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Abstract

Deleted in colorectal cancer (DCC) and neogenin are receptors of netrins, a family of guidance
cues that promote axon outgrowth and guide growth cones in developing nervous system. The
intracellular mechanisms of netrins, however, remain elusive. In this paper, we show that both
DCC and neogenin become tyrosine phosphorylated in cortical neurons in response to netrin-1.
Using a site-specific antiphosphor DCC antibody, we show that Y1420 phosphorylation is
increased in netrin-1-stimulated neurons and that tyrosine-phosphorylated DCC is located in
growth cones. In addition, we show that tyrosine-phosphorylated DCC selectively interacts with
the Src family kinases Fyn and Lck, but not Src, c-Abl, Grb2, SHIP1, Shc, or tensin, suggesting a
role of Fyn or Lck in netrin-1-DCC signaling. Of interest to note is that tyrosine-phosphorylated
neogenin and uncoordinated 5 H2 (Unc5H2) not only bind to the Src homology 2 (SH2) domains
of Fyn and SHP2, but also interact with the SH2 domain of SHIP1, suggesting a differential
signaling between DCC and neogenin/Unc5H2. Furthermore, we demonstrate that inhibition of
Src family kinase activity attenuated netrin-1-induced neurite outgrowth. Together, these results
suggest a role of Src family kinases and tyrosine phosphorylation of netrin-1 receptors in
regulating netrin-1 function.
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Introduction

Axon outgrowth and guidance are essential for the establishment of neuronal connections
during embryo-genesis and nerve regeneration in injured brains. Netrins, a family of
conserved secreted molecules, play important roles in promoting axon outgrowth, guiding
neuronal growth cones, and regulating neuronal branching in the developing nervous system
[1-4]. They are capable of not only attracting some axons, but also repelling others [3, 5].
Two classes of receptors, deleted in colorectal cancer (DCC) and uncoordinated 5 (UNC-5),
are known to mediate netrins’ functions. The DCC family receptors including DCC and
neogenin in vertebrates [6], UNC-40 in Caenorhabditis elegans [7], and Frazzled in
Drosophila [8, 9]. DCC and UNC-40 are required for growth cone attraction by netrins [10].
UNC-5, on the other hand, appears to mediate netrin's repulsive effect [11-15]. The exact
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role of neogenin in netrin-1 functions is unclear. It is of interest to note that neogenin is
shown to be a receptor of repulsive guidance molecule (RGM), a GPI-liked cell-surface
protein implicated in repulsive growth cone guidance [16, 17], suggesting that it may play a
different role in axon guidance. The intracellular mechanisms downstream of DCC and
neogenin remain largely unknown.

Tyrosine phosphorylation has been implicated in axonal outgrowth and guidance induced by
several extracellular guidance cues. In response to ephrins, Eph receptor tyrosine kinases
become activated. Tyrosine kinase activity of Eph receptors is required for their function in
controlling axon guidance in developing brain [18]. Slit receptor robo that mediates the
repulsive response can be tyrosine phosphorylated by the Abl tyrosine kinase, which
attenuates slit responses [19]. Several lines of evidence demonstrate the importance of
tyrosine phosphor-ylation in netrin-1-mediated axonal pathfinding. UNC-40, the DCC
homologue in C. elegans, and UNC-5 are tyrosine phosphorylated in vitro and in C. elegans
[20]. UNC-5 tyrosine phosphorylation appears to be necessary for netrin-1 function in C.
elegans [21]. CLR-1, a trans-membrane receptor tyrosine phosphatase, appears to be a
negative regulator of the UNC-40-mediated attractive response in C. elegans [22].
Interestingly, recent publications suggest that focal adhesion kinase (FAK), a major cell
adhesion activated tyrosine kinase, appears to be a positive regulator of DCC tyrosine
phosphorylation, and DCC-mediated neurite outgrowth and attractive growth cone turning
[23-25]. While DCC tyrosine phosphorylation has been implicated in netrin-1-induced axon
pathfinding [25, 26], exactly how DCC tyrosine phosphorylation participates and the role of
neogenin tyrosine phosphorylation in netrin-1 signaling remain largely unclear.

In this paper, we show that DCC and neogenin are tyrosine phosphorylated in rat cortical
neurons in response to netrin-1 stimulation. Phosphorylated DCC, neogenin, and
uncoordinated 5 H2 (Unc5H2) interact subsequently with the Src homology 2 (SH2) domain
containing signaling proteins including Fyn and Lck. In addition, phosphorylated neogenin/
Unc5H2, but not DCC, binds to the SH2 domain of SHIPL. Inhibition of Src family kinases
abolished netrin-1-stimulated DCC tyrosine phosphorylation and neurite outgrowth response
in rat cortical ex-plants. These results suggest a differential signaling between DCC and
neogenin, and demonstrate a role of an Src family kinase in phosphorylating DCC and
mediating netrin-1 function.

Experimental Procedures

Reagents

To generate antibodies specific for phospho-Y 1420 in DCC, rabbit antiserum was raised
against the phosphopeptide TEDSANVYpEQDDLSE (residues of 1,413-1,427 of human
DCC with the addition of a cysteine at the N-terminus). The serum was passed through a
column of the cognate nonphosphopeptide, and the antibody was purified by affinity
chromatography with the phosphopeptide column. Rabbit polyclonal anti-neogenin
antibodies were generated using glutathione-S-transferase (GST)-neogenin (residues of
1,158 to 1,527 of mouse neogenin) as an antigen. Monoclonal antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, Calif., USA,; anti-Myc), Sigma Chemical Co.
(St. Louis, Mo., USA, anti-Flag), Oncogene Research Products, Inc. (Cambridge, Mass.,
USA,; anti-DCC), and Transduction Labs (Lexington, Ky., USA, anti-FAK, and RC20).
Polyclonal anti-DCC antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, Calif., USA; A20).

Stable HEK 293 cells expressing human netrin-1 were provided by J.Y. Wu (Washington

University) [27]. Unless otherwise indicated, condition medium containing ~200 ng/ml
human netrin-1 was used for stimulation.
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PP1 (4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]-pyrimidine), PP2 (4-amino-5-
(4-chlorophenyl)-7-(t-butyl) pyrazolo-[3,4-d]pyrimidine), and PP3 (4-amino-7-
phenylpyrazol[3,4-d]pyri midine) were purchased from Calbiochem (San Diego, Calif.,
USA).

Expression Vectors

cDNAs encoding neogenin, UNC-5h2, DCC, or DCC mutants were amplified by PCR and
subcloned into mammalian expression vectors downstream of a signal peptide and a Flag or
a Myc epitope tag under the control of the CMV promoter [24]. FAK constructs were
described previously [29]. Point mutations in DCC were generated using the quick change
kit (Stratagene). The authenticity of all mutants was verified by DNA sequencing.

HEK 293 Cell Culture and Transfection

HEK 293 cells were maintained in DMEM supplemented with 10% fetal calf serum, 100 U/
ml penicillin G and streptomycin (Gibco). Cells were plated at a density of 106 cells per 10-
cm culture dish for 12 h before transfection using the calcium phosphate precipitation
method. Thirty-six hours after transfection, cells were lysed in the modified RIPA buffer (50
mM Tris-HCI, pH 7.4, 150 mM sodium chloride, 1% NP40, 0.25% sodium deoxycholate,
and proteinase inhibitors) [30]. Lysates were subjected to immunoprecipitation or
immunoblotting.

Immunoprecipitation

Immunoprecipitation was carried out as previously described [30]. Briefly, cell lysates (1
mg of protein) were incubated with indicated antibodies (1-2 ug) at 4 °C for 1 h in a final
volume of 1 ml modified RIPA buffer with constant rocking. After the addition of protein A/
G-agarose beads, the reaction was incubated at 4 °C for 1 h. Immune complexes were
resolved by SDS-PAGE and subjected to immunoblotting.

Yeast Two-Hybrid Studies

The C-terminal domain of chicken FAK (amino acid residues 800-1,052) was generated by
PCR, subcloned downstream of the Gal4 DNA-binding domain (BD) in pGBT10 as
described previously [24]. Neogenin, neogenin mutants, and DCC C-terminal tail were
subcloned downstream of the GAL-4 DNA activation domain (AD) in pGADA424. Yeast
vectors were cotransformed into Y190. Interactions were characterized by growth of
transformed yeasts on plates without leucine, tryptophan, or histidine, and by both a filter
assay and liquid assay for -galactosidase activity as described previously [30].

GST Pull-Down Assay

GST pull down assay was carried out as described previously [30]. Briefly, transiently
transfected HEK 293 cells were lysed in the modified RIPA buffer. Cell lysates were
precleared with GST immobilized on glutathione-Sepharose 4B (Pharmacia, Piscataway,
N.J., USA), and then incubated with indicated GST fusion proteins (2-5 pg) immobilized on
glutathione-Sepharose beads at 4 °C for 1 h with constant rocking. Beads were washed three
times with the modified RIPA buffer, and bound proteins were resolved by SDS-PAGE and
subjected to immunoblotting.

Rat Cortical Neuronal Culture

Primary cortical neurons were cultured as described previously [31]. Briefly, embryos (E17)
were removed from anesthetized pregnant Sprague-Dawley rats. Cerebral cortexes were
dissected out and chopped into small pieces after the meninges were removed thoroughly.
After incubation in PBS solution containing 0.125% (w/v) trypsin (Sigma) for 20 min at 37
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°C, digested tissues were mechanically triturated by repeated passages through a Pasteur
pipette in PBS solution containing 0.05% (w/v) DNase (Sigma). Dissociated cells were
suspended in the neurobasal medium with B-27 supplement (Life Technologies), and 100 U/
ml penicillin/streptomycin and plated on poly-o-lysine coated dishes (Corning). After 1 day
of incubation at 37 °C in a 5% CO», atmosphere, 10 uM cyto-sine arabinoside was added to
inhibit the proliferation of glia. In these cultures, over 95% cells are neurons with little
contamination of immature neural progenitors or lineage-restricted progenitors.

Explant Cultures

Results

Explant assays were carried out as described previously [32]. Timed pregnant rats were
anesthetized, and the ensuing procedures were performed under sterile conditions. E14.5
embryos were dissected from uterine horns. The dorsolateral cortex was dissected out and
cut into approximately 200 x 200-pum pieces that spanned the full thickness of the cortical
wall with thin tungsten needles. Explants were embedded in a three-dimensional collagen
(Roche Diagnostics, Indianapolis, Ind., USA) matrix with the ventricular side up. After
polymerization, gels were covered with Ham's F-12 medium supplemented with 5% heat-
inactivated horse serum (Gibco) and 100 U/ml penicillin/streptomycin, then were incubated
at 37 °C in a 5% CO, atmosphere. In some experiments, cortical ex-plants were cocultured
with aggregates of either netrin-1 secreting 293 cells or control 293 cells as described
previously [33, 34]. Briefly, aggregates of 293 cells were cocultured with cortical explants at
a distance in collagen gels. Neurite outgrowth was analyzed after 24 h in culture. The total
neurite length for each explant was obtained by adding the lengths of all neurites (regardless
of bundle thickness). Significance was assessed using Student's t test.

Netrin-1 Induction of Tyrosine Phosphorylation of DCC and Neogenin

To further characterize DCC and neogenin tyrosine phosphorylation in response to netrin-1,
neurons were stimulated with netrin-1 and resulting lysates were analyzed for DCC and
neogenin tyrosine phosphorylation. Netrin-1 was able to elicit tyrosine phosphorylation of
both DCC and neogenin in rat cortical neurons (fig. 1a), consistent with previous findings
[24]. This event appeared to be time dependent, which peaked at 30 min and started to
decline around 60 min upon netrin-1 stimulation (data not shown). We have recently shown
that netrin-1-induced DCC tyrosine phosphorylation requires FAK signaling [24]. Here we
reconstituted netrin-1 signaling in HEK 293 cells, which express a low level of FAK (data
not shown), undetectable DCC, but a high level of neogenin (data not shown). Thus, they
did not respond to netrin-1. Transfected Flag-DCC alone was only weakly tyrosine
phosphorylated in response to netrin-1 (fig. 1b, lanes 3 and 4). There was a slight increase in
basal tyrosine phosphorylation of DCC when FAK was co-transfected in HEK 293 cells (fig.
1b, lane 5). However, FAK co-transfection dramatically increased DCC tyrosine
phosphorylation by netrin-1 (fig. 1b, lane 6), in agreement with our previous finding that
FAK plays a crucial role in netrin-1 induction of DCC tyrosine phosphorylation [24]. To
examine the role of FAK in netrin-1 induction of neogenin tyrosine phosphorylation, FAK
was cotransfected with neogenin in HEK293 cells. FAK cotransfection also caused an
increase in basal neogenin tyrosine phosphorylation. However, neogenin tyrosine
phosphorylation was not regulated by netrin-1 (fig. 1b, lanes 7-10), supporting the notion
that netrin-1 was unable to stimulate or activate neogenin in non-neuronal cells and
revealing a unique regulatory mechanism in neogenin tyrosine phosphorylation.

Identification of Tyrosine Phosphorylation Sites in DCC

The cytoplasmic domain of DCC contains four tyrosine residues, two in the region between
P1 and P2 and another two between P2 and P3 (fig. 2a). To identify tyrosine residues that
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undergo phosphorylation in response to netrin-1 stimulation, we generated mutants in which
an individual tyrosine residue was mutated to phenylala-nine (fig. 2a). HEK 293 cells
coexpressing FAK with DCC or DCC mutant were used for the identification of netrin-1-
induced DCC tyrosine phosphorylation site(s). Flag-DCC and DCC tyrosine mutants were
co-transfected into HEK 293 cells with Myc-FAK and examined for DCC tyrosine
phosphorylation after netrin-1 stimulation. As shown in figure 3b, mutations at Y1261 or
Y1272 did not appear to affect DCC tyrosine phosphorylation, suggesting little, if any,
contribution from them. In contrast, mutation of Y1420 completely inhibited DCC tyrosine
phosphorylation, identifying a major tyrosine phosphorylation site in DCC by netrin-1 (fig.
2b). In addition, Y1363F showed significantly reduced DCC tyrosine phosphorylation
induced by netrin-1, suggesting that this residue may also be tyrosine phosphorylated (fig.
2b). It is worth noticing that cotransfection of PYK2, a FAK-related kinase, significantly
increased DCC tyrosine phosphorylation even in the absence of netrin-1 (fig. 1b, lanes 1-2),
and similar tyrosine residues in DCC (e.g. Y1420) were phosphorylated in response to
PYK2 co-expression (data not shown). In addition, Y1420, but not Y1363, is conserved
between DCC and neogenin (fig. 2a), attesting its significance in netrin-1 signaling.

To analyze the phosphorylation of DCC at Y1420 in neurons, we made a phosphorylation
state-specific antibody. The phospho-Y 1420 antibody (PY1420) recognizes wild-type DCC
that has been phosphorylated, but not DCC-Y 1420F or nonphosphorylated DCC (fig. 3a),
indicating the specificity of the antibody to phosphorylated DCC at Y1420. We next
examined whether netrin-1 is able to induce DCC phosphorylation at Y1420 in cultured
neurons. As shown in figure 3b, while tyrosine phosphorylation of both DCC and neogenin
was induced by netrin-1 (recognized by PY20), the PY1420 antibody only recognized
netrin-1-induced phosphorylated DCC, but not neogenin. These results demonstrate that
netrin-1 indeed stimulates phosphorylation of DCC at Y1420 in neurons in addition to the
specificity of the antibody. To determine the subcellular localization of PY1420-DCC, rat
cortical neurons were treated with netrin-1 for 1 h and stained with the PY1420 antibody. In
naive neurons, phosphorylated DCC could be detected in the soma and neurites (fig. 3c,
control). Interestingly, in response to netrin-1 stimulation, there is a significant increase in
PY1420 staining in growth cones (fig. 3c, d). These results support the notion that DCC
tyrosine phosphorylation plays a role in neurite outgrowth and axon guidance.

Association of SH2 Domain Containing Proteins with Tyrosine-Phosphorylated DCC,
Neogenin, and Unc5H2

Tyrosine phosphorylation often creates docking site(s) for SH2 domain-containing proteins.
To identify potential DCC interacting proteins, we incubated lysates containing tyrosine-
phosphorylated DCC with recombinant SH2 domains of various signaling proteins. As
shown in figure 4a, DCC was detected in precipitates with the SH2 domains of Fyn and Lck,
both Src family tyrosine kinases, and Crk, an adapter protein implicated in regulating cell
migration and neurite outgrowth [35]. A modest association was also detected between DCC
and the p85 subunit of PI 3-kinase (fig. 4a). However, DCC was not detectable in
precipitates with the SH2 domains of c-Abl, Grb2, Shc, or SHIP (fig. 4a). DCC binding with
the Fyn SH2 domain has the following characteristics. First, it is specific among Src family
members. The SH2 domains of Fyn and Lck, but not Src, interacted with DCC (fig. 4a).
Second, it required Y1363 and Y1420 phosphorylation of DCC, since the mutation of these
residues to phenylala-nine blocked or attenuated the binding (fig. 4b).

We next compared the binding of several SH2 domains with DCC, neogenin, and UNC-5.
To this end, PYK2 was cotransfected with DCC, neogenin, or Unc-5H2 in HEK 293 cells
for the following reasons. First, co-expression of FAK failed to induce Unc-5H2 tyrosine
phosphorylation even in the presence of netrin-1 (data not shown), suggesting little, if any,
effect of FAK in netrin-1-induction of Unc-5H2 tyrosine phosphorylation. Second, UNC-5
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tyrosine phosphorylation is reported to be induced by co-expression of v-Src [20], and
PYK2 is a strong activator of Src kinases (data not shown). Third, in addition to DCC,
tyrosine phosphorylation of neogenin and Unc-5H2 was induced upon co-expression of
PYK2 in HEK 293 cells (fig. 5a). We then incubated lysates containing tyrosine-
phosphorylated DCC, neogenin, or Unc-5H2 with recombinant SH2 domains of Fyn, SHP2,
and SHIP. SHP2 is a tyrosine phosphatase that binds to UNC-5 in a SH2 domain-dependent
manner [20]. SHIP is a SH2 domain containing inositol phosphatase frequently associated
with ITIM (immune-receptor tyrosine-based inhibitory motif)-containing receptors [36].
While the SH2 domains of Fyn and SHP2 were able to precipitate DCC, neogenin, and
Unc-5H2, the SH2 domain of SHIP only interacted with phosphorylated neogenin and
Unc-5H2, but not with DCC (fig. 5¢). These results suggest that differential SH2 domain-
containing signaling proteins could be recruited by phosphorylated DCC, neogenin, and
Unc-5H2.

Requirement of Src Family Kinases for Netrin-1-Stimulated Tyrosine Phosphorylation of
DCC and Neogenin and Neurite Outgrowth

Our results suggest that upon tyrosine phosphorylation, DCC, neogenin, and UNC-5 may
interact with several SH2 domain-containing proteins including Fyn and Lck and implicate
that a Src family kinase may be important in mediating and/or regulating netrin-1 function.
To test this hypothesis, we first explored the consequence of Src kinase inhibition on
netrin-1-induced tyrosine phosphorylation of DCC and neogenin. Pretreatment of neurons
with PP2 completely blocked netrin-1-induced tyrosine phosphorylation of DCC and
neogenin (fig. 6a). In contrast, PP3, a PP2 chemical homologue with less specificity and
potency, had no effect (fig. 6a). The PP2 effect appeared to be specific, since it inhibited
netrin-1-induced FAK tyrosine 861, but not 397, phosphorylation (fig. 6a), consistent with
previous reports [37, 38]. Taken together, these results suggest that an Src family kinase
may be involved in netrin-1-induced tyrosine phosphorylation of DCC and neogenin.

We next tested whether inhibition of Src family kinases affects netrin-1-stimulated neurite
outgrowth in rat embryonic cortical explants. In the absence of netrin-1, neurites are few and
short (fig. 6b). A significant increase in neurite outgrowth (both in number and length) was
observed when explants were stimulated with netrin-1 (fig. 6¢) [33, 39]. Importantly, this
event was inhibited by inhibitors of Src family kinases including PP1 and PP2, but not PP3
(fig. 6d—g). Of note is that the inhibitory effect by PP1 appeared to be specific and was not
associated with necrosis of the explants even at high concentration (7.5 uM) (fig. 6e, j). This
was in contrast to PP2, which at high concentration (5 uM or above) may cause cell death
(data not shown). In addition, PP1 had no effect on netrin-1-independent neurite outgrowth
(fig. 6h—j), suggesting that the observed inhibitory effect by PP1 does not result from a
general inhibition of neurite outgrowth, but rather specific inhibition of netrin-1-induced
neurite outgrowth. In addition, we noticed that PP1- or PP2-treated explants had a
significantly reduced number of neurites and increased thickness of the neurite bundles,
implicating a potential role of an Src kinase in neurite fasciculation. Taken together, these
results support the notion that an Src kinase may be involved in netrin-1-stimulated cortical
neurite outgrowth,

Discussion

DCC tyrosine phosphorylation has been implicated in netrin-1-mediated axon pathfinding
and the involved kinases are beginning to be identified [24-26]. Recent data suggest that
FAK may be the tyrosine kinase responsible for netrin-1-induced protein tyrosine
phosphorylation [23-25]. Indeed, both FAK and DCC become tyrosine-phosphorylated
rapidly after netrin-1 stimulation in neurons, apparently prior to neurite outgrowth or
turning. Netrin-1-induced DCC tyrosine phosphorylation requires FAK expression [24]. The
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FAK splice variant, FAK+6,7, has been found to be enriched in the developing forebrain
[40], implicating a role of this isoform in netrin-1 signaling. In addition to FAK, an Src
family kinase appears to be involved in netrin-1 signaling [23, 25]. Our results that Src
kinase inhibitors block netrin-1-induced DCC tyrosine phosphorylation, neurite outgrowth,
and attractive response to TAG-1-positive neuritis support this idea. The Src family has
multiple members including c-Src, Fyn, Lck, and Lyn. Fyn, but not Src, may participate in
netrin-1 signaling for the following reasons. First, PP2, a Src family kinase inhibitor that
displays a higher affinity for Fyn than Src [41], suppressed netrin-1-induced DCC tyrosine
phosphorylation. Second, the SH2 domain of Fyn, but not that of Src, associates with
tyrosine-phosphorylated DCC in vitro. Finally, our results provide a working model for Fyn
activation in the netrin-1 signaling cascade. Netrin-1 activates FAK [23-25] and induces the
formation of a protein complex centered around DCC/FAK including an Src family kinase
(likely Fyn) that leads to the increased tyrosine phosphorylation of DCC. Phosphorylation of
DCC in turn facilitates the DCC-Fyn interaction, forming a positive reinforcement cycle.
This protein complex is required for netrin-1-stimulated axon outgrowth and attractive
growth cone turning.

Our results suggest a different mechanism involved in netrin-1-induced DCC and neogenin
tyrosine phosphorylation. While netrin-1 is sufficient to induce DCC tyrosine
phosphorylation in cells coexpressing FAK (e.g. HEK293 cells) or in cells containing high
levels of endogenous FAK (e.g. in neurons), netrin-1 fails to increase neogenin tyrosine
phosphorylation in non-neuronal cells even in the presence of high level of FAK. These
results suggest that neogenin may need a “‘coreceptor’ to be stimulated by netrin-1. This
coreceptor may be present in neurons, but not in HEK 293 or fibroblasts. Interestingly, a
recent publication suggests that CDO, an immunoglobin superfamily receptor that is
specifically expressed in myoblasts, appears to be a co-receptor of neogenin in C2C12 cells,
and the neogenin-CDO receptor complexes are required for netrin-3-induced myotube
formation [42].

DCC and neogenin appear to mediate different responses during axon pathfinding. DCC is
involved in the netrin-1-induced attractive response while neogenin may function as a RGM
receptor to mediate a repulsive response [16, 17]. Exactly how tyrosine phosphorylation of
the two proteins regulates netrin-1 signaling and function remains unclear. One possibility,
supported by data presented in this paper, is that DCC tyrosine phosphorylation may
increase the local concentration of effector molecules including Fyn, Lck, or Crk.
Recruitment of these proteins into the DCC complex may be important for netrin-1
activation of downstream signaling that leads to neurite outgrowth and attractive growth
cone turning. This possibility is in agreement with recent publications that Fyn is involved in
netrin-1 signaling and functions [23, 25, 26]. Crk is a SH2 domain containing adaptor
protein that binds to p130Cas and is implicated in integrin-mediated cell migration [43, 44].
Our data showing that tyrosine-phosphorylated DCC binds to Crk provide new leads to
netrin-1 signaling and further suggest a similarity of signaling events triggered by the
engagement of integrin and DCC. The exact role of neogenin tyrosine phosphorylation in
netrin-1 signaling and function remains largely unclear. We propose that tyrosine
phosphorylation of DCC and neogenin may promote signal discrimination. The tyrosine
phosphorylation sites in DCC and neogenin are not identical, and hence may be able to
associate with distinct molecules or associate with the same effectors with different
affinities. Alternatively, neogenin or tyrosine-phosphorylated neogenin could act to
sequester effector molecules (e.g. FAK) in their inactive forms, making such molecules
unavailable to DCC receptors. This is supported by the finding that neogenin-associated
FAK appears to be the unphosphorylated ‘inactive’ form (data not shown). Taken together,
our results suggest differential mechanisms of DCC and neogenin in response to netrin-1
and in mediating downstream signaling events.
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Differential induction of tyrosine phosphorylation of DCC and neogenin by netrin-1. a
Tyrosine phosphorylation of DCC and neogenin in netrin-1-stimulated rat cortical neurons

(E17, DIV3). Neuronal lysates (500 pg of protein) were incubated with anti-DCC or

neogenin and immunoprecipitated DCC or neogenin was subjected to Western blot using the
antibody RC20 and anti-DCC or neogenin (as control). b Netrin-1 induction of tyrosine
phosphorylation of DCC, but not neogenin, in HEK 293 cells expressing FAK. HEK 293
cells were co-transfected Myc-FAK or PYK2 with Flag-DCC, or neogenin, and stimulated

with netrin-1 for 30 min. Cell lysates were incubated with an anti-Flag antibody for
immunoprecipitation and immunoprecipitated proteins were probed with indicated

antibodies.
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Netrin-1 induction of DCC phosphorylation at Y1420 and Y1363. a Diagram of DCC

Page 12

tyrosine mutants. Note that only Y1420 in DCC is conserved between DCC and neogenin. b

Netrin-1 induction of phosphorylation of DCC at Y1420 and Y1363 in HEK 293 cells

expressing FAK. HEK 293 cells were co-transfected Myc-FAK with Flag-DCC or DCC
tyrosine mutants, and stimulated with netrin-1 for 30 min. Cell lysates were incubated with

an anti-Flag antibody for immunoprecipitation and immunoprecipitated proteins were

probed with the indicated antibodies.
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Induction and localization of PY1420-DCC in neurons. a Recognition of netrin-1-induced
DCC Y1420 phosphorylation in HEK 293 cells coexpressing DCC with PYK2 by PY1420
antibody. HEK 293 cells were co-transfected Myc-PY K2 with Flag-DCC or DCC-Y1420F
mutant. Cell lysates were subjected to immunoblotting analysis using anti-PY 1420, Flag,
and Myc antibodies. b Netrin-1 induction of Y1420 phosphorylation in neurons. Lysates
from rat cortical neurons stimulated with or without netrin-1 for 30 min were incubated with
anti-DCC or anti-neogenin antibodies for immunoprecipitation and immunoprecipated
proteins were probed with indicated antibodies. ¢ Images of immunostained DCC and
tyrosine-phosphorylated DCC (PY1420) in cortical neurons. Rat cortical neurons (E17, DIV
3) were stimulated with or without netrin-1 for 30 min, fixed, and immunostained with anti-
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PY 1420 antibody followed with Cy3-conjugated secondary antibody and anti-DCC antibody
(monoclonal) followed with FITC-conjugated secondary antibody. Immunoreactivity was
visualized by a confocal fluorescence microscope. Bar = 50 ym. d Quantitative analyses of
data in (c). Shown is an increase in immunofluorescence intensity by anti-DCC and anti-

PY 1420 staining per pm 2 at the tips of neurites by netrin-1. Data shown are mean + SE (n =
5), * p < 0.01, different from control neurons (t test).
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Association of SH2 domain containing proteins with tyrosine-phosphorylated DCC. a
Tyrosine-phosphorylated DCC interacts with SH2 domain-containing proteins in vitro in
GST pull-down assays. DCC and FAK co-transfected HEK 293 cells were stimulated with
netrin-1 and cell lysates were mixed with indicated GST fusion proteins immobilized on
beads. Bound proteins were immunoblotted with an anti-DCC antibody. Equal amounts of
GST fusion proteins were revealed by Coomassie staining (bottom). b Requirement of DCC-
Y1363 and Y1420 phosphorylation for binding to the Fyn SH2 domain. HEK 293 cells were
co-transfected without or with Myc-FAK and Flag-DCC wild-type or tyrosine mutants,
stimulated with netrin-1, and lyzed. Cell ly-sates were mixed with GST-Fyn-SH2 fusion
proteins (5 pg) immobilized on beads. Bound proteins were immunoblotted with anti-Flag
antibody. Cell lysates were also probed with anti-Myc and anti-Flag antibodies.
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Fig. 5.

Differential association of SH2 domain-containing proteins with tyrosine-phosphorylated
DCC, neogenin, and UNC5h2. a Induction of tyrosine-phosphorylation of DCC, neogenin,
and UNC5h2 by co-expression of PYK2. HEK 293 cells were transiently transfected with
indicated plasmids. Immunoprecipitated DCC, neogenin, or UNC5h2 were probed with the
RC20 (Ptyr) and anti-Myc antibodies. Cell lysates were also probed with anti-Flag
antibodies to reveal the expression of PYK2. b, ¢ Differential association of SH2 domain-
containing proteins with tyrosine phosphorylated DCC, neogenin, and UNC5h2. HEK 293
cells were cotransfected with Flag-PYK2 and Myc-DCC, neogenin, or UNC5h2. Cell lysates
were mixed with indicated GST-SH2 domain containing fusion proteins (5 pug) immobilized
on beads. Bound proteins were immunoblotted with anti-Myc and anti-Flag antibodies in
(b). Cell lysates for GST pull-down assays were probed with anti-Myc and anti-Flag
antibodies in (c).
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Fig. 6.

Requirement of a Src kinase for netrin-1-stimulated protein tyrosine phosphorylation and
neurite outgrowth. a Inhibition of netrin-1-induced protein tyrosine phosphorylation of
DCC, neogenin, FAK PY861 by PP2, but not PP3. Neurons were pretreated with or without
PP2 (2 uM) or PP3 (5 uM) prior to netrin-1 stimulation. Neuronal lysates were incubated
with anti-DCC or neogenin antibodies for immunoprecipitation, and the immunoprecipitated
proteins were probed with indicated antibodies. For FAK tyrosine phosphorylation, neuronal
lysates were subjected to the Western blot analysis using the indicated phosphorylation
state-specific antibodies. b— Effects of PP1, PP2, and PP3 on netrin-1-induced and netrin-1-
independent cortical neu-rite outgrowth. Rat cortical explants (E14.5) were cultured in
collagen gels with control (b), netrin-1 medium (c), or netrin-1 medium containing indicated
doses of PP1 (d, €), PP2 (f), or PP3 (g) for 24 h. For netrin-1-independent cortical neurite
outgrowth, ex-plants were cultured in collagen gels with control medium in the absence (h)
or presence of PP1 (7.5 uM) (i) for 48 h. Scale bar = 150 uym. j Quantification of the
blocking effects of PP1, PP2, and PP3 on netrin-1-induced and netrin-1-independent cortical
neurite outgrowth. The total length of neurites growing into the collagen gels was measured
in each explant and normalized to the values obtained from explants cultured in the presence
of netrin-1 without inhibitor. Values shown are means + SEM (n =5). * p < 0.05, **p <
0.01, different from netrin-1-stimulated neurite outgrowth (Kolmogorov-Smirnov test).
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