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ABSTRACT

Semaphorins are extracellular signals known to guide migrating cells during developmental morphogenesis and in adult
tissues. Semaphorin receptors, that is plexins and neuropilins, have been found in association with diverse receptor
tyrosine kinases (RTKs), such as Met, ErbB2 and VEGFR2. These receptor complexes are formed in a cell-specific
manner and can mediate distinctive signalling cascades, sometimes leading to divergent functional outcomes. This is
particularly intriguing in cancer, since the same semaphorin has been found to mediate either tumor-promoting or tumor-
suppressing functions, depending on the cancer type and cellular context. We will therefore review the current
understanding about the role of RTKs in neuropilin and plexin signalling, putatively accounting for the multifaceted role of
semaphorins in cancer.
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INTRODUCTION

Semaphorins

Around 20 membrane-bound or secreted proteins constitute the semaphorin family in vertebrates. In addition to their
initially identified role in the wiring of the neuronal network,! semaphorins have been implicated in a variety of biological
functions and developmental processes, often involving the guidance of cell migration and cell-to-cell
interactions.2 Notably, due to their regulatory role in angiogenesis and cancer cell behavior, they are emerging modifiers
in tumor progression and potential therapeutic targets.

All family members share a common domain, called sema domain, characterized by a typical seven-blade beta-propeller
fold structure, also found in the alpha-integrins and in tyrosine kinase receptors of the Met family.* Semaphorins are then
divided into eight subclasses, according to structural features beyond thesema domain, which are also characterized by
distinctive properties.®

Semaphorin signals are mediated by the main receptor family of the Plexins, including nine members in vertebrates,
which also carry the distinctive semadomain.® A subset of secreted semaphorins requires the presence of co-receptors
called neuropilins (Nrp1/Nrp2). The analysis of crystal structures revealed thatsema domain dimerisation is required for
receptor binding and functional response; on the other hand, the mechanism responsible for plexin activation upon
ligand engagement is less clear and partly controversial (reviewed by Hoto and Buck?).

Semaphorins and cancer

Semaphorin expression was found to be altered compared to normal tissues in various human tumors. Notably,
semaphorin-receptors, plexins and neuropilins, are widely expressed in cancer cells, as well as in cells of the tumor
microenvironment.8 A growing number of reports has linked semaphorins and their receptors to multiple cancer
hallmarks, such as invasion and acquisition of metastatic properties, tumor angiogenesis and activation of pro-
tumorigenic inflammation, or, more rarely, regulation of proliferation and apoptosis.® Certain semaphorins can either
promote or inhibit tumor progression depending on the implicated receptor complexes and the specific target cell.

Semaphorins seem to be important players in the tumor microenvironment (reviewed by Gu and Giraudo9). For
instance, Sema4D or Sema6A have a pro-angiogenic activity by regulating endothelial cells, 1. 12 while others like class-3
Semaphorins can antagonize vascular endothelial growth factor (VEGF) signalling, and deploy endothelial cells
repulsion.t3 Semaphorins also regulate the recruitment and activity of tumor-associated immune cells and macrophages,
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which have been shown to regulate nearly all steps of tumor progression.t* Thus, semaphorins are involved in many
aspects of tumor biology, and they can be considered promising therapeutic targets in cancer.

Semaphorin signalling

Semaphorins have been shown to signal through many different pathways and effectors, which include their intrinsic
GTPase-activating protein (GAP) activity for R-Ras, M-Ras and Rap1,1516.16 the indirect regulation of integrins and of
other Rho GTPases, and the interaction with tyrosine kinases (for a general review, see reference?).

GAPs negatively regulate the activity of monomeric G proteins by promoting the hydrolysis of GTP to GDP. The
intracellular domain of plexins contains two highly conserved GAP-like subdomains (C1 and C2) separated by a linker
region. The conserved domains include three arginine residues necessary for catalytic GAP activity.?”-18 The binding of
Rnd1 to the linker region of PlexinAl and PlexinB1 seems to be required for disrupting an inhibitory interaction between
N-terminal and C-terminal halves of the segmented GAP domain.t® The same function is played by Rnd2 for PlexinD1,
while the GAP activity of PlexinC1 does not seem to depend on Rnd regulation.’¢ A further level of control was recently
revealed by Yang and colleagues,?’ who found that the GAP domain of insect d-PlexinA is phosphorylated by the cCAMP-
dependent protein kinase leading to the recruitment of 14-3-3¢ adaptor protein, which in turn prevents plexin interaction
with R-Ras and the ensuing semaphorin-induced cell-repulsion.

The primary functions of R-Ras are linked to integrin regulation, by increasing integrin-based cell adhesion to the
extracellular matrix.2! Hence, inhibition of integrin-mediated adhesion is a common and early event in semaphorin
signalling,8 22 which impinges on cell migration and cytoskeletal changes, sometimes leading to the so-called
‘collapsing’ response. This is a typical behavior observed in semaphorin-treated cells in vitro, characterized by retraction
of cellular processes (or axonal extensions) and cell rounding.18

Plexins of the B-subfamily can also interact with guanine nucleotide-exchange factors (GEFs) for RhoA, which promote
the exchange of GDP for GTP and lead to RhoA activation.? 2425 This has been linked to the promotion of cell migration
and to the activation of additional intracellular pathways, also involving tyrosine kinase signalling.

Upon ligand stimulation, different plexins were found to interact with cytoplasmic or receptor tyrosine kinases (RTKS)
such as MET, ERBB2, VEGFR2, FYN, FES, PYK2 and SRC (reviewed by Franco and Tamagnone). This often leads to
the functional activation of the kinase, and thereby to the initiation of distinctive intracellular signalling cascades.
Moreover, the cytoplasmic domain of plexins can get trans-phosphorylated on tyrosine residues, and this may have an
impact on further signalling events, for example, by modulating domain conformation or creating phosphorylated docking
sites for the recruitment of specific signal transducers. Notably, a specific plexin can alternatively associate with different
tyrosine kinases, eliciting divergent signalling pathways and functional outcomes. These aspects will be extensively
discussed in this review.

Plexin B1 and Met

Accumulating literature indicates that PlexinB1 may have an ambivalent function in cancer, acting either as a tumor
promoter or as a tumor suppressor in different studies. This has sometimes been correlated with differential RhoA
regulation in a cell-context dependent manner (see below). Notably, two major oncogenic RTKs were found to interact
with PlexinB1: Met and ErbB2, as discussed in detail in this paragraph and the following.

Met, the plasma membrane receptor for Scatter Factor 1 (also known as Hepatocyte Growth Factor, HGF) was initially
found to associate with PlexinB1 in liver progenitor cells.2” Moreover, in response to PlexinB1-ligand Sema4D, tyrosine
phosphorylation of both Met and PlexinB1 is induced, together with increased cell migration and invasion (see Figure
1a). Consistently, co-expression of PlexinB1 and Met, as well as Met phosphorylation, in breast and ovarian tumors
correlates with metastatic spreading.2 Met is furthermore activated and associated with overexpressed PlexinB1 in
colon, liver, pancreas and gastric cancer cells.?Notably, Sema4D levels are upregulated in prostate, colon, breast and
lung tumors compared to normal tissues.3® Moreover, PlexinB1 was found to be overexpressed and mutated in invasive
prostate cancer;? these mutations seem to affect the GTPase interacting domain of PlexinB1, but not its ability to
synergize with RTKs and promote cell invasiveness.®2 Met tyrosine kinase receptor has also been implicated in
PlexinB1-dependent pro-angiogenic activity mediated by Sema4D.3
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Figure 1.

Multifaceted role of Sema4D-PlexinB1 signalling in Met pathway. (a) PlexinB1 and Met are co-expressed and associated
at the cell surface in different cells. In response to Sema4D stimulation, Met is trans-activated and becomes tyrosine
phosphorylated in liver progenitor cells, some breast and ovarian cancers, colon, liver, pancreas and gastric cancer, and
endothelial cells. This correlates with increased cell migration, invasiveness and angiogenesis. The role of RhoA
regulation is not fully clear in this pathway. (b) In a subset of ER+ human breast cancer, Sema4D stimulation leads to
PlexinB1 trans-phosphorylation at residues Y1864 and 2094, which serve as docking site for Grb2. In turn, Grb2 recruits
p190GAP, resulting in RhoA inactivation and consequent inhibition of cell migration and invasion. (c) In melanoma cells,
the PlexinB1-Met complex is not leading to RTK activation in response to Sema4D. Instead, Sema4D-PlexinB1 signalling
inhibits the classical HGF-Met pathway, including reduced E-cadherin expression and RhoA activation. This eventually
leads to decreased melanoma cell migration and invasion.

However, these findings are not concordant with the conclusions of other studies that suggest PlexinB1 as a tumor-
suppressor protein. For instance, in a subset of oestrogen receptor-positive human breast cancers, low PlexinB1
expression is actually associated with tumors of higher grade, characterized by increased cell proliferation and poor
outcome®* ¥(see Figure 1b). PlexinB1 expression was also found to be downregulated by the ERK pathway
constitutively active in BRAF-mutated human melanomas? and, consistently, its expression is lost in metastatic and
invasive melanomas in vivo.3” Moreover, the forced expression of PlexinB1 in human melanoma cell lines results in the
inhibition of colony formation in soft agar and reduced tumor growth in mouse xenografts.36

Melanomas may indeed represent a tumor type in which PlexinB1 may have an opposite role from what was described
in other models (see Figure 1c). Notably, Met activation plays an important role in melanoma progression, and it has
been shown that PlexinB1 can inhibit Met signalling in both non-transformed and transformed melanocytes, consistent
with the concomitant finding of activated Met and PlexinB1 loss in melanoma samples.®" 3% 40 Indeed, PlexinB1 and Met
are found in complex in melanocytes and their association is induced by Sema4D.“However, PlexinB1 overexpression
in melanoma cells leads to decreased phosphorylation of Met and reduced migration in response to HGF,% while
PlexinB1 knockdown leads to the opposite effects.®0 It could be envisaged as a balancing between the formation of
PlexinB1-Met and Met-Met dimers in this tumor model, whereby Sema4D/PlexinB1 activation could lead to the inhibition
of ‘classical’ oncogenic Met signalling. It has been demonstrated that Sema4D inhibits HGF-induced downregulation of
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E-cadherin, an important mechanism by which melanoma cells can disrupt adhesion to keratinocytes* and commence
migration.3® The mechanisms underlying this crossregulation are currently unclear. Intriguingly, unpublished data
mentioned by Soong and co-workers® indicate that PlexinB1 does not get phosphorylated in response to Sema4D in
melanoma cells, despite the formation of PlexinB1-Met complex, further suggesting a context-dependent function of
PlexinB1 in different tumor cells.

Still debated is also the role of RhoA regulation by Sema4D/PlexinB1 signalling. Rho family GTPases are implicated in
numerous cellular processes, from cytoskeletal remodelling to cell migration, proliferation and apoptosis, and they also
play a role in human cancers, including melanoma.*2 4344 RhoA inactivation could have a role in the tumor suppressor
function of PlexinB1 in melanomas. In fact, PlexinB1 can suppress Rho activity and abrogate HGF-induced Rho
activation in melanoma cells.* RhoA inactivation was also found to ensue Sema4D stimulation in breast cancer cells co-
expressing PlexinB1 and Met,* and Met-dependent phosphorylation of specific tyrosine residues of PlexinB1 (Y1864
and Y2094) is required for this effect*” (see Figure 1b). By a screening approach, Sun and colleagues*’ identified Grb2
as the specific PlexinB1 interactor recruited in response to Met-mediated phosphorylation. In turn, Grb2 can mediate the
recruitment of p190RhoGAP, a regulatory protein previously found in association with plexins, and mediating RhoA
inactivation and inhibition of cancer cell migration.”® The same mechanism cannot be applied to the melanoma model,
because there is neither Met kinase activation in the complex, nor phosphorylation of PlexinB1 by Met. Further studies
are necessary to clarify this point, for example in melanoma cells PlexinB1 could recruit p190GAP through other
mechanisms, also independently from PlexinB1 phosphorylation. Notably, it would be interesting to study RhoA
regulation by Sema4D in cells undergoing Sema4D-dependent Met activation associated with increased cell migration
and invasion, which includes endothelial cells.27.33.49

Importantly, Swiercz and co-workers* reported another signalling mechanism involving alternative association of
tyrosine kinases Met or ErbB2 with PlexinB1 in breast cancer cells. In this study, the authors report that PlexinB1
signaling leads to RhoA inactivation when coupled with Met, whereas it mediates RhoA activation when in complex with
ErbB2 (this latter mechanism will be described in detail in the next paragraph). Distinct RTKs may achieve this divergent
control on Rho activity in response to Sema4D via phosphorylation of specific tyrosine residues in the cytosolic tail of
PlexinB1, as shown for Met.#”

Plexins/neuropilins and EGFR family RTKs

PlexinB1 and ErbB2

PlexinB1 was also consistently shown to interact with ErbB2 transmembrane tyrosine kinase.*¢ %0 Similar to what is
described for Met, PlexinB1 associates with ErbB2 and, in the presence of Sema4D, it elicits RTK activation and
phosphorylation of both receptors. Swiercz and colleagues*®:*° also demonstrated that ErbB2-mediated phosphorylation
of PlexinB1 leads to RhoA activation, due to the activity of PDZ-RhoGEFs associated with the plexin. By means of
peptide- and mass-spectrometry-based approaches, the same authors clarified the specific tyrosine residues of PlexinB1
involved. In fact, tyrosines 1708 and 1732 phosphorylated by ErbB2 create a docking site for the SH2 domains of
PLCy signal transducer.® In turn, the SH3 domain of PLCy interacts with the proline-rich C-terminal region of PDZ-
RhoGEF leading to its activation (Figure 2).
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Figure 2.

PlexinB1-ErbB2 signalling in cancer cells. In subsets of breast and ovarian cancers, ErbB2 and PlexinB1 can interact,
leading to phosphorylation of both the receptors. The phospho-tyrosines residues involved (Y1708 and Y1732) serve to
recruit PLCythrough its SH2 domains. The SH3 domain of PLCy can then interact with PDZ-RhoGEF, which leads to
RhoA activation and consequent increase in cell migration and invasiveness.

ErbB2 tyrosine kinase plays an important role in breast cancer, being overexpressed in 30% of the cases, especially
those with high metastatic potential and worse prognosis.5.52 A recent work demonstrated that the endogenous or
induced overexpression of ErbB2 is sufficient to elicit PlexinB1 phosphorylation in breast and ovarian cancer cells,
leading to the activation of RhoA and RhoC GTPases, and the promotion of cell invasiveness, independent from
Semad4D stimulation.> Moreover, when crossing in a PlexinB1-deficient background MMTVneu mice, a transgenic model
developing slowly progressing breast cancers due to overexpression of wild-type ErbB2 in mammary glands, a strong
decrease in metastasis formation was observed, with no effect on primary tumor growth. Consistently, patients with
ErbB2-overexpressing breast cancer and low expression of PlexinB1 display a longer disease-free survival than patients
expressing high levels of PlexinB1,5 in agreement with previous findings.®Interestingly, in ErbB2-negative breast cancer
patients, the authors observed an opposite statistical correlation between prognosis and PlexinB1 expression,5which
could be consistent with the tumor-suppressive role of the plexin in melanoma, where ErbB2 is not aberrantly
expressed.36. 37, 54

PlexinD1 and ErbB2

ErbB2 activation is also at the crossroad of the differential activity of Sema3E-receptor PlexinD1 in tumor and endothelial
cells. In fact, Sema3E controls vascular development, acting as an inhibitory/repelling cue for endothelial cells.> % This
effect is putatively dependent on the Rnd2-gated intrinsic GAP activity of PlexinD1 for R-Ras,6 on RhoJ regulation,>” or
the induction of integrin endocytosis due to Arf6 activation®® 5 (see Figure 3a). It is often seen that signalling pathways
typical of embryogenesis and usually lost after development are reactivated in cancer. Indeed PlexinD1 expression,
normally downregulated in adult tissues, is elevated in endothelial cells involved in tumor angiogenesis, but also in
cancer cells,% suggesting that both cell types could be controlled by Sema3E in the tumor context. Notably, beyond the
role of this pathway in angiogenesis, Casazza and coworkers®! found that Sema3E and PlexinD1 levels positively
correlate with the metastatic progression of human melanoma and colon cancer. This is actually consistent with the
experimental evidence of a pro-invasive and metastatic activity of Sema3E-PlexinD1 signalling in cancer cells, also
demonstrated by the loss of metastatic potential upon gene knockdown. Moreover, the authors demonstrated that this
pro-invasive/metastatic activity is mediated by Sema3E proteolytic product p6l (generated by furin proprotein
convertases®?) via the trans-activation of ErbB2 tyrosine kinase associated with PlexinD16! (see Figure 3b). Inhibiting
ErbB2 kinase impairs p61-Sema3E-induced migration and invasiveness of tumor cells,5! which indicates that ErbB2 is a
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major player of the pro-metastatic activity of Sema3E, even if the downstream effectors are currently unknown.
Moreover, the mechanisms responsible for the selective activation of this pathway in cancer cells need to be clarified.
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Figure 3.

Role of ErbB2 in Sema3E-PlexinD1 signalling. (a) In endothelial cells, Sema3E stimulation leads to Rnd2-gated GAP
activity of PlexinD1 on R-Ras leading to inhibition of integrin-mediated adhesion. Moreover PlexinD1-induced Arfé
activation induces integrin endocytosis, finally leading to inhibition of angiogenesis. (b) The proteolytic product Sema3E-
p61 has an opposite effect on cancer cells, via the cross-activation of ErbB2 tyrosine kinase and the phosphorylation of
the PlexinD1-ErbB2 complex, associated with increased tumor cell migration and metastatic ability. The implicated
pathway is not well characterized.

Notably, a point-mutated Sema3E isoform resistant to proteolytic processing, Uncl-Sema3E, was found to bind PlexinD1
and inhibit endothelial cells and angiogenesis in vivo, thereby suppressing tumor growth; in contrast, this isoform was
unable to induce PlexinD1-ErbB2 association and kinase activation and consequently lacked any pro-metastatic
activity.53 Moreover, the authors found that Uncl-Sema3E can compete with endogenous p61-Sema3E for receptor
binding, thus interfering with cancer cell metastatic behavior. This study highlighted Uncl-Sema3E as a potentially
interesting new therapeutic tool, capable of concomitantly suppressing tumor growth and metastatic progression in
multiple preclinical models.

Neuropilin-1 and EGFR

As mentioned above, a small family of co-receptor molecules, the neuropilins (Nrp1 and Nrp2), is involved in the receptor
complexes for secreted semaphorins, providing an additional high-affinity binding site for the ligands. Neuropilins are
also part of receptor complexes for VEGFs, with a predominant role in developmental angiogenesis.®* Importantly,
neuropilins have also been implicated in tumor growth and vascularisation, and mediate the effects of VEGFs and
semaphorins on cell proliferation, cell survival and migration.® 66 Nrpl appears to be mainly expressed in carcinomas,
whereas Nrp2 is typically expressed in tumors derived from neural crest cells.”- 6 Nrp1 levels often correlate with cancer
progression and poor prognosis in different tumor types.s Notably, it has been reported that epidermal growth factor
(EGF) can induce Nrpl expression in tumor cells via EGF-Receptor tyrosine kinase signalling.8. 70
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A recent study reported that Nrpl overexpression can confer a selective advantage to cancer cells by promoting
epidermal growth factor receptor (EGFR) signalling.” This is a major pathway activated in tumors, correlated with
adverse prognosis. The authors demonstrated that the extracellular portion of Nrpl promotes cancer cell survival and
proliferation, independently from its VEGF-binding function, by associating with EGFR and eliciting its
activation.” Notably, Nrpl-overexpressing tumors grown in mice showed increased EGFR tyrosine phosphorylation
compared with controls. Current EGFR activation model implicates ligand-induced receptor oligomerization on the cell
surface, followed by endocytosis.”2Once in endocytic vescicles, EGFR can sustain prolonged intracellular
signalling.™ 7 Nrpl has been found to play a role in endocytosis pathways involving VEGFR2 and secreted
semaphorins.” Rizzolio and colleagues™reported that in response to epidermal growth factor or TGFa stimulation, a
large fraction of Nrpl co-localized with EGFR in early endosomes. Importantly, both EGFR clustering at the cell surface
and the ensuing internalization were strongly impaired in Nrpl-silenced cells. As a consequence, by knocking-down
Nrpl in cancer cells, ligand-induced EGFR phosphorylation and activation of intracellular AKT effector pathway were
inhibited.

Plexin/neuropilins and VEGFR

The cross-talk between plexins and VEGF-receptors was first reported in cardiovascular development, implicating
Sema6D-induced PlexinAl alternative association with OTK or VEGFR2-KDR in different cell populations, further
leading to opposite functional outcomes.” Also Sema3E signalling was found to mediate opposite functions in different
neuronal populations, depending on VEGFR2 association with PlexinD1.7 In the cancer context, VEGFR2 signalling is
pivotal in endothelial cells and angiogenesis,’ but it was also implicated in cancer cell survival. As discussed below,
semaphorin receptors were found to be relevant in the regulation of both these pathways.

Class-6 semaphorin receptors and VEGFRSs

Emerging data seem to implicate class-6 Semaphorins and their plexin receptors as important regulators of VEGFR
signalling both in tumor and in endothelial cells. It was reported that PlexinAl and its ligand Sema6D are expressed and
active in asbestos-related malignant pleural mesothelioma cells.” Malignant pleural mesothelioma is characterized by
VEGF overexpression, which is involved not only in angiogenesis but also in directly sustaining tumor cell
growth.® Catalano and colleagues™ demonstrated that PlexinAl and VEGFR2 are associated in a complex in malignant
pleural mesothelioma cells. Moreover, in the presence of Sema6D, PlexinAl promotes tyrosine phosphorylation of
VEGFR2, leading to tumor cell survival and anchorage-independent growth, via VEGFR2-dependent activation of the
transcriptional factor NF-kB. Importantly, expression of both Sema6D and PlexinAl is induced by asbestos fibers, and
Plexin-Al overexpression in non-malignant mesothelial cells inhibits cell death induced by asbestos.™

PlexinA4 is a receptor for Sema6A and Sema6B.8 It has been shown that knocking down PlexinA4 expression in
primary endothelial cells inhibits VEGF signalling, as well as basic fibroblast growth factor-induced cell
proliferation.82PlexinA4 was also found in association with VEGFR2 tyrosine kinase and enhancing VEGFR2 signalling.
Notably, the knockdown of Sema6B expression in endothelial cells mimics the effects of PlexinA4 silencing, featuring a
potential autocrine pro-proliferative autocrine circuit.82

Another recent study reported the pro-angiogenic function of the homologous ligand Sema6A. The authors found that
SemabA-depleted endothelial cells were more susceptible to apoptosis and cell death compared to controls, and
responded poorly to VEGF stimulation.!! Notably, Sema6A-silenced cells displayed reduced VEGFR2 expression, which
could be rescued by treatment with recombinant soluble Sema6A-Fc, also recovering VEGF-dependent responses.
Moreover, Segarra and colleagues'! observed reduced tumor angiogenesis and tumor growth in Sema6A-null mice
compared to wild-type littermates. The mechanism by which Sema6A regulates VEGFR2 expression remains to be
clarified. In fact, the knockdown of either of the two known receptors, PlexinA2 and PlexinA4, individually or in
combination, had no effect,'! suggesting the existence of additional receptors for Sema6A. An alternative explanation
could be a plexin-independent interaction in-cis between Sema6A and VEGFR2 in endothelial cells. These data are
apparently in conflict with a previous study, reporting that the treatment of primary endothelial cells with a soluble
extracellular domain of Sema6A inhibits VEGF signalling and angiogenesis; notably, also in this case the involvement
of plexins or alternative pathways was not clarified.

Neuropilins and VEGFRs
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Neuropilins, in addition to being receptors for secreted semaphorins, were found to bind VEGFs and form receptor
complexes with VEGF-R tyrosine kinases.8 88387 |n particular, Nrpl binds VEGF165 (but not VEGF121 isoform) and
Nrp2 binds both VEGF165 and the smaller VEGF145. These VEGF-A isoforms differ by the presence or absence of
specific domains consequent to alternative splicing.®Nrp1 and Nrp2 can also bind additional members of VEGF family:
in particular, VEGF-B, VEGF-E and a splicing isoform of the Placental Growth Factor (known as PIGF2) can bind
Nrp1,8% 90 while VEGF-C and VEGF-D can bind Nrp2.87.91

It has been shown that Nrpl enhances VEGFR2 signalling and VEGF-induced chemoattraction of endothelial
cells.84 8 One suggested mechanism implicates enhanced affinity of the ligand for VEGFR2 (and/or enhanced receptor
clustering) in the presence of Nrp1.85.92 Notably, the formation of VEGFR2/Nrpl complex seems to depend on the short
intracellular sequence of Nrpl, including a consensus sequence for binding PDZ domains.® These are found, for
example, in the adaptor protein GIPC/Synectin,® which plays a role in Nrpl-dependent angiogenesis, since synectin-
deficient endothelial cells show reduced VEGFR2-Nrp1 complex formation.®® Furthermore, GIPC/Synectin seems to be
essential for Nrp1 endocytosis and trafficking, a mechanism regulating VEGFR signalling pathway.% Indeed, in response
to VEGF165, Nrpl and VEGFR2 undergo clathrin-dependent endocytosis,” a process that could facilitate their coupling
to downstream effectors regulating endothelial cell migration.

Several studies indicated Nrpl as a relevant therapeutic target in cancer, due to its involvement in multiple signalling
pathways regulating tumor vasculature and cancer cells progression. In particular, two monoclonal antibodies targeting
the extracellular domain of Nrpl inhibited tumor angiogenesis and tumor growth in preclinical models.® Notably, only
one of these antibodies blocked VEGF binding and VEGFR2 phosphorylation, while the other could interfere with
Sema3A-dependent functions. These data suggested that Nrpl-targeting may be useful to hinder tumor growth by
interference with multiple pathways. For instance, as mentioned above, Nrpl also emerged as a relevant regulator of
EGFR signalling.™

In addition to endothelial cells and tumor angiogenesis, VEGF is also known to regulate cancer cell proliferation, survival
and migration.® Indeed, most tumor cells do not express VEGFR2, and VEGF signals are thought to act through
VEGFR1, VEGFR3 and possibly neuropilins.®”- %9 Thus, the functional role of neuropilins in cancer cells may be rather
complex, considering all the signalling pathways in which they have been implicated, including the regulation of RTKSs.

For instance, in medulloblastoma, the VEGF-family member placental growth factor (PIGF) involved in pathological
angiogenesis and wound healing,10is co-expressed with its receptors Nrpl and VEGFR1.1! Indeed, clinical trials
applying anti-PIGF antibodies in medulloblastoma patients achieved tumor regressioni®2103and Snuderl and
colleagues®® demonstrated that stromal-derived PIGF represents a crucial growth factor for medulloblastoma cells
survival. Moreover, while previous studies linked the inhibitory effect of anti-PIGF antibodies to the expression of
VEGFR1 in tumor cells, 1910 Snuderl and colleaguesi®demonstrated that PIGF activity in medulloblastoma cells
depends on Nrpl and not VEGFR1.

Nrpl may also play an important role in squamous skin carcinoma, where this receptor seems to regulate, in response to
VEGF, the cancer stem cell (CSC) pool.® In this tumor model, CSCs are located in close proximity to endothelial cells in
the perivascular niche; in fact, blocking VEGFR2 in endothelial cells caused a decrease in CSC pool size and self-
renewal activity, associated with the reduction of microvascular density. It has been previously reported
that Vegfadeletion in epidermal cells prevented squamous skin tumor development.107.1208Beck and colleagues® recently
demonstrated an autocrine circuit of VEGF acting directly on epidermal cells and CSCs, and promoting cancer stemness
and CSCs symmetric self-renewing divisions in Nrpl-dependent manner (see Figure 4). The implicated molecular
mechanism is still partly unclear: Beck and colleagues suggest a cell-autonomous role of Nrpl in epithelial cells, as anti-
Nrpl antibodies blocking VEGF binding suppressed the proliferation of purified CD34+ cancer stem cells. Notably, a
potential involvement of VEGFR1 in complex with Nrpl could be envisaged, since it has been shown that deletion of
VEGFR1 (flt1) in epidermal cells delays the onset of skin papilloma in k5-Sos transgenic mice.1%” Moreover, the authors
demonstrated that VEGFR and EGFR pathways synergize in neoplastic cells. In fact, EGFR signalling upregulates
VEGF, VEGFR1 and Nrp1 expression in a feed-forward loop, thus sustaining autocrine tumor cell proliferation.10?
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Figure 4.

Synergistic cross-talk between Nrpl- and EGFR-mediated signaling. (a) EGFR-mediated signalling leads to the
upregulation of Nrpl, VEGFR1 and VEGF expression, which in turn promotes VEGF-Nrpl signalling in epithelial cells,
leading to cell proliferation and symmetric self-renewing. VEGFR1 might be implicated in the signalling cascade is
association with Nrp1. (b) In endothelial cells, VEGF-VEGFR?2 signalling promotes angiogenesis and the establishment
of a perivascular niche which sustains the growth of cancer stem cells (CSC).

Concluding remarks

Thanks to a growing number of studies, the role of semaphorins, plexins and neuropilins in cancer starts to be
understood. It appears clear that semaphorin signals can trigger multiple pathways depending on the receptor complex
implicated, and in a cell-type specific manner. Tyrosine kinase receptors seem to be pivotal partners of semaphorin
receptors in cancer cells, as well as in cells of the tumor microenvironment. This can account for the versatile and
multifaceted activity mediated by certain semaphorins in vitro; moreover, it underlines the need to investigate their
functions in different tumor types, also taking into account the functional state of oncogenic tyrosine kinases, such as
Met, ErbB2 or EGFR.
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