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Class 3 semaphorins (Sema3s) regulate axon guidance, angiogenesis, tumor growth, and tumor metastasis. Neuropilins
(NRPs; NRP1 and NRP2) are the cell surface receptors for the Sema3s. However, to signal, interaction of Sema3s and
NRPs with plexins is obligatory. In this issue of the JCI, Casazza and colleagues report data that challenge the
conventional wisdom about the role of Sema3s in tumor metastasis. As a rule, Sema3B and Sema3F, for example, are
inhibitors of tumor angiogenesis, progression, and metastasis. However, Casazza et al. found that Sema3E inhibited
tumor growth but atypically promoted invasiveness and metastasis. This metastatic potential was dependent on Plexin D1
expression but was independent of NRP expression. Of clinical importance, Sema3E and Plexin D1 were found to be
upregulated in human colon cancer, liver metastasis, and melanoma progression.
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Class 3 semaphorins (Sema3s) regulate axon guidance, angiogenesis, tumor
growth, and tumor metastasis. Neuropilins (NRPs; NRP1 and NRP2) are
the cell surface receptors for the Sema3s. However, to signal, interaction of
Sema3s and NRPs with plexins is obligatory. In this issue of the JCI, Casazza
and colleagues report data that challenge the conventional wisdom about
the role of Sema3s in tumor metastasis. As a rule, Sema3B and Sema3F, for
example, are inhibitors of tumor angiogenesis, progression, and metastasis.
However, Casazza et al. found that Sema3E inhibited tumor growth but atypically promoted invasiveness and metastasis. This metastatic potential was
dependent on Plexin D1 expression but was independent of NRP expression.
Of clinical importance, Sema3E and Plexin D1 were found to be upregulated
in human colon cancer, liver metastasis, and melanoma progression.
Semaphorins and their receptors
There are eight classes of semaphorins
characterized by structural heterogeneity (1, 2). Class 3 semaphorins (Sema3s;
Sema3A–Sema3G) are secreted proteins
of approximately 100 kDa; they bind neuropilins (NRPs; NRP1 and NRP2) as their
cell surface receptors. However, Sema3s
also require interactions with plexins to
signal. Plexins are large 200-kDa transmembrane proteins that act as substrates
for kinases, such as feline sarcoma oncogene (Fes) and Src (3). Plexins form complexes with NRPs to transduce the Sema3
signal. Nine plexins have been identified so
far (A1–A4, B1–B3, C1, and D1). Sema3s
were originally demonstrated to be axon
guidance proteins that repelled axons and
collapsed growth cones via NRPs (4). They
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have since been implicated as regulators
of angiogenesis and tumor progression
(1, 2). Sema3A was the first Sema3 to be
studied in a vascular context. It was shown
to inhibit EC migration and capillary
sprouting (5). Subsequent studies showed
that Sema3s inhibit adhesion and migration of tumor cells (2). NRPs also bind
VEGF family members (6). VEGF-NRP
interactions regulate angiogenesis by acting as coreceptors for a receptor tyrosine
kinase, VEGFR-2. The puzzle of how two
such structurally disparate groups of
ligands (Sema3s and VEGF family members) could bind to the same receptor was
resolved when it was shown that VEGF
binds to the NRP–B domain and that
Sema3s bind to the NRP–A domain (7).
A critical role for NRPs in angiogenesis,
likely as a result of their ability to bind
VEGF family members, was shown in mice
lacking NRPs (8) and in zebrafish in which
NRP levels had been knocked down (9).
The convention has been that Sema3s are
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inhibitors of tumor angiogenesis, progression, and metastasis and that their function requires NRPs. However, in this issue
of the JCI, Casazza and colleagues put a
new twist on the semaphorin cancer story,
particularly in the area of semaphorin
effects on metastasis, by demonstrating
that Sema3E inhibits tumor growth but
promotes metastasis and that it does this
in an NRP-independent manner (10).
p61 is the biologically active species
of Sema3E
Sema3E is synthesized as an 85- to 90-kDa
protein. However, it has furin-sensitive
sites that are cleaved to generate p61,
which is the main species of endogenous
Sema3E. p61 induced lung metastasis in
mice (11). In tumor cells, it promoted in
vitro cell motility, invasiveness, transendothelial migration, and extravasation.
Furin-induced cleavage is a feature of many
of the Sema3s (12). For example, Sema3B
found in the conditioned medium of cancer cells is almost completely cleaved by
furin-like proprotein convertases, generating inactive fragments. So, furin-induced
proteolytic processing of Sema3s does not
necessarily result in a bioactive form, as it
does for Sema3E.
Sema3E binds Plexin D1
but is NRP independent
Sema3E binds Plexin D1 directly and with
high affinity, the only Sema3 to do so (13).
A role in angiogenesis for this ligand/
receptor pair has been clearly defined. For
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Figure 1
The effect of Sema3s on tumor growth and metastasis. (A) Tumors grow and metastasize. Tumor growth is defined as increased tumor volume.
(B) Sema3B and Sema3F block tumor growth and metastasis. Inhibition of tumor growth is ascribed to inhibition of angiogenesis and lowered
microvascular density. (C) Sema3E inhibits tumor growth but promotes metastasis.

example, Plexin D1 expression is restricted
to ECs in mouse early development and
is upregulated in tumor vasculature (14).
Sema3E and Plexin D1 control EC positioning and patterning of the developing
vasculature (13). The pattern of Sema3E
expression is markedly similar to that of
Plexin D1, with both localizing to the vasculature. In addition, Plexin D1 expression
is necessary for cardiovascular development (15). Plexin D1–knockout mice survive for up to 2 days after birth and then
succumb to structural cardiovascular
defects. In zebrafish, the Plexin D1 gene
is expressed throughout the vasculature,
and knockdown of Plexin D1 results in
highly abnormal intersegmental vessels
(16). A very important discovery was the
demonstration in mouse embryogenesis
that, unlike the other Sema3s, Sema3E
is NRP independent and instead signals
directly via Plexin D1 (13). NRPs had
been previously presumed to be obligate
Sema3 coreceptors.
Sema3E inhibits tumor growth
but promotes metastasis
A central point of the article by Casazza
and colleagues (10) is the involvement
of Sema3E and Plexin D1 in promoting metastasis, as shown in vitro and in
preclinical and clinical studies. Earlier,
Christensen and colleagues, using differ-

ential display, had demonstrated in a limited study that mouse SemaH (this name
changed later to Sema3E) was expressed
in 12 out of 12 metastatic cell lines and
in only 2 out of 6 nonmetastatic cell lines
(17). In general, Sema3s (e.g., Sema3B
and Sema3F) have been considered to be
inhibitors of tumor growth and metastasis (Figure 1). However, Casazza et al.
have now demonstrated that Sema3E and
Plexin D1 expression correlates positively
with the metastatic progression of three
human tumors: colon, liver, and melanoma (10). Whereas Plexin D1 was expressed
in all human colon carcinoma samples,
Sema3E was detected in just a few. However, Sema3E was expressed more highly

in metastatic disease compared with nonmetastatic disease. Dramatically, Sema3E
was expressed in 100% of liver metastases
derived from colon carcinoma. Furthermore, Sema3E was expressed in only a
fraction of benign human skin lesions but
almost 100% of metastatic melanomas
of Clark levels III and IV. Taken together,
analysis of colon, liver, and melanoma sections showed that Sema3E expression correlated strongly with metastasis. However,
these correlative data did not show that
Sema3E actually promoted metastasis.
Casazza and colleagues were able to show
this in a more direct manner: knockdown
of either Sema3E or Plexin D1 hampered
the metastatic potential of human cancer

Table 1
Activity differences between Sema3B and Sema3F compared with Sema3E
Sema3B/Sema3F

Sema3E

A1
Yes
Yes
No
No
Yes
Yes
Yes

D1
No
Yes
Yes
Yes
Yes
YesA
YesB

Plexins
NRP dependent
Inhibits tumor growth
Promotes metastasis
ErbB2 dependent for metastasis
Furin-induced proteolytic processing
Inhibits migration
Stimulates collapse
ASema3E

inhibits migration of ECs but stimulates migration of tumor cells. BSema3E collapses ECs
but not tumor cells.
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cells upon xenotransplantation, whereas
overexpression of Sema3E promoted metastatic spreading (10). The surprise here is
that even though Sema3E inhibited tumor
growth, as other Sema3s do, it promoted
metastasis (Figure 1). It should be noted,
however, that Roodink et al. have reported
that overexpression of Sema3E in a model
of metastatic melanoma decreases, rather
than increases, metastasis (18). On the
other hand, Plexin D1 expression did correlate with metastatic potential.
The findings of Casazza et al. (10)
are paradoxical, since inhibiting tumor
angiogenesis, as Sema3E does, is usually
thought to inhibit metastasis by inhibiting the formation of blood vessel conduits for delivering primary tumor cells
to distant sites. This raises the question
of why Sema3E and Sema3B/Sema3F,
which have such similar structures, act so
differently in a tumor metastasis context?
At this point, we speculate that Plexin D1
is responsible, because of its close and
unique association with blood vessels. In
this scenario, blood vessel Plexin D1 would
uniquely bind Sema3E, which was shown
by Casazza et al. (10) to stimulate tumor
cell motility, invasiveness, transendothelial
migration, and extravasation. These events
could result in increased tumor cell escape
from blood vessels. On the other hand, the
inability of Sema3B/Sema3F to promote
metastasis suggests that binding to Plexin
D1 is obligatory for this process.
ErbB2 transactivates Plexin D1
A previous study has shown that Sema4D,
a class 4 semaphorin that does not bind
NRPs, stimulates cell migration and invasive growth (19). Interestingly, the mechanism underlying this was that binding of
soluble Sema4D (approximately 61 kDa)
to Plexin B1 triggered the activation of
Met tyrosine kinase, thereby promoting
cell dissociation and invasive growth. By
analogy, Casazza et al. hypothesized that
Sema3E and Plexin D1 would also interact
with a receptor tyrosine kinase to promote
invasive behavior (10). A microarray identified ErbB2 but not Met as a candidate.
ErbB2 would fit the bill nicely, since it is
an oncogene implicated in cancer invasion and metastasis. Indeed, Casazza et
al. showed that p61 induced ErbB2 phosphorylation in tumor cells but not in ECs
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(10). Plexin D1 and ErbB2 formed receptor
complexes in which Plexin D1 became tyrosine phosphorylated in response to p61.
Furthermore, an ErbB2 kinase inhibitor
blocked p61-induced migration and inhibited formation of lung metastatic colonies.
ErbB2 function in this context required
MAPK and PLC-g activation.
Perspectives
In summary, Sema3E is clearly an outlier
within the Sema3 family (Table 1). Sema3s,
such as Sema3B and Sema3F, have been long
considered inhibitors of tumor growth and
metastasis; however, in contrast, Casazza et
al. show that Sema3E inhibits tumor growth
but promotes metastasis (10). The Sema3E
story is reminiscent of recent controversial studies, indicating that angiogenesis
inhibitors that block tumor growth actually promote metastasis (20, 21). Thus, the
conventional wisdom that tumor growth
is a necessary prelude to induce metastasis
needs reexamination. These studies by Casazza and colleagues are important, because
they provide new information that could be
clinically useful in inhibiting metastasis, for
example, by targeting Sema3E, Plexin D1,
and ErbB2/Plexin D1 heterodimerization.
Hopefully, further clinical data from this
laboratory will confirm the importance of
Sema3E as a key contributor to metastasis.
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