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The semaphorins were initially described as axon guidance factors, but have recently been
implicated in avariety of physiological and developmental functions, including regulation of
immune response, angiogenesis, and migration of neural crest cells. The semaphorin family
contains more than 30 genes divided into seven subfamilies, all of which are characterized
by the presence of a sema domain. The semaphorins transduce their signals by binding to one
of the nine receptors belonging to the plexin family, or, in the case of the class 3 semaphorins,
by binding to one of the two neuropilin receptors. Additional receptors, which form
complexes with these primary semaphorin receptors, are also frequently involved in sema-
phorin signaling. Recent evidence suggests that some semaphorins can act as antiangiogenic
and/or antitumorigenic agents whereas other semaphorins promote tumor progression and/
or angiogenesis. Furthermore, loss of endogenous inhibitory semaphorin expression or func-
tion on one hand, and overexpression of protumorigenic semaphorins on the other hand, is
associated with the progression of some tumor types.

The first semaphorins were identified as axon
guidance factors that participate in the regu-

lation of the complex process by which growth
cones of axons are directed to their proper tar-
gets during the formation of the nervous system
(Luo et al. 1993). In recent years it was realized
that semaphorins play a role in many develop-
mental processes outside of the nervous system,
in particular as regulators of cell migration
(Tamagnone and Comoglio 2004), immune
responses (Kumanogoh and Kikutani 2003),
and organogenesis (Feiner et al. 1997). Given
these normal functions of the semaphorins,
it is perhaps unsurprising that some semaphor-
ins such as sema3B and sema3F have been

characterized from the beginning as modulators
of tumor progression (Sekido et al. 1996; Xiang
et al. 2002), and that subsequently a large num-
ber of additional semaphorins have been found
to function as regulators of tumor progression.

The angiogenic factors belonging to the
VEGF family are major inducers of angiogenesis
and lymphangiogenesis (Neufeld et al. 1999;
Ferrara 2004; Tammela and Alitalo 2010). Of
these, VEGF (VEGF-A) is probably the most
extensively researched angiogenic factor. From
its discovery it was known that multiple forms
of VEGF are produced from the VEGF gene by
way of alternative splicing. However, these splice
forms exhibited relatively similar activities in
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standard in vitro assays although their potencies
varied. Nevertheless, it seemed possible that
receptors able to differentiate between specific
splice forms of VEGF may exist. The first indica-
tion that such splice form specific VEGF recep-
tors exist was obtained in experiments in which
receptors that bind the VEGF splice form
VEGF165 but not the VEGF121 splice form
were first identified in endothelial cells (Gitay-
Goren et al. 1996). These receptors were subse-
quently characterized as the products of the
neuropilin-1 gene (Soker et al. 1998), which
had already been identified as a receptor for
the class 3 semaphorin sema3A (He and Tessier-
Lavigne 1997; Kolodkin et al. 1997), providing
the initial clue connecting semaphorins to the
regulation of angiogenesis. Indeed, it was
shortly thereafter found that the class 3 sema-
phorin sema3F functions as an inhibitor of
angiogenesis (Kessler et al. 2004). Subsequently,
it was realized that the related neuropilin-2 gene
product also functions as a receptor for
VEGF165 (Gluzman-Poltorak et al. 2000), and
that additional VEGF family members such as
PlGF-2, VEGF-B, and VEGF-C can also bind
to one of the two neuropilins or to both (Migdal
et al. 1998; Makinen et al. 1999; Karkkainen
et al. 2001). The realization that VEGF-C, the
best characterized lymphangiogenic factor,
binds to neuropilin-2, provides a clue suggest-
ing that class 3 semaphorins that signal via
neuropilin-2 such as sema3F could also be
involved in the regulation of lymphangiogenesis
because neuropilin-2 is highly expressed in the
lymphatics and is important for the lymphan-
giogenic function of VEGF-C (Xu et al. 2010).

The late Judah Folkman was the first to real-
ize that the development of tumors and the sub-
sequent dissemination of tumor cells to distant
locations by way of metastasis were limited by
angiogenesis (Ausprunk et al. 1975; Folkman
1990). The realization that semaphorins may
function as regulators of tumor angiogenesis
was therefore tested immediately when it was
realized that class 3 semaphorins may function
as inhibitors of angiogenesis. It was indeed
found that sema3F inhibited tumor angiogene-
sis (Kessler et al. 2004) as well as the metastatic
dissemination of tumor cells (Bielenberg et al.

2004). Interestingly, it was concomitantly real-
ized that some semaphorins may possess an
opposite activity and promote angiogenesis.
Thus, it was found that sema4D promotes
angiogenesis and metastatic dissemination of
tumor cells (Giordano et al. 2002; Basile et al.
2004). All these fundamental ground breaking
findings have been followed recently by a sub-
stantial amount of new data that had expanded
our knowledge concerning the effects of differ-
ent semaphorins on angiogenesis and tumor
progression, and had contributed to our under-
standing of the molecular mechanisms by
which different semaphorins affect angiogene-
sis and tumor progression.

THE SEMAPHORINS

The semaphorin family consists of more than
30 genes divided into eight classes and their
numbers are still rising as evidenced by the
very recent characterization of sema6E (Tanigu-
chi et al. 2011). Classes 1 and 2 contain in-
vertebrate semaphorins, classes 3–7 contain
vertebrate semaphorins, and class 8 contains
viral semaphorins (Fig. 1). In early publications
the semaphorins are often referred to by an
array of confusing designations. This situation
was clarified by the adoption of a unified
nomenclature (Goodman et al. 1999). The sem-
aphorins are characterized by the presence of a
�500-amino-acid-long sema domain located
close to their amino termini. This sema domain
is essential for semaphorin activity and deter-
mines receptor binding specificity (Feiner
et al. 1997). The sema domains of several differ-
ent semaphorins were recently characterized by
X-ray crystallography revealing a b-propeller
topology (Antipenko et al. 2003; Love et al.
2003; Liu et al. 2010). The different semaphorin
classes are characterized by class specific struc-
tural motifs. Thus, semaphorins belonging to
classes 2–4 and 7 contain immunoglobulin-like
domains (Fig. 1), class 5 semaphorins contain
thrombospondin repeats, and class 3 semaphor-
ins contain a basic domain. Class 3 semaphorins
are produced as secreted proteins, whereas the
other vertebrate semaphorins are produced as
membrane-anchored or transmembrane proteins
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that can be further processed into soluble pro-
teins by proteolytic degradation (Fig. 1). The
active forms of several class 3 and class 6 sema-
phorins consist of homodimers (Klostermann
et al. 1998; Janssen et al. 2010; Liu et al. 2010;
Nogi et al. 2010), suggesting that the active
forms of all semaphorins are homodimers.
However, this assumption still requires further
proof.

SEMAPHORIN RECEPTORS

The main semaphorin receptors are encoded
by the neuropilin and by the plexin gene
families although additional receptors have
been described for specific semaphorins. The
neuropilin family contains two members. Neu-
ropilin-1 was identified as a cell surface protein
involved in neuronal recognition (Takagi et al.
1987, 1991). It was subsequently realized that
neuropilin-1 functions as a receptor for the
axon guidance factor semaphorin-3A (sema3A)
(He and Tessier-Lavigne 1997; Kolodkin et al.
1997). Simultaneously, neuropilin-2 was found
to function as a receptor for the class 3 sema-
phorin sema3F (Chen et al. 1997; Kolodkin
et al. 1997). Neuropilins are unlikely to trans-
duce semaphorin signals on their own
because of their short intracellular domains. It
was postulated therefore that class 3 sema-
phorin receptors have to contain an independ-
ent signal transducing component other than

neuropilins. These signaling components turned
out to be members of the plexin receptor family
(Fig. 2) (Takahashi et al. 1999; Tamagnone
et al. 1999). Neuropilins also serve as receptors
for several angiogenic growth factors of the
vascular endothelial growth factor (VEGF) fam-
ily such as VEGF-A and VEGF-C and enhance
angiogenesis and lymphangiogenesis induced
by these angiogenic factors (Soker et al. 1998;
Xu et al. 2010). The VEGF-A binding domain
of neuropilin-1 is distinct from the sema3A
binding domain and it is now believed that
there is no direct competition at the level of
neuropilin-1 binding (Appleton et al. 2007;
Guttmann-Raviv et al. 2007) although this issue
is still debated (Parker et al. 2010). In addition,
it was recently observed that neuropilins can
serve as receptors for additional growth factors
such as FGF-2, PDGF-B and more (reviewed
in Neufeld and Kessler 2008).

The plexins are segregated into four groups
consisting of four A type plexins, three B type
plexins, and single C and D plexins (Negishi
et al. 2005a; Guttmann-Raviv et al. 2006). Plex-
ins serve as direct binding receptors for most
semaphorins. Thus, plexins-B1 is a receptor
for sema4D (Tamagnone et al. 1999), plexin-B3
is a receptor for sema5A (Artigiani et al. 2004),
plexin-A1 is a sema6D receptor (Toyofuku et al.
2004), plexin-A2 and plexin-A4 are both
sema6A and sema6B receptors (Suto et al.
2005, 2007), plexin-C1 is a receptor for sema7A

Sema domain

Invertebrate
semaphorins Vertebrate semaphorins

Viral
semaphorins

Immunoglobulin loop

Basic domain

Thrombospondin repeats

GPI anchor

PSI domain

Semaphorin class:
Members: (A-B) (A-B) (A-G) (A-G) (A-B) (A-E) A (A-B)C

1 2 5 3 4 5 6 7 8

Figure 1. The members of the semaphorin family and their structure. The semaphorin family contains eight
subfamilies, of which subfamilies 3–7 are vertebrate semaphorins (with the exception of sema5C). Shown
are the main structural elements of the different semaphorin subfamilies. Of the vertebrate semaphorins the
only secreted semaphorins belong to the class 3 semaphorins subfamily.
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(Liu et al. 2010), and plexin-D1 is a receptor for
sema3E (Gu et al. 2005) to name but a few
examples (Fig. 2). The extracellular domains
of all plexins contain a sema domain, which
serves as an autoinhibitory domain in the basal,
nonactivated state of the receptor (Takahashi
and Strittmatter 2001) and that forms ligand-
independent homodimers (Janssen et al. 2010;
Nogi et al. 2010). The plexins contain a split
cytoplasmic SP (sex-plexin) domain (also
known as the C1 and C2 domains). The intra-
cellular domain contains putative tyrosine
phosphorylation sites but no tyrosine kinase
domain. The intracellular parts of the plexins
are characterized by the presence of a GTPase
activating protein (GAP) domain. This GAP
domain is conserved quite highly throughout
the plexin family (Oinuma et al. 2004; He
et al. 2009; Sakurai et al. 2010). Recent data
indicates that activation of plexin signaling by
semaphorins is likely to be associated with
dimerization of plexins (Liu et al. 2010; Nogi
et al. 2010). Activation of plexin signaling by
semaphorins such as sema4D activates the
GAP domain of the sema4D receptor plexin-B1
leading to the inactivation of R-ras, subsequent

inactivation of b1-integrin, and finally reduced
adhesion (Negishi et al. 2005b). Similar effects
are also associated with the activation of type-A
plexins (Toyofuku et al. 2005). The activation
of type-A plexins leads to the activation of
enzymes of the Mical family. These enzymes
perform reduction-oxidation (redox) enzy-
matic reactions and have been found to be
important downstream transducers of type-A
plexin signaling (Terman et al. 2002; Paster-
kamp et al. 2006; Hung et al. 2010). Activation
of plexin signaling by semaphorins also results
in the activation of various intracellular tyrosine
kinases (Franco and Tamagnone 2008). How-
ever, semaphorin-induced signal transduction
is far from being completely understood and a
thorough description of it is beyond the scope
of the present review.

SEMAPHORINS AS MODULATORS
OF TUMOR PROGRESSION

Semaphorins have recently been found to affect
tumor progression by various mechanisms
including modulation of tumor angiogenesis,
recruitment of bone marrow cells that influence

PlexA1

Semaphorins that activate plexins directly

S6d
S6e

s6a
s6b

s6a
s6b

s4d
s4c

s7a
s4d

s3e
s4a

s3a s3b
s3c s3d

s3b s3c
s3d s3f
s3g s3cs5as4d

Semaphorins that activate plexins
via neuropilins

PlexA2 PlexA3 PlexA4 PlexB1 PlexB2 PlexB3 PlexC1 PlexD1 PlexA
1-4

Np1 Np2 Np1
Np2

PlexA
1-4

PlexD1

Figure 2. The semaphorin receptors belonging to the neuropilin and plexin families and their interaction with
the different vertebrate semaphorins. Shown are the nine members of the plexin family and the two neuropilins
that form complexes with the four type-A plexins or plexin-D1 to assemble functional class-3 semaphorin recep-
tors. Semaphorins that bind to the different plexins and neuropilins are shown. Semaphorin names are abbre-
viated so that s3a, for example, stands for semaphorin-3A. Plexins are designated as Plex followed by class and
number. Thus, plexA1 stands for plexin-A1. Np1 and Np2 are neuropilin-1 and neuropilin-2.
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tumor progression, and directly affecting the
behavior of tumor cells. Some semaphorins
were found to inhibit tumor progression,
whereas others function as tumorigenic in-
ducers. In addition, several were found to play
dual roles depending on specific posttransla-
tional modifications. However, only a few sem-
aphorins were studied in detail with regard to
the mechanisms by which they affect tumor
progression.

SEMAPHORINS THAT DISPLAY
PROANGIOGENIC AND
PROTUMORIGENIC PROPERTIES

Sema4D: Class 4 semaphorins are single pass
transmembrane proteins. Perhaps the most
studied proangiogenic semaphorin is sema4D
(Basile et al. 2004; Sierra et al. 2008). The extra-
cellular domain of sema4D can be cleaved and
released from producing cells by membrane
type 1-matrix metalloproteinase (MT1-MMP)
whose expression is up-regulated in many types
of malignant cells (Strongin 2010). Sema4D is
also stored in platelets and its extracellular
domain can also be cleaved and released from
platelets by the metalloprotease ADAM17
(TACE) (Zhu et al. 2007). The soluble cleaved
extracellular domain of sema4D retains the bio-
logic activity of full-length sema4D (Basile et al.
2007a) and was found to induce tumor angio-
genesis and tumor progression of head and
neck squamous cell carcinomas (Basile et al.
2006). Activation of plexB1 by sema4D was
reported to be sufficient for induction of angio-
genesis by Rho-dependent mechanisms (Basile
et al. 2004, 2005, 2007b). In addition it was
observed that the three type-B plexins can
form spontaneous complexes with the tyrosine-
kinase receptors Met and Ron (Conrotto et al.
2004). Met functions as a receptor for the angio-
genic factor hepatocyte growth factor/scatter
factor (HGF), whereas Ron serves as a receptor
for macrophage stimulating protein. Activation
of these receptors induces “invasive growth,” a
complex biological response involved in tissue
morphogenesis and, when deregulated, in
tumor progression and metastasis. Following
its binding to plexin-B receptors sema4D was

found to promote the phosphorylation of Met
and Ron and as a result to induce angiogenesis
and to promote tumor invasion and tumor
metastasis (Giordano et al. 2002; Conrotto
et al. 2004, 2005). In light of these observations
it is not surprising that coexpression of Met and
plexin-B1 can enhance the risk of tumor pro-
gression (Valente et al. 2009). However, other
reports indicate that in different cells activation
of Met by sema4D can have various biological
outcomes. In breast carcinoma cells, plexin-B1
and plexins-B2 also form complexes with the
ERBB2 tyrosine-kinase receptor, and sema4D
as well as sema4C are able to induce ERBB2
phosphorylation following their binding to
plexins-B1 or plexins-B2 (Swiercz et al. 2004).
In these cells, the binding of sema4D to
plexin-B1 in complex with ERBB2 induces cell
migration and metastasis, whereas surprisingly
the binding of sema4D to plexin-B1 associated
with Met inhibits cell migration, indicating
that the exchange of the two receptor tyrosine
kinases is sufficient to convert the cellular
response of Sema4D from pro- to antimigratory
and vice versa (Swiercz et al. 2008). Tumor
angiogenesis was not inhibited in mice lacking
functional plexins-B1 receptors suggesting that
the lack of functional plexin-B1 can probably
be compensated for by other B-type plexins
(Fazzari et al. 2007).

Sema6D: Sema6D is a membrane-anchored
semaphorin that use plexins-A1 as its receptor.
Plexin-A1 forms complexes with the VEGF
tyrosine-kinase receptor VEGFR-2 and sema6D
was found to activate VEGFR-2-mediated signal
transduction (Toyofuku et al. 2004). Malignant
mesothelioma cells frequently express sema6D
as well as plexin-A1 and both proteins are
required to sustain anchorage-independent
growth of these malignant cells. The binding
of sema6D to plexin-A1 in complex with
VEGFR-2 activates VEGFR-2 in these cells
resulting in responses similar to those induced
by VEGF (Catalano et al. 2009). This represents
the best studied case in which sema6D was dem-
onstrated to function as a protumorigenic fac-
tor. In addition it was also found that sema6D
expression is up-regulated in gastric cancer
suggesting that it also plays a role in the etiology
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of this malignant disease (Zhao et al. 2006).
Because both plexin-A1 and VEGFR-2 are ex-
pressed in endothelial cells, it is possible that
sema6D can function in addition as a proangio-
genic factor, but that has not yet been dem-
onstrated.

Sema5A: Sema5A is a membrane-anchored
semaphorin that uses plexin-B3 as its receptor
(Artigiani et al. 2004). The cranial vascular sys-
tem in mice lacking a functional sema5A gene
develops abnormally suggesting that sema5A
may function as a regulator of angiogenesis
(Fiore et al. 2005). Increased expression of
sema5A was observed in non-small-cell lung
carcinomas of nonsmoking women, in pancre-
atic cancer, and in gastric cancer (Lu et al. 2010;
Sadanandam et al. 2010). As in the case of
sema4D, sema5A was found to activate the
Met tyrosine-kinase receptor following its bind-
ing to the plexin-B3 receptor, suggesting that
sema5A can mimic the proangiogenic and
proinvasive effects of HGF (Artigiani et al.
2004), and it is therefore possible that some of
the effects of sema5A on tumor progression
are mediated by induction of tumor angio-
genesis.

Less-studied protumorigenic semaphorins:
Sema5B may play a role in renal cell carcinoma
because down-regulation of sema5B expression
in renal cell carcinoma cells significantly com-
promises their viability (Hirota et al. 2006).

SEMAPHORINS THAT DISPLAY
ANTIANGIOGENIC AND
ANTITUMORIGENIC PROPERTIES

Class 3 Semaphorins

Sema3A: Sema3A transduces signals using the
neuropilin-1 receptor that functions in addition
as a VEGF receptor. Sema3a binds to np1 but
not to np2 (He and Tessier-Lavigne 1997;
Kolodkin et al. 1997), and it was therefore
assumed that sema3A may function as an inhib-
itor of angiogenesis by interfering with neuro-
pilin-1-mediated VEGF signaling. Indeed, it
was found that sema3A inhibits the proangio-
genic effects of VEGF165 in in-vitro angiogene-
sis experiments, and that it inhibits VEGF165

binding to np1 (Miao et al. 1999) but that
mechanism had been contested by studies that
showed that the semaphorin and VEGF binding
domains are completely separate (Appleton
et al. 2007) and by studies that showed that
sema3A is able to inhibit the proliferation of
endothelial cells but not VEGF-induced phos-
phorylation of VEGFR-2 (Guttmann-Raviv
et al. 2007). Regardless, subsequent experiments
demonstrated that sema3A can inhibit develop-
mental angiogenesis in chick embryo forelimbs
(Bates et al. 2003) and vascular branching in the
developing chick brain (Serini et al. 2003). Fur-
thermore, sema3A was found to function as an
inducer of apoptosis of endothelial cells (Gutt-
mann-Raviv et al. 2007). However, only recently
was proof provided suggesting that addition of
exogenous sema3A can inhibit angiogenesis in
vivo (Acevedo et al. 2008; Casazza et al. 2011).
Furthermore, recent experiments suggest that
most class 3 semaphorins including sema3A
function as endogenous inhibitors of tumor
angiogenesis, and that down-regulation of
their expression in tumor cells promotes tumor
angiogenesis and tumor progression (Vacca
et al. 2006; Maione et al. 2009). However, in
contrast with all these above mentioned obser-
vations, in glioblastoma multiforme and in
pancreatic cancer an opposite role was reported
for sema3A, suggesting that sema3A promotes
rather than inhibits tumor progression (Muller
et al. 2007; Bagci et al. 2009). Sema3A can also
affect, directly, tumor cells. Thus, it was found
to inhibit the migration and spreading of
MDA-MB-231 breast cancer cells and to inhibit
the invasiveness of prostate cancer cells in in
vitro assays (Bachelder et al. 2003; Herman
and Meadows 2007).

Sema3B: The sema3B gene is a tumor sup-
pressor whose function is lost in small cell
lung carcinoma cells by a variety of mechanisms
(Tomizawa et al. 2001; Kuroki et al. 2003;
Tischoff et al. 2005; Nair et al. 2007; Campioni
et al. 2008). Sema3B inhibits the anchorage-
independent growth of responsive lung cancer
cells and induces apoptosis, indicating that it
exerts direct inhibitory effects on tumor cells
(Tomizawa et al. 2001). The proapoptotic
effects were inhibited by VEGF165 but not by
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VEGF121 (Castro-Rivera et al. 2004). Because
both neuropilins bind the VEGF165 splice
form of VEGF but not the VEGF121 form (Soker
et al. 1998; Gluzman-Poltorak et al. 2000), these
results indicate that the proapoptotic effects of
sema3B are mediated by neuropilins. The pro-
apoptotic and antiproliferative effects were
linked to decreased Akt phosphorylation,
increased cytochrome c release, caspase-3 acti-
vation, as well as phosphorylation of several
additional proapoptotic proteins including
glycogen synthase kinase-3-b(GSKb3), FKHR,
and MDM-2 (Castro-Rivera et al. 2008).
Recently it was also found that Sema3B func-
tions as an inhibitor of angiogenesis (Varshav-
sky et al. 2008). Interestingly, it was also
observed that sema3B can indirectly induce
opposite effects and potentiate tumor metasta-
sis as well as tumor angiogenesis in many types
of tumors as a result of sema3B-induced expres-
sion of interleukin-8, which in turn, induces the
recruitment of tumor-associated macrophages
and metastatic dissemination to lungs (Rolny
et al. 2008). Because interleukin-8 is a well-
characterized angiogenic factor (Huang et al.
2002) it is also likely that it may counteract
the direct antiangiogenic effects of sema3B.

In humans, a single nucleotide alteration in
the sema3B gene (T415I) resulted in decreased
sema3B function and was associated with
increased susceptibility to lung cancer in
African-Americans and Latino-Americans,
indicating that sema3B plays a role in the deter-
mination of predisposition to lung cancer
(Marsit et al. 2005). Sema3B single nucleotide
polymorphisms are also associated with in-
creased prostate cancer risk and poor prognosis
(Beuten et al. 2009), whereas in stage-3 ovarian
tumors sema3B expression is decreased, sug-
gesting a role in the development of this type
of cancer as well (Joseph et al. 2010).

Sema3F: Sema3F was initially identified as a
tumor suppressor of lung cancer (Roche et al.
1996; Xiang et al. 1996). Sema3F suppressed
the formation of tumors derived from several
types of xenografted lung cancer cells when
reexpressed in such cells, and its expression in
these cells suppressed their anchorage-inde-
pendent growth, suggesting that it directly

affects tumor cell behavior (Xiang et al. 2002).
The expression of sema3F in lung cancer cells
was recently found to be down-regulated by
the transcription repressor ZEB-1, which is
highly active in lung cancer cells (Clarhaut
et al. 2009). In metastatic tumor cells, myc-
driven expression of the transcription factor
Id2 was also found to down-regulate sema3F
expression, resulting in the induction of tumor
metastasis (Coma et al. 2010). Sema3F inhib-
ited the attachment and spreading of MCF-7
breast cancer cells and inhibited the expression
of E-cadherin (Nasarre et al. 2003, 2005).
Sema3F also inhibited integrin-b1-mediated
attachment of A375 melanoma cells by a
neuropilin-2-mediated mechanism and sup-
pressed the metastatic spread of cells from
tumors derived from these cells (Bielenberg
et al. 2004). In H157 lung cancer cells sema3F
inhibited multiple signaling pathways including
AKT/STAT3 signaling resulting in the loss of
activated avb3 integrin. It also inhibited the
expression of HIF-1a and consequently VEGF
expression, resulting in the inhibition of hy-
poxia-induced angiogenesis (Kusy et al. 2005;
Potiron et al. 2007). Likewise, the expression
of sema3F and its neuropilin-2 receptor was
decreased during the progression of ovarian
cancer (Drenberg et al. 2009; Joseph et al.
2010). As in the case of sema3B, in prostate
cancer, single nucleotide polymorphisms of
sema3F were associated with increased prostate
cancer risk and poor prognosis (Beuten et al.
2009).

Sema3F was the first class 3 semaphorin that
was characterized as a direct antiangiogenic fac-
tor (Bielenberg et al. 2004; Kessler et al. 2004)
and as a promoter of apoptosis of endothelial
cells (Guttmann-Raviv et al. 2007). Interest-
ingly, the expression of sema3F is induced by
wild-type p53, and loss of functional p53 in
tumor cells can thus result in reduced sema3F
expression and induction of tumor angiogene-
sis (Futamura et al. 2007).

Sema3E: Sema3E is unique among the class
3 semaphorins in that it is the only class 3
semaphorin that does not bind to a neuropilin
and uses instead the plexin-D1 receptor
to transduce signals. During developmental
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angiogenesis sema3E is highly expressed in
somites and inhibits their vascularization (Gu
et al. 2005). Overexpression of sema3E in a
variety of tumor cells inhibits tumor develop-
ment from these cells (Kigel et al. 2008) and
recent studies have demonstrated that exoge-
nous sema3E can inhibit tumor angiogenesis
(Sakurai et al. 2010). Sema3E was found to
inhibit metastatic dissemination of metastatic
melanoma cells (Roodink et al. 2008). Interest-
ingly, sema3E can be cleaved by furin like pro-
protein convertases and a mature �60-kDa
product produced as a result of the cleavage
was found to induce tumor metastasis (Chris-
tensen et al. 2005). It was recently observed
that this sema3E fragment binds to plexin-D1
and induces the association of plexin-D1 with
the ERBB2 tyrosine-kinase receptor and activa-
tion of ERBB2. Thus, the fragment functions as
a potent inducer of tumor metastasis. Because
furins are up-regulated in most metastatic cells
(Bassi et al. 2005), the net effect of sema3E

overexpression in tumor cells is to induce tumor
metastasis (Casazza et al. 2010).

Additional Less-Studied Semaphorins
Displaying Antiangiogenic and/or
Antitumorigenic Properties

Sema4A: Sema4A is a membrane-anchored sem-
aphorin that uses the plexin-D1 receptor for sig-
naling, and like sema3E, the other plexin-D1
agonist, functions as an inhibitorof developmen-
tal angiogenesis (Toyofuku et al. 2007). However,
it is yet unclear whether it has a role in tumor
angiogenesis and tumor progression.

Sema4F: Sema4F was found to be down-
regulated in a panel of human neurofibromas
suggesting that it functions as an inhibitor of
tumor progression (Parrinello et al. 2008).

Sema7A: Sema7A uses the plexin-C1 recep-
tor for signal transduction. In metastatic
melanomas, the plexin-C1 receptor is lost,
suggesting that sema7A may function as an

Sema4D PlexinB1/2 Met, Ron
Sema6D PlexinA1 VEGFR2
Sema5A PlexinB3 Met
Sema3E

Blue: semaphorin

Some semaphorins that modulate angiogenesis and tumor progression
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Red: semaphorin binding receptor

Purple: co-receptor

PlexinD1ERBB2
Sema4A Plexin-D1
Sema3A NP1 PlexinA(1-4)
Sema3B NP1/2 PlexinA(1-4)
Sema3F NP2 PlexinA(1-4)
Sema3E PlexinD1

Figure 3. Effects of selected, relatively well-studied semaphorins on tumor progression. Depicted are several
different semaphorins that have been shown to function as inducers or inhibitors of tumor progression, whether
as a result of direct effects on tumor cells or as a result of angiogenesis modulating effects. Thus, they tip the
balance in favor or against tumor progression. Both the semaphorins and their binding receptors are shown.
Also shown are the secondary associations of the semaphorin binding receptors with secondary receptors,
such as various tyrosine-kinase receptors or plexins in the case of the neuropilins. These secondary associations
are believed to be essential for the transduction of pro- or antitumorigenic effects of different semaphorins. In
some cases, such as in the case of sema3E, different secondary associations can result in opposite effects.
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inhibitor of tumor metastasis (Scott et al. 2008;
Lazova et al. 2009).

Sema6A: Sema6A is a membrane-bound
semaphorin that signals via the plexin-A2 and
plexin-A4 receptors (Suto et al. 2007). A soluble
extracellular domain derived from sema6A was
found to function as an inhibitor of angiogene-
sis (Dhanabal et al. 2005), suggesting that it may
function as an inhibitor of tumor progression.

CONCLUSIONS

Studies performed during the last 15 years have
unraveled a function for semaphorin axon guid-
ance factors in the regulation of angiogenesis
and tumor progression. These studies suggest
that some semaphorins can perhaps be used as
“replacement therapy” to compensate for the
loss of inhibitory semaphorins such as various
inhibitory class 3 semaphorins (Fig. 3). Other
semaphorins that enhance tumor progression
(Fig. 3) may represent targets for the develop-
ment of antitumorigenic drugs targeting these
semaphorins or their receptors (Fig. 3). However,
much more work is required to characterize the
roles of less-studied semaphorins that may be
able to modulate tumor progression and to
characterize the molecular mechanisms by which
semaphorins affect tumor progression.
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