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Semaphorin family proteins are well-known axon guidance ligands.
Recent studies indicate that certain transmembrane Semaphorins can
also function as guidance receptors to mediate axon–axon attraction
or repulsion. The mechanisms by which Semaphorin reverse signal-
ing modulates axon-surface affinity, however, remain unknown. In
this study, we reveal a novel mechanism underlying upregulation of
axon–axon attraction by Semaphorin-1a (Sema1a) reverse signaling
in the developing Drosophila visual system. Sema1a promotes the
phosphorylation and activation of Moesin (Moe), a member of the
ezrin/radixin/moesin family of proteins, and downregulates the level
of active Rho1 in photoreceptor axons. We propose that Sema1a
reverse signaling activates Moe, which in turn upregulates Fas2-
mediated axon–axon attraction by inhibiting Rho1.

The Semaphorin family of proteins are well-known axon
guidance cues or ligands, which activate their receptors on

a variety of axons to control axonal pathfinding, fasciculation,
branching, and target selection in vertebrates and invertebrates
(1, 2). Recent studies demonstrate that certain transmembrane
Semaphorins can also function as a receptor to mediate down-
stream signaling events in both vertebrates and invertebrates (3–
7). For example, we show that the transmembrane Semaphorin-
1a (Sema1a) functions as an axon guidance receptor for PlexinA
(PlexA) in mediating reverse signaling in the developing Dro-
sophila visual system (3, 8). Sema1a reverse signaling promotes
photoreceptor (R cell) axon–axon attractions during the estab-
lishment of R-cell-to-optic-lobe connections (8). A recent study
by Kolodkin and colleagues also demonstrates that Sema1a re-
verse signaling mediates axon–axon repulsion in Drosophila
motor axon guidance (6).
To understand the mechanisms underlying upregulation of

axon–axon attractions by Sema1a reverse signaling, we set out to
examine potential genetic interactions between Sema1a and
other genes in R-cell axon guidance. The establishment of
R-cell-to-optic-lobe connections in the Drosophila adult visual
system begins at the third-instar larval stage (9). At the third-
instar larval stage, differentiating R cells in the eye-imaginal disk
extend axons through the optic stalk into the developing optic
lobe. R1–R6 axons terminate at the superficial lamina layer,
where their growth cones closely associate with each other at the
lamina termination site. R7 and R8 axons bypass the lamina and
terminate in the deeper medulla layer.
In this study, we present evidence that Sema1a reverse sig-

naling promotes R-cell axon–axon attraction by upregulating the
adhesive function of Fasciclin 2 (Fas2). Sema1a interacts ge-
netically and physically with Moesin (Moe), a member of the
ezrin/radixin/moesin (ERM) family proteins, and downregulates
the level of active Rho1. Our results support that Sema1a-
induced reduction in the level of active Rho1 in R-cell axons
contributes to an increase in Fas2-mediated R-cell axon–axon
attraction.

Results
Sema1a Interacts with Fas2 in Regulating R-Cell Axonal Projections.
In our previous study (3), we showed that hyper-activation of
Sema1a reverse signaling by Sema1a overexpression induces

hyper-fasciculation of R-cell axons (Fig. 1B). To identify other
components of the Sema1a reverse-signaling pathway, we tested
if reducing the level of other genes (i.e., candidate genes encoding
cell-surface receptors and intracellular signaling proteins) modifies
the Sema1a hyper-activation phenotype. Interestingly, we found
that eye-specific knockdown of Fas2 significantly suppressed the
hyper-fasciculation phenotype induced by sema1a overexpression
(Fig. 1 C and D and SI Appendix, Fig. S1), suggesting that Fas2 is
a downstream target of Sema1a reverse signaling. Consistently, we
found that Fas2, like Sema1a (3), is present in R-cell axons (SI
Appendix, Fig. S2).

Sema1a Promotes Fas2-Mediated Cell–Cell Adhesion. To determine
the mechanisms underlying the observed genetic interaction
between Fas2 and Sema1a, we performed cell culture study.
Expression of Fas2-YFP in the Drosophila Schneider-2 cells (S2
cells) induced the formation of large homotypic cell aggregates
(>20 cells) (Fig. 2 B and E), whereas cells transfected with YFP
expression construct did not form large cell aggregates (Fig. 2 A
and E). We found that expression of Sema1a greatly enhanced
Fas2-mediated cell–cell adhesion (Fig. 2 C and E). To determine
domain requirements, we tested a truncated Sema1a mutant
(i.e., Sema1aΔCyto) in which a large portion of the cytoplasmic
domain was deleted. Although Sema1aΔCyto was still capable of
binding to PlexA (SI Appendix, Fig. S3), it did not enhance Fas2-
mediated cell–cell aggregation (Fig. 2 D and E). This result
indicates that Sema1a uses its cytoplasmic domain to activate
downstream signaling events, which then upregulate the adhesive
function of Fas2.

Loss of Fas2 Causes a sema1a-Like Phenotype. To examine if Fas2,
like Sema1a, is required for R-cell axon–axon association in the
developing optic lobe, we performed loss-of-function analysis. In
wild type (Fig. 3A and SI Appendix, Fig. S4A), differentiating R cells
project axons through the optic stalk into the optic lobe. R1–R6
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axons terminate in the superficial lamina layer, where their
growth cones associate closely with each other to form a dense
and smooth layer at the lamina termination site. R7 and R8
axons extend through the lamina into the deeper medullar layer,
where their growth cones expand significantly in size. In our
previous studies (3), we showed that loss of Sema1a reverse
signaling disrupts R-cell axon–axon association, leading to the
appearance of many gaps at the lamina termination layer and
frequently dispersed distribution of R-cell axonal terminals
(∼72.7%, n = 11; Fig. 3B and SI Appendix, Fig. S4 B and C). We
performed eye-specific genetic mosaic analysis to generate large
clones of homozygous Fas2 mutant cells in third-instar eye discs
(Fig. 3C). Like sema1a mutants (Fig. 3B), Fas2 eye-specific
mosaic animals displayed a discontinuous and loose R-cell
lamina termination layer (∼70%, n = 50; Fig. 3C and SI Ap-
pendix, Fig. S4D). A similar phenotype was also observed when
Fas2 was knocked down in R-cell axons (∼79.3%, n = 29; Fig. 3D
and SI Appendix, Fig. S2C).
To further investigate the functional relationship between

Sema1a and Fas2, we examined if loss of sema1a affects the level
of Fas2 in R-cell axons. Compared with that in wild type (SI
Appendix, Fig. S5)—although there was a decrease in Fas2 level
in R7/R8 terminals in sema1a mutants—no such change was
observed in R1–R6 terminals in sema1a mutants (SI Appendix,
Fig. S5). Interestingly, although overexpression of Fas2 in wild
type caused a hyper-fasciculation phenotype similar to that of
Sema1a overexpression, no hyper-fasciculation phenotype was
observed when Fas2 was overexpressed in sema1a mutants (SI
Appendix, Fig. S6). Moreover, many sema1a mutants in which
Fas2 was overexpressed still displayed defects similar to those in
sema1a mutants (∼72.2%, n = 18). These results, together with
the fact that Sema1a promotes Fas2-mediated cell–cell adhesion
in S2 cells (Fig. 2), suggest a role for Sema1a in upregulating the
adhesive activity and/or stability of Fas2.

Sema1a Downregulates the Level of Active Rho1 in R-Cell Axons. To
elucidate the signaling events underlying upregulation of Fas2 by
Sema1a, we tested candidate intracellular signaling proteins for
a potential role in the Sema1a reverse-signaling pathway. Among
them, Rho1 is a particularly attractive candidate. In our previous
study (8), we presented genetic evidence supporting that Sema1a
reverse signaling negatively regulates Rho1 in controlling R-cell
axonal projections. To gain mechanistic insights into negative
regulation of Rho1 by Sema1a reverse signaling, we examined the
effects of manipulating the level of Sema1a on the activation of
Rho1 in R-cell axons in the developing Drosophila visual system.
The distribution of active Rho1 was monitored with the Rho1

sensor PKNG58AeGFP (PKN-GFP). PKN-GFP binds to active
Rho1 (i.e., GTP-bound form) and has been used to follow Rho1
activation (10). The relative level of active Rho1 (i.e., axon
versus R-cell bodies in the eye disk) was measured. Loss of
sema1a led to a significant increase in the level of active Rho1 in
R-cell axons (Fig. 4 B and C). Conversely, overexpression of
Sema1a decreased the level of active Rho1 in R-cell axons (Fig.
4C). These results indicate that Sema1a downregulates the level
of active Rho1 in R-cell axons.

Rho1 Inhibits Fas2-Mediated Cell–Cell Adhesion. To test if Rho1
plays a role in regulating the function of Fas2, we examined the
effects of manipulating the activity of Rho1 on Fas2-mediated
cell–cell adhesion. The activity of Rho1 in cultured cells was
manipulated by expressing constitutively active (i.e., Rho1V14)
or dominant-negative (i.e., Rho1N19) forms of Rho1. Although
increasing Rho1 activity by expressing the constitutively active
Rho1V14 abolished Fas2-mediated cell–cell aggregation (Fig.
4D), downregulating Rho1 activity with Rho1N19 significantly
enhanced Fas2-mediated cell adhesion (Fig. 4D).

Rho1 Activation Decreases the Surface Level of Fas2. To determine
the mechanisms by which Rho1 inhibits Fas2, we examined the
effects of Rho1 on the distribution pattern of Fas2. In S2 cells
transfected with Fas2-YFP alone (Fig. 5 A and B), Fas2 showed
continuous cell-surface staining. In S2 cells expressing both Fas2-
YFP and Rho1V14 (Fig. 5 A and B), however, the surface
presence of Fas2 was significantly reduced. Many cells displayed
discontinuous surface distribution of Fas2, coincident with the
appearance of vesicle-like particles within the cytoplasm. We
also tested the effects of Rho1 activation on several other cell-
surface receptors, but did not observe a similar decrease in their

Fig. 1. sema1a interacts genetically with Fas2 in R-cell axonal projections.
(A) In wild-type third-instar larvae, R1–R6 growth cones form a smooth layer
in the lamina intermediate target region. R7 and R8 axons extend into the
medulla. (B) In flies overexpressing Sema1a in R-cell axons, R-cell axons
formed thicker bundles (arrowhead). (C ) Knockdown Fas2 in flies over-
expressing Sema1a partially suppressed the hyper-fasciculation phenotype.
Note that many individulas also displayed defects at the R1–R6 terminal
layer. (D) The data were quantified by examining R-cell axonal projections in
third-instar larvae with comparable eye-disk size (more than 10 rows of
differentiating R-cell clusters). The number of separate axonal bundles that
were located between lamina and medulla was counted. Overexpression of
Sema1a induced the formation of thicker bundles and thus decreased the
number of separate R-cell axonal bundles. *P < 0.001. la, lamina; me, me-
dulla. (Scale bar, 20 μm.) Error bars: SEM.

Fig. 2. Sema1a enhances Fas2-mediated cell–cell adhesion. (A) Cells trans-
fected with YFP expression construct did not form large cell aggregates (i.e.,
an aggregate with the size of >20 cells). (B) Cells expressing Fas2-YFP formed
large cell aggregates (>20 cells). (C) Coexpression of Sema1a greatly in-
creased the frequency of Fas2-induced cell aggregates and the size of
aggregates. (D) Coexpression of a Sema1a mutant lacking a large portion of
the cytoplasmic domain did not enhance Fas2-induced cell–cell aggregation.
(E) The percentage of Fas2-positive cells that formed large cell aggregates
(>20 cells) were quantified. The bar for YFP-transfected cells did not show up
as no large cell aggregate (>20 cells) was observed. *P = 0.0019. (Scale bar,
20 μm.) Error bars: SEM.
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surface levels (SI Appendix, Fig. S7). These results indicate that
Rho1 negatively regulates Fas2-mediated cell–cell adhesion by
decreasing the surface level of Fas2.
To determine the mechanisms by which Rho1 activation leads to

a decrease in the surface level of Fas2, we examined the effects of
Rho1 activation on intracellular trafficking of Fas2. Expression of
Rho1V14 significantly increased the localization of Fas2 to in-
tracellular vesicles positive for Drosophila Dynamin (i.e., Shibire)
(Fig. 5 C and D), a key component of the endocytic pathway (11).
By contrast, no increase was observed in colocalization of Fas2 with
Rab11 (SI Appendix, Fig. S8), a key player in the recycling endo-
some pathway (12). Expression of Rho1V14 also significantly in-
creased the colocalization of Fas2 with vesicles positive for Rab7
(Fig. 5 E and F), which plays an important role in regulating late
endosome/lysosome trafficking (12). These results suggest that
Rho1 activation decreases the surface level of Fas2 by promoting
intracellular trafficking and degradation of Fas2.

Sema1a Interacts Physically and Genetically with Moe. To determine
the mechanisms by which Sema1a regulates the level of active
Rho1, we tested the potential interaction between Sema1a and
Moe, a member of the ERM family of proteins that was reported
to be a negative regulator of Rho1 in Drosophila epithelial mor-
phogenesis (13). A Glutathione-S (GST) fusion protein containing
the cytoplasmic domain of Sema1a (GST-Cyto) was used in GST
pull-down experiments. GST-Cyto, but not GST, precipitated Moe
from fly lysates (Fig. 6A). This result suggests that Sema1a binds to
Moe. To further address this, we performed coimmunoprecipita-
tion. We found that Sema1a-GFP could coprecipitate with Moe-
FLAG in transfected S2 cells (Fig. 6B). Coprecipitation was sub-
stantially reduced when a portion of the cytoplasmic domain of
Sema1a was deleted (Fig. 6B). These results suggest that Sema1a
associates with Moe to promote axon–axon interactions in the
developing Drosophila visual system.
To determine the in vivo relevance of the association of

Sema1a with Moe, we examined potential genetic interactions
between Sema1a and Moe in R-cell axonal projections. We
found that the knockdown the level of Moe significantly sup-
pressed the hyper-fasciculation phenotype induced by Sema1a
overexpression (Fig. 6C and SI Appendix, Fig. S9), whereas over-
expression of Moe enhanced the Sema1a overexpression

phenotype (Fig. 6C and SI Appendix, Fig. S9). We also found that
reducing the level of Fas2 suppressed the hyper-fasciculation
phenotype induced by expressing a constitutively active form of
Moe (i.e., MoeT559D) (SI Appendix, Fig. S10) or a dominant-
negative form of Rho1 (i.e., Rho1N19) (SI Appendix, Fig. S10).

Sema1a Is Required for the Phosphorylation and Activation of Moe in
R-Cell Axons. To further determine the functional relationship
between Sema1a and Moe, we examined the effects of manipu-
lating the level of Sema1a on the level and activation of Moe in
R-cell axons in the developing Drosophila visual system. Because
Moe is expressed in all cell types in the developing visual system,
the presence of Moe in individual R-cell bodies and axons could
not be unequivocally identified (SI Appendix, Fig. S11C). To
circumvent this problem, we performed immunostaining of dis-
sociated R cells from third-instar larval eye discs (SI Appendix,
Fig. S11D). The expression level of total Moe was examined with
a rabbit anti-Moe antibody (14), whereas the level of active Moe
(i.e., pMoe) that is phosphorylated on Thr556 was examined with
a rabbit anti-pMoe antibody (15) (SI Appendix, Fig. S12). The
relative level of total Moe and pMoe in R-cell bodies and axons
was quantified. Loss of sema1a did not affect the relative level of
total Moe in R-cell bodies and axons (Fig. 7 G, H, and J), in-
dicating that Sema1a reverse signaling is not required for tran-
scription or translation of Moe. The relative level of phosphory-
lated Moe, however, was decreased substantially in the absence
of Sema1a (Fig. 7 C, D, and I). We also found that Moe is in-
volved in downregulating the level of active Rho1 in dissociated
R-cell axonal terminals (SI Appendix, Fig. S13) and in R1–R6
terminals in the developing Drosophila visual system (SI Ap-
pendix, Fig. S14). These results indicate that Semala reverse

Fig. 3. Loss of Fas2 disrupts R-cell axon–axon association. (A) Wild type. (B)
In mutants defective in Sema1a reverse signaling [e.g., sema1aP1/Df(2L)
BSC204], R-cell axons displayed defects in axon–axon attraction, leading to
the appearance of many gaps (more than three; arrows) at the lamina in-
termediate target region. (C) In Fas2 null mutant (i.e., Fas2EB112) eye-specific
mosaic animals, gaps (arrows) at the lamina target region were frequently
observed. (D) In Fas2 eye-specific knockdown animals, similar disruption at
the lamina target region was observed. The arrows indicate gaps at the
lamina termination layer. la, lamina; me, medulla. (Scale bar, 20 μm.)

Fig. 4. Sema1a downregulates the level of active Rho1 in R-cell axons. (A–C)
PKN-GFP was used to visualize and quantify the level of active Rho1 in
R cells. (A) The distribution of PKN-GFP in wild-type third-instar eye–brain
complexes. (B) In sema1aP1/Df(2L)BSC204 mutants, the level of PKN-GFP in
R-cell axons was increased significantly. Arrow indicates R-cell axons. (C) The
relative level of active Rho1 was quantified. The relative intensity of PKN-
GFP at different segments of R-cell axons was calculated by measuring the
ratio of PKN-GFP intensity in R-cell axonal segments versus that in R-cell
bodies in the same eye disk. *P < 0.01. (D) The effects of manipulating the
activity of Rho1 on Fas2-induced cell–cell aggregation were examined. The
percentage of Fas2-positive cells that formed large cell aggregates were
quantified. The bar for cells coexpressing Fas2 and Rho1V14 did not show up
as no large cell aggregates (>20 cells) were observed. By contrast, expression
of Rho1N19 greatly enhanced Fas2-mediated cell aggregation (*P = 0.0028).
ed, eye disk; ol, optic lobe. (Scale bar, 20 μm.) Error bars: SEM.
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signaling negatively regulates Rho1 by promoting the activation
of Moe in R-cell axons.

Loss of moe also Disrupts the Association of R-Cell Axons. To de-
termine if Moe is required for R-cell axon–axon association, we
performed loss-of-function analysis. The level of both phos-
phorylated Moe and total Moe protein was significantly reduced
in moeG0323 mutants and moe knockdown flies (SI Appendix,
Figs. S11 and S12). Similar to that in sema1a mutants (Fig. 7L),
the close association of R-cell axons at the lamina termination
layer was disrupted in moeG0323 mutants (∼66.7%, n = 21; Fig.
7M), and larvae in which the level of Moe was knocked down by
eye-specific expression of a UAS-moe-RNAi transgene (∼50%,
n = 22; Fig. 7N). Together, these results support a role for Moe in

the Sema1a reverse-signaling pathway in regulating R-cell axon–
axon interactions.

Discussion
Our previous studies establish a key role for Sema1a reverse
signaling in promoting R-cell axon–axon association at the in-
termediate target region in the developing visual system (3, 8). In
this study, we reveal a novel mechanism underlying modulation
of axon-surface affinity by Sema1a reverse signaling. Our results
implicate the homophilic cell adhesion molecule Fas2 as a
downstream target of Sema1a reverse signaling. We show that
the Sema1a-induced axonal hyper-fasciculation phenotype is
suppressed by reducing the level of Fas2. Loss of Fas2 disrupts
the association of R-cell axons in the lamina, a phenotype similar
to that in sema1a mutants. Consistently, we found that expres-
sion of Sema1a, but not of the Semala mutant lacking the cy-
toplasmic domain, enhances Fas2-mediated cell–cell adhesion in
vitro. We propose that upregulation of Fas2-mediated axon–
axon attraction by Sema1a reverse signaling is a key step in or-
ganizing R-cell axons at their intermediate target region before
establishing synaptic connections with their final target neurons
in the optic lobe.
Our results revealing the regulation of Fas2 by Sema1a reverse

signaling shed new light on the mechanisms controlling axon–
axon interactions in circuit development. Fas2 and its mamma-
lian ortholog NCAM have been implicated in a variety of pro-
cesses in neural development and function, such as axon guidance,
synaptic development, and plasticity (16). The function of Fas2/

Fig. 5. Rho1 downregulates the surface level of Fas2 in cultured cells. (A) S2
cells expressing Fas2-YFP (Upper) or both Fas2-YFP and Rho1V14 (Lower)
were labeled with CellMask Plasma Membrane Stains (Life Technologies) to
visualize plasma membrane (PM). Cells expressing Fas2-YFP displayed con-
tinuous cell-surface distribution of Fas2. However, many cells coexpressing
Fas2-YFP and Rho1V14 showed disruptions in surface distribution of Fas2,
which was coincidentally with an increase in the intracellular presence of
Fas2. (B) The percentage of cells showing continuous surface distribution of
Fas2 was quantified. *P = 0.0013. (C) S2 cells expressing Fas2-YFP (Upper) or
both Fas2-YFP and Rho1V14 (Lower) were stained with anti-Dynamin anti-
body (red). Compared with that in control cells (Upper) (n = 15), the number
of vesicles positive for both Fas2 (green) and Dynamin (red) were signifi-
cantly increased in Rho1V14-expressing cells (n = 18). (D) The number of
vesicles that were colabeled by anti-Dynamin and YFP in each cell was
quantified. *P = 3.71E-05. (E) S2 cells expressing Fas2-YFP and Rab7-HA
(Upper) or Fas2-YFP, Rab7-HA, and Rho1V14 (Lower) were colabeled with
YFP fluorescence (green) and anti-HA (red). Compared with that in control
cells (Upper) (n = 15), the number of vesicles positive for both Fas2-YFP and
Rab7-HA was significantly increased in Rho1V14-expressing cells (n = 14). (F)
The number of vesicles that were colabeled by Fas2-YFP and Rab7-HA in
each cell was quantified. *P = 3.02E-05. (Scale bar, 5 μm.) Error bars: SEM.

Fig. 6. Sema1a interacts physically and genetically with Moe. (A) Western
blot analysis of precipitates pulled down from lysates of flies expressing
Moe-Myc by GST or GST fusion protein containing the cytoplasmic domain of
Sema1a (i.e., GST-Cyto). Moe was detected in GST-Cyto precipitates, but not
in GST precipitates. (B) Anti-FLAG antibody was used to precipitate Moe-
FLAG from S2 cells coexpressing Moe-FLAG and Sema1a-GFP or Moe-FLAG
and ΔCyto-GFP (Sema1a mutant lacking a portion of the cytoplasmic do-
main). (Upper) The blot was probed with anti-GFP antibody. (Lower) The
same blot was stripped and reprobed with anti-FLAG antibody. (C) The
effects of manipulating the level of Moe on the Sema1a-overexpression–
induced hyper-fasciculation phenotype were quantified. Third-instar larvae
with comparable eye-disk size (more than 10 rows of differentiating R-cell
clusters) were examined, and the number of separate axonal bundles that
are located between lamina and medulla was counted. The Sema1a-over-
expression–induced hyper-fasciculation phenotype was enhanced by over-
expression of Moe and suppressed by knockdown of Moe. *P < 0.001. Error
bars: SEM.
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NCAM is tightly controlled to ensure proper development of the
nervous system. For example, the expression of Fas2 is negatively
regulated by the transcriptional factor Adf-1 in regulating dendrite
development (17). In mammals, it is reported that removal of
the polysialic-acid moiety of NCAM plays an important role in
upregulating NCAM-mediated neurite–neurite adhesion during
development (18).
We favor the model in which PlexA-Sema1a reverse signaling

upregulates the function of Fas2 in mediating axon–axon asso-
ciation for circuit development in the visual system for the fol-
lowing reasons. First, PlexA, Sema1a, and Fas2 are expressed
and genetically required in R-cell axons (3, 8) (Fig. 3 and SI
Appendix, Fig. S4). Second, overexpression of PlexA, Sema1a, or
Fas2 causes similar hyper-fasciculation of R-cell axons (3, 8) (SI
Appendix, Fig. S6). And third, loss of PlexA, Sema1a, or Fas2
causes dispersed distribution of R-cell axonal terminals and
frequent appearance of gaps in the target region (8) (SI Ap-
pendix, Fig. S4). However, our current data cannot completely
exclude an additional role of Sema1a in target recognition. It
remains possible that, in addition to promoting Fas2-mediated
R-cell axon–axon attraction, Sema1a reverse signaling also reg-
ulates interactions between R-cell axons and their target regions
for visual circuit assembly.
The Rho-family small GTPase Rho1 appears to be a key target

of Sema1a reverse signaling in regulating the function of Fas2.
Our previous study from genetic analysis suggests a role for
Sema1a in negatively regulating the function of Rho1 in the
developing Drosophila visual system (8). In the present study, we
show that Sema1a decreases the level of active Rho1. Moreover,
Fas2-mediated cell–cell adhesion is enhanced by reducing the
activity of Rho1 and inhibited by increasing the activity of Rho1.
Together, these results establish a key role for negative regula-
tion of Rho1 by Sema1a reverse signaling in upregulating Fas2.
That Rho1 promotes intracellular trafficking and degradation

of Fas2 in cultured cells suggests that upregulation of Fas2 sur-
face level by Sema1a-mediated inhibition of Rho1 is a possible
mechanism for promoting Fas2-mediated axon–axon attraction.
However, no obvious change in Fas2 level in R1–R6 terminals
was detected in sema1a mutants. One possible explanation for
this discrepancy is that, due to technical limitation, we could
measure only the level of total Fas2, but not surface Fas2, in
R-cell axonal terminals. Another possibility is that upregulation
of Fas2 is transient, which makes it difficult to detect a change
in Fas2 expression level when Sema1a is manipulated. It also
remains possible that inhibition of Rho1 by Sema1a reverse
signaling may increase both surface level and binding activity of
Fas2. Future studies will be needed to address these possibilities.
In addition to the role of Rho1 in the Sema1a reverse-signaling

pathway in the visual system, a recent study by Kolodkin and col-
leagues shows that Sema1a reverse signaling also regulates Rho1
in Drosophila motor axon guidance (6). The difference between
photoreceptor and motor axons in the modulation of Rho1 by
Sema1a reverse signaling may account for distinct effects on axon–
axon interactions. Although negative regulation of Rho1 by
Sema1a reverse signaling promotes axon–axon association in the
visual system, Sema1a reverse signaling activates Rho1 in motor
axons leading to axon–axon repulsion. One likely explanation is
that Sema1a uses different downstream effectors to modulate
Rho1 in different cell types. Whereas Moe is activated by Sema1a
in photoreceptor axons, Pebble and RhoGAPp190 appear to link
Sema1a reverse signaling with the modulation of Rho1 activity in
motor axons (6). It remains unknown how Sema1a-induced changes
in Rho1 activity modulate cell-surface adhesiveness leading to
axon–axon repulsion in motor axon guidance.
Previous studies identify Moe as a negative regulator of Rho1 in

epithelial morphogenesis (13). In this study, we provide several
lines of evidence supporting that Sema1a negatively regulates the
activity of Rho1 in R-cell axons by upregulating Moe. First, Moe
interacts genetically with Sema1a in regulating R-cell axonal
projections. Second, Sema1a associates with Moe and is required
for the phosphorylation and activation of Moe in R-cell axons.

Fig. 7. Sema1a is required for the phosphorylation and activation of Moe in
R-cell axons. (A–H) Dissociated R cells from third-instar eye discs were cul-
tured. (A–D) The distribution of phosphorylated active Moe (pMoe) was vi-
sualized with anti-phosphorylated Moe antibody. (A) Phosphorylated Moe
was detected in wild-type R-cell bodies and axons. (B) R cells in A were
double-stained with R-cell–specific monoclonal antibody MAb 24B10. (C) In
sema1aP1/Df(2L)BSC204 mutant R cells, the level of phosphorylated Moe in
R-cell axonal terminals was significantly decreased. (D) R cells in C were
double-stained with MAb 24B10. (E–H) The distribution of total Moe protein
was visualized with anti-Moe antibody. (E) Moe was detected in wild-type
R-cell bodies and axons. (F) R cells in Ewere double-stained with MAb 24B10.
(G) In sema1aP1/Df(2L)BSC204 mutant R cells, the level of total Moe in R-cell
axonal terminals was similar to that in wild type (E). (H) R cells in G were
double-stained with MAb 24B10. (I) The relative level of phosphorylated
Moe was quantified (n = 10). Loss of sema1a significantly decreased the level
of phosphorylated Moe in R-cell axonal terminals (P = 0.0045). (J) The rela-
tive level of total Moe was quantified (n > 16). Loss of sema1a did not sig-
nificantly affect the level of total Moe in R-cell axonal terminals (P > 0.05).
ns, not significant. (K–N) R-cell axonal projection pattern was visualized with
MAb 24B10 staining. (K) Wild type. (L) sema1aP1/Df(2L)BSC204 mutants. The
arrows indicate gaps at the lamina termination layer. (M) moeG0323 mutants
frequently displayed gaps (arrows) at the lamina termination layer, a phe-
notype similar to that in sema1a mutants (L). (N) Eye-specific knockdown of
moe also caused the appearance of gaps (arrows) at the lamina termination
layer. (Scale bar: A–H, 10 μm; K–N, 20 μm.) Error bars: SEM.
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And third, like Sema1a, Moe displays a similar effect on the level
of active Rho1 in R-cell axons. The association of Moe with
Sema1a may bring Moe in close proximity to its upstream kinase,
thus facilitating the phosphorylation and activation of Moe. Thus,
overexpression of Sema1a may allow the recruitment and activation
of sufficient Moe protein in R-cell axons in a PlexA-independent
manner, which upregulates the adhesive activity and/or stability of
Fas2 by inhibiting Rho1. In addition to its interaction with Sema1a,
Moe is recently reported to interact with the tumor necrosis factor
receptor Wengen in regulating R8 photoreceptor axon targeting
(19). Moe may be a common target of multiple receptors to reg-
ulate different processes in circuit development.
In conclusion, our present study supports a model in which

Sema1a reverse signaling negatively regulates the activity of
Rho1 and thus promotes Fas2-mediated axon–axon attraction in
the Drosophila visual system. It will be of interest to determine if
transmembrane Semaphorins in vertebrates also function simi-
larly in regulating axon–axon interactions.

Materials and Methods
Genetics. To overexpress Fas2 in R cells, UAS-Fas2-yfp flies (20) were crossed
with GMR-GAL4 or GMR-GAL4, UAS-sema1a flies. To knock down the level
of Fas2 in R cells, UAS-Fas2-RNAi (BDSC#34084) flies were crossed with GMR-
GAL4 flies. Large clones (>50% of retina) of homozygous Fas2EB112 mutant
tissues were generated in an otherwise heterozygous or wild-type eye by
eye-specific mitotic recombination using the eyFLP/FRT system (21). To knock
down the level of Moe in R cells, UAS-moe-RNAi flies (Bloomington Dro-
sophila Stock Center #33936) were crossed with GMR-GAL4 flies. To over-
express Moe in R cells, UAS-moe-myc flies (22) were crossed with GMR-GAL4
or GMR-GAL4, UAS-sema1a flies. To express PKN-GFP in wild-type and
sema1a-overexpression R cells, UAS-Pkn-gfp flies (10) were crossed with
wild-type or GMR-GAL4, UAS-sema1a flies, respectively. To express PKN-GFP
in sema1a mutant R cells, GMR-GAL4, sema1aP1/CyO; UAS-Pkn-gfp flies were
crossed with Df(2L)BSC204/CyO-gfp.

Molecular Biology. To generate UAS-Fas2-yfp, the DNA fragment containing
the Fas2-yfp sequence was amplified from flies carrying the UAS-Fas2-yfp
transgene (20) by PCR and subcloned into pCR2.1 vector. A NotI/KpnI frag-
ment of the resulting plasmid was then subcloned into pUAST. To generate
UAS-sema1a-rfp and UAS-sema1a-venus, the DNA sequence encoding
Sema1a was amplified from UAS-sema1a by PCR and subcloned into pTWR
and pTWV [Drosophila Genetic Resource Center (DGRC)] by using the
gateway system (Invitrogen), respectively. To generate UAS-sema1aΔCyto-
venus and UAS-sema1aΔCyto-flag, the DNA sequence encoding the entire
sequence of extracellular and transmembrane domains and 16-amino-acid
cytoplasmic sequence following the transmembrane region was amplified

from the plasmid UAS-sema1a by PCR and subcloned into pTWV and pTWF
(DGRC) by using the gateway system, respectively. To generate GST-Cyto, the
sequence encoding the cytoplasmic domain of Sema1a was amplified from
the plasmid UAS-sema1a by PCR and subcloned into the EcoRI/XhoI sites of
pGEX-4T-1 vector. The UAS-Pkn-gfp plasmid was provided by António
Jacinto (Universidade de Lisboa, Lisbon, Portugal) (10). To generate UAS-
moe-flag, the DNA sequence encoding Moe was amplified from the plasmid
DH0120 (provided by David R. Hipfner, Institut de Recherches Cliniques de
Montréal, Montréal) by PCR and subcloned into the pTWF vector by using
the gateway system. To generate UAS-Rho1N19 and UAS-Rho1V14, the se-
quence was amplified from flies carrying UAS-Rho1.N19 and UAS-Rho1.V14
transgenes by PCR, respectively. The resulting fragment was then subcloned
into the EcoRI/XhoI sites of pUAST vector.

Immunostaining. Dissection and immunostaining of the eye–brain complexes
from third-instar larvae were performed as described previously (23). Anti-
bodies were used at the following dilutions: MAb24B10 [1:100; De-
velopmental Studies Hybridoma Bank (DSHB)], mouse anti-Fas2 1D4 (1:100;
DSHB), rabbit anti-Moe (1:20,000; provided by D. Hipfner), rabbit anti-pMoe
(1:200; Cell Signaling Technology), mouse anti-Dynamin (1:500; BD Bio-
sciences), and rat anti-HA (1:3,000; Roche). Cultured S2 cells were labeled
with CellMask Deep Red Plasma Membrane Stains (1:2,000; Life Technolo-
gies) for 7 min to visualize plasma membrane. Dissociated R cells from third-
instar larval eye discs were cultured and stained with antibodies similarly as
described previously (24).

Cell–Cell Aggregation Assays. Drosophila S2 cells were cultured in EX-CELL
420 serum-free medium (Sigma-Aldrich) at 25 °C. Cell transfection and ag-
gregation assays were performed similarly as described previously (25).

Biochemistry. Information about purification of GST and GST-Sema1aCyto

fusion proteins, pull-down, and coimmunoprecipitation assays is described in
SI Appendix.

Statistical Analysis. Student t test was used for statistical analysis. The dif-
ference is considered as significant when a P value is <0.05.
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