10370 - The Journal of Neuroscience, July 25,2012 - 32(30):10370—10382

Cellular/Molecular

TAG1 Regulates the Endocytic Trafficking and Signaling of
the Semaphorin3A Receptor Complex
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Endocytic trafficking of membrane proteins is essential for neuronal structure and function. We show that Transient Axonal Glycopro-
tein 1 (TAG1 or CNTN2), a contactin-related adhesion molecule, plays a central role in the differential trafficking of components of the
semaphorin3A (Sema3A) receptor complex into distinct endosomal compartments in murine spinal sensory neuron growth cones. The
semaphorin3A receptor is composed of Neuropilinl (NRP1), PlexinA4, and L1, with NRP1 being the ligand-binding component. TAG1
interacts with NRP1, causing a change in its association with L1 in the Sema3A response such that L1 is lost from the complex following
Sema3A binding. Initially, however, L1 and NRP1 endocytose together and only become separated intracellularly, with NRP1 becoming
associated with endosomes enriched in lipid rafts and colocalizing with TAG1 and PlexinA4. When TAG1 is missing, NRP1 and L1 fail to
separate and NRP1 does not become raft associated; colocalization with PlexinA4 is reduced and Plexin signaling is not initiated. These
observations identify a novel role for TAGI in modulating the intracellular sorting of signaling receptor complexes.

Introduction

Trafficking of membrane proteins is critically important to neu-
ronal development and function (Sheen et al. 2004; Lowe, 2005;
Lee and Gao, 2008; Collinet et al., 2010; Kawauchi et al., 2010).
Endocytosis clears receptors from the cell surface and the endo-
cytic route followed by receptors affects receptor signaling, turn-
over, and recycling (Di Guglielmo et al., 2003; Sorkin and von
Zastrow, 2009), thus enabling essential processes such as desen-
sitization and adaptation.

Much is known of the intracellular components that exist to
control trafficking pathways (Conner and Schmid, 2003), but
how membrane receptor composition affects pathway selection is
less well studied. The transmembrane protein Neuropilinl
(NRP1) is the ligand-binding component of receptor complexes
for distinct families of extracellular ligands, class 3 semaphorins
(Sema3A-F), and vascular endothelial growth factors (VEGEF-
A-E) (Tran et al., 2007; Pellet-Many et al., 2008). In endothelial
cells, NRP1 signaling stimulated by Sema3s is distinct from that
stimulated by VEGFs (Pellet-Many et al., 2008) due to the asso-
ciation of NRP1 with different coreceptor partners, Plexins and
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VEGF receptors, respectively (Pellet-Many et al. 2008). These
associations lead to internalization of NRP1 via different endo-
cytic pathways (Salikhova et al., 2008).

However, Sema3A can evoke distinct responses from different
classes of cortical neurons, even when they express the same re-
ceptor complex components: NRP1, PlexinA4, and L1 (Castel-
lani et al., 2000, 2002; Carcea et al., 2010). This appears to be
because responsive neurons internalize Sema3A via a lipid raft-
mediated, rather than clathrin-mediated endocytic pathway
(Carcea et al., 2010). However, since both L1 and PlexinAs have
been shown to promote clathrin-mediated NRP1 endocytosis
(Castellani et al., 2004), the mechanism controlling this differen-
tial trafficking remains unclear.

Embryonic spinal sensory afferents also show differential re-
sponsiveness to Sema3A (Messersmith et al., 1995; Piischel et al.,
1996; Fu et al., 2000; Pond et al., 2002), which correlates with
expression of the glycosylphosphatidylinositol (GPI)-linked, L1-
related molecule Transient Axonal Glycoprotein 1 (TAG1). Loss
of TAGI results in premature entry of presumptive nociceptive
fibers into the dorsal horn and loss of their response to Sema3A in
vitro (Law et al., 2008). Sensory growth cones lacking TAG1 fail to
clear NRP1 and L1 from their surfaces after Sema3A treatment,
suggesting that TAGI may be required for endocytosis of the
Sema3A receptor complex (Law et al., 2008).

Here we show that TAG1 interacts directly with NRP1 and can
be found complexed with L1 and NRP1 at the cell surface. We
demonstrate that TAG1 is required for several events that occur
after Sema3A treatment, including increased association of NRP1
with PlexinA4 and stimulation of clathrin-mediated endocytosis
of L1. However, we find that although L1 and NRP1 are endocy-
tosed together after Sema3A treatment, L1 dissociates from the
receptor complex and is trafficked in a pathway distinct from
NRP1, which instead colocalizes with TAG1 and PlexinA4. Con-
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sistently, this separation does not occur when TAG1 is missing
and phosphorylation of CRMP2, an early indication of Sema3A
signaling (Uchida et al., 2005), does not occur. Thus, TAG1 has a
critical role in trafficking NRP1 and L1 into distinct endocytic
pathways, which appears necessary for Sema3A signal generation.

Materials and Methods

Animals

Maintenance of TAG1 null mutant mice on C57BL/6 background was as
reported (Poliak et al., 2003). Animals were maintained with appropriate
UK Home Office and Local Ethical Committee approval.

Antibodies and reagents
Antibodies used were as reported (Law et al., 2008) with the addition
of anti-TAG1 polyclonal (from I. Horresh and E. Peles, Weizmann Insti-
tute of Science, Rehovot, Israel), L1-ICD and 74-5H7 mAb (from V.
Lemmon, University of Miami, Miami, FL), pPCRMP (from Y. Goshima,
Yokohama City University, Yokohama, Japan), and PlexinA4 (from H.
Fujisawa, Nagoya University Graduate School of Science, Nagoya, Ja-
pan). L1 Fab fragment was prepared from L1-324 by Bioserv UK Ltd.
DNA expression constructs as reported (Law et al., 2008) with the
addition of full-length FLAG-tagged NRP1 (from A. Kolodkin, Johns
Hopkins University School of Medicine, Baltimore, MD; Kolodkin et al.,
1997). Sema3A protein was produced by transfection of Sema3A in
COS7 cells as described by Law et al. (2008). Alexa Fluor-555 CTxB was
purchased from Invitrogen.

Culture, manipulation, and immunoanalysis of dorsal root
ganglion neurons

Dissected dorsal root ganglia (DRGs) from embryonic day 13.5 embryos
of either sex were cultured on PDL-coated coverslips in Opti-MEM sup-
plemented with 50 ng/ml nerve growth factor for 14—18 h and immuno-
staining carried out as described previously (Law et al., 2008).

Preparation of detergent-resistant membranes from growth cones. Triton
X-100 extraction of soluble membranes was adapted from Guirland et al.,
2004, and from cytoskeletal protein fixation methodology (Letourneau,
1983). DRG explants treated with mock or Sema3A-conditioned me-
dium were quickly chilled and extracted in ice-cold microtubule stabiliz-
ing buffer (2 mm MgCl,, 10 mm EGTA, 60 mwm Pipes, pH 7.0) containing
0.1% Triton X-100 for 1 min followed by fixation with 4% paraformal-
dehyde (PFA) on ice and then room temperature (RT) for 15 min each,
and then immunostained as above. The nonspecific total protein dye
5-(4,6-dichlorotriazin-2yl) aminofluorescein (DTAF, Sigma) was ap-
plied (0.0002% w/v) for 2 h to detect the total protein content and outline
of growth cones.

Cholera toxin B labeling of lipid rafts. DRG neurons treated with mock
or Sema3A-conditioned medium for 5 min were rinsed in ice-cold L15
medium followed by 1 mg/ml cholera toxin B in L-15 medium for 1 h at
12°C (Guirland et al., 2004). Cells were then rinsed 2X in PBS and fixed
with 4% paraformaldehyde for 1 hat RT to fix the lipid rafts (Mayor et al.,
1998), and then immunostained as above.

L1 Fab and CTxB uptake assay. The protocol for ligand endocytosis was
adapted from Salikhova et al. (2008). DRG neurons in culture were
cooled on ice, the medium removed, and Alexa Fluor 555-cholera
toxin-B (1 mg/ml) or L1 Fab (25 mg/ml) added in fresh Opti-MEM for 20
min on ice. Cells were then rinsed in Opti-MEM and returned to warm
culture medium, together with mock or Sema3A-conditioned medium
and incubated at 37°C for various intervals to allow endocytosis of chol-
era toxin-B or L1 Fab. Then cells were placed on ice to stop endocytosis
and ice-cold glycine stripping buffer (100 mm glycine, 100 mm NaCl, pH
2.5) added for 2 min to remove all surface-bound ligands. Then cells were
washed 2 X in ice-cold PBS, fixed with 4% PFA on ice and then at RT for
15 min each, and then immunostained as above.

Immunofluorescence microscopy

Images were acquired on an Olympus BX61 microscope with GRID con-
focal using Volocity software version 5.5 (Improvision) or Zeiss Axiolm-
agerZ1 with ApoTome. A 100X UPlan Apo oil objective with a numerical
aperture of 1.4 was used, and images were acquired as z-stacks with 0.2
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pum spacing. This gives a voxel size of 60 nm in the X- and Y-axes and 200
nm in the Z-axis. Twenty images were acquired for each experimental
treatment/time-point. Within an experiment, the exposure times for
each fluorescence channel were kept constant in order to enable the
comparison of fluorescence intensities across the various conditions.

Image analysis using Volocity

All postacquisition analysis of images was done using Volocity software
(PerkinElmer). The region of growth cone used for analysis was the distal
30 wm of axon. For determination of total protein levels, the total fluo-
rescence intensity in the region of interest was measured and the back-
ground subtracted. The average of “total” fluorescence intensity for each
treatment/time point (= SEM) was used for analysis. For colocalization
analyses, z-stacks were deconvolved using iterative restoration (confi-
dence limit of 98%, maximum of 25 iterations). Thresholds were set for
each channel to 20-30% of the maximum intensity and input in the
colocalization function to determine the colocalization coefficient for
each channel. The mean colocalization coefficient (+ SEM) for each
treatment/time point was used for comparison.

Compiled datasets from at least two experiments were analyzed for
statistical significance in Prism software (GraphPad) using two-tailed
unpaired ¢ test with Welch’s correction for unequal variances (two
groups of data) or one-way ANOVA with Bonferroni’s multiple-
comparison test (more than two groups of data). Confidence interval
used was set to 95%, with a p value <0.05 taken as statistically significant.
The p values obtained were summarized using asterisks as *p < 0.05,
Hp < 0.01, p < 0.001.

Results

Sema3A induces L1 endocytosis and AP2 binding site
dephosphorylation in growth cones

The endocytosis of NRP1 from the cell surface following Sema3A
binding has been shown to require the presence of L1, at least in
cos7 cells (Castellani et al. 2004). However, although L1 is known
to be endocytosed in growth cones during L1-stimulated axon
growth (Kamiguchi et al., 1998; Kamiguchi and Lemmon, 2000)
and in cos7 cells after Sema3A treatment (Castellani et al. 2004),
formal proof that L1 endocytosis is stimulated in growth cones
after Sema3A treatment is lacking. To follow L1 endocytosis di-
rectly, Fab fragments of anti-L1 monoclonal antibody (mAb 324)
were applied in cold medium to live wild-type (WT) growth
cones for 10 min on ice. The cold medium was then replaced with
fresh medium at 37°C, with or without Sema3A but containing
no anti-L1 Fab, for different periods before fixation and visual-
ization of internalized antibody (Kamiguchi et al., 1998). In con-
trol conditions, the fluorescence intensity due to internalized L1
Fab remained constant over 20 min (Fig. 1 A), consistent with
previous studies showing that L1 is constitutively endocytosed
and recycled during axon growth (Kamiguchi and Lemmon,
2000). However, the intensity of this fluorescence increased sig-
nificantly 10 min after Sema3A exposure, reflecting a large in-
crease in the number of Fab-containing internalized particles. By
20 min the internalized particles become concentrated, usually
into a single large aggregate (Fig. 1A, arrowhead). At the same
time the overall fluorescence appeared to have fallen, suggesting
that L1 may be recycled or degraded, although it is possible that
saturation of the fluorescence signal caused us to underestimate
the amount of L1 present in the aggregate. Such aggregation of
internalized Fab was never seen in untreated growth cones.

In L1-stimulated axon growth, L1 is endocytosed via an AP-2,
clathrin, and dynamin-dependent pathway (Kamiguchi et al,
1998; Kamiguchi and Yoshihara, 2001). Consistent with the idea
that Sema3A-induced L1 endocytosis uses a similar pathway, we
found that the colocalization of L1 with clathrin heavy chain
increases 5 min after Sema3A treatment (Fig. 1B). The clathrin



10372 - J. Neurosci., July 25, 2012 - 32(30):10370-10382

WT
Mock 10’

A

Mock 20’

Mock &

L1 Fab

Sema3A S Sema3A 10’

L1 Fab

L1 Fab/

/ICHC

Dang et al. @ TAG1 Regulates Endocytic Trafficking

TAG1 KO
Mock 10’
Endocytosed Fab levels: WT
—* [ Mock
§ 20 e Il Sema3A
Q
[
g 15 (=42)  (q=42)
S (n=40) (n=40)
5 1o (n=40)
2
g 0.5
2
0.0
5 mln 10 m|n 20 m|n
Sema3A 20’
Endocytosed Fab levels: TAG1KO
© 20 [ Mock
2 [l Sema3A
2
g 15 (2}
g (n=45) (n=4
) =40 45)
£ 10 "40) o
Q
2
o
Z o0
5 min 10 min 20 min

B C WT TAGIKO———
Mock 10’ Sema3A 10’ Mock 10’ Sema3A 10’
o B De-phosphorylated L1/total L1: WT
5 O Mock
b § 2 _55 . Sema3A
Q
[te} § 55
8 (n=
g S (n=55) (0=55)
© =
£ kst
(O] (7]
» T
E
o
Z o0
10 m|n 20 m|n

Mock 20’ Sema3A 20’

Sema3A 10’

L1324

Colocalisation of L1 with Clathrin

Colocalisation coefficient

o g 10

Figure 1.

0.4
(n=44)
03
I
(n=44)
02] (=9 I
I
0.1

Mock 20’ Sema3A 20’

De-phosphorylated L1/total L1: TAG1 KO

& Mock
§ 2.0 [l Sema3A
@

15

2 15

o

S (n=54)  (n=55) (n=54)  (n=51)
= 1.0

el

Q

2

® 05

£

£

o

Z o0

10 m|n 20 mln

Sema3A treatment induces an increase in clathrin-associated L1 endocytosis A, Endocytosis of L1 Fab DRG growth cones was monitored for 5, 10, or 20 minutes (') in the presence of

Mock or Sema3A medium. Cells were acid stripped, fixed, permeabilized, and immunolabeled for internalized L1 Fab (red) and counter-labeled for total NRP1 (green) to reveal the growth cone
structure. The amount of L1 Fab internalized following 10 min of Sema3A treatment increased significantly in WT but not TAGT KO growth cones (one-way ANOVA, p << 0.0001 for WT, p = 0.1769
for TAG1 KO). B, Growth cones treated with Sema3A for the indicated times were fixed, permeabilized, and immunolabeled for L1 (green) and clathrin heavy chain (CHG; red). Quantitation revealed
that colocalization of LT and CHC rose significantly within 5 min of Sema3A treatment. (, Growth cones treated with Mock or Sema3A medium were labeled for total L1 (L1-324, red) and 74-5H7
mAb (green). The amount of fluorescence intensity detected by the 74-5H7 mAb increases upon 10 min of Sema3A treatment in WT but not TAG1KO growth cones (one-way ANOVA, p < 0.0001 for
WT, p = 0.1769 for TAGTKO). Data are combined values from three independent experiments. (n, number of growth cones; ***p << 0.001, **p << 0.01, *p << 0.05, Bonferroni’s multiple-comparison

test). Scale bar, 5 um.

adaptor AP-2 binds to L1 via the YRSL motif present in the cyto-
plasmic tail of L1, which is required for L1 endocytosis, but this
binding is inhibited by phosphorylation of the leading tyrosine
(Y1176; Schaefer et al., 2002). Phosphorylation of Y1176 also
blocks binding of the mAb 74-5H7 (Schaefer et al., 2002). 74-5H7
immunoreactivity is found associated with L1 in endocytic vesi-

cles and can be used to detect L1 that is available for AP-2-
dependent endocytosis (Kamiguchi et al., 1998; Schaefer et al.,
2002). We therefore used 74-5H7 to determine whether the en-
hanced L1 endocytosis seen after Sema3A treatment is likely to be
AP-2 dependent. Consistent with this idea, we found that the
ratio of dephosphorylated (74-5H7 immunoreactive) to total L1
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(mADb 324 immunoreactive) increased almost twofold after Sema3A
treatment, compared to mock-treated growth cones peaking at 10
min but still remaining significantly higher at 20 min (Fig. 1C).
However, since mAb 324 recognizes an extracellular epitope (Itoh et
al.,, 2004), it is also possible that the 324/74-5H7 ratio rises because
the extracellular domain is cleaved (e.g., Mechtersheimer et al.,
2001). That this is not the case is indicated by the fact that the ratio
between 324 fluorescence and that from an antibody against the
intracellular domain of L1 (L1-ICD; Nakamura et al., 2010), did not
change after Sema3A treatment (data not shown).

Together, these data confirm that Sema3A induces a net in-
crease in L1 endocytosis in growth cones that peaks around 10
min after treatment, most likely in an AP-2/clathrin-dependent
manner. Moreover, the aggregation of the internalized particles
20 min after Sema3A treatment, but not in control growth cones,
suggests that Sema3A signaling may change the endocytic path-
way followed by L1.

L1 and NRP1 endocytose together but become

separated internally

Although the data above and previous studies (Castellani et al.,
2004) suggest that NRP1, through being complexed with L1,
should undergo clathrin-mediated endocytosis (CME), disrup-
tion of cholesterol-rich membranes (“lipid rafts”) in neurons
(Guirland et al., 2004; Carcea et al., 2010), leukemic T cells
(Moretti et al., 2008), and endothelial cells (Salikhova et al., 2008)
inhibits NRP1-mediated signaling and, in a subset of cortical
neurons, Sema3A internalization (Carcea et al., 2010). Indeed,
growth cone responses to a range of guidance cues, both attrac-
tive and repellant, have been shown to be dependent upon the
integrity of lipid rafts, and receptors for the relevant cues, includ-
ing NRP1, are known to translocate to cholesterol-enriched
membrane fractions during the response (Guirland et al., 2004;
Marquardt et al. 2005). Together, these results have been inter-
preted to indicate that the Sema3A receptor complex undergoes
lipid raft-mediated endocytosis (RME) in neurons that collapse
in response to Sema3A (Carceaetal., 2010). However, these stud-
ies largely depended on pharmacological endocytic inhibitors,
the specificity of which is controversial (Ivanov 2008), and fo-
cused on the fate of internalized NRP1 at late (e.g., 30 min) time
points or on the copatching of NRP1 with lipid rafts on the cell
surface (Guirland et al., 2004) and did not directly address the
association of NRP1 with endocytosed L1.

Since, NRP1 has been observed to disappear from the surface
of Xenopus retinal growth cones within 5 min of Sema3A treat-
ment (Piper et al., 2005), we determined whether this is also true
of mouse DRG growth cones. Levels of surface NRP1 dropped to
less than half that of control growth cones within 5 min of treat-
ment and remained at low levels until at least 10 min after (Fig.
2A), most likely remaining low until at least 45 min after treat-
ment (Fournier et al., 2000; Law et al., 2008). Thus, like L1, NRP1
also rapidly disappears from the growth cone surface after
Sema3A treatment.

To test directly whether NRP1 endocytosis with L1 increases
after Sema3A treatment, we followed the colocalization of NRP1
with internalized L1 using anti-L1 Fabs as above. Five minutes
after Sema3A addition, >30% of internalized Fab could be found
colocalized with NRP1, a twofold increase over control (Fig. 2 B).
Strikingly, however, by 10 min this colocalization reduced to
control levels and by 20 min <15% of internalized Fab could be
found associated with NRP1, despite the fact that overall levels of
internalized anti-L1 Fab rise over the same period (Fig. 1 A). Be-
cause these experiments follow the fate of a single pulse of inter-
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nalized anti-L1 Fab, this suggests that NRP1 initially internalizes
with L1, but at later stages the molecules become separated inside
the cell.

Neuropilinl becomes enriched in CTxB-binding vesicles after
Sema3A-induced endocytosis

The observation that NRP1 initially endocytoses with L1 and that
Sema3A-induced L1 endocytosis appears to be clathrin depen-
dent was unexpected, given that disruption of lipid rafts blocks
responses to Sema3A (Guirland et al., 2004; Carcea et al., 2010).
One possibility is that, despite the increased colocalization of L1
with clathrin and the dephosphorylation of the AP-2 binding site,
in this instance NRP1 associated with L1 undergoes RME, as has
been suggested (Carcea et al., 2010).

We attempted to address the endocytic route taken using
classical CME and RME inhibitors [monodansylcadaverine
(MDC) and filipin, respectively] but found that the inhibitors
alone induced a severe reduction of NRP1 cell surface expres-
sion on control growth cones (Fig. 3A), suggesting that the
drugs affect the steady-state recycling or export of NRP1 to the
cell surface and precluding their use in the study of Sema3A-
induced endocytosis.

Instead, we therefore addressed whether NRP1 becomes en-
docytosed with rafts after Sema3A treatment by labeling cells with
uncrosslinked Alexa Fluor 555-tagged cholera toxin B subunit
(CTxB), which binds raft-associated Gy, gangliosides (Harder et
al., 1998), and followed the association of NRP1 with internalized
CTxB in a manner similar to the anti-L1 Fab experiments above.
In control growth cones, many CTxB-positive endocytic vesicles
were found also to label for NRP1 (Fig. 3B), indicating that as
much as 25% of total NRP1 protein undergoes RME in control
conditions. However, after 5 min of Sema3A treatment, the
colocalization between NRP1 and CTxB dropped to ~18%, sig-
nificantly lower than control growth cones at the same stage (p <
0.05, unpaired ¢ test). Following this initial decrease, colocaliza-
tion of CTxB and NRP1 then rose to 31% at 10 min and 34% at 20
min, whereas control levels remained constant (p < 0.05, un-
paired f test). Because this experiment follows the fate of a single
pulse of internalized CTxB, this suggests that, in response to
Sema3A, NRP1 is not initially internalized with CTxB but subse-
quently becomes associated with vesicles containing internalized
CTxB, presumably bound to raft-associated G,,, gangliosides.
Since the initial decrease in NRP1 colocalization with endocytic
CTxB occurs coincident with the disappearance of NRP1 from
the cell surface (Fig. 2A) and an increase in overall CTxB uptake
(Fig. 3C), this strongly suggests that a large proportion of the
endocytosis of NRP1 that occurs after Sema3A treatment does so
in membranes that do not bind CTxB.

Taken together, these observations indicate that the associa-
tion of NRP1 with endocytosed L1 after Sema3A treatment is
inversely related to its association with endocytosed CTxB and
are consistent with the idea that NRP1 is initially endocytosed
with L1 in non-CTxB binding vesicles; but by 10 min the two
proteins separate, and NRP1 is trafficked into intracellular com-
partments enriched in CTxB binding sites.

Translocation of NRP1 to CTxB-binding vesicles is

TAG1 dependent

Previously, we showed that the disappearance of L1 and NRP1
from the surface of neuronal growth cones after Sema3A expo-
sure is TAG1 dependent. To determine whether loss of TAG1
affects the early or late phase of NRP1 trafficking described above,
we repeated the experiments that follow NRP1 colocalization
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TAG1 is required for postendocytic separation of NRP1 from L1. A, Growth cones were treated with Sema3A for the indicated times and fixed in 2% PFA containing 10% glucose to avoid

permeabilization. Growth cones were immunolabeled for NRP1 (green) and the total fluorescence intensity was calculated using Volocity software. The amount of NRP1 on the surface of growth
cones was reduced significantly after 5 min of Sema3A treatment and continued to be low at 10 min (one-way ANOVA, p = 0.0024, Bonferroni’s multiple comparison test). B, L1 Fab (red) was
allowed to endocytose in the presence of Mock or Sema3A medium for the given times, and its colocalization with NRP1 (green) was examined. In WT growth cones, a large proportion of L1 Fab
colocalized with NRP1 after 5 min of Sema3A treatment (arrowheads and insets). By 10 and 20 min this colocalization had dropped to control levels (one-way ANOVA, p = 0.0009). €, In TAG1 KO
growth cones there was a similar increase in the colocalization of L1 Fab with NRP1 after 5 min of Sema3A treatment, but this continued to remain high after 10 and 20 min of Sema3A treatment
(one-way ANOVA, p << 0.0001) Data are combined values from two independent experiments. (n, number of growth cones; ***p < 0.001, **p << 0.01, *p << 0.05. Scale bar, 5 m.

with internalized anti-L1 Fab or with internalized CTxB on
growth cones from DRG from TAG1 knockout (TAG1KO) mice.
Remarkably, although as in WT there was an initial increase in
colocalization of L1 Fab with NRP1, instead of falling with time,
in the absence of TAG1 colocalization was sustained for at least 20
min after Sema3A treatment with up to 38% of internalized Fab

being colocalized with NRP1 at 10 min, compared to just 20% in
controls (Fig. 2C). When we instead followed the colocalization
of endocytic CTxB with NRP1, we found that the increase in the
association of NRP1 with internalized CTxB that occurs in WT
growth cones after 10 min (Fig. 3B) does not occur in TAGIKO
growth cones (Fig. 3D). Thus, these data support the idea that
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TAG] is required for the separation of NRP1 from L1 and the
accompanying translocation of NRP1 to CTxB-binding vesicles,
rather than the initial endocytosis of the complex from the cell
surface.

TAGI colocalization with NRP1 increases after

Sema3A binding

The involvement of TAG1 in the translocation of NRP1 to CTxB-
binding vesicles led us to consider how TAG1 might affect the
Sema3A receptor complex. In principle, TAGI could exert its
influence through its interactions with L1 (Buchstaller et al.,
1996; Rader et al., 1996; Malhotra et al., 1998). However, the
known association of TAG1 with G, gangliosides (Kasahara et
al., 2002; Loberto et al., 2003) led us to explore whether TAG1
might play a role in NRP1 translocation through more direct
interactions with NRP1.

To understand better the relationship between the three mol-
ecules, triple labeling experiments were performed on permeabil-
ized wild-type growth cones before and after Sema3A treatment
(Fig. 4A). On untreated growth cones, TAG1 shows the most
restricted localization and appears largely to be localized to the
periphery of the growth cone, most notably on filopodia (Fig. 4 A,
arrowheads). Quantitation indicates that overall only ~5% of
NRPI1 and 15% of L1 is associated with TAG1. However, in the
peripheral regions where TAG1 is concentrated there is clear
overlap with both L1 and NRP1, and ~32% of all TAG1 is L1
associated and 20% NRP1 associated. Ten minutes after Sema3A
treatment, however, the association of TAG1 with NRP1 doubles,
while that with L1 remains the same. At the same time, mirroring
the anti-L1 Fab results above, the colocalization of L1 and NRP1
has begun to drop, and by 20 min <10% of L1 is NRP1 associ-
ated. L1 association with TAG1 also falls to almost half untreated
levels, while the association of TAG1 with NRP1 has returned to
the same as untreated levels. As with the internalized anti-L1 Fab
experiments, after Sema3A treatment the bulk of L1 labeling is in
a large aggregate; TAG1 and NRP1 labeling does not follow this
pattern.

Together, the data above support that L1 becomes sepa-
rated from NRP1 after Sema3A treatment, apparently entering
a distinct intracellular structure. By contrast, the association
of NRP1 with TAG1 increases during the course of the Sema3A
response. Thus, although previously we had been unable to
find evidence for an interaction of NRP1 and TAGI in trans
(Law et al., 2008), this raised the possibility that TAGI and
NRP1 might interact in cis.

Sema3A binding dissociates L1 from NRP1 in a
TAGI1-dependent manner

To test for interactions between TAGI and NRP1, we coex-
pressed full length cDNAs for all three molecules in combinations
in cos7 cells (Fig. 4B). As expected, immunoprecipitation of
NRP1 coprecipitated L1 (Castellani et al., 2000) whether or not
TAGI was present (Fig. 4B, CONTROL, lanes 7 and 8, bottom
panel). Surprisingly, however, NRP1 also coprecipitated TAG1,
even when L1 was absent (lanes 6 and 8, middle panel). Thus, in
cos7 cells, TAG1 appears to be part of the Sema3A receptor com-
plex and to interact with NRP1 independently of L1.

Our colocalization studies suggested that the association of
NRP1 with L1 might change upon Sema3A binding. To test
this, we examined the associations of NRP1, L1, and TAGI 30
min after Sema3A treatment of transfected cos7 cells; previous
studies have shown that these cells respond to Sema3A when
transfected with appropriate NRP1 and L1 or PlexinA combi-
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nations (Takahashi et al., 1999, Zanata et al., 2002, Castellani
et al., 2004). Immunoprecipitation of NRP1 from Sema3A-
treated cells cotransfected with NRP1 and L1 (Fig. 4 B Sema3A,
lane 7, bottom), or NRP1 and TAG1 (lane 6, middle), copre-
cipitated L1 and TAG1, respectively, similar to untreated cells
(Fig. 4B, CONTROL). However, immunoprecipitation of
NRP1 from Sema3A-treated cells transfected with cDNAs for
all three proteins (NRP1/L1/TAG1) only coprecipitated TAGI,
not L1, which now appeared to be completely absent from the
complex (Fig. 4B, Sema3A, lane 8, asterisks highlight compari-
son). Thus, Sema3A binding to NRP1 on cos7 cells results in its
dissociation from L1, but only when TAG1 is present. Although
earlier time points were not assayed, that NRP1 and L1 are sepa-
rated 30 min after Sema3A treatment in cos cells is consistent
with the observation that this separation occurs between 5 and 10
min after treatment in growth cones.

Taken together with the colocalization data from mutant and
wild-type growth cones, these data indicate that TAG1 regulates
the segregation of the Sema3A receptor components, NRP1 and
L1, into different membrane microdomains after Sema3A
binding.

L1 does not become associated with CTxB-binding
membranes after Sema3A treatment

Although our observation that NRP1 is trafficked intracellularly
into CTxB-binding, presumably raft-enriched membranes is
consistent with previous observations that disruption of lipid-
rafts blocks Sema3A-induced growth cone collapse (Guirland et
al., 2004; Carcea et al., 2010), these latter studies suggested that
NRP1 translocated to rafts on the cell surface. The key evidence
for this was the increase, after Sema3A treatment, of NRP1 colo-
calization to membrane patches induced by the cross-linking of
CTxB bound to the surface of live Xenopus retinal growth cones
(Guirland et al., 2004). Indeed, using the same technique with
mouse DRG growth cones, we also found that the amount of
NRP1 fluorescence associated with CTxB-induced patches al-
most doubled after just 5 min of Sema3A treatment (Fig. 5A),
suggesting that as much as 20% of the accessible NRP1 becomes
raft associated after Sema3A treatment. To determine whether L1
also becomes raft associated in this response, as has been hypoth-
esized (Carcea et al., 2010), we followed L1 localization in CTxB-
induced patches. In contrast to NRPI, the amount of LI
associated with CTxB did not change significantly, remaining
similar to control levels even after Sema3A treatment (Fig. 5A).
To corroborate this result, we used cold detergent extraction to
isolate membrane rafts in situ (Guirland et al., 2004). In untreated
or mock-treated growth cones, little or no NRP1 remained in
growth cones after extraction, whereas substantial amounts be-
came TX100-resistant as early as 5 min after Sema3A treatment
(Fig. 5B). Similarly low levels of L1 were found in TX100-
extracted control growth cones, but by contrast these did not
change after Sema3A treatment (Fig. 5B). Thus, whereas a signif-
icant amount of NRP1 becomes associated with CTxB-induced
membrane patches after Sema3A treatment in spinal sensory
neurons, consistent with previous studies, L1 does not, nor does
it become enriched in TX100-resistant membranes. This latter
result is consistent with L1 being endocytosed via a non-raft-
associated pathway rather than via RME.

The association of NRP1 with CTxB-induced patches at the
cell surface seems at odds with our internalization data. However,
itisimportant to note that >50% of cell surface NRP1 has already
internalized (Fig. 2 A; Piper et al. 2005) by the 5 min time point at
which the CTxB patching experiments were performed, suggest-
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Figure 4.  TAGT is required for Sema3A-induced dissociation of L1 from the receptor complex. A, Growth cones treated with
Sema3A for the indicated times were fixed, permeabilized, and immunolabeled for TAGT (purple), L1 (red), and NRP1 (green).
TAG1, L1, and NRPT were found to colocalize in untreated growth cones [0 minutes ('), arrowheads]. Some colocalization of L1 with
NRP1 was still seen at 10 min (arrowheads) but was largely absent at 20 min (one-way ANOVA, p = 0.0105). On the other hand,
colocalization of TAGT with NRP1 increased at 10 min of Sema3A treatment and was reduced to control levels at 20 min (one-way
ANOVA, p = 0.0219). Data are combined values from three independent experiments. (n, number of growth cones; ***p << 0.001,
*¥p < 0.01, *p << 0.05, Bonferroni's test). B, Cos7 cells were transfected with TAG1, L1, and NRP1 ¢(DNA constructs in various
combinations and immunoprecipitated using FLAG-M2 agarose beads against FLAG-NRP1. NRP1 interacts directly with TAG1 (lane
6)and L1 (lane 7). A complex of NRP1/TAGT/L1 can also be isolated (lane 8). In cos7 cells treated with Sema3a for 30 min (bottom
panels), NRP1 still interacted with TAG1 (lane 6) and L1 (lane 7) in double-transfected cells. In triple-transfected cells the NRP1/
TAGT interaction was maintained, but not that between NRP1 and L1. Semiquantitative densitometric analysis of the bands
showed thatin control conditions, the following occurred: for TAG1, 29% of input protein precipitated with NRP1 when just
TAG1 and NRP1 were present, compared to 39% when all three were present; for L1, 65% of input precipitated when just
L1and NRP1 were present, rising to 85% when all three were transfected. After Sema3A treatment, the following occurred:
for TAG1, 20% of input precipitated when TAG1 and NRP1 were present compared to 23% with all three; for L1, 64%
precipitated with NRP1 when just LTand NRP1 were present, but this fell to just 1.8% of input when all three proteins were
transfected. Scale bar, 5 um.
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ing that the raft-associated NRP1 at the
cell surface may represent a separate pool.
Moreover, when we assessed whether the
copatching technique exclusively moni-
tors cell surface CTxB, we in fact found
that a substantial proportion of the CTxB
detected was internalized (data not
shown). This is perhaps not surprising, as
the technique involves incubating the liv-
ing cells at 12°C for 1 h after the Sema3A
treatment to allow CTxB patching to oc-
cur (Guirland et al., 2004). This suggests
that the pool of cell surface CTxB-
associated NRP1 may be even smaller
than these experiments suggest. Consis-
tently, as for the association of NRP1 with
internalized CTxB, copatching of NRP1
with CTxB was also TAGI dependent
(Fig. 5A), as was the enrichment of NRP1
in TX100-resistant membranes (Fig. 5B).
Thus, either there are two pools of CTxB-
associated NRP1, or these experiments in
fact identify internalized NRP1 that has
already started to become CTxB associ-
ated via the route described above.

Neuropilinl associates with PlexinA4,
not L1 after Sema3A treatment

The trafficking of NRP1 away from L1 af-
ter Sema3A treatment raises the impor-
tant question of how this is involved in
Sema3A signaling. Although NRP1 is
considered to be the key ligand-binding
component of the Sema3A holoreceptor
complex, PlexinA4 is thought to be the
main signal-generating component and is
essential for Sema3A responses in DRG
neurons (Suto et al. 2005; Yaron et al.,
2005). Critical questions, therefore, are
whether PlexinA4 is trafficked similarly to
NRP1 or to L1, whether its trafficking is
also TAG1 dependent, and therefore
whether changes in PlexinA4-generated
signaling can account for the loss of
Sema3A-induced repulsion seen in TAGIKO
growth cones (Law et al., 2008). To ad-
dress these questions, we followed the lo-
calizations of NRP1 and PlexinA4 relative
to each other, and to other complex com-
ponents, on growth cones fixed and per-
meabilized at different time points after
Sema3A treatment. As shown in Figure
6A, as might be expected, the amount of
NRP1 that is colocalized in growth cones
with PlexinA4 in control conditions is rel-
atively high (34% of detectable NRP1),
confirming that these molecules form
pre-existing complexes (Takahashi et al.,
1999). After addition of Sema3A, the as-
sociation of NRP1 with PlexinA4 in-
creases so that ~60% of total NRPI is
associated with PlexinA4 by 10 min post-
treatment, rising to nearly 70% after 20
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min. This is in distinct contrast to the co- A
localization of NRP1 with L1, which falls
significantly over the same period, so that

by 20 min post-treatment <<8% of NRP1

is associated with L1 (Fig. 4A). This indi- =
cates that PlexinA4 segregates with NRP1

rather than L1 after Sema3A treatment.
Consistent with PlexinA4 being trafficked 2
with NRP1, we found that the Sema3A- O
induced colocalization of NRP1 with =
PlexinA4 does not occur in TAGIKO
growth cones (Fig. 6 A), and that in wild-
type growth cones there is a significant in-
crease in the proportion of TAG1 protein
that is colocalized with PlexinA4, as well
as with NRP1 (Fig. 6B).

Finally, to determine whether TAGI is
required for the initiation of signals by
PlexinA4, we monitored the phosphoryla-
tion of Collapsin response mediator pro-
tein 2 (CRMP2) using an antibody that
recognizes the phosphorylation of CRMP2 at
Serine 522, a known readout of Sema3A
signaling (Uchida et al., 2005); CRMPs are
thought to interact indirectly with the
C-terminal region of PlexinAs through di-
rect interactions with MICALs (molecules E
interacting with CasL), which bind to
PlexinAs (Schmidt et al., 2008). Consis-
tent with previous observations (Uchida
etal., 2005), in wild-type growth cones we
saw a significant increase in the absolute
levels of phospho-CRMP (pCRMP) stain-
ing 10 min after Sema3A treatment (Fig.
6C), coincident with the separation of
NRP1 from L1 and its transition into
CTxB-enriched intracellular vesicles (Fig.
3B). By contrast, this increase does not oc-
cur after Sema3A treatment of TAGIKO
growth cones (Fig. 6C). Together, these
data indicate that TAG1-dependent traf-
ficking of NRP1 also affects the trafficking
and signaling of PlexinA4, thus account-
ing for the loss of collapse seen in growth
cones lacking TAG1 (Law et al., 2008).
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NRP1 localizes to membrane rafts after Sema3A treatment in a TAGT-dependent manner. A, Growth cones treated
with Mock or Sema3A medium were labeled for CTxB (red) with either NRP1 or L1 (green). The colocalization of NRP1 with CTxB
increased significantly upon Sema3A treatment in WT growth cones (arrowheads, insets) but not in TAGTKO growth cones (one-

way ANOVA, p < 0.001). On the other hand, L1 did not significantly colocalize with CTxB after Sema3A treatment in WT or TAG1KO

Discussion

We showed that TAG1 is a critical compo-
nent of the Sema3A holoreceptor in DRG
neurons that is required for differential
trafficking of receptor components into
specific intracellular pathways and is essen-
tial for signal generation. TAGI interacts
with NRP1 directly and renders the inclusion of L1 in the holore-
ceptor Sema3A-sensitive; Sema3A binding induces NRP1 and L1
to endocytose together, but intracellularly NRP1 is routed away
from L1 into vesicles enriched in CTxB binding sites (Fig. 7A),
and its association with PlexinA4, the signaling component of the
receptor, increases. Concurrently, CRMP2 phosphorylation, an in-
dicator of PlexinA signaling, increases and growth cone collapse is
initiated. However, when TAGL is absent, although NRP1 is still
endocytosed with L1, it fails to segregate into CTxB-enriched vesi-
cles, appearing instead to be recycled to the cell surface (Fig. 7B);

growth cones (one-way ANOVA, p = 0.4503). B, Detergent-resistant membranes (DRMs) prepared from growth cones treated
with Mock or Sema3A-medium and immunolabeled for NRP1 or L1 (red) followed by DTAF (green) for total protein labeling. NRP1
levels detected in the DRMs of WT growth cones treated with Sema3A were significantly higher than those of Mock-treated growth
cones. However, this was not observed in DRMs prepared from TAG1 KO growth cones (one-way ANOVA, p < 0.0001). No L1 could
be detected in DRMs of WT or TAGTKO growth cones under mock or Sema3A conditions (one-way ANOVA, p = 0.7319;n = number
of growth cones; ***p << 0.001,**p << 0.01,*p < 0.05). Scale bar, 5 wm.

increased association with PlexinA4 does not occur, CRMP2 phos-
phorylation does not increase, and collapse is attenuated. These ob-
servations indicate that TAG1 plays a critical role in the trafficking of
semaphorin receptors into specific endocytic pathways and is required
to activate PlexinA signaling. Together with previous observations (Cas-
tellani et al., 2004, Law et al., 2008), this suggests that adhesion mol-
ecule interactions at the cell surface can modulate responses to
diffusible signals by altering the endocytic fate of their receptors.
Endocytosis is a key component of many signaling pathways
and the endocytic pathway taken by receptors is recognized to
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Figure 6.  TAG1 is required for the activation of Sema3A signaling. A, Growth cones were fixed, permeabilized, and labeled for NRP1 (green) and PlexinA4 (red) for colocalization analysis. The

amount of NRP1 colocalized with PlexinA4 increased after 10 min of Sema3A treatment in WT growth cones and remained high at 20 min (one-way ANOVA, p << 0.0001). TAG1KO growth cones failed
to show a similar increase in NRP1-PlexinA4 colocalization. B, Sema3A-treated growth cones were processed forimmunolabeling for TAG1 (green), NRP1 (cyan), and PlexinA4 (red). The amount of
TAG1 colocalized with PlexinA4 (unpaired t test, p << 0.0001) and NRP1 (unpaired ¢ test, p = 0.0473) increased after 10 min of Sema3A treatment. €, Sema3A-treated growth cones were processed
forimmunolabeling with antibody against phosphorylated CRMP (pCRMP) at Serine 522. In WT growth cones, the amount of pCRMP fluorescence increased after 10 min of Sema3A treatment and
was still high at 20 min (one-way ANOVA, p << 0.0001). TAG1 KO growth cones did not show any such increase in pCRMP fluorescence (one-way ANOVA, p = 0.1577). Data are combined values from
three independent experiments (n, number of growth cones; ***p < 0.001, **p << 0.01, *p << 0.05). Scale bar, 5 pm.

affect signaling outcome (Sorkin and von Zastrow, 2009). How
pathway selection is controlled remains poorly characterized, es-
pecially in neurons where, given their size and complexity, endo-
cytic sorting is crucially important (Von Bartheld and Altick,
2011). Responses mediated by semaphorin-binding neuropilins
are known to vary by cell type (Salikhova et al., 2008; Carcea et al.,
2010) and in dendrites versus axons (Polleux et al., 2000; Shelly et
al., 2011). Responses vary even among neurons expressing simi-
lar receptor components (Carcea et al., 2010), but the molecular
basis for this is not clear. A key difference between Sema3A re-

sponsive and nonresponsive sensory afferents is the expression of
the adhesion molecule TAG1 (Law et al., 2008). Here we showed
that the GPI-linked protein TAG1 is required to segregate NRP1
from L1 and traffic it to an endosomal subpopulation enriched in
lipid rafts, as defined by CTxB binding. GPI-linked proteins are
delivered via clathrin-independent endocytosis into GEECs
(GPI-enriched endosomal compartments) in a GPI-linkage-
dependent manner (Sabharanjak et al., 2002; Mayor and Pagano,
2007). Although the GPI-linked protein Cripto has been shown
to localize the precursor of the secreted ligand Nodal to lipid rafts
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for processing (Blanchet et al., 2008), we
believe this is the first demonstration of an
endogenous GPI-linked protein driving
sorting of a membrane receptor into raft-
enriched intracellular membranes. More-
over, in the absence of TAG1-mediated
segregation of NRP1, downstream signal-
ing by Plexin (CRMP2 phosphorylation;
Goshima et al., 1995) does not occur, and
collapse is attenuated. Although it has
been assumed that the segregation of
membrane proteins into lipid rafts occurs
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at the cell surface (Mayor and Pagano,

2007), our results indicate that this can C
occur intracellularly, consistent with evi-
dence for the existence of endosomal sub-
populations specialized for cell signaling
(Zoncu et al., 2009).

These and other results suggest that
Sema3A binding generates signals at at
least three different points in the NRP1
trafficking pathway; Sema3A raises intra-
cellular cGMP and Ca** levels within 2
min of treatment, which is required for
growth cone repulsion (Togashi et al.,
2008). Although Ca**-induced repulsion
requires clathrin-dependent endocytosis,
Sema3A-induced Ca*™ fluxes are endocy-
tosis independent (Tojima et al., 2010),
indicating that signaling is initiated at the
cell surface (Fig. 7A). Endocytosis of
NRP1 is dependent on its association with
either L1 or PlexinA (Castellani et al.,
2004),and L1 is essential for the activation
of Focal Adhesion Kinase (FAK), which is required for growth
cone collapse and disassembly of focal adhesions (Bechara et al.,
2008). FAK is only coprecipitated with L1 when NRP1 is present
and this association is enhanced by Sema3A treatment. However,
FAK does not associate with PlexinAs, and although PlexinA in-
hibition prevents collapse in response to Sema3A, focal adhesions
still disassemble, indicating that PlexinAs and FAK activate dif-
ferent aspects of the response (Barberis et al., 2004; Bechara et al.,
2008). The initial increase in L1/NRP1 association followed by
separation and subsequent increase in NRP1/PlexinA4 associa-
tion, fits with these observations and suggests a model in which
the activation of FAK and Plexin are spatially and temporally
separated (Fig. 7A). The endocytic route taken by L1 after
Sema3A treatment appears qualitatively different from that fol-
lowed during steady-state recycling; after Sema3A, L1 disappears
from the cell surface and appears in large intracellular aggregates
not seen in the steady state.

The increase of NRP1 association with endocytosed L1 within
5 min of Sema3A treatment is not dependent on TAG1. This
appears to conflict with the requirement for TAG1 in the increase
in anti-L1 Fab uptake that occurs 10 min after Sema3A addition.
However, it is possible that this late increase in L1 endocytosis
reflects the general increase in endocytosis that accompanies col-
lapse (Fournier et al., 2000), which only becomes evident around
10 min. Thus, TAG1 may be required in the initiation of collapse
rather than for L1 endocytosis per se. CRMP2, through its ability
to bind Numb, is known to regulate L1 endocytosis (Nishimura
etal., 2003), raising the possibility that L1 uptake is stimulated by
feedback from CRMP2 during Sema3A signaling. Enhanced L1

Figure 7.
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Model of Sema3A receptor endocytosis. A, Upon Sema3A binding, the receptor signals: at the cell surface via cGMP
(Togashi et al., 2008; Tojima et al., 2010); after endocytosis via phospho-FAK (Bechara et al., 2008); and after TAG1-dependent
separation of NRP1 from L1 via phospho-CRMP2 (this study). B, In the absence of TAGT (this study) or in the presence of filipin
(Guirland etal., 2004), NRP1 fails to enter the raft pathway and instead receptor components are rapidly recycled to the cell surface
without affecting the net surface levels. C, D, In the absence of Sema3A, receptor complex components undergo continuous
recycling: L1 apparently uses CME (Kamiguchi et al. 1998) and is not sensitive to filipin (data not shown). NRP1, however,
disappears from the cell surface after filipin treatment in the steady-state (Fig. 34) suggesting that recycling of NRP1 to the surface,
rather than its endocytosis, requires intact rafts. Molecules are represented by letters: L, L1; N, NRP1; P, PlexinA4; S, Sema3A; T,
TAGT. Plexin is not included in the steady-state figures (C, D) because its disposition is not addressed by our data.

endocytosis in turn may reflect the general disassembly of focal
adhesions that accompanies collapse (Bechara et al., 2008).

The endocytic route that mediates Sema3A-induced re-
sponses remains controversial. Although Sema3A signaling
can be blocked by agents that disrupt lipid raft integrity (Guir-
land et al. 2004; Salikhova et al., 2008; Carcea et al., 2010), an
immediate early endocytic response to Sema3A is blocked by
dominant-negative mutant endocytic proteins that disrupt
CME (Tojima et al., 2010). Although our results are consistent
with NRP1 initially entering the cell via CME rather than
RME, we cannot rule out that a non-CME pathway such as
macropinocytosis is used (Fournier et al., 2000). Since we
show that endocytosed NRP1 dissociates from L1 and becomes
associated with CTxB-binding membranes, raft-disrupting re-
agents may inhibit Sema3A signaling (Guirland et al., 2004; Salik-
hova et al., 2008; Carcea et al., 2010) because they interfere with
this latter intracellular step. Nonetheless, RME-inhibiting re-
agents apparently block Sema-induced endocytosis of Sema3A or
NRP1 in some cortical neurons (Carcea et al., 2010) or endothe-
lial cells (Salikhova et al., 2008), whereas CME inhibitors do not.
It is possible that different cell types traffic NRP1 differently.
However, raft-disrupting agents may appear to block Sema3A-
induced endocytosis because they prevent the intracellular diver-
sion of NRP1 into CTxB-binding vesicles and instead receptors
are recycled to the surface, leaving net surface levels unaffected
(Fig. 7B).

We clearly show that NRP1 traffics into CTxB-binding mem-
branes intracellularly. However, we cannot rule out that NRP1
also becomes associated with rafts at the cell surface. Sema3A
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treatment of retinal neurons results in rapid NRP1 disappearance
from the cell surface, coincident with desensitization, followed by
reappearance and resensitization (Piper et al., 2005). This resen-
sitization does not occur if protein synthesis is blocked, even
though surface NRP1 levels are restored by recycling. One possi-
bility is that cell surface raft-associated NRP1 represents the pool
of recycled but not reactivated receptors, consistent with our
observation that L1 does not become raft-associated after
Sema3A treatment. The possibility that intact rafts may be re-
quired for NRP1 recycling is consistent with our observation that
filipin treatment leads to disappearance of NRP1 from the surface
of DRG growth cones in the steady state (Figs. 3A, 7C,D), whereas
L1 surface levels are not affected (data not shown).

In other cell types, the switch between clathrin-dependent and
raft-dependent pathways may nonetheless occur at the cell sur-
face and be regulated differently. For example, in endothelial cells
the NRP1 endocytic pathway is apparently determined by the
ligand; binding of VEGF leads to CME, whereas binding of
Sema3C leads to RME (Salikhova et al., 2008). This may explain
why the TAGI knockout only partially mimics the Sema3A and
NRP1 knockout phenotypes (Law et al., 2008); TAG1 may only
be required for a subset of Sema responses.

In DRG, however, TAGI expression clearly correlates with
Sema3A responsiveness. Initially, both presumptive propriocep-
tive and nociceptive axons are repelled by Sema3A (Messersmith
etal., 1995; Fu et al,, 2000; Pond et al., 2002) and express L1 and
TAG1 (Perrin et al., 2001; Law et al., 2008). However, proprio-
ceptive axons lose this sensitivity coincident with TAG1 down-
regulation and project into the spinal cord (Fu et al., 2000; Pond
et al., 2002; Law et al., 2008). TAGI loss leads to premature no-
ciceptive entry into the dorsal horn (Law et al., 2008), mimicking
the effects of loss of NRP1 (Gu et al., 2003). Thus, in DRG neu-
rons TAGI determines the outcome of Sema3A signaling by
altering the intracellular trafficking of the core receptor compo-
nents. That such a role is assumed by an adhesion molecule sug-
gests this is a mechanism by which growth cones modulate their
responses to guidance cues according to cellular context, an idea
strongly supported by the observation that cross-linking of the
receptor complex with L1 inhibits Sema3A-induced growth cone
collapse (Castellani et al. 2000, 2002).
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