells. (C) siRNA knockdown of HIF-1α interferes with MT1-MMP expression following
exposure to CoCl2. (D) Gelatinase zymography showed an increase in the activation of
MMP2, a surrogate marker for MT1-MMP activity, under hypoxic conditions with respect to
normoxia.
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2. Hypoxia Increases Expression of MT1-MMP in a Sema4D/ Plexin-B1-Dependent
Manner in HNSCC cells
To explore whether sSema4D and the underlying intracellular signaling cascade
involve further activation of MT1-MMP, we measured MT1-MMP protein levels in
HNSCC cells that treated with different concentrations of sSema4D. We noted a dosedependent increase in MT1-MMP protein levels along with sSema4D treatment in an
immunoblot (Figure 2.2A). To further determine whether elevated levels of MT1-MMP
in HN12 cells following hypoxia are upregulated by Sema4D/Plexin-B1 signaling
pathway, we targeted both Sema4D and Plexin-B1 for knockdown. We generated
Sema4D and Plexin-B1 shRNA oligonucleotides from sequences acquired from the Cold
Spring Harbor Laboratory RNAi library (RNAi Codex) and confirmed that they worked
by demonstrating that HNSCC cells infected with lentiviruses manufactured to express
Sema4D and Plexin-B1 shRNA exhibited reduced levels of Sema4D and Plexin-B1
proteins, but not in cells expressing empty vectors (control; C) in an immunoblot (Figure
2.2B). Interestingly, HN12 cells infected with lentivirus expressing Sema4D shRNA or
Plexin-B1 shRNA successfully reduced the protein levels of MT1-MMP in cells growing
in hypoxia (Figure2.2C). To confirm that Sema4D/Plexin-B1 cascade is critical for MT1MMP expression, we conducted a gelatin zymography experiment to test the effect of
Sema4D/Plexin-B1 on the activation of MMP2, the MT1-MMP target protein. We
observed the activation of MMP2 increased in HN12 control cells expressing empty
vectors growing in a hypoxic atmosphere, but an attenuation of this response in MMP2
levels in cells infected with Sema4D and Plexin-B1 shRNA (Figure 2.2D). MT1-MMP
gene expression was indirectly analyzed by using a flow cytometry method. We observed
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that hypoxia mimetic condition CoCl2 increases the number of wild type (WT) HN12
cells expressing fluorescent-labeled MT1-MMP with respect to untreated cells, and this
response was greatly attenuated in Sema4D or Plexin-B1 shRNA infected HN12 cells
(Figure 2.2E). As expected, hypoxia increased Sema4D protein levels in the lysate of
HN12 cells as well as the released Sema4D in their culture medium in comparison to
tumor cells cultured in normoxic condition. Interestingly, knockdown of Plexin-B1 from
HN12 cells by lentivirus containing Plexin-B1 shRNA reduced Sema4D protein levels in
both cell lysate and supernatant of their culture medium (Figure 2.2F).
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Figure 2.2. Hypoxia increases expression of MT1-MMP in a Sema4D/ Plexin-B1-dependent
manner in HN12 cells. (A) Immunoblot demonstrates a dose-dependent increase in MT1MMP protein in HN12 cells in response to sSema4D treatment. (B) Immunoblot analysis for
Sema4D and Plexin-B1 on lysate from HN12 cells, infected with empty vector control
lentivirus or lentivirus containing either Sema4D or Plexin-B1 shRNA. (C) Silencing of
Sema4D or Plexin-B1 by shRNA in HN12 reduced the expression of MT1-MMP in hypoxia,
in immunoblot. (D) Gelatinase zymography showing that knockdown of Sema4D and PlexinB1 inhibits the activation of MMP2 in hypoxia. (E) Flow cytometry shows a reduction of
MT1-MMP cell surface expression in HN12 cells with silenced Sema4D and Plexin-B1 in
CoCl2, a hypoxia-mimetic. (F) Knockdown of Plexin-B1 from HN12 cells by Plexin-B1
shRNA reduced Sema4D protein levels in both cell lysate and supernatant of their culture
medium.

3. Role of RhoA GTPase and NF-κB in Sema4D/Plexin-B1-Mediated MT1-MMP
Expression in HNSCC cells
To evaluate the intracellular mechanisms responsible for Sema4D/Plexin-B1mediated MT1-MMP expression further, we tested involvement of the small GTPase
family of proteins and NF-κB. We examined the potential role of both RhoA and NF-κB
by using a Rho inhibitor, the exoenzyme C3 transferase from Clostridium botulinum
(C3), which selectively inactivates RhoA, and BAY 11-7082 (BAY), an irreversible NFκB inhibitor that prevents IKK-mediated phosphorylation of IΚα. In an immunoblot
analysis, we observed that treatment of HN12 cells with either C3 or BAY was effective
in repressing the MT1-MMP protein levels in HN12 cells growing in hypoxia with
respect to control cells exposed to hypoxia without any inhibitors (Figure 2.3A). NF-κB
is sequestered in the cytoplasm by IκB, which needs to be phosphorylated and degraded
to allow NF-κB to translocate to the nucleus, so rapid phosphorylation and loss of IκB
signal in an immunoblot is a good marker for NF-κB activation. We wanted to confirm
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further the role of the Plexin-B1 downstream effector NF-κB in MT1-MMP activation.
Despite the effects of hypoxia, we noted that knockdown of Plexin-B1 by a lentivirus
containing shRNA in HN12 cells reduced the phosphorylation of IκB which, in turn,
inhibits the activation of NF-κB. Interestingly, the reduction of IκB phosphorylation was
correlated with decreased MT1-MMP expression (Figure 2.3B). We performed flow
cytometry to confirm the involvement of NF-κB and RhoA in MT1-MMP activation in
HN12 cells. We observed that the number of fluorescent-labeled MT1-MMP expressing
cells was markedly reduced when either BAY or C3 were added to the culture medium
(Figure 2.3C).
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Figure 2.3. The Plexin-B1 effectors RhoA and NF-κB regulate MT1-MMP activity in
HNSCC cells. (A) Immunoblot analysis showing that C3, a Rho inhibitor, and BAY 117082, an NF-κB inhibitor, reduced the protein levels of MT1-MMP under hypoxic
conditions in HN12 cells. (B) shRNA knockdown of Plexin-B1 reduced the
phosphorylation of the NF-κB inhibitor I-κBα in hypoxia-exposed HN12 cells. (C) Flow
cytometry for control HN12 cells or cell treated with C3 and BAY inhibitors.

4. Sema4D/Plexin-B1-Mediated Increases in MT1-MMP Favor a More Aggressive
HNSCC Phenotype
We wanted to determine the biological significance of Sema4D/Plexin-B1mediated MT1-MMP overexpression on HNSCC cells. First, we examined the effect of
hypoxia on HN12 cell migration and whether Sema4D/Plexin-B1 cascade was involved
in the cell migration. Therefore, we performed a wound-healing assay. We grew HN12
cells until they reached 100% confluence, then the fields of confluent cells were pictured
immediately after the scratch (0 time) and after 12 hours of incubation. First, we
examined the migration rate of HN12 cells in normoxia; we found about 32% of the
wound was closed, while hypoxia increased the migration rate of tumor cells, and almost
82% of the wound was closed. Interestingly, in HN12 cells infected with the lentivirus
containing Sema4D shRNA or Plexin-B1 shRNA, the level of wound closure was
lowered to 44% and 6% in hypoxia, respectively. Disruption of the Plexin-B1 effectors
RhoA and NF-κB by C3 and BAY opposed the hypoxia effect and decreased the
migration rate of HN12 cells, which reduced the level of wound closure to 51% and 53%,
respectively (Figure 2.4A). We also performed the same experiment on the HN6 and
HN13 lines of HNSCCs. The results showed that hypoxia increased cell migration and
wound closure in both cell lines (Figure 2.4B). These results suggest that hypoxia induces
HNSCC migration in a Sema4D/Plexin-B1-dependent manner. To explore the biological
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significance of MT1-MMP overexpression on HN12 cells further, we investigated
whether hypoxia and Sema4D were necessary in collagen type Ι degradation. We coated
a plate with extracted collagen type Ι and added HN12 cells as droplets in the middle of
the collagen. Collagenolysis was detected with Coomassie Blue staining after cell
removal. We noted that there was no clearing of collagen under the central cell colony
after cell removal in normoxia. An area of collagen degradation was detected underneath
a HN12 cell colony cultured in hypoxia. Despite the hypoxia effect, HN12 cells infected
with lentivirus containing either Sema4D or Plexin-B1 shRNA showed no lysis in the
stained collagen after cell removal. Furthermore, inhibition of the Plexin-B1 downstream
effectors RhoA and NF-κB by C3 and BAY reduced collagenolysis ability of HN12 cells
(Figure 2.4C). From these results we can conclude that the Sema4D/Plexin-B1-mediated
activation of MT1-MMP is necessary for hypoxia-induced HN12 collagen degradation.
Finally, we tested HNSCC cell invasion by using Matrigel-coated transwell cell culture
chambers. HN12 cells were placed in the upper chamber of the transwell insert and
chemoattractant (5% FBS) in the lower chamber for 16 hours. The invasive cells were
stained by Diff-Quik kit and the HN12 cells were quantified by counting the number of
cells in three different microscopic fields. We observed robust hypoxia-induced HN12
invasion toward the chemoattractant, while in normoxia the number of HN12 invaded
cells was far less. As expected, knockdown of Sema4D or Plexin-B1 by lentivirus
containing shRNA strongly reduced the invasion ability of tumor cells in hypoxia.
Furthermore, inhibition of RhoA and NF-κB counteracted the hypoxia effect and
decreased the number of invading HN12 cells (Figure 2.4D). The results presented below
revealed a link between hypoxia-induced collagen degradation, invasion, and migration
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of HNSCC cells and Sema4D/Plexin-B1-mediated signaling, probably as a result of
MT1-MMP expression.
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Figure 2.4. Hypoxia increases invasion, collagen degradation, and migration of HNSCC
cells in Sema4D/Plexin-B1 dependent manner. (A) Hypoxia enhances HN12 cell
migration with respect to experimental controls consisting of cells cultured in normoxic
conditions in a wound-healing assay. Despite the hypoxia effect, knockdown of Sema4D
or Plexin-B1 and treatment with Rho and NF-κB inhibitors lowered the HN12 migration
rate. (B) Wound healing assays for HN6 and HN13 cells showed that hypoxia accelerated
wound closure with respect to control cells in normoxia. (C) A collagen degradation assay
showing that hypoxia enhances HN12 degradation of type I collagen. Genetic or
pharmacologic blockade of the Sema4D/Plexin-B1 signaling cascade reduced the cells
ability to degrade collagen. (D) 5% FBS medium was used as chemoattractants for HN12
cells, HN12 cells infected with lentivirus coding for Sema4D or Plexin-B1 shRNA, and
HN12 cells treated with Rho and NF-κB inhibitors in invasion assay, all grown in
hypoxic conditions. Invasion was scored relative to that seen in negative control (serumfree medium, normoxia).

D. Discussion
The HIF family is made of transcriptional factors expressed in a response to
changes in O2 levels in the cellular microenvironment that help in the adaptation to O2
deprivation. Overexpression of HIF-1α and HIF-2α is linked to a wide range of tumors
such as bladder, breast, colon, ovarian, and renal carcinoma [82]. In addition, expression
of either HIF-1 1or HIF-2 is associated with poor prognosis of different tumors such as
head and neck cancer, breast cancer, liver cancer, gastric carcinomas, and nasopharyngeal
carcinomas [14]. About 50%–60% of solid tumors have an area of hypoxia that develops
from an imbalance between O2 supply and O2 consumption [14]. Hypoxia in proliferating
tumors develops either from high O2 consumption or because the tumor is situated away
from the blood supply and local capillaries [83]. Several studies have shown the role of
hypoxia in expression and translocation of proteases, such as MMP-9 and MT1-MMP, in
different tumor cells as mechanisms involved in hypoxia-induced invasion [59, 84, 85].
However, we have identified that hypoxia is critical for the transcription of MT-MMP, as
a novel mechanism for HNSCC cell invasion and attraction of endothelial cells to the
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tumor and to aid in metastasis. Our data suggest that like several genes, MT1-MMP is
influenced by changes in oxygen suppression. Using immunoblots and flow cytometry,
we observed that MT1-MMP expression was dramatically increased by hypoxia and it
was clearly dependent upon HIF-1α transcriptional factor. In addition, the activation of
MMP2, a substrate of MT1-MMP, was notably increased under hypoxic conditions.
Although Sema4D is a membrane-anchored homodimer protein, its cleavage to a
secreted form is necessary to act in a paracrine manner on tumor and stromal cells [64].
Our group and others recently investigated the mechanism for the shedding of Sema4D in
the surrounding environment through the proteolytic activity of MMPs [63, 64]. We have
observed that in addition to its other numerous pro-tumorigenic effects, MT1-MMP is
necessary to generate the secreted form of Sema4D [64]. Therefore, we wanted to look
for a link between hypoxia-induced MT1-MMP and Sema4D availability in the tumor
microenvironment. In this regard, we observed that hypoxia increases both Sema4D
protein levels and the secreted form of Sema4D and that this increase was Plexin-B1
dependent. This suggests that the secreted Sema4D in the tumor microenvironment feeds
back on Plexin-B1-expressing tumor cells to upregulate MT1-MMP. This maintains the
secreted Sema4D form available in the tumor microenvironment as well as enhances
tumor cell invasion. Afterward, we wanted to study further the Sema4D/Plexin-B1
signaling cascade, particularly as it relates to MT1-MMP expression.
The role of Sema4D/Plexin-B1 has been reported in numerous adult tissues.
These proteins are involved in different cellular activities, including loss of cell-cell
contact, morphogenesis in epithelium, regulation of angiogenesis, growth and metastasis
of tumor cells, and immune responses [63, 86]. The expression of plexins in tumor cells
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has an opposing effect; one study showed that the overexpression of Plexin-B1 increases
invasion and metastasis of prostate tumors, while other studies reported that down
regulation of their expression correlated with a poor prognosis [87, 88]. In this respect,
we noted that hypoxia-induced MT1-MMP expression is largely dependent upon the
Sema4D/Plexin-B1 signaling pathway. At the cellular level, we observed a dosedependent increase in MT1-MMP protein levels in HN12 cells following sSema4D
treatment. Interestingly, targeting of either Plexin-B1 or Sema4D by a lentivirus
containing either Sema4D or Plexin-B1 shRNA strongly reduced expression of MT1MMP in HNSCC growing in a hypoxic condition.
We have previously shown that production of Sema4D by HNSCC cells attract
Plexin-B1-expressing endothelial cells in a RhoA and ROK-dependent manner to induce
tumor-associated angiogenesis [65]. Moreover, a study has been reported that RhoGTPases are required for MT1-MMP activation and translocation [59]. We also have
shown that Sema4D/Plexin-B1-mediated Akt activation is necessary in activation of NFκB and pro-angiogenic IL-8 in endothelial cells [89]. Therefore, we attempted to look for
the underlying molecular mechanism following interaction between Sema4D and PlexinB1 in HNSCC cells. Our results suggest that Plexin-B1 effectors RhoA and NF-κB are
clearly required for MT1-MMP expression. We observed that pharmacological blockade
of Plexin-B1 downstream effectors RhoA and NF-κB by C3 and BAY inhibitors was
effective in suppressing Sema4D/Plexin-B1-mediated MT1-MMP expression in HNSCC
cells. In addition, blocking the signal transfer by knockdown of Plexin-B1 receptors
affected the phosphorylation of the NF-κB inhibitor, which prevented its translocation to
the nucleus.
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Expression of MT1-MMP on several tumor cell lines cells has been associated
with tumor invasion and metastasis. Squnni et al. found that transfection of MCF7, breast
cancer cells lacking MT1-MMP and MMP2 activities, with MT1-MMP cDNA enhances
cells’ invasion ability in Matrigel and induced rapid development of highly vascularized
tumors [90]. Furthermore, it has been reported that overexpression of the Rho family is
necessary for motility of a wide variety of carcinomas and enhances their invasive
phenotype via MT1-MMP activation [59, 91]. We noted that the invasive potential of
MT1-MMP-expressing HNSCC cells was dramatically increased by hypoxia in a
Sema4D/Plexin-B1-dependent manner. Experiments using C3, BAY, and a lentivirus
coding for Plexin-B1 shRNA showed that hypoxia-induced HNSCC cell invasion was
dependent upon activation of MT1-MMP by Sema4D/Plexin-B1 signaling cascade. In
our experiments, we found that hypoxia induced HN12 cells to degrade collagen type Ι,
while knockdown of either Sema4D or Plexin-B1 by shRNA and inhibition of
downstream effectors RhoA and NF-κB blocked this effect. Hypoxia also enhanced the
migration rate of different cell lines of HNSCC and the invasive ability of HN12 cell
lines in Matrigel. Interestingly, genetic or pharmacological blocking of Sema4D/PlexinB1 signaling cascade lowered HNSCC’s migration and invasion abilities.
This study has defined the Sema4D/Plexin-B1 signaling cascade as an essential
component of MT1-MMP activation in HNSCC cells. In addition, the role of hypoxia is a
critical element that contributes in MT-MMP expression. In addition to its protumorigenic effects on cancer cells, MT-MMP plays an important role in maintaining
soluble Sema4D available in the tumor microenvironment. Further studies are needed to
investigate the role of hypoxia in MT1-MMP trafficking, or the movement of MT1-MMP
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protein from the Golgi apparatus to the cell surface, in HNSCC cells. Furthermore,
analysis of the MT1-MMP genome of HNSCC cells is required to explore the binding
site of HIF-1 in the MT1-MMP promoter.
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Sema4D/Plexin-B1-Mediated MT1-MMP overexpression in
Chapter 3 HUVECs enhances their ability to migrate through ECM and
promote angiogenesis

The tumor microenvironment is comprised of tumor cells, blood vessels, nerves
and inflammatory cells. Tumor and stromal cells secrete different signaling molecules
into this environment that are necessary to maintain a constant interaction between those
cells. Sema4D is one of the molecules that are secreted in the microenvironment by
tumor cells as soluble form. This can initiate different intracellular signaling pathways in
different stromal cells, which can promote tumor progression. For example, Sema4D can
act as a pro-angiogenic factor, which regulates blood vessel growth into the tumor.
Angiogenesis is necessary for tumor growth and metastasis. It supplies tumor
cells with nutrients, oxygen and immune cells, and also removes waste products [92].
Both activating and inhibitory molecules regulate angiogenesis, so tumor-associated
angiogenesis requires upregulation of pro-angiogenic factors as well as downregulation
of antiangiogenic molecules [93]. Different proteins have been identified as
proangiogenic activators, including VEGF, basic fibroblast growth factor, angiogenin and
transforming growth factor. It has been reported that endothelial cells activated by VEGF
produce MMPs for the purpose of degrading the extracellular matrix and promoting
migration into surrounding tissues and capillary formation [94]. As an initial step in
angiogenesis, endothelial cells need to breach the BM surrounding the vessel and migrate
along ECM components. MMPs expressed by endothelial cells have been shown to
accelerate degradation of the ECM and facilitate cellular migration [95]. MT1-MMP
expression has been associated with cancer invasion, metastasis and angiogenesis. The
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role of MT1-MMP, TIMP2, and MMP2 in angiogenesis has been recently investigated
[51].
We have previously investigated the role of MT1-MMP in HNSCC cells. In this
study, we wanted to study further the role of Sema4D/Plexin-B1-mediated MT1-MMP
expression in endothelial cell migration and capillary formation. We found that MT1MMP is present in the HUVEC cells as well as in HNSCC cells. Furthermore, we use
different genetic and pharmacological blockades of the Sema4D/Plexin-B1 signaling
cascade to demonstrate that MT1-MMP expression in Plexin-B1-expressing endothelial
cells (HUVECs) is clearly dependent upon availability of sSema4D. MT1-MMP
expression on the surface of endothelial cells facilitates HUVEC migration and capillary
formation in the tumor while potentially aiding in tumor cell metastasis. These results
suggest that MT1-MMP provides a novel molecular mechanism in endothelial and
HNSCC cells that is necessary to control tumor-associated angiogenesis.

B. Material and Methods
1. Cell Culture
Human umbilical vein endothelial cells (HUVEC, ATCC, Manassas, VA) were
cultured in Endothelial Cell Medium-2 (EGM-2, Lonza, Basel, Switzerland). Cells were
treated with 20 ng/ml Phorbol 12-myristate 13-acetate (PMA; Sigma, St. Louis, MO) or
different concentrations of soluble sSema4D or media conditioned by the HNSCC line
HN12 (see below) with or without 30 min. pre-treatment with 5 µM of the NF-κB
inhibitor BAY11-7085 (Sigma), 2.5 µg/ml of the Clostridium botulinum toxin C3 (List
Biological Laboratories, Campbell, CA), which inhibits Rho and Rho Kinase (ROK)
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signaling pathways, 20 µM of the EGFR inhibitor AG1478 (Sigma), or 10 µM of U0126,
an inhibitor of ERK (Sigma), where indicated. Also where indicated, HUVEC cells were
infected with lentivirus coding for a scrambled short hairpin (sh) RNA sequence or one
designed to silence expression of PB1, as described below. HN12 cells [73] (gifts of Dr.
J. Silvio Gutkind) were cultured in DMEM (Sigma) supplemented with 10% fetal bovine
serum and 100 units/ml penicillin/streptomycin/amphotericin B (Sigma), control cells or
those infected with lentivirus designed to silence Sema4D expression (see below), with
media harvested for treatment of HUVEC cells in the appropriate experiments.

2. Purification of sSema4D
sSema4D was produced and purified as described previously [65]. Briefly, the
extracellular portion of Sema4D was subjected to PCR and the resulting product cloned
into the plasmid pSecTag2B (Invitrogen, Carlsbad, CA). This construct was transfected
into 293T cells growing in serum free media. Media containing sSema4D was collected
65 hours post-transfection and purified with TALON metal affinity resin (Clontech
Laboratories, Palo Alto, CA) according to manufacturer’s instructions. Concentration and
purity of the TALON eluates was determined by SDS PAGE analysis followed by silver
staining (Amersham Life Science, Piscataway, NJ) and the Bio-Rad protein assay (BioRad, Hercules, CA). In all cases, media collected from cells transfected with the empty
pSecTag2B vector were used as control.
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3. Immunoblots
HUVEC Cells treated as indicated were lysed in lysis buffer (50 mM Tris-HCl,
150 mM NaCl, 1% NP 40) supplemented with protease inhibitors (0.5 mM
phenylmethylsulfonyl fluoride, 1 µl/ml aprotinin and leupeptin, Sigma) and phosphatase
inhibitors (2 mM NaF and 0.5 mM sodium orthovanadate, Sigma) for 15 min. at 4°C.
After centrifugation, protein concentrations were measured using the Bio-Rad protein
assay (Bio-Rad). 100 µg of protein from each sample was subjected to SDSpolyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Immobilon
P, Millipore Corp., Billerica, MA). The membranes were then incubated with ant-MT1MMP antibody (clone LEM-2/15.8, EMD Millipore, Temecula, CA) and the loading
control, GAPDH (Sigma). Proteins were detected using the ECL chemiluminescence
system (Pierce, Rockford, IL).

4. shRNA and Lentivirus Infections
We obtained shRNA sequences for human Sema4D, Plexin-B1, and HIF-1α from
Cold

Spring

Harbor

Laboratory's

RNAi

library

(RNAi

Central,

http://cancan.cshl.edu/RNAi_central/RNAi.cgi?type=shRNA) [74, 75]. The sequences
used as PCR templates for Sema4D and Plexin-B1 shRNA have been previously reported
[76].

The

sequence

used

as

a

PCR

template

for

HIF-1α

shRNA

was

TGCTGTTGACAGTGAGCGAAGAGTCCATCTCATATTTAAATAGTGAAGCCAC
AGATGTATTTAAATATGAGATGGACTCTCTGCCTACTGCCTCGGA. Oligos were
synthesized (Invitrogen) and cloned into pWPI GW, a Gateway-compatible CSCG-based
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lentiviral destination vector, as previously described [76, 77]. Viral stocks were prepared
and infections were performed, as previously reported [76]

5. Flow Cytometry
1 x 106 of HUVEC cells, controls and those pre-treated with 400 ng/ml sSema4D,
with and without 5 µM BAY11-7085 and 2.5 µg/ml C3, were suspended in buffer (PBS
containing 1% BSA) and incubated on ice for 1 hr. with antibodies specific for the
catalytic domain of MT1-MMP (EMD Millipore). Following buffer wash, cells were
incubated for 30 min. with FITC conjugated goat anti-mouse IgG (1:100 dilution;
Thermo Scientific, Rockford, IL). After washing, cells were re-suspended in 0.5 ml PBS
and analyzed by flow cytometry (Becton Dickinson, San Jose, CA).

6. Zymography
Zymography was performed as previously described [78]. Briefly, HUVECs were
treated for 6 hrs. as indicated. SDS PAGE gelatin gels (Invitrogen) were loaded with 25
µg of protein and run as a standard immunoblot (see above). The gels were soaked in
renaturing buffer for 30 min., incubated overnight in developing buffer, and stained with
Coomassie Blue.

7. MT1-MMP RT-PCR
Quantitative real-time PCR was carried out using SYBR Green, as previously
described [96]. Briefly, RNA was extracted from HUVEC cell lysates with an RNeasy-kit
(Qiagen) and converted into cDNA using the AMV reverse-transcriptional system
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(Promega, Madison, WI). An MYIQ real-time PCR detection system and SYBR green
PCR mix (Bio-Rad) were used to carry out real-time PCR. The relative abundance of
transcript was quantified using the comparative Ct method with 18S as an internal
control.

Primers

used

were

as

follows:

GGATACCCAATGCCCATTGGCCA-3';
CCATTGGGCATCCAGAAGAGA-3'.

Forward,

Reverse,
For

18S

controls:

5'5'-

Forward,

5'-

GTAACCCGTTGAACCCCATT-3'; Reverse, 5'-CCATCCAATCGGTAGTAGCG-3'.
All data were analyzed from three independent experiments.

8. Collagen Digestion Assay
Collagen degradation was determined as previously published [79]. Briefly, a 50
µl droplet containing 60,000 HUVECs, controls or those with PB1 silenced by shRNA,
were grown for 6 days in 35 mm plates coated with 2 ml of rat tail collagen (BD
Biosciences, Bedford, MA) diluted in PBS to a final concentration of 2.5 mg/ml. These
cells were incubated in media conditioned by HN12 cells, controls or those with silenced
Sema4D, with and without 2.5 µg/ml of C3 (List Biologicals), 5 µM of BAY11-7085
(Sigma), and 100 µM of NSC 405020, an MT1-MMP inhibitor (Selleckchem, Houston,
TX). Collagen degradation was revealed after removing cells with trypsin/ EDTA,
washing with Triton X-100 and water, and staining with 0.6 mg Coomassie Blue in 10 ml
of water containing 30 µl HCl. Experiments were performed in triplicate, with the results
quantified by NIH Image J software.
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9. Invasion assay
Cell invasion was assayed using BioCoat Matrigel invasion chambers (8 µ pore
size, Corning, Bedford, MA) as per manufacturer's instructions. Briefly, the lower side of
the filter was coated with 10µg/ml fibronectin (Sigma), while the upper contained
Matrigel reconstituted basement membrane extract. HUVECs were harvested from
culture dishes by treatment with 1 mM EDTA and resuspended in 0.2% BSA-containing
medium. Approximately 1×105 cells were added in the upper chamber and allowed to
invade through the BME and migrate through the filter in medium containing 1% FBS
toward a lower chamber containing media conditioned by HN12 cells, controls or those
with silenced Sema4D. The indicated inhibitors were used at the same concentrations as
for the collagen degradation assay. After 16 hours in a cell culture incubator, cells
adherent to the upper side of the filter were mechanically removed, while those that
migrated to the lower side were fixed in glutaraldehyde and stained using a Diff-Quik kit
(vWR, Radnor, PA). Photographs were taken of three high power fields for each
membrane and the cells counted and expressed as an average.

10. 3D Vessel Formation Assay
2 x 104 HUVEC cells were plated onto Matrigel-coated tissue culture plates, and
we performed the assay as previously described [80]. Briefly, HUVECs, controls, or
those with Plexin-B1 silenced by infection with Plexin-B1 shRNA-expressing lentivirus
were grown in 37º C to approximately 75% confluence and then incubated for 16 hours in
8% FBS media (positive control), HN12-conditioned media, and HN12 Sema4D shRNAconditioned media. Cells were also grown with and without 2.5 µg/ml of C3 (List
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Biologicals), 5 µM of BAY11-7085 (Sigma), and 100 µM of the MT1-MMP inhibitor
NSC 405020 (Selleckchem), where indicated. After 16 hours endothelial tubes were
visualized with the BD BioCoat angiogenesis system (BD Biosciences), as per the
manufacturer's instructions.

11. Statistical Analysis
Student’s paired t tests were performed on means, and p values calculated: *, p ≤
0.05; **, p ≤ 0.01.

C. Results
1. MT1-MMP Expression in HUVECs Depends upon Sema4D and its Receptor
Plexin-B1
We have previously shown that secreted Sema4D in the tumor microenvironment
attracts endothelial cells [64]. We theorized that the soluble Sema4D attracts endothelial
cells to the tumor via MT1-MMP activation, which is necessary to facilitate their
movement in the ECM. For that reason, we tested the effect of Sema4D on the MT1MMP expression on HUVECs. In an immunoblot, we noted that sSema4D enhances
MT1-MMP protein levels in HUVECs with respect to control cells without sSema4D
treatment. Phorbol 12-myristate 13-acetate (PMA) is used as positive control, which is
reported to enhance the expression of MT1-MMP [97] (Figure 3.1A). We further wanted
to confirm that MT1-MMP expression in HUVECs depends on coupling of Sema4D and
Plexin-B1. We targeted the Plexin-B1 receptor on HUVECs for knockdown by infection
with lentivirus containing Plexin-B1 shRNA. We observed that blocking the interaction
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between Sema4D and Plexin-B1 by shRNA reduced MT1-MMP protein levels in
Sema4D-treated HUVECs with respect to control wild type (WT) Sema4D-treated
HUVECs (Figure 3.1B). We performed flow cytometry to test the role of sSema4D
treatment on MT1-MMP expression in HUVECs using the anti-MT1-MMP antibody. We
noted that the percentage of MT1-MMP fluorescent-labeled cells increased following
Sema4D treatment (Figure 3.1C). Furthermore, we collected conditioned media of
HUVECs treated with different concentrations of Sema4D and tested their gelatinolytic
ability by using gelatin zymography. We observed a dose-dependent activation of
MMP2, the MT1-MMP substrate, in HUVECs following Sema4D treatment (Figure
3.1D). In summary, MT1-MMP expression on endothelial cells is controlled by the
Sema4D/Plexin-B1 interaction. Further investigations are clearly required to examine the
underlying signaling pathways following Sema4D and Plexin-B1 coupling. [51]
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Figure 3.1. Expression of MT1-MMP in HUVECs is upregulated through the Sema4D/
Plexin-B1-signaling pathway. (A) Immunoblot demonstrates an increase in MT1-MMP
protein in HUVECs in response to Sema4D treatment. PMA is a positive control (B)
Immunoblot analysis for MT1-MMP protein on lysate from Sema4D-treated control HUVECs
infected with empty vector lentivirus or lentivirus containing Plexin-B1 shRNA. (C) Flow
cytometry of HUVECs treated with Sema4D demonstrates higher levels of surface expression
of MT1-MMP using an anti-MT1-MMP antibody. (D) Gelatin zymography shows a dosedependent increase in MT1-MMP expression in HUVEC in response to (s)Sema4D treatment.

49

2. Sema4D/Plexin-B1-Mediated Activation of MT1-MMP in HUVECs Depends on
Activation of RhoA and NF-κB
We have previously shown that activation of RhoA via Sema4D/Plexin-B1
interactions on endothelial cells is necessary for tumor-associated angiogenesis [65]. So,
we wanted to study the role of Plexin-B1 effectors RhoA and NF-κB in MT1-MMP
expression in endothelial cells . Therefore, we co-treated Sema4D-treated HUVECs with
different inhibitors: epidermal growth factor receptor (EGFR) inhibitor AG1478, ERK
inhibitor U0126, Rho inhibitor C3, and the NF-κB inhibitor BAY. Interestingly, we noted
that among different inhibitors only C3 and BAY opposed the action of sSema4D on
HUVECs and reduced MT1-MMP protein levels (Figure 3.2A). RT-PCR screening of
HUVECs with MT1-MMP specific primers demonstrated a dose-dependent increase in
MT1-MMP mRNA levels in response to sSema4D treatment. Moreover, both C3 and
BAY inhibitors blocked the Sema4D/Plexin-B1 intracellular signaling cascade and
subsequently decreased the transcription of MT1-MMP (Figure 3.2B). We performed
flow cytometry to confirm our previous results regarding the role of Plexin-B1
downstream effectors RhoA and NF-κB on MT1-MMP expression. We noted that
sSema4D increases the number of cells expressing MT1-MMP. Interestingly, adding
either Rho or NF-κB inhibitors reduced the number of MT1-MMP fluorescenc-labeled
endothelial cells cultured with sSema4D (Figure 3.2C). We collected media of control
Sema4D-treated HUVECs alone or co-treated with C3 and BAY inhibitors to evaluate
MMP2 activity on a zymogram. We observed that sSema4D-treated endothelial cells
showed a higher MMP2 activation while adding either BAY or C3 inhibitors hindered the
effect of sSema4D and prevented its subsequent increase in MMP2 activation (Figure
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3.2D). Based on these data, we conclude that activation of Plexin-B1 downstream
effectors RhoA and NF-κB is involved in MT1-MMP activation in HUVECs.
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Figure 3.2. Plexin-B1 effectors RhoA and NF-κB regulate MT1-MMP activity in
HUVECs. (A) Immunoblot for MT1-MMP protein in sSema4D treated HUVECs, treated
with or without the Rho inhibitor C3, NF-κB inhibitor BAY 11-7082, EGFR inhibitor
AG1478 and ERK inhibitor U0126. GAPDH was used as a loading control. (B) RT-PCR
for MT1-MMP RNA in HUVECs pretreated with C3 or BAY inhibitors, incubated with
sSema4D. (C) Flow cytometry analysis for cell surface MT1-MMP in sSema4D-treated
HUVECs with or without C3 or BAY. (D) MMP-2 activation was measured by using
gelatin zymography following sSema4D treatment with or without C3 or BAY
pretreatment.

3. Sema4D/Plexin-B1-Mediated MT1-MMP Overexpression in HUVECs Enhances
Their Ability to Migrate Through ECM and Promote Angiogenesis
Because we have previously shown that sSema4D is a proangiogenic factor that
binds to the Plexin-B1 receptor on endothelial cells to induce angiogenesis, we wanted to
investigate further the biological significance of Sema4D/Plexin-B1-mediated MT1MMP overexpression on HUVEC cells. Therefore, we studied HUVECs with and
without a lentivirus containing Plexin-B1 or Sema4D shRNA in a collagen degradation
assay, incubated with conditioned-medium collected from HN12 cells, with or without
the MT1-MMP, C3 and BAY inhibitors. We observed a robust collagen lysis underneath
the WT HUVEC cells colony in response to Sema4D-conditioned medium, but not in
HUVEC cells infected with lentivirus containing Plexin-B1 shRNA. Degradation was
also reduced when HN12 conditioned media was co-treated with MT1-MMP, BAY and
C3 inhibitors (Figure 3.3A). To explore the pro-angiogenic phenotype further and
determine the biological significance of MT1-MMP activity in this process, we looked
for tube formation in HUVECs growing on reconstituted BM material. We noted
formation of capillary tubules in HUVECs growing in HN12-conditioned media in
compare to HUVEC cells cultured with HN12 Sema4D shRNA-conditioned media.
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HUVEC cells cultured in 8% FBS is a positive control. As expected, HUVECs infected
with a lentivirus containing Plexin-B1 shRNA were unable to form capillary tubules with
respect to control infected HUVECs. We also observed that pharmacologic blockade of
the Sema4D/Plexn-B1 signaling cascade by C3 and BAY prevents capillary tube
formation in HUVECs. Interestingly, capillary formation was also lost in HUVECs
growing HN12-conditioned media when co-treated with MT1-MMP inhibitor, NSC
405020 (Figure 3.3B). These results suggest that the pro-angiogenic phenotype elicited
by Sema4D/Plexin-B1-signaling cascade in endothelial cells depends on MT1-MMP
expression on the surface of these cells. We also studied invasion of the same populations
of HUVECs in BioCoat Matrigel chambers with HN12 conditioned media as a
chemoattractant, with or without C3, BAY, and MT1-MMP inhibitors. We observed an
increase in the invasion ability of HUVECs through the Matrigel toward HN12
conditioned media containing sSema4D, but not toward HN12 conditioned media cotreated with C3, BAY, and MT1-MMP inhibitors. In addition, knockdown of Plexin-B1
in HUVECs by Plexin-B1 shRNA reduced their ability to invade toward HN12
conditioned media (Figure 3.3C).

53

4
Relative staining intensity (pixels)

A

3

2

1

**

0
HN12 CM, Sema4D shRNA:

-

+

-

-

-

-

MT1-MMP inhibitor:

-

-

+
-

+

+
-

-

Plexin-B1 shRNA:

-

-

-

-

-

+

HN12 CM:

+

-

+

+

+

+

C3:
BAY:

B

FBS:

+

-

-

-

-

-

-

HN12 CM:

-

+

-

+

+

+

+

HN12 Sema4D shRNA CM:

-

-

+

-

-

-

-

HUVEC Plexin-B1 shRNA:

-

-

-

+

-

-

-

MT1-MMP inhibitor:

-

-

-

-

+

-

-

C3 inhibitor:

-

-

-

-

-

+

-

BAY inhibitor:

-

-

-

-

-

-

+

54

C
Avg number of cells/ 10 hpf

HN12 Sema4D MT1-MMP Inhibitor
shRNA CM
+
HN12 CM
HN12 CM

35
30
25
20
15
10
5

C3
+
HN12
CM

BAY
+
HN12
CM

Plexin-B1shRNA
+
HN12 CM

0
HN12 Sema4D shRNA CM:
MT1-MMP inhibitor:
C3:
BAY:
Plexin-B1shRNA :
HN12 CM :

Figure 3.3. Sema4D increases invasion, collagen degradation, and migration of HUVEC cells
through MT1-MMP activation. (A) Collagen degradation assay showing that HN12 conditioned
media enhances the ability of HUVEC cells to lyse collagen, but not when incubated with media
conditioned by HN12 with silenced Sema4D (Sema4D shRNA). Also, blocking the
Sema4D/Plexin-B1 signaling cascade either by Plexin-B1 shRNA or MT1-MMP, C3, and BAY
inhibitors lowered collagen degradation. (B) Control HUVECs and HUVECs infected with PlexinB1 shRNA were grown on reconstituted BM material and evaluated for tube formation in the
presence of HN12-Sema4D shRNA-conditioned media and HN12-conditioned media with or
without C3, BAY, and MT1-MMP inhibitors. (C) HN12-conditioned media, collected from control
cells or HN12 with silenced Sema4D, was used as chemoattractants for HUVECs in an invasion
assay, control cells or those with silenced Plexin-B1, with or without Rho, MT1-MMP, and NF-κB
inhibitors.
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D. Discussion
Several studies have shown that Sema4D has pro-angiogenic properties; it induces
cell migration and promotes tubulogenesis in endothelial cells [44]. MT1-MMP
expression has been reported in several cell lines and it plays a dual role in ECM
remodeling. MT1-MMP can cleave ECM components, including different types of
collagen, fibronectin, and gelatin. Moreover, it can activate pro-enzymes such as proMMP2. We have shown that MT1-MMP plays a key role in the shedding of membrane
bound Sema4D to produce the soluble form necessary for angiogenesis [64].
We have recently identified the role of Sema4D as pro-angiogenic factor, which
regulates the biological function of endothelial cells and controls angiogenesis [98]. Even
though it has been reported that MT1-MMP is involved in physiological and pathological
blood vessel development, its role in angiogenesis needs further investigation. In this
regard, we attempted to look for a link between Sema4D/Plexin-B1-dependent
angiogenesis and MT1-MMP expression in endothelial cells. We used HUVEC cells,
which highly express Plexin-B1, to perform our experiments. Interestingly, we found that
Sema4D controls MT1-MMP expression in these cells. Furthermore, knockdown of
Plexin-B1 in Sema4D-treated HUVEC cells strongly reduced MT1-MMP expression.
Two

mechanisms

have

been

proposed

in

Sema4D/Plexin-B1-mediated

angiogenesis: activation of RhoA GTPase via binding of two RhoGEFs to the PDZbinding motif of Plexin-B1, or its co-association with MET[65, 99]. Our data showed that
the Sema4D/Plexin-B1 signaling cascade regulates MT1-MMP expression by an
intracellular mechanism that involves RhoA and NF-κB, but not the ERK signaling
pathway. RhoA and NF-κB have been identified as major downstream effectors of the
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Plexin-B1 signal in endothelial cells [65, 89]. Therefore, we observed that
pharmacological blockade of the Plexin-B1 downstream effectors RhoA and NF-κB by
C3 and BAY inhibitors was effective in suppressing Sema4D/Plexin-B1-mediated MT1MMP expression in HUVEC cells.
Finally, we wanted to explore if the Sema4D/Plexin-B1 signaling cascade
controls angiogenesis in endothelial cells by regulation of MT1-MMP expression. In this
regard, we noted that Sema4D/Plexin-B1-mediated MT1-MMP expression is necessary in
endothelial cell migration and tube formation on reconstituted BM material. Furthermore,
MT1-MMP expression in HUVEC cells, controlled by Sema4D/Plexin-B1 interaction,
enhanced degradation of ECM collagen type I. Blocking the Sema4D/Plexin-B1 signal
either genetically or pharmacologically strongly affects endothelial cell invasion,
collagen degradation, and ability to form tubes in vitro.
In summary, binding of soluble Sema4D with plexin-B1 on endothelial cells
initiates an underlying signaling cascade necessary for MT1-MMP activation. This
enhances endothelial cell migration to induce angiogenesis. This study has defined MT1MMP as an essential component of Sema4D/Plexin-B1-mediated angiogenesis in
endothelial cells.
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Chapter 4 Conclusion and future studies

Recently, semaphorin–plexin interactions have been studied in cancer
progression. We presented our data demonstrating the molecular basis for Sema4D and
its receptor Plexin-B1 in the activation of MT1-MMP as well as its role in the regulation
of tumor-induced angiogenesis and invasion. Our findings suggested the role of MT1MMP overexpression via hypoxia and Sema4D/Plexin-B1 binding in both endothelial
cells and HNSCC cells, so further studies will be required to clarify the role of
semaphorins and their underlying signaling cascade in cancer invasion and metastasis.
Briefly, we concluded that hypoxia plays a critical role in the expression of MT1-MMP
on the surface of HNSCC cells, which is necessary to cleave membrane-anchored
Sema4D to produce soluble forms. This results in an increase in sSema4D in the tumor
microenvironment, which can bind to Plexin-B1-expressing tumor cells or stromal cells.
On the one hand, the binding of Sema4D to Plexin-B1 on HNSCC cells is necessary to
initiate an underlying signaling cascade via RhoA and NF-κB to enhance MT1-MMP
expression. This feeds back on cancer cells to increase production of sSema4D in the
tumor microenvironment as well as to enhance the ability of HNSCC cells to degrade
ECM and subsequently invade and metastasize. On the other hand, sSema4D in the tumor
microenvironment can bind with Plexin-B1 on endothelial cells, which, in turn, activates
MT1-MMP expression. This facilitates migration of endothelial cells to tumors through
the ECM to induce angiogenesis and aid cancer metastasis. So, Sema4D/Plexin-B1mediated overexpression of MT1-MMP in both endothelial and HNSCC cells is
necessary for tumor invasion and angiogenesis. We suggested a model showing how
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hypoxia and Sema4D/Plexin-B1 modulates MT1-MMP expression in both HUVECs and
HNSCC cells (Figure 5.1).
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Figure 4.1. A model for MT1-MMP overexpression in both endothelial and HNSCC cells
is shown. Hypoxia and Sema4D/Plexin-B1 are necessary for HNSCC cell invasion and
migration of endothelial cells toward tumor area.
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1. Hypoxia a Potential Regulator for MT-MMP
Hypoxia can change underlying intracellular signaling pathways, which, in turn,
enhance tumor angiogenesis and metastasis [45]. Hypoxia regulates a wide range of
genes. We have previously demonstrated that HIF-1 regulates Sema4D, which
contributes significantly in tumor vascularity [100]. We briefly focus in this dissertation
on the role of hypoxia in MT1-MMP expression. Further studies are clearly needed to
address the significance of the HIF-1 transcription factor in MT1-MMP synthesis and to
identify if there is a HIF binding site on MT1-MMP promoter. A study has shown that
hypoxia- mediated MT1-MMP gene transcription in renal cell carcinoma via binding of
HIF-1 to its HIF binding site (HBS) in the proximal promoter of MT1-MMP [62].
In our experiments, we focused on the effect of hypoxia on MT1-MMP gene
regulation at the transcriptional level. However, further investigations are clearly needed
to study the effect of hypoxia on MT1-MMP translocation to the cell surface. Therefore,
we might need to explore the role of hypoxia on proteins that regulate endocytosis and
exocytosis of MT1-MMP. For that reason, we should further explore the role of hypoxia
in the transcription of genes responsible for MT1-MMP trafficking and localization in the
cell surface, such as caveolar, catherin, IQGAP1 and VAMP7 [17, 101]. Finally, the role
of other MMP members in the tumor invasion and endothelial cells migration should be
investigated because we focused only on MT1-MMP.

2. The Role of Other Semaphorin Family Members in MT1-MMP Expression
Our research mainly emphasized the role of a class-4 semaphorins, but several
other semaphorins appear to function in tumor progression and angiogenesis. Further
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experiments should be performed to rule out other semaphorins and their receptors in
activation of MT1-MMP. Several studies have reported the different roles of semaphorins
in cancer. For example, a study has shown that increased Sema3B expression correlates
with metastatic progression [102]. Many secreted semaphorins have been reported to
down regulate tumor angiogenesis including Sema3A, Sema3B, Sema3D, and Sema3G
[103]. In addition, Sema4A, involved in T-cell activation through interaction with Tim2,
has anti-angiogenic properties [34]. Interestingly, other class-3 semaphorins have been
reported to act as regulatory signals for tumor angiogenesis such as Sema3C and Sema3E
[104, 105].
Semaphorin family proteins play a key role in tumor progression and regulation of
angiogenesis. They are highly expressed in tumor cells and are involved in a wide range
of physiological and pathological cellular processes, including cell adhesion, cell
motility, tumor vascularization, and metastasis [65]. Semaphorins’ expression in either
tumor invasiveness or tumor-associated angiogenesis should be further studied, and its
correlation with the MMPs family should be ruled out. Targeted cancer therapy against
this family of proteins might be promising mode of cancer treatment.

3. Underlying Intracellular Pathways Need Further Investigation
Several studies have proposed multiple intracellular pathways following binding
of semaphorins with plexins on different cells. In this project, we have studied the role of
the Plexin-B1 downstream effectors RhoA and NF-κB activation in MT1-MMP
expression. Other intracellular signaling cascades should be evaluated to exclude their
roles in MT1-MMP activation and subsequent ECM degradation to aid in invasion and
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angiogenesis. Even though Plexins have no intrinsic tyrosine kinase activity, they can
form a complex with neighboring cell surface tyrosine kinase receptors, which, in turn,
have a wide range of downstream effectors. Their intrinsic GAP activity is reported to act
on R-Ras, which is known to sustain integrin activation [106].
Plexins are not the only receptors for semaphorins; there are also NPs, CD72, and
T-cell immunoglobulin, and mucin domain-containing protein 2 (Tim2) [31]. NPs are
single-span transmembrane glycoproteins that play role in angiogenesis by acting as coreceptors for class-3 semaphorins and VEGFs [33]. In the immune system, CD72 and
Tim2 are low affinity receptors for Sema4D and Sema4A, respectively [34]. CD72 is the
functional receptor of Sema4D in the immune system, which is necessary for regulation
of B-cell functions. Further studies are clearly needed to investigate the role of
Sema4D/CD72 in different cellular activities from the regulation of immunity. Their
expression in cells, including cancer and endothelial cells, needs to be explored, which is
important in ruling out their role in tumor invasion and angiogenesis. Furthermore,
Sema4D/CD72 signaling cascades might be involved in MT1-MMP gene transcription or
enhance the translocation of MT1-MMP and its localization in the plasma membrane.
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