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Angiogenesis, the formation of new blood vessels from preexisting vasculature, is essential for many physiological 
processes, and aberrant angiogenesis contributes to some of the most prevalent human diseases, including cancer. 
Angiogenesis is controlled by delicate balance between pro- and anti-angiogenic signals. While pro-angiogenic signal-
ing has been extensively investigated, how developmentally regulated, naturally occurring anti-angiogenic molecules 
prevent the excessive growth of vascular and lymphatic vessels is still poorly understood. In this review, we sum-
marize the current knowledge on how semaphorins and their receptors, plexins and neuropilins, control normal and 
pathological angiogenesis, with an emphasis on semaphorin-regulated anti-angiogenic signaling circuitries in vascu-
lar and lymphatic endothelial cells. This emerging body of information may afford the opportunity to develop novel 
anti-angiogenic therapeutic strategies.
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Introduction

Angiogenesis, the formation of new blood vessels 
from preexisting vasculature, is essential for many physi-
ological processes, such as wound healing, and also plays 
a critical role in many pathological conditions including 
diabetic retinopathy, age-related macular degeneration, 
and tumor growth. Angiogenesis is controlled by deli-
cate balance between pro- and anti-angiogenic signals, 
thus elucidating the molecular mechanisms underlying 
normal and aberrant blood vessel growth may provide 
new therapeutic options for many human diseases [1]. 
Among the pro-angiogenic molecules, vascular endothe-
lial growth factor (VEGF) has received a considerable 
amount of attention as a promising target for anti-angio-
genic therapy. Anti-angiogenic drugs targeting the VEGF 
pathway, such as a humanized monoclonal antibody 
against VEGF, were developed rapidly and used in the 
clinical settings. However, anti-VEGF treatments often 
result in only modest improvement in progression-free 

survival, and tumors can eventually acquire resistance to 
anti-angiogenic therapies. To overcome these problems, 
a better understanding of the molecular mechanisms 
responsible for angiogenesis is necessary, which may 
afford the opportunity to develop new anti-angiogenic 
therapeutic strategies.

The most widely investigated angiogenesis inhibitors 
are the proteolytic cleavage products of extracellu-
lar matrix or serum components, such as endostatin, 
angiostatin, arresten, and tumstatin (reviewed in [2, 
3]). Multiple cytokines can also exert anti-angiogenic 
properties, including interferons and certain interleukins, 
which often act indirectly by limiting the expression of 
pro-angiogenic mediators or inducing anti-angiogenic 
molecules (reviewed in [2, 3]). In contrast, there are 
very few known developmentally regulated, naturally 
occurring anti-angiogenic molecules, which include 
platelet factor 4 [4], thrombospondin-1 [5], and pigment 
epithelium-derived factor [6], whose precise mechanism 
of action is not fully understood. In this regard, emerging 
evidence suggests that proteins involved in transmitting 
axonal guidance cues, including members of the netrin, 
slit, eph and semaphorin families, also play a critical role 
in blood vessel guidance during physiological and patho-
logical blood vessel development [7, 8]. In this review, 
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we summarize the current knowledge on semaphorin 
family proteins in angiogenesis, with an emphasis on 
semaphorin-regulated anti-angiogenic signaling circuit-
ries in endothelial cells. The possible role of semaphorin 
signaling in supressing lymphangiogenesis will also be 
discussed.

Semaphorins

Semaphorins are a family of cell surface and soluble 
proteins originally identified as axon guidance factors 
that control the development of central nervous system 
[9]. All semaphorins are characterized by an amino-
terminal 500-amino acid Sema domain that is essential 
for signaling. Semaphorins are grouped into eight classes 
based on their structural domains, with classes 3-7 com-
prising the vertebrate semaphorins (Figure 1). Although 
initially identified as potent axon chemorepellents, 
several semaphorins can provide bifunctional guidance 
cues, functioning as repulsive or attractive molecules 
depending on the cell types and biological context [10, 
11]. The common targets of semaphorins are the actin 
cytoskeleton and focal adhesions; the latter are dynamic 
cell-to-extracellular matrix adhesive structures that are 
assembled upon integrin engagement. Semaphorin sig-
naling affects focal adhesion assembly/disassembly and 
induces cytoskeletal remodeling, thus consequently af-

fecting cell shape, attachment to the extracellular matrix, 
cell motility, and cell migration [12, 13].

Semaphorin receptors: plexins and neuropilins 
(Nrps)

Semaphorins signal through two major receptor fami-
lies, plexins and Nrps. In vertebrates, two Nrps (Nrp1 
and Nrp2) and nine plexins have been identified [14] 
(Figure 1). Membrane-bound semaphorins bind directly 
to plexins, whereas secreted type of semaphorins (class 
3 semaphorins; Sema3s) bind to a holoreceptor complex 
consisting of Nrps as ligand binding and plexins as signal 
transducing subunit. An exception to this rule is Sema3E, 
which binds and signals directly through plexin-D1, in-
dependently of Nrps [15]. 

Plexins are single-pass transmembrane receptors 
and subdivided into four groups, type A, B, C, and D. 
Similar to semaphorins, plexins have extracellular Sema 
domains. In addition, plexins have PSI (plexins, Sema, 
integrins) and IPT (Ig-like, plexins, transcription factors) 
domains, and share homology in their extracellular seg-
ment with the Met family tyrosine kinase receptors [14]. 
The intracellular domains of plexins have weak sequence 
similarity to GTPase activating proteins (GAPs) and dis-
play GAP activity towards the small GTPase R-Ras [16]. 
Type A, B, and D plexins require the association of the 

Figure 1 Human Plexins, Nrps, and Semaphorins: Vertebrates express semaphorin classes 3 through 7, plexins A, B, C, D, 
and Nrps 1 and 2. Semaphorins and plexins are comprised of a Sema domain and variable repeats of the PSI domain, as 
indicated. Members of the semaphorin 3 (Sema3, A-G) class are secreted, while the semaphorins 4-7 (Sema4-7) are mem-
brane bound. Plexins contain cytoplasmic tails that contain both GAP and GTPase-binding domains. Additionally, plexins B1, 
B2, B3, and D1 contain a PDZ binding domain. Nrp1 and Nrp2 are comprised of extracellular complement binding, FV/FVIII, 
and MAM domains, but have only a short cytoplasmic tail, requiring their association with plexin A1-4 to facilitate signaling.
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Rnd family of Rho-related GTPases to function as R-Ras 
GAP, while plexin-C1 displays GAP activity without 
Rnd [17]. Plexin-B1 also possesses GAP activity for R-
Ras3/M-Ras [18].

Nrps are transmembrane proteins with a short cy-
toplasmic domain of about 40 amino acids, and their 
three C-terminal amino acids (S-E-A) constitute a PDZ-
binding motif [19]. In addition to Sema3s, Nrps also bind 
to structurally unrelated molecules, such as VEGF fam-
ily proteins, and serve as their co-receptors [20, 21]. The 
extracellular domains of Nrps contain two complement-
binding domains (a1/a2), two coagulation factor V/VIII 
homology domains (b1/b2), and a MAM domain (c). 
Sema3s principally bind to a1/a2 domains, and VEGFs 
bind to b1/b2 domains [14]. Genetic studies have shown 
that Nrp1 is required for vascular morphogenesis. Nrp1-
knockout mice are embryonically lethal due to vascular 
remodeling and branching defects [22, 23], whereas 
Nrp2-knockout mice are viable and their vasculature is 
grossly normal. However, Nrp2 null mice show absence 
of or reduced lymphatic vessel sprouting during develop-
ment [24], suggesting that Nrp2 plays a key role in lymp-
hangiogenesis (discussed below).

Anti-angiogenic semaphorins

Sema3s are the only secreted type of semaphorins in 
vertebrates. Seven Sema3s have been identified (desig-
nated by the letters A-G) and multiple Sema3s are report-
ed to control physiological and pathological angiogenesis 
[25, 26]. Nrps and the type A/D family plexins (plexin-
A1, -A2, and -A3, and plexin-D1) act as receptors for 
Sema3s, and each Sema3 family member shows distinct 
binding preference for Nrps. For example, Sema3A binds 
to Nrp1 [27, 28], while Sema3F binds exclusively to 
Nrp2 [29]. Other Sema3s, such as Sema3B, can bind to 
both Nrps [30, 31]. Each Sema3-Nrp complex associates 
with specific plexins to mediate downstream signaling. 
Some Sema3s, such as Sema3A and Sema3F, are ex-
pressed in endothelial cells, suggesting an endothelial-
initiated autocrine regulation of angiogenesis [32].

Sema3A
Sema3A regulates endothelial cell migration and 

survival in vitro [33, 34], and tumor-induced angiogen-
esis in vivo [35]. The information emerging from the 
analysis of Sema3A null mice and mutant mice lacking 
Sema3A-Nrp1 signaling suggests that Sema3A may 
not be required for the early stages of developmental 
angiogenesis, but rather that Sema3A contributes to the 
reshaping of the vasculature to form a mature vascu-
lar network, such as that in the heart and brain [32, 36, 

37]. The molecular mechanisms underlying the anti-
angiogenic effects of Sema3A are complex, as its recep-
tor Nrp1 also controls VEGFR2 signaling by binding 
VEGF165 [38, 39]. Hence, it was initially suggested that 
Sema3s compete for the binding to Nrp1 with VEGF, 
thus inhibiting VEGF-induced angiogenesis. However, 
recent reports have shown that Sema3s and VEGF use 
different domains on Nrp1 for binding [40]. Consistent 
with a separate function of Sema3A on Nrp1, Sema3A 
increases vascular permeability, inhibits endothelial cell 
proliferation, and induces apoptosis even in the absence 
of VEGF [34, 41], suggesting Sema3A activates its own 
signaling routes. Interestingly, Sema3A impairs endothe-
lial cell adhesion and migration by inhibiting integrin 
function [32]. The molecular mechanisms by which Se-
ma3A regulates integrins are not fully understood. From 
the studies in neuronal cells, it is likely that activation of 
plexin-A1 by Sema3A induces the intrinsic R-Ras GAP 
activity of Plexin-A1, thus resulting in R-Ras inhibition 
[16, 42]. As R-Ras is known to sustain integrin activa-
tion, the inactivation of R-Ras by plexin-A1 may lead to 
the inactivation of integrins, thereby inhibiting integrin-
mediated cell adhesion.

Sema3B
Sema3B and Sema3F were identified as tumor 

suppressors that are deleted or inactivated in lung cancer 
[43, 44]. Consistently, overexpression of Sema3B sup-
presses tumorigenesis in adenocarcinoma cell lines [45], 
and Sema3B also decreases proliferation of lung and 
breast cancer cell lines [30], suggesting Sema3B exerts 
direct effects on cancer cells. In addition to the inhibitory 
effect on cancer cells, Sema3B can repel endothelial 
cells mainly through Nrp1, and therefore functions as 
an angiogenesis inhibitor [46]. Interestingly, Sema3B 
activity is abrogated as a result of proteolytic cleavage 
by furin-like pro-protein convertases, which is associated 
with enhanced invasion and proliferation in many can-
cers [46, 47]. Together, Sema3B may function as a tumor 
suppressor by working on both tumor cells and endothe-
lial cells. Certainly, more work is necessary to define 
the precise signaling events that mediate this effect of 
Sema3B.

Sema3E
As described above, Sema3E binds directly to and ac-

tivates plexin-D1 receptor. Plexin-D1 is highly expressed 
in endothelium during development [48] and also in 
tumor-associated blood vessels [49]. Interestingly, the 
expression of plexin-D1 is dynamically regulated and 
increased in tip cells, which extend numerous filopodia 
and respond to attractive and repulsive guidance cues at 
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the leading edge of the new branching blood vessels [50]. 
Sema3E controls vascular patterning during develop-
ment by inhibiting the expansion of intersomitic vessels 
into the somites [15, 51], and causes endothelial-tip cell 
filopodial retraction in growing blood vessels [52]. These 
data suggest that Sema3E is a potent chemorepellent for 
plexin-D1-expressing endothelial cells. Indeed, Sema3E 
displays anti-angiogenic properties in several different in 
vivo angiogenesis models [52, 53]. Furthermore, Sema3E 
is highly expressed in metastatic tumors, where a cleaved 
form of Sema3E may enhance tumor cell motility. Con-
versely, when wild-type Sema3E is overexpressed in 
cancer cell lines, Sema3E decreases tumor vessel density 
and tumor growth [54]. The interplay between cleaved 
products of Sema3E and potential receptors in cancer 
cells is an area of active investigation. More progress has 
been recently made on the study of how Sema3E pre-
vents angiogenesis in endothelial cells, given the obliga-
tory role of plexin-D1 but not of Nrps in this biological 
response. Sema3E may counteract the pro-angiogenic 
effects of VEGF by promoting the expression and release 
of a soluble VEGF receptor, thus inhibiting VEGF func-
tion in developing vessels [55]. In a more direct fashion 

in endothelial cells, upon stimulation with Sema3E, 
plexin-D1 initiates a two-pronged mechanism involving 
R-Ras inactivation and Arf6 activation, thereby affecting 
the activation status of β1 integrin and its intracellular 
trafficking, respectively [52] (Figure 2). At the molecu-
lar level, Sema3E binding to plexin-D1 induces the 
activation of type I phosphatidylinositol-4-phosphate-
5-kinase (PIP5K) β, which may stimulate the produc-
tion of phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) 
locally [56]. PI(4,5)P2 then binds to the PH domain of a 
guanine nucleotide exchange factor (GEF) for Arf6, gua-
nine nucleotide exchange protein 100, thus increasing its 
GEF activity and activating Arf6. Sema3E-induced Arf6 
activation induces rapid focal adhesion disassembly and 
endothelial cell collapse, thereby inhibiting angiogenesis 
[56]. In addition, recent reports revealed that PI(4,5)P2 
acts as a second messenger and controls focal adhesion 
dynamics and actin cytoskeleton [57], both of which are 
critical for cell migration. In neuronal cells, inhibition 
of another isoform of PIP5K, PIPKIγ661, is required 
for Sema3A-induced axonal repulsion and growth cone 
collapse [42]. These data suggest that semaphorins may 
commonly utilize phospholipid-regulated signaling 

Figure 2 Anti-angiogenic signaling by Sema3E-plexin D1 in endothelial cells. The activation of plexin D1 by Sema3E induces 
the association of the Ras GAP domain of plexin D1 with R-Ras. This inactivates integrins and enables their subsequent in-
ternalization by the plexin D1-mediated activation of Arf6, thus inhibiting endothelial cell adhesion to the extracellular matrix 
(ECM) by disrupting integrin-mediated adhesive structures, and causing filopodial retraction in endothelial tip cells. The path-
way by which Sema3E stimulation of plexin D1 leads to Arf6 activation involves phosphatidylinositol-4-phosphate-5-kinase 
β activation, which generates PI(4,5)P2 locally. PI(4,5)P2 then binds to the PH domain of an Arf6 GEF, guanine nucleotide 
exchange protein 100, resulting in Arf6 activation. Sema3E-induced Arf6 activation induces rapid focal adhesion (FA) disas-
sembly, integrin internalization, and endothelial cell collapse, thereby inhibiting angiogenesis.
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pathways to regulate cell adhesion and migration, by 
regulating lipid kinases such as PIP5K. 

Sema3F
Sema3F decreases tumor growth in a number of in 

vivo tumor models, and although Sema3F is capable of 
interacting with Nrp1, its higher-affinity interaction with 
Nrp2 appears to be required for its tumor-suppressive ac-
tivity in many models [58-60]. Sema3F exerts a repulsive 
effect on breast cancer cells [61] and reduces the growth 
and metastatic activity of colorectal carcinoma cells by 
modifying integrin αvβ3 [62], suggesting that Sema3F 
affects tumor cells directly by controlling cell adhesion 
and migration. Similar to other Sema3s, the Sema3F-
mediated suppression of tumor growth was associated 
with an anti-angiogenic phenotype, where Sema3F ex-
pression significantly decreased the vascularity of tumors 
[25, 58]. Consistently, Sema3F can induce endothelial 
cell collapse [63], repel endothelial cells and inhibit their 
survival [59], and this anti-angiogenic effect is synergis-
tically enhanced by the addition of Sema3A [34]. At the 
molecular level, it has been shown that Sema3F inhibits 
multiple signaling pathways in cancer cells [63, 64]; 
however, whether these pathways are also affected in en-
dothelial cells remains unclear. While it is clear that Se-
ma3F can function as a potent tumor suppressor in vivo, 
further studies are required to understand the molecular 
mechanism behind this function and the role that Sema3F 
expression plays in cancer development and progression.

Sema3G
Far less is known about the role of Sema3G in cancer 

and signaling. Sema3G has been identified as a signifi-
cant prognostic marker in glioma [65]. Sema3G appears 
to bind to Nrp2, but not Nrp1 [66], and is able to sup-
press tumor growth and inhibit soft-agar colony forma-
tion only in cells expressing high levels of this receptor 
[25]. However, further work is necessary to determine 
whether Sema3G has anti-angiogenic effects in vivo and 
the mechanism by which it achieves its Nrp2-dependent 
tumor growth-suppressive activity.

Pro-angiogenic semaphorins

Some plexins are highly expressed in endothelial cells. 
Among them, plexin-B1 is a receptor for Sema4D, and 
it has been reported that Sema4D-Plexin-B1 signaling 
promotes endothelial cell migration and tube formation 
[67, 68]. Interestingly, Sema4D expression is upregulated 
in head and neck squamous cell carcinoma as well as in 
some other solid tumors [69, 70]. Sema4D is processed 
and released from the membrane by membrane type 

1-matrix metalloproteinase, which is frequently overex-
pressed in malignant tumors, and activates plexin-B1 to 
elicit pro-angiogenic signaling in endothelial cells [71]. 
Similarly, Sema4D can be released from platelets by the 
action of metalloprotease ADAM17 (TACE), thereby 
acting on endothelial cells as well as platelets that also 
express Sema4D receptors [72]. The pro-angiogenic ef-
fect of Sema4D is mediated by the activation of a small 
GTPase RhoA through Rho-specific GEFs, leukemia-
associated RhoGEF, and PDZ-RhoGEF, which bind to 
the C-terminal PDZ-binding motif of plexin-B1 [67, 
73-76]. Upon ligation of Sema4D, PDZ-RhoGEF and 
leukemia-associated RhoGEF are recruited to plexin-B1, 
thus stimulating RhoA and its downstream effector Rho 
kinase, and Rho kinase activation promotes angiogenic 
response through a chain of events involving myosin 
light chain phosphorylation, stress fiber contaction, non-
receptor tyrosine kinase activation, and activation of the 
Akt and Erk pathways [77] (Figure 3). RhoA/Rho kinase 
signaling also activates PIP5K α and leads to the genera-
tion of the lipid second messenger PI(4,5)P2, further sup-
porting the idea that phosphoinositides may represent a 
common mediator for semaphorin signaling. In the case 
of Sema4D, PI(4,5)P2 serves as a substrate for PLCγ and 
increases intracellular calcium level, which is required 
for Sema4D-induced tube formation in vitro [78]. In ad-
dition to the direct effect of Sema4D on plexin-B1, this 
semaphorin can also promote endothelial cell migration 
through the activation of HGF receptor Met [68], while 
in other cell types, plexin-B1 activates members of the 
EGF receptor family [79] and inhibits RhoA through 
p190 RhoGAP [80], resulting in changes in the actin cy-
toskeleton and cell migration.

Lymphangiogenesis and cancer

Like angiogenesis, lymphangiogenesis is both a physi-
ological and pathological process required for the forma-
tion of new vasculature, and the regulation of this process 
is mediated by a balance of pro- and anti-lymphangio-
genic factors. The lymphatic system is critical for the 
removal of waste products and transport of cells and pro-
teins, and contributes to the immune response and cancer 
progression. During embryogenesis, expression of the 
transcription factor PROX1 leads to the differentiation of 
venous endothelial cells into lymphatic endothelial cells 
[81-84]. This differentiation is followed by sprouting 
and proliferation of the lymphatic vasculature, which is 
primarily attributed to signaling by VEGF-C through its 
receptor VEGFR3 [85-87]. VEGF-C binds to receptors 
VEGFR3 and Nrp2, and loss of these molecules results 
in a variety of lymphangiogenic defects. Vegfc−/− mice 
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Figure 3 Pro-angiogenic signaling by semaphorins in endothelial cells. Membrane-bound Sema4D expressed by cancer cells 
or by tumor-associated macrophages and platelets is cleaved by matrix metalloproteinases, and soluble Sema4D can then 
bind and activate plexin-B members expressed on endothelial cells. After stimulation by Sema4D, plexin-B can activate cer-
tain receptor tyrosine kinases, such as Met, EGFR, and Her2, in some cellular contexts, hence activating their regulated sig-
naling pathways indirectly. Sema4D binding to plexin-B causes the recruitment and activation of PDZ-RhoGEF and leukemia-
associated RhoGEF through association mediated by their PDZ domains. These GEFs then activate Rho and its downstream 
effector Rho kinase (ROCK). In turn, ROCK signaling promotes the phosphorylation of myosin light chain. This induces 
polymerization and contraction of actin/myosin stress fibers. The tension generated by contracting stress fibers promotes the 
assembly of mature focal adhesion complexes at the sites of cell contact with the extracellular matrix via integrins, thereby 
activating non-receptor tyrosine kinases such as Pyk2 and Src. Pyk2 activation results in the phosphorylation of phosphati-
dylinositol 3-kinase and the activation of the Akt and Erk1/2 pathways, leading to increased endothelial cell migration and 
proliferation, which contribute to promoting an angiogenic response.

are able to commit to the lymphatic lineage, but cannot 
undergo lymphangiogenesis and die in utero [88]. VEG-
FR3-knockout mice display a more severe phenotype, 
where they lack lymphatic vasculature entirely and fail 
to undergo lymphangiogenesis [89]. In contrast, Nrp2 
is not required for lymphangiogenesis but appears to be 
a key regulator of the process. Mice deficient in Nrp2 
show a variety of lymphatic defects, including reduction 
of small lymphatic vessels and capillaries [24]. Further, 
Nrp2 appears to be selectively expressed in tumor-asso-
ciated lymphatic vessels, and inhibition of Nrp2 function 
blocked VEGF-C/VEGFR3-mediated lymphangiogen-
esis and reduced metastasis in vivo [90, 91]. By exten-

sion, this suggests that anti-angiogenic semaphorins like 
Sema3F can function as anti-lymphangiogenic signaling 
molecules in vivo through their interaction with Nrp2. 
Sema3F overexpression has been shown to have a direct 
chemorepulsive effect on lymphatic endothelial cells 
[58]. Sema3F appears to compete for Nrp2 binding with 
VEGF-C and decreases endothelial cell survival and mi-
gration [92]. Nevertheless, direct evidence for an anti-
lymphangiogenic role of Sema3F is limited.

Indirectly, tumor-induced lymphangiogenesis is cor-
related with metastasis in a number of cancer models, in-
cluding colorectal, breast, prostate, head and neck cancer, 
and melanoma [93-99], and expression of Semaphorin 



www.cell-research.com | Cell Research

Atsuko Sakurai et al.
29

npg

molecules decreases the incidence of metastasis [58, 62, 
100]. Inhibition of tumoral lymphangiogenesis through 
neutralization of VEGFR3 or knockdown of VEGF-C ex-
pression blocks metastasis in vivo [101-103], indicating 
that this process is essential for metastasis in a variety of 
cancer models. Interestingly, this inhibition did not affect 
the normal lymphatic vasculature in adult mice, suggest-
ing that alternative signaling mechanisms are employed 
after development, and targeting the VEGF-C/VEGFR3 
signaling axis in adults may represent a potent means to 
target the tumor-associated lymphatics [104]. The precise 
molecular events that signal for lymphangiogenesis are 
poorly understood. Inhibition of the mTOR pathway de-
creases lymphangiogenesis and metastasis, and prolongs 
survival in a head and neck cancer animal model [99]. 
In support of this, a separate study found that inhibition 
of phosphatidylinositol 3-kinase/Akt similarly blocked 
lymphangiogenesis [105]. However, the specific signaling 
events required to initiate and sustain lymphangiogenesis 
in the context of tumor progression and metastasis are 
poorly defined. Given that tumoral lymphangiogenesis 
is likely a critical event in the progression of metastatic 
disease, the potential role of semaphorin-mediated 
regulation in this process warrants further investigation. 

Concluding remarks

Recent studies have revealed the importance of sema-
phorins, plexins, and Nrps in tumor progression. These 
molecules directly control the behavior of tumor cells 
and also affect the other cell types which constitute the 
tumor microenviroment. In this review, we focused on 
vascular and lymphatic endothelial cells, both of which 
contribute to providing a suitable environment for tumor 
cells to grow and metastasize by inducing angiogenesis 
and lymphangiogenesis. A large fraction of the current 
information regarding semaphorin signaling was ini-
tially obtained from extensive studies in neuronal and 
cancer cells. It will be important to analyze whether the 
pathways deployed by the semaphorin-plexin signal-
ing systems are shared by all cell types, with emphasis 
on those utilized in vascular and lymphatic endothelial 
cells to inhibit or promote angiogenesis and lymphangio-
genesis. From the studies on Sema3B and Sema3F, loss 
of semaphorin function may represent an early event in 
cancer development, thus contributing to the acquisition 
of the angiogenic phenotype that characterizes most solid 
tumors. However, a number of questions remain: Which 
semaphorins are cleaved by furin-like proteases, and how 
does the proteolytic cleavage of semaphorins affect their 
function? Can the differential expression of these enzy-
matic factors account for the discrepancies in signaling 

and biological effects observed among different studies? 
Does differential expression of semaphorin receptors 
on tumor and endothelial cells affect their signaling 
potential? How does expression of competitive factors, 
such as VEGF, regulate the signaling capabilities of the 
semaphorins? Further, can their tumor-suppressive and 
anti-angiogenic roles be strengthened by multi-targeted 
approaches that take into account both the semaphorins 
and the regulators of their expression and function? What 
are the molecular differences in the signaling pathways 
activated by semaphorin binding, as opposed to the with-
drawal of VEGF signaling? Semaphorin expression ap-
pears to affect a number of cellular phenotypes, includ-
ing proliferation, survival, anchorage dependence, angio-
genesis, and migration. Which among these represent the 
critical processes that are central to semaphorin-mediated 
tumor suppression? Answering these and other questions 
may be central to understanding the role of semaphorins 
in angiogenesis and cancer.
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