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Background: Coordination of the signaling cascades downstream of netrin receptors is essential in axon guidance.
Results:DSCAM collaborates with UNC5C to mediate netrin-1-induced axon growth cone collapse through the assembly of a
signaling complex involving Fyn, FAK, and PAK1.
Conclusion: DSCAM functions as a repulsive netrin receptor.
Significance: Understanding the coordination of axon guidance signaling provides insight into the formation of precise neu-
ronal circuitry during brain development.

In the developing nervous system, neuronal growth cones
explore the extracellular environment for guidance cues, which
can guide them along specific trajectories toward their targets.
Netrin-1, a bifunctional guidance cue, binds to deleted in colo-
rectal cancer (DCC) and DSCAM mediating axon attraction,
and UNC5 mediating axon repulsion. Here, we show that
DSCAM interacts with UNC5C and this interaction is stimu-
lated by netrin-1 in primary cortical neurons and postnatal cer-
ebellar granule cells. DSCAM partially co-localized with
UNC5C in primary neurons and brain tissues. Netrin-1 induces
axon growth cone collapse of mouse cerebellum external gran-
ule layer (EGL) cells, and the knockdown of DSCAM or UNC5C
by specific shRNAs or blocking their signaling by overexpress-
ing dominant negative mutants suppresses netrin-1-induced
growth cone collapse. Similarly, the simultaneous knockdown
of DSCAM and UNC5C also blocks netrin-1-induced growth
cone collapse in EGL cells. Netrin-1 increases tyrosine phosphor-
ylation of endogenous DSCAM, UNC5C, FAK, Fyn, and PAK1,
and promotes complex formation of DSCAMwith these signal-
ing molecules in primary postnatal cerebellar neurons. Inhibi-
tion of Src family kinases efficiently reduces the interaction of
DSCAMwith UNC5C, FAK, Fyn, and PAK1 and tyrosine phos-
phorylation of these proteins as well as growth cone collapse
of mouse EGL cells induced by netrin-1. The knockdown of
DSCAM inhibits netrin-induced tyrosine phosphorylation of
UNC5C and Fyn as well as the interaction of UNC5C with Fyn.
The double knockdown of both receptors abolishes the induc-
tion of Fyn tyrosine phosphorylation by netrin-1. Our study
reveals the first evidence thatDSCAMcoordinates withUNC5C
in netrin-1 repulsion.

Axon guidance cues can act as attractants or repellents and
lay out a specific grid for axons and neurons to navigate in the
developing nervous system (1–5). Netrins are conserved
bifunctional guidance cues functioning as chemoattractants for
some types of axons and repellents for others in different spe-
cies ranging from Caenorhabditis elegans (C. elegans) andDro-
sophila, to vertebrates (6–12). The mammalian receptors of
netrins are deleted in colorectal cancer (DCC)2 (13–16), neoge-
nin/DCC-like molecule (13, 17, 18), DSCAM (19–21), and
UNC5 (22–25).While DCC canmediate netrin-1 induced axon
attraction, the binding ofDCCandUNC5 cytoplasmic domains
is sufficient to convert netrin-1 induced DCC attraction into
repulsion (26–28), suggesting that the coordination of intracel-
lular domains of these receptors plays a crucial role in netrin-1
attractive or repulsive signaling.
Drosophila Dscam is a contact-dependent homophilic cell

repulsive molecule with thousands of alternatively spliced iso-
forms involved in axon guidance and targeting, segregation of
axon branches and dendritic patterning (29–34). While the
vertebrate DSCAM gene does not encode multiple isoforms, it
shares functional similarities to flyDscam. InDSCAMdeficient
mice, retinal ganglion cells have defects in neuronal spacing and
dendritic arborization patterns exhibiting neuronal self-avoid-
ance phenotypes (35, 36). In contrast, studies in the chicken
retina have shown that DSCAM plays a role in synapse forma-
tion by promoting the targeting of retinal ganglion cell den-
drites and bipolar cell axons to the same layer (37). As a con-
served netrin receptor in flies and vertebrates, DSCAM
collaborates with DCC involved in netrin-1 attraction (19–21).
These results suggest that DSCAM may function as a bifunc-
tional guidance receptor involved in either attractive or repul-
sive signaling pathways.
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We report here that DSCAM functions as a repulsive receptor
associating with UNC5C to mediate netrin-1-induced axon
growth cone collapse, and FAK, Fyn, and PAK1 are involved in
coordinating netrin-1/DSCAM and netrin-1/UNC5C repulsive
signaling. These studies not only reveal the role of DSCAM in
netrin-mediated repulsion, but help us better understand the
complexity of netrin signaling in the developing nervous system.

EXPERIMENTAL PROCEDURES

Constructs and Reagents—Plasmids encoding the full-length
humanDSCAM-Flag, DSCAM�N,DSCAM�C, the full-length
human UNC5C-HA and UNC5C truncation mutants (�Ig1,
�Ig2, �Igs, �TSP) have been described previously (21, 38). The
targeted sequences of DSCAM shRNA, control DSCAM
shRNA, UNC5C shRNA, and control UNC5C shRNA are:
5�-AAAGAGTTTAGCTGAAATGCT-3� (DSCAM shRNA),
5�-AATGCATCTCTGCAAGAGGTA-3� (control DSCAM
shRNA), 5�-AAGAACCCAAGGCTCTTCATT-3� (UNC5C
shRNA) and 5�-AACTGTACTGTGTCAGAGGAA-3� (con-
trol UNC5C shRNA). The designed hairpin siRNA templates
were inserted into the mU6pro vector between SalI and XbaI
sites and verified by sequencing. The following antibodies were
used: rabbit anti-Flag (Abcam, Cambridge, MA), mouse anti-
myc (9E10, Upstate Biotechnology, Lake Placid, NY), rabbit
anti-HA (Santa Cruz Biotechnology, Lexington, NY), rabbit
anti-FAK (BDBiosciences, Franklin Lakes,NJ), rabbit anti-PAK
(Cell Signaling Technology, Beverly, MA), mouse anti-Fyn
(Santa Cruz Biotechnology, Lexington, NY), goat anti-UNC5C
(R&D Systems, Minneapolis, MN), and the HRP-conjugated
anti-rabbit, anti-mouse and anti-goat secondary antibodies
(Santa Cruz Biotechnology, Lexington, NY). The purified rab-
bit anti-DSCAM was described previously (39). B27, Alexa
Fluor 555 phalloidin andDAPIwere purchased from Invitrogen
(Carlsbad, CA).Netrin-1 protein and the sham-purified control
weremade from the conditionedmedia of HEK293 cells as pre-
viously described (21, 40, 41).
Immunoprecipitation (IP) and Western Blot—HEK293 cells

were transfected using polyethylenimine (PEI) at 2:1 ratio with
plasmids. Dissociated E15 cortical and P4 cerebellar neurons
were plated on PLL-coated tissue culture dishes. Cells were
lysed inmild lysis buffer (MLB: 20mMTris-HCl pH7.4, 100mM

NaCl, 1% Nonidet P-40, and 0.1 mM phenylmethylsulfonyl flu-
oride) containing protease inhibitor mixture followed by incu-
bation with specific antibodies for 2 h as described previously
(21, 40). Protein extracts were boiled and separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). After trans-
ferring, membranes were blocked with 5% milk and incubated
in primary antibody overnight at 4 °C. Membranes were
washed with PBST (1� PBS � 0.1% Tween-20) and placed in
secondary antibody for 1 h. Western blots were visualized on
autoradiography film (Denville Scientific, Metuchen, NJ) with
the enhanced chemiluminescence kit (ThermoFisher Scientific
Inc., Waltham, MA).
Dissociated Primary Neuron Cultures and Immunostaining—

The dissociated culture procedure of the E15mouse cortex and
cerebellum, and the P2–4mouse cerebellum was conducted as
described previously (21, 40, 41)with somemodifications.Neu-
rons were grown on PLL-coated glass coverslips for growth

cone collapse or immunostaining assays. For immunocyto-
chemistry of DSCAM and UNC5C in dissociated primary neu-
rons, cells on coverslips were fixed for 10 min in 4% pre-
warmedparaformaldehyde (PFA) solution (127mMNaCl, 5mM

KCl, 1.1 mM NaH2PO4, 0.4 mM KH2PO4, 2 mM MgCl2, 5.5 mM

glucose, 1 mM EGTA, 10 mM Pipes) and permeabilized with
0.1% Triton X-100 for 15 min. After being washed three times
with PBS, neurons were blocked in 10% normal goat serum for
1 h and incubated with the primary antibody solution for 2 h at
37 °C (rabbit anti-DSCAM, goat anti-UNC5C). Cells were
washed in PBS three times followed by incubating with the sec-
ondary antibodies (anti-rabbit-488 and anti-goat-633) at 37 °C for
1 h. Neurons on coverslips were counterstained with DAPI and
mounted onto slides using Fluorogel (EMS, PA). Images were
taken under a confocal microscope (Olympus IX71 Fluoview).
For studying the expression pattern of DSCAM and UNC5C

in the developing nervous system,mouse embryos, and postna-
tal pups were collected. P2-P4 pups were perfused with 4% PFA
intracardially and brain tissues transferred into cold 4% PFA
overnight for further fixation. E15 mouse embryos were
directly placed in cold 4% PFA overnight. Tissues were washed
in PBS, transferred into sucrose-infiltration solution at 4 °C
until the brain sank into the sucrose solution, and embedded in
OCT. 14 �m coronal slices were cryosectioned and fixed with
cold acetone on superfrost plus slides. After post-fixation with
4% PFA at room temperature for 30 min, brain slices were sub-
jected to heat-mediated antigen retrieval using citric acid (pH
6) and blocked with 3% BSA for 1 h in 1� PBST (1� PBS with
0.1% Tween-20), and incubated with the primary antibodies
overnight (rabbit anti-DSCAM and goat anti-UNC5C). After
washing three times in permeabilization buffer, slices were
incubated with the secondary antibody (anti-rabbit-488 and
anti-goat-633) for 2 h at 37 °C. Images were taken under a con-
focal microscope (Olympus IX71 Fluoview).
GrowthConeCollapse—TheP2-4mouse cerebellumwas dis-

sected and sliced into 200 �m sections using a tissue chopper
(Vibratome, Bannockburn, IL). Only the external granule layer
(EGL) was finely dissected using a sharpened tungsten needle
and trypsinized at 37 °C for 15 min (42). After dissociation,
neurons (1 � 104) were nucleofected (Amaxa, Walkersville,
MD) with Venus yellow fluorescent protein (Venus-YFP) only
or Venus-YFP plus DSCAM shRNAs, UNC5C shRNAs or dif-
ferent truncation mutants of DSCAM and UNC5C (DSCAM
wild type, DSCAM�C, DSCAM�N, UNC5C wild type,
UNC5C�C, and UNC5C�N) using programG-013. After elec-
troporation, cells were plated onto PLL-coated coverslips and
cultured in warm media (DMEM � B27 � 20 units/ml of pen-
icillin/streptomycin) at 37 °Cwith 5%CO2. After 4 h, themedia
was replaced with fresh media to remove toxic nucleofection
solution and neurons were cultured for 14 h. Neurons were
starved in DMEM � 0.1% BSA � B27 for 4 h and stimulated
withHEK293 control or netrin-1 conditionedmedia for 30min.
Cells were fixed with 4% PFA for 15 min and stained with phal-
loidin and DAPI. Images of only YFP-labeled cells were taken
using an epifluorescent microscope. For quantification, a single
EGLcellwithaclearlypolarizedaxonwasconsideredcollapsed if it
had no lamellipodia and two or fewer filopodia (43). At least 150
random growth cones weremeasured per group and experiments
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were done in triplicate. A one-way ANOVA followed by post hoc
testing with Fisher’s Least Significant Difference (LSD) was per-
formed to detect statistical significance among different groups.

RESULTS

Biochemical Characterization of DSCAM and UNC5C
Interaction—The protein structure of DSCAM is similar to
DCC and both receptors are required for netrin signaling (19–
21). UNC5 binds to DCC to switch DCC-mediated attraction
into repulsion, raising the possibility that DSCAMmay interact

with UNC5 as well. To determine a potential interaction
between DSCAM and UNC5, Flag-tagged full-length human
DSCAM (DSCAM-Flag) and the full-length human UNC5C
taggedwithHA (UNC5C-HA)were expressed inHEK293 cells,
cell lysates were immunoprecipitated with anti-Flag for
DSCAM and immunoblots probed with either anti-HA for
UNC5C or anti-Flag for DSCAM (Fig. 1A). UNC5C-HA coim-
munoprecipitated with DSCAM (Fig. 1A). The reciprocal IP
confirmed the interaction of DSCAM and UNC5C in HEK293
cells (data not shown).

FIGURE 1. DSCAM associates with UNC5C. A, co-immunoprecipitation of DSCAM and UNC5C in transfected HEK293 cells. Human full-length DSCAM-Flag and
UNC5C-HA were co-transfected in HEK293 cells. DSCAM was immunoprecipitated with anti-Flag, and the membrane was blotted for UNC5C. B, induction of the
interaction of endogenous DSCAM and UNC5C in dissociated cortical neurons by netrin-1. Cortical neurons from E15 mouse embryos were cultured 18 h and
stimulated with netrin-1 or control conditioned media. DSCAM was immunoprecipitated using anti-DSCAM followed by immunoblotting with anti-UNC5C
antibody. C, time-dependent induction of endogenous DSCAM and UNC5C interaction in P2 cerebellar granule cells by netrin-1. Netrin-1 persistently increased
DSCAM/UNC5C interaction over 20 min. D, diagram illustrating full-length and mutant proteins of DSCAM and UNC5C. E, full-length DSCAM or DSCAM�C, but
not DSCAM�N, interacts with UNC5C in transfected HEK293 cells. F, mapping the domain in UNC5C responsible for the interaction with DSCAM. HEK293 cells
were transfected with a DSCAM construct and a construct encoding different truncated mutants of UNC5C tagged with HA.
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To examine whether endogenous DSCAM interacts with
UNC5C, primary cortical neurons were used because these
neurons express both DSCAM and UNC5C and cortex dissec-
tion, dissociation, and culturing is fairly straightforward (21,
23). After 24 h of primary culture, dissociated neurons were
serum-starved inDMEMcontaining B27 for 4 h and stimulated
with either purified netrin-1 (250 ng/ml) or sham-purified con-
trol. DSCAM was immunoprecipitated with anti-DSCAM and
blotted for UNC5C and DSCAM (Fig. 1B). We found that
UNC5C was co-immunoprecipitated with DSCAM and
netrin-1 stimulation increased the DSCAM/UNC5C interac-
tion (Fig. 1B). Netrin-1 enhanced the interaction of DSCAM
and UNC5C within 5 min and the enhancement was sustained
up to 20min (Fig. 1B). To studywhetherDSCAM interactswith
UNC5C in the postnatal mouse cerebellum, P2 mouse cerebel-
lar neurons were dissociated and stimulated with or without
netrin-1, as described previously (21, 40, 41). Cell lysates were
immunoprecipitated with anti-DSCAM and blotted for
DSCAMandUNC5C.Netrin-1 dramatically inducedDSCAM/
UNC5C interaction and continued to increase this interaction
over 20 min (Fig. 1C). Netrin-1-induced interaction of endoge-
nous DSCAM and UNC5C in E15 cortical and P2 cerebellar
neurons was also observed in the reciprocal co-immunopre-
cipitation (data not shown). These above data demonstrate a
physiological interaction between DSCAM and UNC5C, and
this interaction is stimulated by netrin-1.
DSCAM is a transmembrane protein belonging to the immu-

noglobulin (Ig) superfamily. Biochemical analysis of DSCAM
truncation mutants (DSCAM�C and DSCAM�N) co-trans-
fected with UNC5C in HEK293 cells revealed the DSCAM
extracellular domainwas essential forDSCAM interactionwith
UNC5C (Fig. 1, D and E and the reciprocal IP not shown). To
investigate the domains of UNC5C that associate with
DSCAM, UNC5C-HA deletion constructs were expressed in
HEK293 cells (Fig. 1, D and F). Deletion of Ig2 or both Ig
domains eliminated the interaction whereas deletion of Ig1 and
two TSP domains did not alter DSCAM association, indicating
the Ig2 domain of UNC5C is required for the interaction with
DSCAM (Fig. 1F and the reciprocal IP not shown). Therefore,
DSCAM and UNC5C interact through their extracellular
domains.
Co-expression of DSCAM and UNC5C in Neurons—To

examine whether DSCAM is co-expressed with UNC5C in pri-
mary neurons, brain tissues from the P2 cerebellum, E15 cortex
and E15 cerebellum were dissociated and cultured. We used
antibodies for DSCAM and UNC5C and found co-expression
of DSCAM with UNC5C in these primary neurons (Fig. 2,
A--L). DSCAMpartially co-localized with UNC5C in the soma,
dendrites, axons, axonal branches as well as growth cones (Fig.
2, C, D, G, H, K, and L). Cerebellar cryosections were also
immunostained with DSCAM and UNC5C to reveal their
expression patterns in different layers of P2 cerebellar (Fig. 2,
M–O) and cortical slices (data not shown). In the postnatal
cerebellum, both DSCAM and UNC5C were widely expressed
in different neuronal layers, including EGL, PCL (the Purkinje
cell layer), and IGL (the internal granule layer) (Fig. 2, M–O).
DSCAM andUNC5Cwere also widely expressed in the embry-
onic and postnatal cortex (data not shown). TheseDSCAMand

UNC5C expression patterns are consistent with in situ hybrid-
ization results in previous studies (42, 44, 45).
DSCAM Is Required for Netrin-1-mediated EGL Cell Growth

Cone Collapse—DSCAM not only interacts with UNC5C (Fig.
1), but also partially co-localizes with UNC5C in dissociated
cerebellar granule cells (Fig. 2, A--L). Both DSCAM and
UNC5C are also co-expressed in postnatal cerebellar EGL cells
(Fig. 2,M–O) where UNC5 mediates netrin-1 repulsion in the
developing cerebellum. However, whether DSCAM plays a
functional role in netrin-1 repulsion is unknown. To address
this question, several short hairpin based RNA interference
(RNAi) constructs (shRNAs) targeting a sequence common to
human andmouseDSCAMwere directly nucleofected into dis-
sociated postnatal cerebellar granule cells. One shRNA con-
struct significantly knocked down the level of endogenous
DSCAM protein in P2 cerebellar granule neurons, whereas
another did not (Fig. 6J and data not shown, respectively). In

FIGURE 2. Co-expression of DSCAM and UNC5C in primary culture neu-
rons and the postnatal cerebellum. A–D, expression of DSCAM (A, C, and D)
and UNC5C (B, C, and D) in a primary cortical neuron from E15 mouse. C is the
merged picture of A and B. D is the higher magnification image of growth
cone in C. E–L, expression of DSCAM (E, G, H, I, K, and L) and UNC5C (F, G, H, J,
K, and L) in primary neurons from E15 (E–H) and P2 (I–L) cerebella. G and K are
the superimposed images of E-F and I-J, respectively. H and L are higher mag-
nification images of growth cones in G and K, respectively. Primary neurons
were cultured overnight, immunostained with anti-DSCAM and anti-UNC5C
and followed by incubation with secondary antibodies (antibody to rabbit-
488 for DSCAM and to goat-633 for UNC5C). Scale bar, 10 �m. M–O, expres-
sion of DSCAM (M) and UNC5C (N) in the P2 mouse cerebellum. O is the super-
imposed image of M and N. Both DSCAM and UNC5C were widely expressed
in the PCL, EGL, and IGL. Scale bar, 100 �m.
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subsequent experiments, these RNAi reagents were used as
DSCAM shRNA and DSCAM control shRNA, respectively.
The in vitro growth cone collapse assay has been widely used

to study the molecular mechanisms of axon guidance, espe-
cially in repulsive signaling. For example, UNC5A mediated
growth cone collapse in netrin-1 signaling (43, 46). In this assay,
dissociated cerebellar granule cells were stimulated by netrin-1
in bath incubation. Therefore, netrin-1 was distributed
throughout the media (no gradient) and caused the axon
growth cone to collapse (43). To examine the potential role of
DSCAM in this process, we developed an in vitro growth cone
collapse assay of postnatal cerebellar EGL cells induced by
netrin-1 stimulation. The P2 cerebellar EGL was dissected
using fine tungsten needles to extract small tissue pieces and
dissociated in cold HBSSmedium (42). Primary EGL cells were
nucleofected with a construct expressing Venus-YFP together
with control shRNA or DSCAM shRNA. After 18 h of culture
and 4 h starvation, these neurons were stimulatedwith netrin-1
or control media and fixed. Netrin-1 stimulated axon growth
cone collapse of EGL cells in both untransfected (Fig. 3, A, B,
andO) andVenus-YFP-transfected neurons (images not shown
and quantification in Fig. 3O). DSCAM knockdown abolished
netrin-1-induced growth cone collapse (Fig. 3, G, H, and O)
compared with Venus-YFP only (images not shown and quan-
tification in Fig. 3O), the empty vector (Fig. 3,C,D, andO), and

DSCAMcontrol shRNA (Fig. 3, E, F, andO). Overexpression of
wild-type DSCAM rescued the effect of DSCAM shRNA on
growth cone collapse (Fig. 3, I, J, andO). In neurons transfected
with the wild-type human DSCAM, netrin-1 still induced
growth cone collapse with a similar percentage of collapsed
EGL growth cones (images not shown and quantification in Fig.
3O). However, overexpression of DSCAM�C, a truncation
mutant without the intracellular domain of DSCAM, elimi-
nated netrin-1-induced growth cone collapse, suggesting that
the DSCAM intracellular domain is required for mediating
downstream netrin-1 repulsion (Fig. 3, K, L, and O). Overex-
pression of DSCAM�N, a truncated form of DSCAM without
the extracellular domain, could only partially inhibit netrin-1-
induced growth cone collapse (Fig. 3, M, N, and O), indicating
that the DSCAM extracellular domain also plays a role in
growth cone collapse. These results suggest that DSCAM is
required for netrin-1 repulsion.
The Role of UNC5C in Netrin-1-mediated EGL Cell Growth

Cone Collapse—Netrin-1 repels both axon projection and neu-
ronal migration from postnatal EGL explants in vitro (42). The
phenotype of UNC5C knock-out mice suggests that UNC5C
may also play a repulsive role in postnatal cerebellar neuronal
migration in vivo (24). To determine whether UNC5C is
required for netrin-1-mediated cerebellar EGL cell repulsion,
several UNC5C shRNAs targeting the sequence common to

FIGURE 3. DSCAM was required for netrin-1-induced cerebellar EGL neuron growth cone collapse. Cerebellar EGL cells from P2 mouse pups were
dissociated and cultured. Primary neurons were either untransfected (A and B) or co-transfected Venus-YFP (1 �g) with 4 �g of either mU6 vector (C and D),
control shRNA (E and F), DSCAM shRNA (G and H), DSCAM shRNA plus wild-type DSCAM (I and J), DSCAM�C (K and L), or DSCAM�N (M and N), and plated on
coverslips coated with PLL. Neurons were labeled with YFP and filamentous actin was visualized by staining with Alexa Fluor 555 phalloidin (red). Nuclei were
stained with DAPI (blue). Only the growth cones of YFP-positive neurons not in contact with other cells were measured and used in the statistical analyses. Scale
bar, 10 �m. O, quantification of netrin-1-induced growth cone collapse. The y axis is the percentage of collapsed axon growth cones. Data are mean � S.E. from
three separate experiments. ***: p � 0.001; **: p � 0.01; ns: not significant (one-way Anova and Fischer LSD post-hoc comparisons).
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human andmouse UNC5Cwere transfected directly into post-
natal cerebellar granule cells. After 24 h, one shRNA construct
efficiently reduced the UNC5C protein levels and was used in
functional assays as UNC5C shRNA, whereas another could
not knock down UNC5C and was used as UNC5C control
shRNA (Fig. 6J and data not shown, respectively). To determine
the potential role of endogenous UNC5C in netrin-1-induced
EGL neuron growth cone collapse, we performed the same in
vitro EGL neuron growth cone collapse assay as described
above. P2 cerebellar EGL cells were transfected with either
Venus-YFP only or Venus-YFP plus the control UNC5C
shRNA or UNC5C shRNA followed by stimulation with
netrin-1 or control media. As expected, netrin-1 induced
growth cone collapse in the Venus-YFP group (Fig. 4, A, B, and
O). UNC5C shRNA blocked growth cone collapse in netrin-1
bath incubation (Fig. 4, E, F, and O), whereas the expression of
UNC5C control shRNA had no effect on netrin-1-induced
growth cone collapse (Fig. 4,C,D, andO). The effect of UNC5C
shRNA on growth cone collapse could be rescued by the over-
expression of wild-type UNC5C (Fig. 4, G, H, and O). Further
analysis revealed that the UNC5C intracellular domain was
necessary for netrin-1-induced growth cone collapse (Fig. 4, I,
L, and O). However, overexpression of UNC5C�N partially
inhibited netrin-1-induced growth cone collapse (Fig. 4,M and
O). Comparing netrin-1 induced growth cone collapse from the
Venus-YFP-transfected neurons (Fig. 4, A, B, and O) to

UNC5C�N-transfected neurons (Fig. 4, M, O), the difference
was statistically significant (p� 0.001). Over-expression of wild
type human UNC5C had no effect on netrin-1-induced growth
cone collapse (Fig. 4, I, J, and O). These results indicate that
UNC5C is involved in netrin-1-induced growth cone collapse.
Coordination of DSCAM and UNC5C in Netrin-1-induced

Growth Cone Collapse—The data outlined above suggest that
both DSCAM and UNC5C play a role in netrin-1-induced
growth cone collapse. To further study the DSCAM/UNC5C
interaction in netrin-1 repulsion, DSCAM and UNC5C were
both knocked-down together. As expected, the percentage of
neuronal growth cone collapse in the Venus-YFP group
increased with netrin-1 versus without netrin-1 stimulation
(Fig. 5, A, B, and K). In neurons transfected with DSCAM
shRNA, netrin-1 could not induce growth cone collapse (Fig. 5,
C, D, and K). Expression of UNC5C shRNA in cerebellar EGL
cells abolished netrin-1-induced growth cone collapse as well
(Fig. 5, E, F, and K). Expression of both DSCAM and UNC5C
control shRNAs did not affect the effect of netrin-1 on growth
cone collapse (Fig. 5, G, H, and K). However, simultaneous
knockdown of DSCAM and UNC5C blocked netrin-1 collapse
(Fig. 5, I–K). Comparing netrin-1-induced growth cone col-
lapse from the control shRNAs-transfected group (Fig. 5,H and
K) to theDSCAMandUNC5C shRNAs-transfected group (Fig.
5, J and K), the difference is statistically significant (p � 0.001).
These results suggest that both DSCAM and UNC5C are

FIGURE 4. UNC5C-mediated netrin-1-induced cerebellar EGL growth cone collapse. P2 cerebellar EGL cells were transfected with either Venus-YFP only (1
�g, A and B) or Venus-YFP (1 �g) plus 4 �g of either UNC5C control shRNA (C and D), UNC5C shRNA (E and F), UNC5C shRNA plus wild-type UNC5C (G and H),
wild-type UNC5C (I and J), UNC5C�C (K and L), or UNC5C�N (M and N). Neurons were stained with Alexa Fluor 555 phalloidin (red) and DAPI (blue). The growth
cone area was examined as indicated in Fig. 3. Scale bar, 10 �m. O, quantification of EGL growth cone collapse. The y axis is the percentage of collapsed axon
growth cones. Data are mean � S.E. from three separate experiments. ***: p � 0.001; **: p � 0.01; ns: not significant (one-way Anova and Fischer LSD post-hoc
comparisons).
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required for netrin-1-induced growth cone collapse of postna-
tal EGL cells.
To determine the coordination of DSCAM and UNC5C in

netrin repulsive signaling, we assessed netrin-1-induced
growth cone collapse after partial knockdown of either
DSCAM,UNC5C, or both in P2 cerebellar EGL cells (Fig. 6). As
shown in Fig. 6J, the knockdown efficiency of DSCAM or
UNC5C shRNA was dose-dependent and expression of 2 �g of
either one partially inhibited netrin-1-induced growth cone
collapse (Fig. 6, A–F and I). Interestingly, partial knockdown of
both DSCAM and UNC5C abolished the effect of netrin-1 on
growth cone collapse (Fig. 6, G–I), suggesting that DSCAM
collaborated withUNC5C in netrin-mediated growth cone col-
lapse. Previous studies have shown that DCC collaborates with
DSCAM and UNC5 in netrin signaling. However, blockage of
DCC function by the DCC function blocking antibody could
not affect netrin-1-induced growth cone collapse (data not
shown). This result is consistent with previous studies, suggest-
ing DCC is not required for netrin-mediated repulsion of post-
natal EGL cells (45).

Coordination of Netrin/DSCAM and Netrin/UNC5C Repul-
sive Signaling via Src Family Kinases—Although FAK and Src
family kinases are required for netrin attractive signaling (40,
47–50), they are involved in the netrin-1-induced tyrosine
phosphorylation of UNC5C (51, 52). Our previous studies have
revealed that netrin-1 increases tyrosine phosphorylation of
DSCAM and Fyn in HEK293 cells (21). To further examine
whether DSCAM interacts with FAK and Fyn in netrin signal-
ing, we co-transfected DSCAM with FAK or Fyn in HEK293
cells. The results from the IP experiments showed thatDSCAM
interacted with FAK and Fyn, and netrin-1 increased these
interactions (data not shown). In primary postnatal cerebellar
neurons, endogenous DSCAM also interacted with FAK and
Fyn, and netrin-1 increased these interactions as well (Fig. 7, A
and D and data not shown). Netrin-1 also increased tyrosine
phosphorylation of endogenous DSCAM, UNC5C, Fyn, and
FAK (Fig. 7, B and C and the reciprocal IP not shown). The
interaction and tyrosine phosphorylation increased within 5
min and persisted up to 20 min (Fig. 7, A and B and data not
shown). Interestingly, netrin-1 stimulation also increased

FIGURE 5. Simultaneous knockdown of DSCAM and UNC5C abolished netrin-1-induced EGL cell growth cone collapse. A, B, and K, EGL neurons trans-
fected with Venus-YFP only (1 �g). Netrin-1 treatment induced EGL growth cone collapse. C, D, and K. Neurons transfected with Venus-YFP (1 �g) and DSCAM
shRNA (4 �g). DSCAM shRNA inhibited the induction of growth cone collapse by netrin-1. E, F, and K, EGL cells transfected with Venus-YFP (1 �g) and UNC5C
shRNA (4 �g). Netrin-1-promoted collapse was also blocked by UNC5C shRNA. G, H, and K, neurons co-transfected with both control DSCAM (4 �g) and UNC5C
(4 �g) shRNAs. Netrin-1 stimulation induced growth cone collapse. I–K, expression of both DSCAM (4 �g) and UNC5C(4 �g) shRNAs in EGL cells blocked
netrin-1-induced growth cone collapse. Scale bar, 10 �m. K, quantification of axon growth cone collapse. Data are mean � S.E. from three separate experi-
ments. One-way Anova and Fischer LSD post-hoc comparisons were performed. ***: p � 0.001; ns: not significant.

Coordination of Netrin/DSCAM/UNC5C Repulsive Signaling

27132 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 32 • AUGUST 3, 2012



PAK1 tyrosine phosphorylation as well as the interaction of
PAK1 with DSCAM (Fig. 7, B–D). Netrin-1-induced tyrosine
phosphorylation of these proteins and the interaction of
DSCAM with UNC5C, Fyn, FAK, and PAK1 were inhibited by
PP2, a pharmacological inhibitor of the Src family kinases, but
not PP3, an inactive control for PP2 (Fig. 7,C andD), suggesting
that Src family kinases may play a role in netrin/DSCAM/
UNC5C signaling.
To further examine whether DSCAM is required for netrin/

UNC5C signaling, postnatal cerebellar granular cells were
transfectedwith either DSCAMshRNAor control shRNA. The
co-immunoprecipitation results showed that knockdown of
DSCAM partially inhibited netrin-induced tyrosine phosphor-
ylation of UNC5C and Fyn (Fig. 7E) as well as the interaction of
UNC5C with Fyn (Fig. 7, F and H). Similarly, knockdown of
UNC5C by RNAi also partially inhibited netrin-induced tyro-
sine phosphorylation of Fyn (Fig. 7E) and the interaction of
DSCAMwith Fyn (Fig. 7, G and I). Double knockdown of both
receptors totally abolished tyrosine phosphorylation of Fyn
induced by netrin-1(Fig. 7E). These results suggest that

DSCAM coordinates with UNC5C via Src family kinases such
as Fyn in netrin repulsive signaling.
To investigate the functional role of Src family kinases in

netrin-1-induced repulsion, we tested the effect of PP2 on
netrin-1-induced growth cone collapse in postnatal cerebellar
EGL cells as described above. As expected, netrin-1 stimulation
caused EGL cell growth cone collapse in the absence of drug
treatment (Fig. 8A, upper panels; quantification in 8B). How-
ever, PP2 (0.2�M) blocked the netrin-1-promoted collapse (Fig.
8A, middle panels), resulting in a decreased percentage of col-
lapsed axons (Fig. 8B). In contrast, axon collapse induced by
netrin-1 was not inhibited by the same concentration of PP3
(Fig. 8A, lower panels, and Fig. 8B). These results indicate that
Src family kinases are required for netrin-1-induced growth
cone collapse.

DISCUSSION

DSCAM andDCC are known tomediate netrin-1 attraction,
whereas UNC5 mediates repulsion. UNC5 bound to DCC can
switch DCC attraction to repulsion and the intracellular

FIGURE 6. DSCAM collaborates with UNC5C in netrin-1-induced cerebellar EGL growth cone collapse. P2 cerebellar EGL cells were transfected with
Venus-YFP (1 �g) plus 2 �g of either DSCAM control shRNA (A and B), DSCAM shRNA (C and D), UNC5C shRNA (E and F), or both DSCAM and UNC5C shRNAs (G
and H). Neurons were stained with Alexa Fluor 555 phalloidin (red) and DAPI (blue). Scale bar, 10 �m. I. Quantification of EGL growth cone collapse. The y axis
is the percentage of collapsed axon growth cones. Data represent the mean � S.D. of three separate experiments. ***: p � 0.001; **: p � 0.01; ns: not significant
(one-way Anova and Fischer LSD post-hoc comparisons). J, dose-dependent knockdown effects of DSCAM shRNA (upper first panel) and UNC5C shRNA (upper
third panel) in P4 cerebellar granule cells.
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domain of UNC5 is crucial for transducing the repulsive signal.
In this study,we demonstrated thatDSCAMin associationwith
UNC5C functions as a repulsive receptor of netrin-1 to pro-
mote the cerebellar EGL axon growth cone collapse.
In Drosophila, the homophilic binding of two identical

Dscam isoforms is crucial for self-avoidance, a repulsive proc-
ess that allows axonal and dendritic processes to uniformly
cover their synaptic fields in the developing nervous system

(53–56). While the vertebrate DSCAM gene does not encode
multiple isoforms (57), it also promotes homophilic repulsion
in patterning neural circuits, self-avoidance and tiling, a devel-
opmental mechanism that prevents processes from the same
class of cells from occupying overlapping synaptic fields (36).
However, in the chick visual system, DSCAM promotes homo-
philic adhesion in layer-specific targeting (37), suggesting
DSCAM is involved in a variety of different wiring events in a

FIGURE 7. DSCAM correlates with UNC5C via assembling Fyn, FAK, and PAK1 complexes in netrin signaling. A, interaction of endogenous DSCAM and Fyn
in primary P2 cerebellar neurons. Neurons were stimulated with netrin-1 for 5 to 20 min. The anti-DSCAM antibody was used to immunoprecipitate proteins
and the blot was analyzed with anti-Fyn (upper first panel) or anti-DSCAM (upper second panel). Endogenous DSCAM forms a protein-protein complex with Fyn,
and netrin-1 increased these interactions. B, tyrosine phosphorylation of DSCAM, UNC5C, Fyn, FAK, and PAK1 was induced by netrin-1. C, PP2, but not PP3,
blocked netrin-stimulated tyrosine phosphorylation of endogenous DSCAM, UNC5C, Fyn, FAK, and PAK1 in primary P2 cerebellar neurons. D, induction of the
interaction of DSCAM with UNC5C, Fyn, FAK, and PAK1 by netrin-1 was inhibited by PP2. E, involvement of DSCAM in netrin-1 induced tyrosine phosphorylation
of Fyn and UNC5C. P2 cerebellar granule cells were transfected either with 4 �g of DSCAM shRNA, UNC5C shRNA, or DSCAM shRNA plus UNC5C shRNA using
nucleofection and stimulated with purified chicken netrin-1. Expression of DSCAM shRNA partially inhibited netrin-1 induced tyrosine phosphorylation of Fyn
and UNC5C. Double knockdown of DSCAM and UNC5C abrogated the induction of Fyn tyrosine phosphorylation by netrin-1. F, knockdown of DSCAM inhibited
netrin-1 induced interaction of UNC5C with Fyn in P2 cerebellar granule cells. DSCAM was immunoprecipitated using anti-DSCAM and the membrane was
blotted for Fyn using anti-Fyn. G, expression of UNC5C shRNA inhibited netrin-1 induced interaction of DSCAM and Fyn. H and I, quantification showing relative
binding of Fyn with UNC5C in F and DSCAM in G, respectively. ***, p � 0.001, **, p � 0.01 (one-way ANOVA and Fisher LSD post-hoc comparisons).
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context-dependent manner. Previous studies including ours
indicate that DSCAM functions as a netrin-1 attractive recep-
tor in commissural axons (19–21). Protein structure of
DSCAM is similar to that of DCC and the interaction of DCC
and UNC5 mediates netrin-1 repulsion. Our biochemical data
indicated that DSCAM interacted with UNC5C in transfected
HEK293 cells and primary neurons, and that netrin-1 stimula-
tion induced the interaction of endogenous DSCAM and
UNC5C (Fig. 1). These results provide a framework for amodel
that DSCAM may function as a repulsive receptor in netrin-1
signaling. Co-expression of DSCAM and UNC5C was found in
dissociated cortical and cerebellar neurons as well as in differ-
ent neuron layers of postnatal cerebellar slices (Fig. 2). Previous
in situ hybridization studies have shown that netrin-1 and
UNC5C are strongly expressed in postnatal cerebellar EGL
neurons (42), andDSCAMmRNA iswidely expressed through-
out the nervous system including cerebellar EGL, PCL, and IGL
neurons (44, 58). In the developing nervous system ofDrosoph-
ila, Dscam1-based repulsive self-avoidance genetically coun-
ters Netrin-B/Frazzled-promoted attraction in the sensory
neuron dendritic targeting (59), suggesting Dscam1-mediated
repulsion is required for normal dendritic patterning in netrin
signaling. Results from our functional assays suggest that
DSCAM plays a crucial role in netrin-1-induced growth cone
collapse of postnatal cerebellar EGL cells (Figs. 3, 5, 6, and 8)

further supporting our hypothesis that DSCAM indeed func-
tions as a netrin-1 repulsive receptor.
The intracellular domain of DSCAM is important for medi-

ating netrin-1 signaling since netrin-1-induced collapse is
blocked after overexpression of DSCAM�C, the truncated
mutant of DSCAM without the intracellular domain, in post-
natal cerebellar EGL cells (Fig. 3). Surprisingly, overexpression
of DSCAM�N, the truncated mutant of DSCAM without the
extracellular domain, only partially blocks netrin-1-induced
growth cone collapse (Fig. 3). These results suggest that
DSCAM may need to coordinate with other receptors at the
extracellular level and/or through downstream signal transduc-
tion cascades to mediate netrin repulsion.
Previous studies have shown that overexpression of UNC5A

in hippocampal neurons (43) and UNC5B in cortical neurons
(46) causes netrin-1-mediated axon growth cone collapse.
Netrin-1 repels axon projection from cerebellar EGL explants
in an in vitro co-culture assay (42). These results suggest that
UNC5 may be involved in netrin-1-mediated EGL repulsion.
Our data indicate that netrin-1 causes EGLneuron growth cone
collapse, even without overexpression of exogenous UNC5
family members in these neurons (Figs. 3–6 and 8). Chemore-
pulsive signaling is thought to be mediated by UNC5C in cere-
bellar neuronal migration in vivo (24), therefore, it is plausible
to speculate that endogenous UNC5C is required for netrin-1-

FIGURE 8. Inhibition of netrin-1-induced axon growth cone collapse by Src family kinase inhibitor and a functional model of netrin repulsive signaling.
A, axon growth cones from dissociated postnatal cerebellar EGL cells plated on PLL in the absence (left panels) or presence (right panels) of netrin-1 without drug
treatment (upper panels) or with PP2 (middle panels) or PP3 treatments (lower panels). Neurons were labeled with Alexa Fluor 555 phalloidin and DAPI. Scale bar,
5 �m. B, quantification of axon growth cone collapse. Data are mean � S.D. from three separate experiments. A one-way Anova and Fischer LSD post-hoc
comparisons were performed. ***: p � 0.001; ns: not significant. C, simple model demonstrating the coordination of the signal transduction cascades down-
stream of netrin/DSCAM and netrin/UNC5C in axon repulsion. Netrin-1 increases the interaction of DSCAM and UNC5C, and activates the intracellular protein
kinase activities, such as, Src family kinases, FAK and PAK1, which may further regulate small GTPases activities to promote repulsion. Ig, immunoglobulin
domain; FN, fibronectin type III domain; TSP, thrombospondin domain.
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induced EGL repulsion. Our data indicate that UNC5C knock-
down eliminates EGL growth cone collapse by netrin-1, sug-
gesting that endogenousUNC5C indeed plays a role in netrin-1
repulsion (Fig. 4).
Knockdown of either DSCAM,UNC5C, or both in cerebellar

EGL neurons results in loss of netrin-1-induced growth cone
collapse (Figs. 3–5), suggesting that both DSCAM and UNC5C
are interdependent in netrin-1 induced repulsion in EGL neu-
rons. Interestingly, partial knockdown of both DSCAM and
UNC5C eliminates netrin-1-induced growth cone collapse,
whereas partial knockdown of either one only partially inhibits
the effect of netrin-1 on growth cone collapse (Fig. 6). These
results indicate that endogenous DSCAM and UNC5C coordi-
nate with each other to mediate netrin-1-induced growth cone
collapse. Further analysis reveals that both intracellular
domains of DSCAM and UNC5C are required for transducing
the netrin-1 repulsive signal (Figs. 3 and 4). DSCAM interacts
with UNC5C through the extracellular domain (Fig. 1) and
overexpression of truncation mutants of either DSCAM�N
(Fig. 3) or UNC5C�N (Fig. 4) partially inhibits netrin-1 repul-
sive signaling. The binding of netrin-1 to DSCAM and UNC5C
may initiate the cross talk of their downstream signals, ulti-
mately mediating netrin-1 repulsion. Therefore, signal cas-
cades downstreamofDSCAMandUNC5Cprobably play a cru-
cial role in netrin repulsive signaling.
Recent studies have shown that draxin is a repulsive guidance

cue involved in commissural axon projection in the developing
nervous system (60). Interestingly, draxin bindsmultiple netrin
receptors: DCC, neurogenin, UNC5, and DSCAM, and the
interaction of draxin and DCC is required for draxin-mediated
neurite outgrowth and guidance (61). It remains to determine
whether DSCAM and UNC5 are also involved in draxin-medi-
ated axon repulsion and how draxin coordinates with netrins
via netrin receptors tomaneuver growth cone steering.UNC5A
trafficking from the growth cone surface is an importantmech-
anism for netrin-1 induced neuron growth cone collapse (43,
62). Further investigation will be necessary to understand
whether a similar mechanism is involved in the coordination of
netrin/DSCAM and netrin/UNC5C signaling.
The signaling mechanisms downstream of netrin/UNC5-

mediated chemorepulsion are considerably less well under-
stood than those of netrin/DCC-induced chemoattraction.
Previous studies suggest that FAK and Src family kinases are
required for netrin-induced mammalian UNC5 tyrosine phos-
phorylation (27, 51), which leads to the binding of the tyrosine
phosphatase SHP2 (PTPN11) to UNC5 (63). In C. elegans,
MAX-2, a PAK family member, and MAX-1, an adaptor pro-
tein, are required for netrin/UNC5 repulsion (64, 65). The iden-
tities of the intracellular signal transduction componentsmedi-
ating netrin/DSCAMresponse are less known in comparison to
netrin/DCC and netrin/UNC5 signaling. Drosophila Dscam
interacts with PAK1 (31) and expression of DSCAM induces
PAK1 phosphorylation in mammalian cells (39). In HEK293
cells, netrin-1 induces phosphorylation of PAK1 and tyrosine
phosphorylation of DSCAM and Fyn in the presence of
DSCAM (21). In this study, we show that DSCAM interacts
with UNC5C, PAK1, FAK, and Fyn in both HEK293 cells and
primary neurons, and that netrin-1 stimulation increases these

interactions. Netrin-1 also induces the tyrosine phosphoryla-
tion of endogenous DSCAM, UNC5C, FAK, Fyn, and PAK1 in
primary postnatal cerebellar neurons. Blocking Src family
kinases inhibits netrin-1-induced tyrosine phosphorylation of
these signaling molecules and the interaction of endogenous
DSCAMwith UNC5C, Fyn, FAK, and PAK1 as well as EGL cell
growth cone collapse. Since netrin/UNC5 and netrin/DSCAM
share similar downstream signaling molecules, one appealing
hypothesis is that in netrin-promoted repulsion, the signal
transduction cascade downstream of DSCAM and UNC5C
coordinate through regulation of multiple endogenous protein
kinase activities, such as Src family kinases, FAK, and PAK1
(Fig. 8C). In this signal transduction pathway, Src family kinases
form a positive feedback loop for coordinating netrin-1 repul-
sive signaling because PP2 treatment not only inhibited netrin-
1-induced tyrosine phosphorylation of DSCAM, UNC5C, Fyn,
FAK, and PAK1 (Fig. 7C) but also blocked the interaction of
DSCAM with these proteins (Fig. 7D). The knockdown of
DSCAM in primary postnatal cerebellar granular cells partially
inhibited netrin-induced tyrosine phosphorylation of UNC5C
and Fyn (Fig. 7E) as well as interaction of UNC5Cwith Fyn (Fig.
7, F andH). Similarly, UNC5C knockdown also partially inhib-
ited the tyrosine phosphorylation of Fyn and interaction of
DSCAM with Fyn induced by netrin-1 (Fig. 7, E, G, and I).
Netrin-1 induced Fyn tyrosine phosphorylation was abolished
by double knockdown of both receptors (Fig. 7E). These RNAi
results further support our hypothesis that DSCAM collabo-
rates with UNC5C to mediate netrin-1-induced axon growth
cone collapse and Src family kinases is required for coordinat-
ing netrin-1/DSCAM/UNC5C repulsive signaling.
We and others have previously shown that DCC interacts

with Fyn, FAK and PAK1, and that these kinases are essential
for attractive signaling by netrin-1 (40, 47–50). p130CAS is a
critical component in netrin signaling, functioning down-
stream of Fyn and FAK and upstream of the small GTPases
Rac1 andCdc42 (41, 66, 67). TRIO andDOCK180, two guanine
nucleotide exchange factors (GEFs), are required for netrin
attractive signaling by activating Rac1 (68–71). Inhibition of
RhoA is thought to be involved in netrin-induced attraction
(72). Also, PAK1 is a downstream effector of Cdc42 and Rac1
(73). Our data indicate that FAK, Fyn and PAK1, the same sig-
naling components in netrin-mediated attractive signaling,
play a role in netrin-mediated repulsion, suggesting that
DSCAM may coordinate with UNC5C through regulation of
different small GTPase activities in netrin repulsive signaling
(Fig. 8C). Further investigation is necessary to untangle the role
of small GTPases underlying the coordination of DSCAM and
UNC5C in netrin-mediated repulsive signaling.
In summary, our data suggest that DSCAM functions as a

repulsive netrin receptor, collaborating with UNC5C to medi-
ate axon growth cone collapse, and Fyn/FAK/PAK1 is the
downstream signaling complex required for the coordination of
netrin/DSCAM and netrin/UNC5C downstream signaling.
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