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The correct navigation of axons to their targets depends on
guidance molecules in the extra-cellular environment.
Differential responsiveness to a particular guidance cue is
largely an outcome of disparity in the expression of its
receptors on the reacting axons. Here, we show that the
differential responsiveness of sympathetic and sensory neu-
rons to the transmembrane Semaphorin Sema6A is mainly
determined by its co-expression in the responding neurons.
Both sympathetic and sensory neurons express the Sema6A
receptor Plexin-A4, but only sympathetic neurons respond
to it. The expression of Sema6A counteracts this responsive-
ness and is detected only in sensory neurons. Remarkably,
sensory neurons that lack Sema6A gain sensitivity to it in a
Plexin-A4-dependent manner. Using heterologus systems,
we show that the co-expression of Sema6A and Plexin-A4
hinders the binding of exogenous ligand, suggesting that a
Sema6A-Plexin-A4 cis interaction serves as an inhibitory
mechanism. Finally, we provide evidence for differential
modes of interaction in cis versus in trans. Thus, co-expres-
sion of a transmembrane cue together with its receptor can
serve as a guidance response modulator.
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Introduction

During neural development axons navigate over long
distances to form precise connections with their targets.
This process is achieved by complex guidance decisions
that are mediated by extra-cellular cues, which are inter-
preted by axonal receptors to an attraction or repulsion
response. Genetic and biochemical studies over the last two
decades had identified several conserved families of axon
guidance molecules and their receptors (Tessier-Lavigne and
Goodman, 1996; Dickson, 2002; Chilton, 2006; Yaron and Zheng,
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2007). In addition, morphogenes were shown to act as axonal
guidance cues as well (Charron and Tessier-Lavigne, 2005).

The Semaphorins are a large family of secreted and
membrane-bound guidance cues comprised of 21 members
in vertebrates that are divided into five classes according to
structural homology (Pasterkamp and Kolodkin, 2003;
Yazdani and Terman, 2006; Tran et al, 2007; Zhou et al,
2008). Initially, the Semaphorins were characterized accord-
ing to their function as repulsive axon guidance molecules,
but they are now recognized to be involved in diverse
developmental and biological events including axonal fasci-
culation, pruning, neuronal migration, dendritic guidance
and modulation of the immune system (Pasterkamp and
Kolodkin, 2003; Yazdani and Terman, 2006; Mann and
Rougon, 2007; Tran et al, 2007, 2009; Zhou et al, 2008).

Neuropilins were the first receptors to be identified by
biochemical and genetic studies for secreted class 3
Semaphorins. As Neuropilins lack signalling domains, it was
clear that they must associate with additional co-receptors that
serve as signal transducers (Fujisawa, 2004). The identification
of Plexin-C1 as the receptor for the viral Semaphorin paved the
way for the identification of Plexins as a conserved family of
receptors for the Semaphorins (Puschel, 2002; Fujisawa, 2004).
Plexins are a large family of transmembrane proteins, which are
divided into four types (A-D) according to sequence similarity
(Tamagnone and Comoglio, 2000). In vertebrates, type A
Plexins serve as the co-receptors for Neuropilins to mediate
the signalling of class 3 Semaphorins (Takahashi et al, 1999;
Tamagnone et al, 1999; Rohm et al, 2000; Suto et al, 2005; Yaron
et al, 2005). Plexins serve as direct receptors for several other
members of the Semaphorin family: class 6 Semaphorins signal
through type A Plexin and class 4 Semaphorins through type B
Plexins (Tamagnone et al, 1999; Toyofuku et al, 2004).

The responsiveness of axons to members of the semahpor-
in family is mainly determined by the expression pattern of
their receptors. For instance, the differential sensitivity of
sympathetic, hippocampal and sensory axons to distinct
members of the class 3 Semaphorins is governed by the
expression of the two Neuropilins (Chedotal et al, 1998;
Chen et al, 1998; Giger et al, 1998).

Sema6A is a membrane-bound Semaphorin that was ori-
ginally characterized as a chemorepellent for sympathetic
axons. In the central nervous system (CNS), SemabA was
shown to regulate the formation of lamina-specific axon
projections in the hippocampus, as well as the formation of
the cortical spinal tract and the migration of granule cells
(Suto et al, 2007; Faulkner et al, 2008; Renaud et al, 2008;
Runker et al, 2008). Recently, Sema6A was shown to promote
the dendritic growth of spinal motor neurons (Zhuang et al,
2009). Two members of the Plexin family have been impli-
cated as Sema6A receptors, Plexin-A2 and A4 (Suto et al,
2005, 2007; Bron et al, 2007; Renaud et al, 2008). The
identification of Plexin-A4 as a SemaGA receptor was surprising
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as dorsal root ganglia (DRG) neurons, which strongly express
Plexin-A4, barely respond to Sema6A (Xu et al, 2000). This
observation prompted us to examine the mechanism that
governs this suppression of response. Here, we provide evi-
dence for a cis inhibitory activity of Sema6A. Unlike sympa-
thetic neurons, DRG neurons express both Sema6A and its
receptor Plexin-A4. Strikingly DRG neurons that lack Sema6A
gain responsiveness to it in a Plexin-A4-dependent manner. We
further show that Sema6A and Plexin-A4 form a stable com-
plex, and that co-expression of Sema6A, but not Neuropilin-1
(Nrp-1), with Plexin-A4 abolishes the binding of exogenous
SemabA. Our results suggest that co-expression of trasmem-
brane Semaphorin with its receptor serves to attenuate the
axonal response to ligand in trans, thus enabling axonal growth
in an otherwise repulsive environment.

Results

Plexin-A4 and Sema6A are co-expressed in DRG sensory
neurons but not in sympathetic neurons

To uncover the basis for the differential responsiveness of
sympathetic and DRG neurons to Sema6A, we examined the

B

expression pattern of Sema6A and its receptor Plexin-A4. At
embryonic day E13.5, an age in which sympathetic neurons
are strongly repelled by Sema6A but DRG sensory neurons
are not, both sympathetic and DRG neurons expressed
Plexin-A4 as earlier reported (Figure 1A, C and E) (Cheng
et al, 2001; Suto et al, 2005). Interestingly, we detected an
inverse expression of Sema6A to the activity profile. Although
sympathetic neurons did not express Sema6A, DRG neurons
strongly expressed it (Figure 1B, D and F). These results are
also in agreement with earlier studies (Xu et al, 2000; Suto
et al, 2005).

DRG from Sema6A knockout show enhanced
responsiveness to Sema6A

Earlier studies on the ephrin family of repulsive cues have
suggested that co-expression of ephrin and the Eph receptor
can modulate the response to ephrin through several
mechanisms (Hornberger et al, 1999; Sobieszczuk and
Wilkinson, 1999; Yin et al, 2004; Carvalho et al, 2006). We
postulated that Sema6A might function in a similar way and
repress the response to Sema6A in DRG neurons. To test
this idea, we compared the response of DRG neurons from

Figure 1 Sema6A and Plexin-A4 mRNA are co-expressed in DRG neurons, but not in sympathetic neurons. Expression patterns of Plexin-A4
and Semaphorin 6A detected by in situ hybridization on cross-sections at cervical level of E13.5 mouse embryos. Plexin-A4 mRNA is strongly
detected in dorsal root ganglia (DRG) marked by black arrowheads and in sympathetic ganglia (SCG) marked by arrows (A, C, E). Sema6A
mRNA is devoid from SCG, but is expressed in the anterior vertebrate muscle (marked by asterisks) and in DRG (B, D, F).
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Figure 2 DRG neurons from Sema6A KO mice display reduced axonal growth in response to Sema6A that is dependent on intact expression of
Plexin-A4: (A) DRG explants from Sema6A WT (a, c) and Sema6A KO littermates (b, d) were cultured on top of COS7 cells transfected with
Sema6A or mock plasmids. Assessment of neurite outgrowth was facilitated by Tuj-1 staining. (B) Quantification of axonal outgrowth plotted as
average length in pm for each of the culturing conditions, indicating gain of responsiveness to Sema6A in KO DRG explants. (C) DRG explants
from Sema6A KO (a, c) and Plexin-A4/Sema6A double-KO littermates (b, d) were co-cultured on top of Sema6A-expressing COS7 cells or
control cells. Growth inhibition observed only in explants from single-KO mice, confirming the necessity of Plexin-A4 to attain responsiveness
to Sema6A. (D) Quantification of the axonal outgrowth of single- and double-KO DRG in response to membrane-bound Sema6A plotted as
average length in pm for each genetic background. In both quantification analyses, the average length was calculated from four independent
experiments. In each experiment 10-20 explants from 3-4 littermates were analysed. Error bars correspond to standard error of the mean.
Statistical analysis was preformed with GraphPad Prism using unpaired t-test (two-tailed). ***P<0.001.

wild-type (WT) embryos and Sema6A knockout (KO) litter-
mates to Sema6A, using two different in vitro assays.

First, we examined axonal growth in response to COS7
cells that express the full-length version of Sema6A. Using
this assay, Sema6A is presented to the axons in its native
form as a transmembrane protein. DRG neurons from WT
embryos were unresponsive to Sema6A in this assay (Figure
2A and B). In contrast, DRG neurons from the Sema6A KO
mice show reduced axonal growth capacity when grown in
the presence of Sema6A (Figure 2A and B). Importantly, both
WT and Sema6A KO DRG neurons possess comparable
axonal length and number when co-cultured on mock-trans-
fected COS?7 cells (Figure 2A and B), suggesting that the basal
axonal growth capacity was not significantly different.

This result suggests that the presence of Sema6A on the
axonal membrane of DRG neurons can attenuate outgrowth
inhibition by Sema6A presented in trans by cells in the
surrounding environment.

Plexin-A4 serves as the receptor for Sema6A in sympa-
thetic neurons and in the lateral motor column neurons

©2010 European Molecular Biology Organization

(Suto et al, 2005; Zhuang et al, 2009). However, in cerebellar
granule cells and in spinal motor neurons, Plexin-A2 can
serve as a functional signalling receptor as well (Bron et al,
2007; Renaud et al, 2008). To address whether the response to
SemabA of DRG neurons is mediated by Plexin-A4, we
performed the same axon outgrowth assay on Plexin-
A4:Sema6A double mutant DRG explants. DRG neurons
from the double KO mice were completely refractory to
Semab6A, but show basal outgrowth capacity comparable to
explants cultured on top of mock-transfected COS7 cells
(Figure 2C and D). Thus, Plexin-A4 serves as the sole receptor
that transduces the outgrowth inhibitory responses to
SemabA in DRG axons.

Next, we examined axonal responses to soluble Sema6A
using the growth cone collapse assay. We exposed DRG
explants from Sema6A KO embryos and littermate controls
to a range of concentrations of soluble Sema6A-fc. A clear
difference in the number of collapsed axons from Sema6A KO
and WT littermates was observed, and this was directly
correlated with increasing concentrations of Sema6a-fc

The EMBO Journal VOL 29 | NO 1512010 2637
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Figure 3 DRG neurons from Sema6A KO mice acquire sensitivity to Sema6A collapsing effect: cultured DRG explants from E13.5 Sema6A KO
or WT littermates were treated with increasing concentrations of soluble Sema6A-fc for 45 min. Collapsed growth cones were visualized after
4% PFA fixation with Phalloidin-Rhodamine staining. (A) Black arrowheads refer to collapsed growth cones and arrows point at non-collapsed
growth cones. (B) In Plexin-A4/Sema6A double KO, no collapsed growth cones were observed at any of the concentrations of Sema6A-fc that
were applied. (C) Quantification of collapsed growth cones plotted against increasing concentrations of soluble Sema6A-fc. The average
percentage of growth cone collapse was calculated from four independent experiments. For each concentration, four explants were analysed
originating from 2 to 4 Plexin-A4/Sema6A and Semab6A littermates. Vertical bars correspond to standard error. Statistical analysis was
preformed with GraphPad Prism using 3?2 test. *P<0.05; ***P<0.001.

(Figure 3A and C). To determine whether this response is also
mediated by Plexin-A4, we performed the same analysis on
explants from the Plexin-A4/Sema6A double KO embryos
(Figure 3B). These DRG neurons were completely resistant
to all dosage of Sema6A-fc applied.

Overall, our results show that ablation of Sema6A in DRG
neurons sensitize them to respond to Sema6A in a Plexin-A4-
dependent manner.

VOL 29 | NO 15 | 2010

Semab6A co-resides with Plexin-A4 on the cell
membrane and forms a stable complex with it

Next, we turned to heterologous cell culture systems to
examine the mechanism by which co-expression of Sema6A
attenuates its own receptor’s response. Sema6A may inhibit
Plexin-A4 signalling through inhibition of its downstream
elements, preventing its cell surface expression or its ability
to bind exogenous ligand. Alternatively, Sema6A may bind to

©2010 European Molecular Biology Organization
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Figure 4 Plexin-A4 and Sema6A are co-expressed on the cell surface and form a stable complex. (A) A model representing various
mechanisms by which axonal Sema6A obstruct the response to Sema6A mediated by Plexin-A4. Intracellular competition on downstream
targets or intracellular sequestering of Plexin-A4 can block Plexin-A4 signalling or expression and impede the response to Sema6A (right
scheme). Extra-cellular competition between Plexin-A4 and Sema6A can lead to reduce ligand availability (left Scheme). Cis interaction of
axonal Sema6A with Plexin-A4 leads to hindrance in ligand binding in trans (middle Scheme). (B) COS7 expressing an extra-cellular myc tag
Plexin-A4 and a Sema6A-full-length construct were co-immunostained with amyc and aSema6A antibodies. Staining was preformed without
cell permeabilization to discriminate membrane expression only. (C) Confocal microscopy analysis of Plexin-A4/Sema6A co-transfected cells,
arrowheads point to membrane domains in which both can be detected. (D) HEK 293T cells were transfected with Plexin-A4-Flag, Sema6A-myc
or both. Sema6A was detected by anti-myc blotting, after Flag immunoprecipitation from the double transfected cells, but not the single

transfected ones.

itself such that the axonal Sema6A acts as a competitor to
Plexin-A4 (Figure 4A). We first examined whether Plexin-A4
can be detected on the cell membrane in the presence
of Sema6A, by transfecting COS7 with an N-terminus extra-
cellular myc-tagged Plexin-A4 construct and a full-length

©2010 European Molecular Biology Organization

Sema6bA construct. Double surface staining with anti-myc
and anti-Sema6A without permeabilization revealed that
both Sema6A and Plexin-A4 could be detected on the cell
membrane (Figure 4B). We further extended this analysis by
performing confocal analysis of the stained cells, which
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confirmed that expression of both Plexin-A4 and Semab6A is
confined to the same membrane domains (Figure 4C). Thus,
the expression of Sema6A does not lead to massive intracel-
lular sequestration of Plexin-A4. Next, we tested whether a
stable complex of Sema6A and Plexin-A4 can be detected. We
co-expressed Flag-tagged Plexin-A4 and myc-tagged Sema6A
in HEK 293T cells and performed co-immunoprecipitation
from cell lysates. Sema6A was efficiently pulled down only
in the presence of Plexin-A4 by the anti-Flag sepharose beads
(Figure 4D), but not HA beads (Supplementary Figure 1).
Thus, a stable Sema6A-Plexin-A4 complex can be formed in
transfected cells. Overall, these results argue that a complex
can be formed between Sema6A and Plexin-A4; however,
this does not lead to intracellular retention of either one
of them.

Co-expression of Sema6A but not Nrp-1 with Plexin-A4
prevents the binding of soluble Sema6a

Next, we studied the ability of soluble Sema6A to bind to cells
that express Plexin-A4 either alone or in combination with
full-length Sema6A or Nrp-1, both of which can form a
complex with Plexin-A4. We transfected COS7 cells with
various combination of receptors and detected significant
binding of Sema6A-fc to COS7 cells expressing Plexin-A4
alone or together with Nrp-1 (Figure 5A and B) in agreement
with earlier data that binding of Sema6A-fc is mediated solely
through Plexin-A4 and does not require Nrp-1 (Suto et al,
2005). Conversely, co-expression of Plexin-A4 with Sema6A
completely blocked the binding of Sema6A-fc to Plexin-A4.
Furthermore, we found that Sema6A-fc could not bind in
trans to Sema6A alone (Figure 5C and D). To exclude the
possibility that co-expression of Sema6A reduces the overall
expression of Plexin-A4 or its cell surface presentation, we
compared Plexin-A4 levels in total cell lysates and by cell
surface biotinylation. Comparable levels of Plexin-A4 were
detected when it was expressed alone or in combination with
Sema6A (Figure 5E and F).

We next characterized the strength of binding inhibition
derived from the Plexin-A4/Sema6A cis interaction by per-
forming quantitative ligand-binding analysis with increasing
concentrations of purified Sema6A-fc and compared the
binding curve of Plexin-A4/Sema6A to that of Plexin-A4-
expressing cells. Strikingly, binding was attenuated even at
high concentrations of Sema6A-fc (Figure 5G). To establish
that only a cis interaction between Sema6A and Plexin-A4 can
specifically block trans binding of Sema6A-fc, we perform a
binding experiment on a mixed culture of Sema6A-trans-
fected and Plexin-A4-transfected COS7 cells mixed in 1:1
ratio. As shown in Figure 5H, once the two molecules are
expressed in trans to each other, binding of soluble Sema6A-fc
to Plexin-A4 is not blocked. These results support a
mechanism whereby a cis interaction between Sema6A
and Plexin-A4 specifically inhibits the binding of soluble
Sema6A-fc.

Sema6B is another direct ligand of Plexin-A4 (Suto et al,
2005). Thus, we tested whether it can also inhibit the binding
of Sema6A in cis. Similarly to the results we obtained with
Sema6A, Sema6B did not reduce the expression of Plexin-A4,
but completely abolished the binding of Sema6A-fc
(Supplementary Figure 2). Therefore, both ligands of
Plexin-A4 can form a complex with it and serve as cis
inhibitors one of each other.

2640 The EMBO Journal VOL 29 | NO 15| 2010

Differential interaction of Sema6A with Plexin-A4 in cis
versus trans

The result that even high concentrations of Sema6A-fc could
not bind to cells that co-express Sema6A and Plexin-A4 might
indicate that cis and trans binding involve different interac-
tions. To test this possibility, we compared the association
between Sema6A and several mutant forms of N-terminus
myc-tagged Plexin-A4 (Figure 6A) in cis versus trans
using cell surface binding and co-immunoprecipitation
experiments. Ablation of the Sema domain eliminated the
binding in trans and reduced the binding in cis, suggesting
that this is the major site of interaction in both cases
(Figure 6C and D).

However, deletion of the Ig domain abolished only binding
in trans without effect on the interaction in cis. It is important
to note that both mutants were detected on the cell surface
using anti-myc immunostaining (Figure 6B) and cell surface
biotinylation (Supplementary Figure 3). Taking together,
these results suggest that there are different molecular
requirements for the cis versus the trans binding of Sema6A
to its receptor Plexin-A4.

Interestingly, truncation of the entire extra-cellular domain
but not the cytoplasmic domain reduced, but did not elim-
inate the formation of a Sema6A/Plexin-A4 complex in cis
(Figure 6D). This type of deletion generates a constitutively
active form of the Plexin receptors (Takahashi and
Strittmatter, 2001; Oinuma et al, 2004; Turner and Hall,
2006). Thus, we examined whether this mutant form of
Plexin-A4, which is active in a ligand-independent manner
and can still interact with Sema6A, is under cis regulation.

Transfection of the Plexin-A4 A-NT construct into COS-7
cell induced a collapse of most of the transfected cells as
earlier reported for Plexin-Al, and co-transfection of Sema6A
did not inhibit this collapse (Supplementary Figure 4).
Therefore, a ligand-independent Plexin-A4 signalling is not
sensitive to cis inhibition by Sema6A.

Overall, our results suggest that the association of Sema6A
with Plexin-A4 on the axonal membrane attenuates the
activation of Plexin-A4 by Sema6A in trans through hindering
its accessibility, but not by competitive binding or inhibition
of signalling.

Discussion

Modulation of axonal response by ligand-receptor
cis interaction
The neuronal expression patterns of axonal guidance recep-
tors largely predict their responsiveness to specific guidance
cues. However, many studies have shown that additional
layers of regulation enable the neuron to modulate responses
in spatial and temporal manners. Several mechanisms have
been shown to govern this modulation. These include local
translation within the growth cone, a switch in the expression
of alternative splice isoforms, the formation of receptor
complexes and the expression of signalling components. In
this study, we have shown that neuronal responsiveness to
transmembrane Semaphorins can be attenuated by the
expression of the same transmembrane Semaphorin in the
responding axon.

Earlier studies have shown that DRG neurons unlike
Sympathetic neurons are insensitive to Sema6A despite
their expression of its receptor Plexin-A4 (Xu et al, 2000;

©2010 European Molecular Biology Organization



Cis inhibition by transmembrane Semaphorin
L Haklai-Topper et al

{:
Plexin-A4 | | Plexin-A4/NP1 ro?é:
- - - - N
E
188 kDa —| IB:a-Flag
123 kDa IB:oi-myc
Sema6A IB:a-actin
‘&o
o
& Q\@Q\
b& »
\s \sl
S &
2 ¢
&’0 *\‘b-
& &
F & <
188 kDa —E IB:a.-Flag
0.400 ==FlexinAa IB:a-myc
. === Plexin-A4/SEMAG6A 123 kDa —|
0.350 IP: Avidin
@ 0.300
e
2 0.250
2
© 0.200
©
% 0.150
0.100
0.050
0.000
0 5nM 50nM 100nM 500 nM 1000 nM
Sema6A-Fc concentration (nM)
H | Plexin-A4+Mock | | Sema6A+Mock | | Plexin-A4+Sema6A

Figure 5 Soluble Sema6A-fc binding to cells expressing Plexin-A4 is reduced by co-expression with Sema6A. (A-D) Binding of Sema6A-fc to
COS7 cells expressing various combinations of receptor complexes. Soluble Sema6A-fc binds equally to Plexin-A4 or Plexin/NP-1-expressing
cells, but could not bind in trans to Sema6A-FL-expressing cells. Moreover, the binding of Sema6A-fc to Plexin-A4/Sema6A-expressing cells is
completely abolished. (E) aFlag and amyc immunoblots of total lysates from COS7 transfected with Plexin-A4 or Plexin-A4/Sema6A, indicating
equal levels of Plexin-A4 expression in single and co-transfected cells. (F) Corresponding aFlag and amyc immunoblots of Flag-Plexin-A4 and
myc-Sema6bA, which were isolated by cell surface biotinylation followed by avidin immunoprecipitation, indicative of equal cell surface
expression of Plexin-A4. (G) Sema6A-fc-binding curve: applying increasing concentrations of Sema6A-fc to Plexin-A4 or Plexin-A4/Sema6A-
expressing COS7 cells shows that cis inhibition by Plexin-A4/Sema6A could not be prevailed at any concentration of ligand that was applied in
trans. (H) Deciphering cis versus trans inhibition by Sema6A: binding assay was performed on COS7 cells that were separately microporated
with Plexin-A4 or Sema6A and then mixed and cultured in a 1:1 ratio. In comparison, a mixed Plexin-A4/mock and Sema6A/mock-transfected
culture was subjected to the same binding assay. Plexin-A4/mock and Plexin-A4/Sema6A cultures bind equally soluble Sema6A-fc ligand.
No binding was observed in trans to Sema6A/mock cultures.

Suto et al, 2005). In this study, we revealed a regulatory proposed mechanism. First, DRG neurons from the Sema6A
mechanism accounting for Plexin-A4 functional attenuation. KO mouse show enhanced responses to Sema6A in two
This mechanism is based on cis interaction between Sema6A independent in vitro assays. Second, in heterologous systems,
and Plexin-A4 that prevents the binding of Sema6A in trans. SemabA forms a complex with Plexin-A4 and prevents the
Two independent lines of evidence strongly support this binding of Sema6A in trans.

©2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 1512010 2641
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Figure 6 Differential modes of interaction of Sema6A and Plexin-A4 in cis versus in trans. (A) Schematic representation of the various mutant
forms of N-terminus myc-tagged Plexin-A4 that were used for Co-IP and binding experiments to decipher functional domains associated with
cis and trans binding to Sema6A. (B) Cell surface staining of the different Plexin-A4 variants using anti-myc on non-permeabilized cells.
(C) Sema6A-fc binding in trans requires intact full-length extra-cellular domain of Plexin-A4, but is dispensable of the cytoplasmic tail.
(D) Sema6A can pull down all mutated forms of myc-Plexin-A4. However, reduced interaction is seen with a mutant form lacking the Sema

domain or the entire extra-cellular domain.

Silencing by cis interaction was earlier described in
another family of axonal repellents—the ephrins. Studies on
the development of the visual system have shown that retinal
ganglion cells (RGCs) from the ephrin-A2/A5 double KO mice
exhibit enhanced sensitivity to ephrin-A in vitro (Hornberger
et al, 1999). In addition, over-expression of ephrin-A2 in
chick RGCs induced overgrowth of the axons in the tectum,
suggesting that it silences the response of these axons to the
tectal ephrin gradient (Hornberger et al, 1999). Two mechani-
sms have been put forward to explain this silencing. The first,
a direct competition on the ephrin-binding site in the
Eph receptor, which prevents ligand binding in trans, but
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does not lead to the activation of the Eph receptor (Yin et al,
2004). This mechanism is also supported by transgenic
over-expression of ephrin-A5 in the mouse (Sobieszczuk
and Wilkinson, 1999). The second mechanism is based
on interaction through a domain that is distinct from the
ephrin-binding site and abolishment of the Eph receptor
signalling (Carvalho et al, 2006). Interestingly, neurons
have mechanisms to regulate the formation of these com-
plexes, as it was shown that ephrin-As and Eph receptors
could be targeted to discrete domains within the growth cone,
thus generating two signalling cascades that work indepen-
dently without cis inhibition (Marquardt et al, 2005). Our
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findings suggest that cis inhibition of Plexin-A4 by Sema6A
also functions by prevention of trans binding, but it engages
the Plexin-A4 extra-cellular domain in a different manner.
Two lines of evidence support this. First, trans binding is
abolished by deletion of either the Sema domain or the Ig
domain in Plexin-A4, and the cis interaction is mainly
affected by the deletion of the Sema domain. Second, we
could not compete for the cis interaction with high concen-
trations of soluble ligand provided in trans. Therefore, this
different mode of binding of Sema6A to Plexin-A4 prevents
trans binding on one hand, but it is not functional on the
other hand, ensuring that it will not result in constitutive
Plexin-A4 signalling. Interestingly, based on NMR studies,
differential interaction with the same domain, in cis versus
trans, has been recently suggested for Notch and Delta
(Cordle et al, 2008).

Co-expression of the soluble class 3 Semaphorin Sema3A
with its receptor Nrp-1 in motor neurons also acts as a
response modulator (Moret et al, 2007). However, in this
case, it seems that this is achieved by down-regulation of
Nrp-1 at the axon growth cone.

Notably, Plexin-A4 also functions as a co-receptor of
Nrp-1, transmitting the signalling of Sema3A in both DRG
and sympathetic neurons (Suto et al, 2005; Yaron et al, 2005).
We have found that Sema6A does not attenuate ligand-
independent Plexin-A4 signalling. Moreover, earlier studies
have not revealed any differential response to Sema3A be-
tween DRG neurons (that express both Sema6A and Sema6B)
and sympathetic neurons (that do not express Sema6A and
sema6B) (Xu et al, 2000; Suto et al, 2005). Thus, one can
assume the existence of different pools of complexes, with
Nrp-1 or other trasmembrane proteins, which contain Plexin-
A4. Which of them is subjected to cis inhibition by Sema6A is
yet not clear. However, our data from the Sema6A KO DRG
clearly show that there is a pool of Plexin-A4 that is under
this type of regulation.

Biological function of Sema6A cis inhibition

The physiological contribution of the mechanism that we
have identified to proper guidance of DRG sensory axons
remains an open question. Nonetheless, an earlier study in
the CNS provides an indication for the use and function of cis
inhibition by Sema6A in vivo. As noted above, Plexin-A2 can
also serves as functional Sema6A receptor in the CNS (Bron
et al, 2007; Renaud et al, 2008). During laminar termination
in the hippocampus, mossy fibres expressing Plexin-A4
invade the stratum lucidum in which Sema6A is expressed
(Suto et al, 2007). This invasion depends on the co-expres-
sion of Plexin-A2 with Sema6A in the stratum lucidum. Thus,
in the Plexin-A2 KO mouse, the mossy fibres are repelled and
this repulsion is eliminated in the Plexin-A2/Sema6A double
KO (Suto et al, 2007). These results in combination with our
studies suggest that cis inhibition can go in both ways. It can
serve to prevent trans binding of the ligand, as we have
discovered, and to make the ligand unavailable to trans
receptors. In this regard, there is another parallel to the
Notch Delta system, in which earlier studies in Drosophila
and a recent high throughput analysis have suggested that cis
interaction makes both the ligand and the receptor involved
unavailable for trans binding (Jacobsen et al, 1998; Sprinzak
et al). Interestingly, in the hippocampus, the only function
that was shown so far for Plexin-A2 is its function as Sema6A
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cis inhibitor, whether it can also act as a signalling receptor in
these neurons remains to be discovered.

Earlier study in cerebellar granule cells has also speculated
that Sema6A may act as cis modulator of Plexin-A2, and that
ablation of SemabA may lead to hyper-activation of the
co-expressed receptor in these cells (Renaud et al, 2008).
Our study offers strong biochemical support for this model as
we provide indication for differential modes of interaction in
cis versus in trans. Suggesting that cis interaction may lock
the co-expressed receptor in a non-functional conformation.

Our results that Sema6B can also act as cis inhibitor for
Sema6A suggest a complex interaction between these mem-
bers of the Semaphorin family with their receptor, Plexin-A4,
and may help to elucidate the phenotypes that were observed
of various single and double mutants in different parts of
the brain.

The members of the class 6 Semaphorins were also shown
to transmit signals into the cell in a mechanism termed
reverse signalling (Tran et al, 2007). Although this was not
addressed in this study, this type of signalling might also be
blocked by cis interaction with the Plexin.

Finally, it will be interesting to find out if other transmem-
brane Semaphorins, of classes 4 and 5, can attenuate their
responses through cis inhibition, adding another layer of
regulation to axonal responsiveness to guidance cues.

Materials and methods

ISH-procedure probe sequences
In situ hybridization using digoxigenin-labelled probes on sections
from E13.5 embryos as described (Cheng et al, 2001).

KO mice strains
The Plexin-A4 KO mice and the Sema6A KO mice were earlier
described (Leighton et al, 2001; Yaron et al, 2005).

Production, purification, concentration and quantification

of recombinant Semaphorin 6A-fc fusion protein

A plasmid containing the extra-cellular region of Semaé6a fused to
the human Fc was gratefully received from J Pasterkamp (Rudolf
Magnus Institute of Neuroscience, Utrech The Netherlands).
Human embryonic kidney (HEK293T) cells were transfected with
this plasmid using standard protocol and cultured with serum-free
DMEM/F12 media. Conditioned media (CM) was collected 72h
later and used in growth cone collapse and binding assays. To
concentrate Sema6a-Fc CM, 45ml of crude CM were loaded on
15ml Centricon 50000 MW cutoff filter device (Milipore, Bedford,
MA) After centrifugations retained samples yielded 800ul of
concentrated media. The concentration of fusion protein was
determined by proteinA affinity chromatography followed by BCA
protein quantification assay (Pierce) of eluted fractions and by
western blot using ProteinA-HRP.

Neurite growth assay. Explants of DRG from embryonic day 13.5
(E13.5) SemabA WT and KO littermates were cultured on top of a
confluent COS7 monolayer that were transfected for 48h with
Sema6a full-length construct. Explants were grown in DRG/SG
media containing OptiMem/F-12 (Gibco) supplemented with
glutamine, 25 mM dextrose and 12.5ng/ml mNerve growth Factor
2.5S (Alomone Labs) for 24h at 37°C. Cultured neurons were
fixed with 4% PFA/15% sucrose for several hours and then washed
with phosphate-buffered saline (PBS) and stained with 1:2000
anti-Neuronal Class IIIf-tubulin antibody (TUJ1, COVANCE),
followed by fluorescent-conjugated Goat anti-mouse cy3 antibody
(Jackson ImmunoResearch, West Grove, PA laboratory). Neurite
lengths were documented with Nikon’s 901 microscope equipped
with DXM1200C NIKON digital camera and measured with
Nikon’s NIS-Elements imaging software acquisition and analysis
package.
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Growth cone collapse assay. Collapse assays of DRG were
performed as earlier described (He and Tessier-Lavigne, 1997).
Briefly, DRG of E13.5 were cultured on CC2 Labtek 8 well chambers
(Nunc) pre-coated with 10 mg/ml laminin (Sigma-Aldrich L2020)
for 3h at 37°C. Explants were grown in DRG media supplemented
with 50 ng/ml Nerve growth Factor (Alomone Labs).

After 30h (for DRG) and 36h, recombinant Semaé6a-fc fusion
proteins was added at a concentrations ranging from 1.5 to 75nM
for 45 min at 37°C. Thereafter, cultures were fixed with 4% PFA/
15% sucrose for 1h at room temperature followed by staining with
Rhodamin-Phalloidin. Slides were mounted and scored for percen-
tage of collapsed axons on 90i upright fluorescent microscope
(Nikon).

Binding of Sema6A-fc to cultured COS7 cells

COS7 cells were co-transfected with Plexin-A4 and Semab6a
constructs or Plexin-A4 and Nrp-1 constructs and cultured for
48h. Transfected cells were washed with binding buffer (Hank’s-
Buffered Salt Solution with 0.2% BSA, 0.1% NaN3, 5mM CaCl,,
and 1mM MgCl, and 20mM HEPES, pH=7.0) for 10min and
incubated for 90 min at room temperature with various concentra-
tions of Sema6A-Fc CM containing 1:12000 goat anti-human IgG
alkaline phosphates (AP)-conjugated antibody (Jackson Immuno
Research Laboratories). After the removal of unbound ligand, cells
were fixed with 4% PFA and rinsed with 20 mM HEPES pH=7.0,
150 mM NaCl. To destroy intrinsic AP activity, cells were heat
inactivate in 65°C for 30 min. Finally, cells were rinsed with AP
buffer (100 Mm TRIS PH=9.5, 100 mM NaCl and to 50 mM MgCl,)
and the AP activity was evaluated by the formation of precipitants
after an overnight incubation with nitro blue tetrazolium chloride/
5-bromo-4-chloro-3-indolyl phosphate substrate. For the quantifica-
tion of ligand-binding, cells were lysed with 10 mM Tris/1% Triton
and the AP activity was measured at 405nm after the addition of
p-nitrophenylphosphate liquid substrate.

Co-immunoprecipitation

COS7 or HEK293 cells were co-transected with Plexin-A4-FLAG and
Semaphorin6A-myc constructs using standard protocols; 48 h post-
transfection cells were washed with cold PBS and lysed on ice with
1 ml solubilizaion buffer (50 mM HEPES pH 7, 150mM NaCl, 10%
glycerol, 1% Triton, 5mM EGTA supplemented with Complete®
protease inhibitors cocktail (Roche) and 200mM phenylmethyl-
sulfonylfluoride). Lysates were pre-cleared with 50 pl agarose beads
for 4 h, followed by an overnight incubation at 4°C with immuno-
precipitating anti-FLAG agarose beads (Sigma-Aldrich). Subse-
quently, beads were washed with cold lysis buffer and boiled in
Laemmili SDS protein sample buffer. Standard protocols were used
for western blot analysis with mouse anti-c-myc (9E10 Sigma-
Aldrich) and mouse anti-FLAG antibody followed by goat anti-
mouse HRP (Jackson ImmunoResearch, West Grove, PA) diluted
1:10000 in TBST + 3% low-fat milk powder.
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Cell surface biotinylation

Cell surface biotinylation was preformed on transfected COS7 cells
using the cell surface protein biotinylation and isolation kit (Pierce)
according to the manufacture’s instructions. Isolated proteins were
analysed using western blot as described above.

Co-immunocytochemistry

COS7 cells were cultured on 13 mm cover glass and co-transfected
with N-terminus Myc-Plexin-A4 expression vector and the Sema6a-
full-length construct; 48 h later cells were fixed with 4% PFA and
stained without pre-permeablilizing the membrane with mono-
clonal anti-mouse c-myc antibody (9E10 Sigma-Aldrich) detected
by donkey anti-mouse cy2-conjugated antibody (1:500 dilution;
Jackson ImmunoResearch, West Grove, PA) and with goat anti-
mouse SemabA antibody (R&D systems, 1:100) detected with
bovine anti-goat cy3-conjugated antibody (1;300 dilution, Jackson
ImmunoResearch, West Grove, PA). Staining was analysed and
photographed by the 90i upright fluorescent microscope (Nikon) or
the FV 1000 confocal microscope (Olympus).

Microporation

COS?7 cells were transfected separately with Plexin-A4, Sema6a or
empty vector using a pippett MicroPorator (MP-100) electroporation
device according to manufactures’ protocol (NanoEnTek Inc. Seoul,
Korea). Briefly, 100 000 cells were micoporated each time using 10 pl
pipette containing 0.5 pug plasmid DNA. Microporation was carried
out using two pulses of 1050V for duration of 30ms. Thereafter an
equal number of Plexin-A4 cells were co-cultured with Semaé6a cells
or with Mock-transfected cells; 48 h later, co-cultures were used in
standard ligand-binding assay.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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