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Summary

The coupling of axon guidance cues, such as netrin-1, to microtubule (MT) dynamics is essential for growth cone navigation in the
developing nervous system. However, whether axon guidance signaling regulates MT dynamics directly or indirectly is unclear. Here,
we report that TUBB3, the most dynamic B-tubulin isoform in neurons, directly interacts with the netrin receptor DCC, and that netrin-1
induces this interaction in primary neurons. TUBB3 colocalizes with DCC in the growth cones of primary neurons and MT dynamics is
required for netrin-1-promoted association of TUBB3 with DCC. Netrin-1 not only increases co-sedimentation of DCC with
polymerized MT, but also promotes MT dynamics in the growth cone. Knocking down TUBB3 inhibits netrin-1-induced MT dynamics,
axon outgrowth and attraction in vitro and causes defects in commissural axon projection in the embryo. These results indicate that
TUBB3 directly links netrin signaling pathways to MT dynamics and plays an important role in guiding commissural axons in vivo.
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Introduction

In the nervous system, temporal and spatial information processing
relies on a variety of functional neural circuitries. The formation of
neural circuits during brain development depends on the precise
coordination of different guidance cues, their receptors and
intracellular signal transduction cascades (Dent et al., 2011; Guan
and Rao, 2003; Kolodkin and Tessier-Lavigne, 2011), which
eventually converges on orchestrating the cytoskeleton dynamics
to maneuver growth cone navigation (Kalil and Dent, 2005; Lowery
and Van Vactor, 2009; Vitriol and Zheng, 2012). The coordination
of actin filament and microtubule (MT) dynamics in neurons plays a
crucial role in axon pathfinding in the developing nervous system
(Buck and Zheng, 2002; Dent and Gertler, 2003; Dent et al., 2011;
Lowery and Van Vactor, 2009; Vitriol and Zheng, 2012). However,
whether MT dynamics are directly regulated by guidance cues and
how intracellular signaling initiated by the activation of guidance
receptors modulates MT dynamics are still unclear.

Netrins, a family of canonical guidance cues, is a typical model
for studying molecular mechanisms of axon outgrowth and
guidance in the developing nervous system (Hedgecock et al.,
1990; Ishii et al., 1992; Kennedy et al., 1994; Kolodziej et al.,
1996; Tessier-Lavigne et al., 1988). As bifunctional guidance cues,
netrins act as either chemoattractants or chemorepellents for
different cell types (Alcantara et al., 2000; Colamarino and
Tessier-Lavigne, 1995). The mammalian receptors of netrins are
Deleted in Colorectal Cancer (DCC) (Fazeli et al., 1997; Keino-
Masu et al., 1996), neogenin (Keeling et al., 1997; Keino-Masu
et al., 1996), Uncoordinated-5 (UNCS5) (Ackerman et al., 1997,
Leonardo et al.,, 1997), and Down Syndrome Cell Adhesion
Molecule (DSCAM) (Liu et al., 2009; Ly et al., 2008). The

phenotypic defects in DCC-deficient mouse embryos are similar to
those in netrin-1~'~ mice embryos with aberrant commissural
axon pathfinding and, ultimately, the inability of most
commissural axons to reach the floor plate and cross the midline
(Fazeli et al., 1997; Serafini et al., 1994). DCC collaborates with
DSCAM mediating netrin-1-induced axon outgrowth and
chemoattraction (Liu et al., 2009; Ly et al.,, 2008), whereas
interaction of UNC-5 with DCC or DSCAM mediates repulsion
(Finger et al., 2002; Hong et al., 1999; Keino-Masu et al., 1996;
Kolodziej et al., 1996; Leonardo et al., 1997; Purohit et al., 2012),
indicating the coordination of different netrin receptors is crucial
for their ability to mediate attraction or repulsion.

Recent studies have shown that mutations in TUBB3, a
neuronal B-tubulin isotype III, result in commissural axon
malformation both in human patients and mouse models with
dysgenesis of the corpus callosum, anterior commissure, and
internal capsule, suggesting TUBB3 1is required for axon
guidance and neuronal development (Poirier et al., 2010;
Tischfield et al., 2010). Here, we have found that DCC
interacts directly with TUBB3, and netrin-1 induces this
interaction depending on MT dynamics in primary neurons.
TUBB3 is required for netrin-induced axon outgrowth and
pathfinding in the developing nervous system. These results
demonstrate, to our knowledge for the first time, that guidance
receptors directly couple MT dynamics in axon guidance.

Results

TUBBS3 interacts with the netrin receptor DCC

To examine the potential interaction of TUBB3 with DCC in the
developing brain, primary neurons from the cerebral cortex of
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embryonic day 15 (E15) mice were isolated, cultured and treated
with conditioned media from control HEK cells or HEK cells
stably expressing human netrin-1. The cell extracts were
immunoprecipitated with anti-DCC antibody before probing
the blots with the anti-TUBB3 antibody. Anti-DCC antibody
immunoprecipitated TUBB3 (Fig. 1A). In contrast, as predicted,
TUBB3 was not present when primary antibody was omitted (see
the ‘IgG’ control lanes in Fig. 1A). Treatment with netrin-1
conditioned media increased the interaction of TUBB3 with DCC
(Fig. 1A; quantification in Fig. 1C, upper panel). Netrins play a
crucial role in promoting commissural neuron axon outgrowth
and pathfinding in the developing spinal cord (Kennedy et al.,
1994; Serafini et al., 1994). To determine whether endogenous
TUBB3 interacted with DCC in spinal cord neurons, dissociated
cells from the dorsal half of E13 mouse spinal cords were
cultured and treated with netrin-1 conditioned media. The
immunoprecipitation results indicated that DCC interacted with
TUBB3 and netrin-1 dramatically increased this interaction
(Fig. 1B; quantification in Fig. 1C, lower panel). Netrin-1
increased the interaction of TUBB3 with DCC within
5 minutes and the induction lasted up to 20 minutes after
netrin-1 stimulation (Fig. 1D). Similar time-courses of netrin-1
stimulation were observed in E15 cortical neurons (data not
shown). To confirm that netrin-1 was directly responsible for
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increasing the interaction of TUBB3 with DCC, we tested
purified netrin-1 from two sources: chicken netrin-1 from a
commercial source and human netrin-1 purified from a stable
HEK cell line established in our lab. Both sources of netrin-1
increased the interaction of TUBB3 with DCC in E15 primary
cortical neurons in a dose-dependent manner (Fig. 1E). In
contrast, DCC could not interact with TUBB1 and TUBB2, two
other B-tubulin subunits, in the absence or presence of purified
netrin-1 (Fig. 1F). These results strongly suggest that TUBB3
specifically associates with DCC in primary neurons.

To determine whether TUBB3 could interact directly with
DCC, cDNAs expressing HA-tagged human TUBB3 were co-
transfected with DCC-Myc into HEK293 cells that do not share
the same signaling machinery with primary neurons. Anti-HA
antibody immunoprecipitated DCC (Fig. 1G), detected by
probing the blots with anti-Myc antibody. This result suggests
that TUBB3 may directly interact with DCC. To further
characterize this direct interaction, the isolated intracellular
domain of DCC (DCC-ICD-MBP) was purified and incubated
with purified TUBB3. TUBB3 appeared to interact directly with
the intracellular domains of DCC (Fig. 1H). DCC has three
conserved intracellular domains (P1, P2, P3) that are required for
netrin-mediated signal transduction. To identify the DCC
domain(s) that interact with TUBB3, TUBB3 was cotransfected
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Fig. 1. Interaction of TUBB3 with DCC.

‘;22 (A,B) Interaction of endogenous TUBB3 with
é igg DCC in E15 cortical (A) and E13 dorsal spinal
2 o ] cord (B) neurons. (C) Quantification of A and
T g0 »  Spinal cord B from three independent experiments;
& EE *P<0.05 (two-tailed Student’s z-test).
Q oo 4 (D) Netrin-1 increased the interaction of
53; = endogenous TUBB3 with DCC in a time-
Control  Netrin-1 dependent manner. Lysates of dissociated
neurons from E13 mouse spinal cords were
immunoprecipitated with anti-DCC and
IP: _DCC analyzed with anti-TUBB3. (E) Netrin-1
-+ Netrin-1 increased the interaction of endogenous
== amB: DCC TUBB3 with DCC in a dose-dependent
72- IB: TUBB1 manner. E15 primary cortical neurons were
;g: treated with purified netrin-1 at 10, 50 and
. IB: TUBB2 200 ng/ml. (F) Endogenous DCC interacted
- ®m|IB: TUBB3 with TUBB3, not TUBBI1 and TUBB2, in E15
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AP3) tagged with Myc in HEK293 cells.
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with three distinct DCC truncation mutants, APl (deletion of
residues 1147—-1171) or AP2 (deletion of residues 1335-1356) or
AP3 (deletion of residues 1426-1447) into HEK293 cells.
TUBB3 bound to a truncated DCC lacking the P1 domain, but
did not bind to truncated DCCs lacking either the P2 or P3
domains (Fig. 11). These results suggest that the intracellular P2
and P3 domains of DCC may be required for its interaction with
TUBB3.

Axon growth cones are highly motile sensory structures in
developing neurons that respond to extracellular guidance cues.
To determine whether TUBB3 is subcellularly colocalized with
DCC in the growth cone of primary neurons, tissues from the E11
dorsal spinal cord and E15 cortex were dissociated and cultured.
The localization of DCC and TUBB3 overlapped in the growth
cones of Ell commissural neurons after 4-day culture
(supplementary material Fig. SIA—C). DCC colocalized with
TUBB3 in the peripheral (P) region of growth cones, including
lamellipodia and filopodia (supplementary material Fig. SIA-C).
Colocalization of TUBB3 with DCC was also observed in
growth cones of E15 cortical neurons (supplementary material
Fig. SID-F).

MT dynamics modulates the interaction of TUBB3 with DCC
The modulation of MT dynamics in growth cones plays a crucial
role in axon guidance (Dent et al., 2011). To investigate whether
MT dynamics is required for the binding of TUBB3 with DCC,
primary E15 cortical neurons were treated with paclitaxel (taxol)
or nocodazole, drugs that disrupt MT dynamics. As expected
based on the results described above, netrin-1 increased the

interaction of endogenous TUBB3 with DCC (Fig. 2A—C). The
netrin-1-induced interaction was inhibited by both the MT-
stabilizing drug taxol and the MT-destabilizing drug nocodazole
(Fig. 2A—C), indicating that MT dynamics is required for the
netrin-1 dependent interaction of TUBB3 with DCC. To further
determine whether monomeric or polymeric TUBB3 binds to
DCC, a MT co-sedimentation assay was performed on E15
cortical neuron cell lysates. Because MT in cell lysates becomes
unstable in vitro and constantly depolymerizes under cold
conditions, incubation of the lysate on ice induced MT
depolymerization and yielded monomerized TUBB3 subunits in
the soluble supernatant and polymerized TUBB3 in the pellet
after centrifugation (Fig. 2D,F). Most of the endogenous DCC
also remained in the supernatants with or without netrin-1
stimulation (Fig. 2D,E). In contrast, in the presence of taxol in
cell lysate stabilizing MT against depolymerization by cold
treatment, DCC co-sedimented with polymerized MT with a
large quantity of DCC and TUBB3 in the pellet (Fig. 2D;
quantification in Fig. 2E,F). As predicted, in the presence of
taxol, netrin-1 further increased DCC and TUBB3 in the pellets
(Fig. 2D; quantification in Fig. 2E,F). These results indicate that
netrin-1 induces the interaction of endogenous DCC with
polymerized TUBB3 in primary neurons, suggesting that the
interaction may be dependent on MT dynamics. To determine
whether netrin-1 directly modulates MT dynamics, EB3-GFP, a
marker of MT dynamics in live cells, was transfected into either
E13 dorsal spinal cord neurons (supplementary material Fig. S2;
supplementary material Movies 1-4) or E15 cortical neurons
(data not shown). Results from live cell imaging revealed that
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Fig. 2. The induction of the interaction of TUBB3 with DCC by
netrin-1 depends on MT dynamics. (A—C) Taxol and nocodazole
(Noc) inhibited netrin-1-induced interactions of endogenous TUBB3
with DCC. E15 cortical neurons were treated with purified netrin-1
in the presence of different concentrations of taxol or nocodazole
(1 uM taxol and 3 uM nocodazole in A). (B) Quantification of A
from three independent experiments showing relative binding of
DCC and TUBB3. (D-F) E15 cortical neurons were stimulated with
netrin-1 and the co-sedimentation assay of cell lysates was
performed in the absence or presence of taxol. DCC and TUBB3 in
the pellet (P) and supernatant (S) fractions were examined by
western blot using anti-DCC and anti-TUBB3, respectively.

(E,F) Quantification of three independent experiments showing P/S
ratio of DCC (E) and TUBB3 (F), respectively. Netrin-1 increased
the co-sedimentation of DCC and TUBB3 with polymerized MTs in
primary neurons. ns, not significant; ***P<0.001 (two-tailed
Student’s #-test).
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netrin-1 increased the percentage of moving EB3-GFP comets in
the growth cone of primary spinal cord neurons (supplementary
material Fig. S2; supplementary material Movies 1 and 2) and
cortical neurons (data not shown), and TUBB3 knockdown
blocked this induction (supplementary material Fig. S2C;
supplementary material Movies 3 and 4, data not shown for
cortical neurons). These data suggest that netrin-1 directly
modulates MT dynamics via TUBB3.

Tyrosine phosphorylation is required for netrin signaling and the
post-translation modification (PTM) of MT subunits is crucial for
intracellular MT organization and dynamics. To investigate whether
tyrosine phosphorylation of TUBB3 is involved in netrin signaling,
primary neurons from E13 spinal cords and E15 cortexes were
dissociated and examined for the TUBB3 tyrosine phosphorylation
in the presence of or absence of netrin-1 (Fig. 3A—C; supplementary
material  Fig. S3A,B). Immunoprecipitation  experiments
demonstrated that the tyrosine phosphorylation of TUBB3 was
increased by netrin-1 in a dose- and time-dependent manner
(Fig. 3A-C; supplementary material Fig. S3A). Netrin-1-induced
TUBB3 tyrosine phosphorylation was inhibited by PP2, an inhibitor
of the Src family kinases, but not PP3, an inactive control for PP2
(Fig. 3D; supplementary material Fig. S3B). The netrin-1-
dependent induction of the endogenous interaction of TUBB3
with DCC in E15 neurons was also inhibited by PP2 (Fig. 3E,F).
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These findings indicate that Src family kinases are required for the
netrin-1-induced tyrosine phosphorylation of TUBB3 and the
interaction of TUBB3 with DCC. To further examine the role of
Src family kinases in the netrin-1-induced binding of endogenous
DCC to dynamic TUBB3, these key proteins were co-sedimented
from lysates of dissociated E15 primary cortical neurons after
netrin-1 stimulation (Fig. 3G,H). As expected, netrin-1 increased
the amount of DCC in the MT-sedimented pellets (Fig. 3G,H) and
PP2, not PP3, inhibited the netrin-1-induced co-sedimentation of
DCC and MTs (Fig. 3G,H). These results suggest that Src family
kinases play an important role in regulating the dynamic interaction
of TUBB3 with DCC in primary neurons.

TUBBS is required for netrin-1-induced neurite outgrowth
To study the function of TUBB3 in netrin-1 signaling, a
TUBB3 siRNA pool (Dharmacon) or short hairpin-based RNA
interference constructs (TUBB3 shRNAs, gift from David L.
Turner, University of Michigan, targeting a sequence common to
mouse and chicken TUBB3) (Yu et al., 2002) were transfected
into E15 mouse cortical neurons (Fig. 4K) and chicken neural
tubes at stage 12—15 (Fig. 5K). The siRNA pool and one shRNA
construct significantly reduced the level of endogenous TUBB3
in these neurons (Fig. 4K; Fig. 5K) and were used in subsequent
experiments.

Fig. 3. Src family kinase activity is required for the induction of
TUBB3 tyrosine phosphorylation and the interaction of TUBB3 with
DCC by netrin-1. (A,B) Induction of TUBB3 tyrosine phosphorylation
in dissociated cortical neurons by netrin-1. E15 cortical neurons were
treated with purified netrin-1 for 5-20 minutes. The anti-pY antibody was
used to immunoprecipitate proteins and the immunoblot was analyzed
with anti-TUBB3. (C) Induction of TUBB3 tyrosine phosphorylation in
dissociated E13 dorsal spinal cord neurons by netrin-1. Primary neurons
were treated with purified netrin-1 (200 ng/ml). (D) Src family kinase-
specific inhibitor PP2 inhibited netrin-1-induced TUBB3 tyrosine
phosphorylation. E15 cortical cells were stimulated with netrin-1 in the
presence of PP2 or PP3. Quantification is shown in the lower panel
(Student’s #-test). (E) PP2, but not PP3, blocked netrin-1-induced
interaction of endogenous TUBB3 with DCC in primary neurons.

(F) Quantification showing relative binding of DCC and TUBB3 in E.
(G,H) Netrin-1-stimulated co-sedimentation of DCC with MTs was
inhibited by PP2, not PP3. E15 cortical neurons were stimulated with
netrin-1 in the presence of PP2 or PP3. DCC in the pellet and supernatant
fractions was examined by western blot. Quantification of G is shown in H
(one-way ANOVA and Fisher LSD post-hoc comparisons). *P<0.05,
***P<0.001.
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To examine whether TUBB3 is involved in netrin-1-induced
neurite outgrowth, primary cortical neurons from E15 mice were
dissociated and transfected with a construct expressing Venus
yellow fluorescent protein (Venus YFP) only (Fig. 4A,B) or Venus
YFP together with the TUBB3 siRNA pool (Fig. 4C,D), the control
shRNA (Fig. 4E,F), the TUBB3 shRNA (Fig. 4G.,H) or the TUBB3
shRNA plus the RNAi-resistant rescue constructs (Fig. 4LJ),
respectively, as we have described previously (Li et al., 2008; Liu
et al., 2007; Liu et al., 2009). These neurons were stimulated with
netrin-1 and cultured for 20 hours. In neurons transfected with the
Venus YFP only, neurite outgrowth was stimulated by netrin-1
(Fig. 4A,B; quantification in Fig. 4L). As predicted, either the
TUBB3 siRNA pool (Fig. 4C,D) or TUBB3 shRNA (Fig. 4G,H),
but not control TUBB3 shRNA (Fig. 4E,F), inhibited netrin-1-
induced neurite outgrowth (quantification in Fig. 4L). Importantly,
the expression of the wild-type human RNAi-resistant TUBB3
rescued netrin-1-promoted neurite outgrowth in neurons treated with
TUBB3 siRNA (Fig. 4LJ; quantification in Fig. 4L).

To examine the role of TUBB3 in netrin-1-induced commissural
axon outgrowth, we examined cultured chick dorsal spinal cord
explants, as described previously (Liu et al., 2009). The TUBB3
siRNA pool or shRNA together with Venus YFP plasmids were
introduced into chicken neural tubes at stage 12—15, and the YFP-
labeled dorsal spinal cord segments were dissected at stage 18-20.
Axon outgrowth was quantified by measuring the numbers of axon
bundles and the total axon length per explant. In explants transfected
with Venus YFP only (Fig. 5A,B) or with Venus YFP plus control
shRNA (Fig. SE,F), netrin-1 significantly induced axon outgrowth

12

1 n B
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
1] 1]

Control siRNA

Fig. 4. Inhibition of netrin-1-induced axon
outgrowth of cortical neurons by TUBB3
knockdown. (A-J) E15 mouse cortical neurons
were transfected with Venus YFP only

(A,B), Venus YFP plus the TUBB3 siRNA pool
(C,D), Venus YFP plus control shRNA

(E,F), Venus YFP plus TUBB3 shRNA

(G,H) and Venus YFP plus shRNA and the wild-
type human RNAi-resistant TUBB3

(LJ). Neurite outgrowth from YFP-positive
neurons was assessed in the presence of purified
netrin-1 (B,D,F,H,J) and in the sham-purified
control (A,C,E,G,I). (K) Both TUBB3 siRNA
pool and shRNA (#3) reduced endogenous
TUBB3 protein levels in E15 cortical neurons
(Student’s #-test). (L) Quantification of netrin-1-
induced neurite outgrowth. Only the neurites of
YFP-positive neurons not in contact with other
cells were measured and used in the statistical
analyses. Data are mean * s.e.m. from three
separate experiments. The numbers on the top of
each bar indicate the numbers of neurons tested
x in the corresponding groups (one-way ANOVA
with Fischer LSD for post-hoc comparisons).
**#%P<0.001. Scale bar: 10 pm.

Control shRNA

8890 9791 9392 ] Control
1 [ Netrin-1

(quantification in Fig. SL,M). TUBB3 siRNA (Fig. SC,D) or
shRNA (Fig. 5G,H), but not control shRNA (Fig. SE,F),
significantly ~ inhibited netrin-l1-induced axon outgrowth
(quantification in Fig. SL,M). The expression of wild-type human
TUBB3, which is resistant to TUBB3 shRNA, rescued the effect of
TUBB3 knockdown on netrin-1-induced axon outgrowth (Fig. 51,J;
quantification in Fig. SL,M). These results indicate that TUBB3 is
required for netrin-1-induced commissural axon outgrowth in vitro.
Basal axon outgrowth of either dissociated E15 mouse cortical
neurons or chick spinal cord commissural neurons was not affected
by TUBB3 knockdown (Figs 4 and 5; supplementary material Fig.
S4). In addition, TrkB, a receptor of BDNF, could not interact with
endogenous TUBB3 in the absence or presence of BDNF
(supplementary material Fig. S4A,B) and knockdown of TUBB3
did not affect BDNF-induced axon outgrowth of primary cortical
neurons (supplementary material Fig. S4C-I). These data suggest
that TUBB3 is specifically involved in netrin-1-induced axon
outgrowth. Furthermore, overexpression of DCC intracellular P2-3
domain not only inhibited the interaction of TUBB3 with full-length
wild-type DCC in HEK293 cells (supplementary material Fig.
S5A,B), but also abolished netrin-1-induced neurite outgrowth of
E15 cortical neurons (supplementary material Fig. SS5C-QG),
suggesting that DCC-TUBB3 interaction is required for netrin-1-
induced axon outgrowth.

TUBBS is required for axon attraction by netrin-1
Netrin-1 plays a crucial role in attracting the commissural axon
projection in the developing neural tube (Kennedy et al., 1994;
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Fig. 5. Inhibition of netrin-1-induced axon outgrowth of
chick dorsal spinal cord explants by TUBB3 knockdown.
(A—J) Chick neural tubes were electroporated in ovo at stage
12—15 with Venus YFP only (A,B), Venus YFP plus the

TUBB3 siRNA pool (C,D), Venus YFP plus control sShRNA
(E,F), Venus YFP plus TUBB3 shRNA (G,H) and Venus

YFP plus TUBB3 shRNA and the wild-type human RNAi-

- #

T resistant TUBB3 (I,J). Netrin-1 increased commissural axon

TUBB3|; :4‘

- |

outgrowth with longer and more axon bundles in the netrin-1
group (B,F) than the control group (A,E). Netrin-1-induced

u-TubuIian“|

axon outgrowth was inhibited either by the TUBB3 siRNA
pool (C,D) or shRNA (G,H). The expression of the wild-

Number of axon = [ Control shRNA I siRNA | Venus

Serafini et al., 1996; Serafini et al., 1994; Tessier-Lavigne et al.,
1988). To determine whether TUBB3 is required for commissural
axon turning towards netrin-1, we used the open-book assay with
commissural axons from chick embryos as illustrated in Fig. 6A
(Lietal., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009).
The Venus YFP construct was electroporated either alone or with
the TUBB3 siRNA pool, TUBB3 control shRNA, TUBB3
shRNA, and TUBB3 shRNA plus TUBB3 RNAi-resistant
constructs, respectively, into the chick neural tube at stages 12—
15. The electroporated neural tube (visualized by green
fluorescence) was then isolated and laid out as an ‘open book’
at stage 18-20 (Fig. 6A). A rectangle of neural tube explant
containing the floor plate was prepared and co-cultured with an
aggregate of control HEK293 cells or HEK293 cells that stably
secreted netrin-1 for 40 hours (Fig. 6A).

When the neural tube was electroporated with Venus YFP
alone, 87.3%8.2% of commissural axons turned towards netrin-1
secreting cell aggregates (Fig. 6C,C’; quantification in Fig. 6L),
whereas only 4.9%+0.1% of axons projected towards the control
cell aggregates not secreting netrin-1 (Fig. 6B,B’; Fig. 6L).
TUBB3 siRNA significantly inhibited commissural axons turning
toward netrin-1: the turning percentage was reduced from
87.3+8.2% in the Venus YFP with netrin-1 group to 4.8+0.2%
in the TUBB3 siRNA with netrin-1 group (Fig. 6C,C",E,E’;
Fig. 6L). To confirm the role of TUBB3 in netrin-1-induced axon
turning, TUBB3 shRNA or the control ShRNA were introduced
into the neural tube by electroporation. When the control shRNA
was electroporated into the neural tube together with Venus YFP,
91.3£7.3% of commissural axons turned towards netrin-1
(Fig. 6F-G’; Fig. 6L). In contrast, the co-transfection of
TUBB3 shRNA with Venus YFP significantly inhibited netrin-
I-induced attraction with only 7.1+£0.3% of axons turning

] Control M Control type human RNAi-resistant TUBB3 plasmids reversed the
- RH SENE A PN Elaing B 44 8 4k ko ge CControl o ffect of TUBB3 shRNA (1J). (K) Both TUBB3 siRNA
= g ERlm 1 = 30 Netrin-1 pool and shRNA efficiently knocked down endogenous
% E 5 ) TUBB3 in chick spinal cords. (L,M) Quantification of
= E = netrin-1-induced commissural axon outgrowth. Only YFP-
§ £ ; 1 [l:l |:|:| positive axon bundles were measured and used in the
=2y e > ¥ ¥ L statistical analyses. The numbers on the top of each bar
\\a(\‘) ég}\ ‘g'.e' @5‘ ;,Oo indicate the numbers of explants tested in the corresponding
-éo\a Q?"" oF groups. Data are mean * s.e.m. from three separate
(,a“ &\30 @Qﬁ. experiments. ***P<<0.001 (one-way ANOVA with Fischer
@ LSD for post-hoc comparisons). Scale bar: 100 um.

towards netrin-1 (Fig. 6H-1"; Fig. 6L). To further determine
the specificity of shRNA knockdown, TUBB3 shRNA was
electroporated with plasmids encoding a wild-type human RNAi-
resistant TUBB3 into the chick neural tube. The wild-type RNAi-
resistant TUBB3 transgene rescued the netrin-1 dependent
phenotype with 89.129.0% of axons turning towards netrin-1
(Fig. 6J,L). In addition, expression of DCC P2-3 domain also
inhibited netrin-1-induced axon turning (supplementary material
Fig. S5H,I; quantification in Fig. 6L). Together, these results
support the hypothesis that TUBB3 is specifically required for
netrin-1-induced commissural axon attraction.

TUBBS is required for spinal commissural axon projection
in vivo

The results discussed above have shown that TUBB3 plays an
important role in the in vitro functions of netrin-1 in neurite
outgrowth and axon attraction. To determine the in vivo role of
TUBBS3, the effects of TUBB3 siRNA and TUBB3 shRNA were
examined on commissural axon projection in the developing
chicken spinal cord (Fig. 7) (Li et al., 2008; Liu et al., 2007; Liu
et al., 2009). Venus YFP was introduced by electroporation into
the neural tube of stage 12 chick embryos in ovo and the embryos
were allowed to develop until stages 23 (Fig. 7A). The YFP-
labeled lumbosacral segments of the spinal cord were isolated
and laid out as an ‘open book’ (Fig. 7A). By stage 23,
81.1+3.3% of the commissural axons expressing Venus YFP
alone reached the floor plate (Fig. 7B; quantification in Fig. 7G)
(Li et al., 2008; Liu et al., 2007; Liu et al., 2009). In contrast,
only 15.5%2.6% of the commissural axons transfected with the
TUBB3 siRNA pool reached the floor plate (Fig. 7C,G).
Similarly, TUBB3 shRNA also significantly inhibited the
projection of commissural axons towards the floor plate, while
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TUBB3 control shRNA had no effect on the projection of
commissural axons (Fig. 7D,E,G). The percentage of the YFP-
labeled commissural axons per embryo reaching the floor plate
was decreased from 79.1£5.3% in the control shRNA group to
24.3+1.3% in the TUBB3 shRNA group. The effect of TUBB3
shRNA on commissural axon projection was reversed by co-
transfecting the wild-type RNAi-resistant human TUBB3
plasmid (Fig. 7F,G) with 82.6+4.7% of the YFP-labeled
commissural axons per embryo reaching the floor plate.

Although the open-book preparation demonstrated obvious
defects in commissural axon projection in vivo, it was difficult to
effectively assess effects on axon turning. To examine whether
knockdown of TUBB3 disrupted commissural axon pathfinding
in addition to inhibiting axon extension in vivo, either Venus YFP
alone or Venus YFP with the TUBB3 siRNA pool were
electroporated into chick spinal cord and transverse sections of
the chick spinal cord at stage 23 were prepared (Fig. 8A—C). In
addition to the inhibition of axon extension, some commissural
axons transfected with TUBB3 siRNAs were misguided (Fig. 8C;
quantification in Fig. 8G-I) instead of projecting normally
towards the floor plate (Fig. 8B; Fig. 8G-I). These phenotypes
were further confirmed by expressing Venus YFP and the
TUBB3 shRNA in commissural axons that also exhibited
shortened and misguided axons in vivo (Fig. 8E; Fig. 8G-I). In
contrast, the expression of the TUBB3 control shRNA had no
effect on commissural axons projection (Fig. 8D; Fig. 8G—I). As
predicted, the expression of the wild-type RNAi-resistant human
TUBB3 rescued the effects of TUBB3 RNAi knockdown on
commissural axon extension and turning (Fig. 8F—I). These
results indicate that TUBB3 is required for both the projection
and pathfinding of commissural axons in vivo in the developing
spinal cord.

Discussion

TUBB3 is the most dynamic B-tubulin isotype (Katsetos et al.,
2003) and mutations in 7UBB3 result in neurological disorders
associated with abnormal neuronal migration, differentiation and
axon guidance (Poirier et al., 2010; Tischfield et al., 2010). Our
results here indicate that TUBB3 interacts directly with DCC and
is required for netrin-1-induced axon outgrowth and turning in

Fig. 6. Requirement of TUBB3 for netrin-1 attraction of spinal
commissural axons. (A) Diagram of the in ovo electroporation and the co-
culture assay with the open-book preparation. (B-K') Electroporation of
Venus YFP into the neural tube of chick embryos allowed visualization of
axons. In the left panels (B,B’,D,D’,F,F’',H,H',J,J"), neural tube explants were
co-cultured with control HEK293 cells and commissural axons projected
straight toward the floor plate (FP). In the right panels
(C,C"E,E",G,G",LI' )K,K"), neural tube explants were co-cultured with
aggregates of HEK293 cells secreting netrin-1. The neural tube was
electroporated with Venus YFP alone (B,B’,C,C"); Venus YFP together with
the TUBB3 siRNA pool (D,D",E,E’); Venus YFP together with the control
shRNA (F,F’,G,G"); Venus YFP with the TUBB3 shRNA (H,H',I,I") and
Venus YFP with the TUBB3 shRNA plus the wild-type human RNAi-
resistant TUBB3 (J,J',K,K"). Expression of either TUBB3 siRNAs or shRNA
inhibited commissural axon turning towards the netrin-1 source. The
commissural axon turning defect of RNAi knockdown could be rescued by
expressing RNAi-resistant TUBB3. (L) Quantification of axon turning. The
numbers on the top of each bar indicate the numbers of explants tested in the
corresponding groups. Data are mean * s.e.m. from groups I-VI.
**%P<0.001 (one-way ANOVA and Fisher LSD post-hoc comparisons). NS,
not significant. Scale bar:100 pum.

the developing nervous system. These results not only untangle
the role of TUBB3 in netrin signaling, but also provide a working
model for the direct involvement of MT dynamics in axon
guidance.

Direct coupling of netrin—-DCC signaling to MT dynamics
The neuronal cytoskeleton plays an essential role in axon
outgrowth and pathfinding. Although most of the research has
focused on the role of actin dynamics in growth cone protrusion,
recent studies suggest that MTs also play an instructive role in
growth cone steering (Buck and Zheng, 2002; Dent et al., 2004;
Dent et al., 2011; Suter and Forscher, 2000; Tanaka and Sabry,
1995). However, whether MT dynamics are directly regulated by
guidance cues is still unclear. In this study, we have found that
TUBB3, the neuronal B-tubulin isotype III, colocalizes with DCC
in the peripheral region, including both lamellipodia and
filopodia, of the growth cones of developing commissural and
cortical neurons (supplementary material Fig. S1). TUBB3
interacts directly with DCC and that netrin-1 induces these
interactions both in vitro and in vivo (Fig. 1). The netrin-1-
induced interaction of TUBB3 with DCC is abolished by the
disruption of MT dynamics either with taxol or nocodazole,
suggesting MT dynamics are required for these interactions
(Fig. 2). DCC co-sediments with stabilized MTs and netrin-1
increases the ratio of DCC in the pellet versus the supernatant
fraction (Fig. 2). Netrin-1 stimulation also increases the ratio of
polymerized TUBB3 in the pellet. Live cell imaging of moving
EB3 comets reveals that netrin-1 directly modulates MT
dynamics in the growth cones of both primary E13 dorsal
spinal cord (supplementary material Fig. S2; supplementary
material Movies 1-4) and E15 cortical neurons (data not shown).
More importantly, our functional data indicate that TUBB3 is
required for netrin-1-induced MT dynamics (supplementary
material Fig. S2; supplementary material Movies 1-4) as well
as axon outgrowth and guidance both in vitro and in vivo (Figs 4—
8). In addition, DCC intracellular P2—-3 domain interacts with
TUBB3 (Fig. 1I; supplementary material Fig. S5A,B) and this
domain is required for netrin-1-induced neurite outgrowth and
attraction (supplementary material Fig. SSC-I) (Gitai et al., 2003;
Stein and Tessier-Lavigne, 2001; Stein et al., 2001). These results
lead to a generalizable model suggesting netrin-1 signaling
directly regulates MT dynamics through coupling its receptor
DCC to TUBB3. In this model, in response to netrin-1, dynamic
MTs are ‘captured’ by DCC in the growth cone, stabilizing
filopodia against retraction and promoting axon outgrowth and
turning. Previous studies on the role of MTs dynamics in the
regulation of growth cone turning also support this model. For
instance, 1) dynamic MTs became oriented and stabilized
preferentially in the direction of the growth cone turn (Tanaka
and Kirschner, 1995), 2) the local stabilization of MTs in one side
of the growth cone caused the growth cone to turn towards that
side (Buck and Zheng, 2002), 3) the local disruption of MT
stabilization on one side of a growth cone was sufficient to
induce growth cone turning away from that side (Buck and
Zheng, 2002), 4) the application of low concentration of taxol
enhanced axon outgrowth in vitro and in vivo via MT
stabilization, promoting their polymerization at plus ends
(Sengottuvel et al, 2011). These studies suggest that
intrinsically polarized MT dynamics in the growth cone may be
directly involved in axon guidance.
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Fig. 7. Inhibition of commissural axon
projection in vivo by TUBB3 RNAI.

(A) Diagram showing the experimental
design. (B—F) Different combinations of
plasmids and siRNAs were electroporated
into the chick neural tube in ovo at stage 12
and the lumbosacral region of the spinal
cord was isolated at stage 23. (B) Neurons
electroporated with Venus YFP only.

(C) Neurons electroporated with Venus
YFP plus the TUBB3 siRNA pool.

(D) Neurons with Venus YFP plus control
shRNA. (E) Neurons with Venus YFP plus
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TUBB3 is an essential downstream component coupling
netrin-1 signaling to MT dynamics and to axon outgrowth
and guidance
The spectrum of TUBB3-mutation phenotypes includes
malformations of oculomotor nerves, the corpus callosum,
anterior commissural, cortical spinal tracts and neuronal
migration defects, suggesting that TUBB3 is required for axon
guidance in the developing brain (Poirier et al., 2010; Tischfield
et al., 2010). However, it is unclear why TUBB3 mutations are
only associated with specific axon projection defects, such as those
involved in commissural axon guidance, when it is widely
expressed in all neurons in the developing nervous system.
Although mutations in TUBB3 result in the perturbation of MT
dynamics (Poirier et al., 2010; Tischfield et al., 2010), the specific
role of TUBB3 in axon guidance in the developing nervous system
is unknown. In this study, we propose that TUBB3 plays an
essential role in netrin-1 signaling, involved in netrin-1-promoted
axon outgrowth and projection in the developing nervous system.
We have described a functional role of TUBB3 in netrin
signaling both in vitro and in vivo. Netrin-1 increased neurite
growth from primary cortical neurons and chick dorsal spinal
cord explants (Figs 4 and 5), as reported in previous studies (Li
et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009).
Both a TUBB3 siRNA pool and a specific TUBB3 shRNA
inhibited neurite outgrowth induced by netrin-1 (Figs 4 and 5). In

comparisons). Scale bar: 100 um.
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addition, TUBB3 knockdown by these same siRNA pool
or shRNA also inhibited netrin-1-induced axon attraction in
the chick open-book turning assay (Fig. 6). These results
demonstrate that TUBB3 is involved in netrin-induced axon
outgrowth and attraction in vitro. TUBB3 is also required for
spinal commissural axon projection in vivo, as indicated by in
ovo electroporation studies with chick spinal cords (Figs 7 and
8). Together, these studies strongly suggest that TUBB3 plays an
essential role in netrin-1-mediated axon outgrowth and guidance
in the developing nervous system.

TUBB3 mutations primarily affect MT function in a dominant
fashion through altering heterodimer incorporation, MT stability,
motor protein trafficking and kinesin-MT interactions (Tischfield
et al.,, 2010). In future studies, it will be interesting to determine
whether these TUBB3 mutations can affect the netrin-1-dependent
interaction of TUBB3 with DCC. Although DCC could not interact
with TUBB1 and TUBB2, heterozygous missense mutations in
TUBAI1A and TUBB2B share certain phenotypic similarities in brain
malformations, such as dysgenesis of the corpus callosum, basal
ganglia dysmorphisms and neuronal migration defects, suggesting
that these tubulin isotypes may have important overlapping functions
(Jaglin et al., 2009; Keays et al., 2007; Poirier et al., 2010; Tischfield
et al.,, 2010). It remains to be determined whether TUBA1A and
TUBB2B can associate with other netrin receptors, such as DSCAM
and UNCSC, in netrin signaling.
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Src family kinases are required for coupling netrin
signaling to MT dynamics
Src family kinases are involved in netrin/DCC signaling (Li
et al., 2004; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009;
Meriane et al., 2004). Netrin-1 can stimulate the tyrosine
phosphorylation of TUBB3 by Src family kinases and this
TUBB3 phosphorylation appears to be required for the
subsequent interaction of TUBB3 with DCC and modulation
of MT dynamics. For example, the inhibition of Src kinases by
PP2, a Src family kinase inhibitor, 1) decreases netrin-1-
induced TUBB3 phosphorylation (Fig. 3D; supplementary
material Fig. S3B; Fig. 2) decreases the netrin-1-stimulated
interaction of DCC with TUBB3 in primary neurons
(Fig. 3E,F) blocks netrin-1-induced co-sedimentation of
DCC with polymerized MT (Fig. 3G,H). Together, these
results suggest that Src family kinases are essential in
regulating MT dynamics in netrin-1 signaling and may
function as a key signaling component of DCC/TUBB3
complex. Indeed, Src family kinases play an important role
in growth cone steering via regulating MT dynamics (Suter
et al., 2004). Therefore, these results suggest a model in which
DCC serves as a signaling platform for recruitment of a
multiprotein complex, including TUBB3, Src family kinases
and other key signaling molecules to modulate MT dynamics
in netrin-1-induced axon outgrowth and turning.

In addition to Src family kinases, many other signaling
molecules have been identified in netrin/DCC signaling (Guan

transverse section of the chick spinal cord after
electroporation. (B—F) The chick neural tube was
electroporated with Venus YFP only (B), Venus YFP plus
the TUBB3 siRNA pool (C), Venus YFP plus control
shRNA (D), Venus YFP plus TUBB3 shRNA (E) or Venus
YFP plus shRNA and wild-type human RNAi-resistant
TUBB3 (F). Expression of TUBB3 siRNAs or shRNA not
only inhibited the commissural axon extension but also
caused aberrant pathfinding (C,E). The wild-type RNAi-
resistant TUBB3 rescued the defect of TUBB3 shRNA
knockdown on commissural axon projection and turning (F).
The red arrows point to misguided axons. (G) Quantification
of the percentage of axons reaching the midline of the chick
spinal cord. (H) Quantification of the average distance of
axons away from the midline. (I) The percentage of embryos
with misguided axons. The numbers of embryos tested were
17 for the Venus YFP group, 14 for the siRNA pool group,
12 for the control shRNA group, 15 for the TUBB3 shRNA
group and 14 for the rescue group. ***P<<0.001 (one-way
ANOVA with Fischer LSD for post-hoc comparisons). Scale
bar: 100 pm.

and Rao, 2003; Kolodkin and Tessier-Lavigne, 2011; Lai Wing
Sun et al., 2011) including cyclic nucleotides, phospholipase C,
phosphoinositol-3-kinase, mitogen-activated protein kinases,
TRIO, DOCKI180, transient receptor potential channels,
calcium, myosin-X, PAK1 and Enabled/vasodilator-stimulated
phosphoprotein. Whether these signaling molecules may also be
involved in directly regulating MT dynamics through coupling
netrin receptors to TUBB3 remains to be investigated.

It has long been recognized that the different signal
transduction cascades initiated by extracellular guidance cues
converge on the cytoskeleton to manipulate growth cone
behavior (Buck and Zheng, 2002; Dent and Gertler, 2003; Dent
et al., 2011; Lowery and Van Vactor, 2009; Vitriol and Zheng,
2012). The coordination of dynamic MTs and actin filaments in
growth cones is necessary for proper axon outgrowth and
guidance (Buck and Zheng, 2002; Dent and Gertler, 2003;
Dent et al., 2011; Lowery and Van Vactor, 2009; Vitriol and
Zheng, 2012). Although actin polymerization is not necessary for
neurite outgrowth, the disruption of actin dynamics by
cytochalasin D blocks growth cone turning induced by local
taxol application, suggesting that the actin cytoskeleton plays an
essential role in MT stabilization in growth cone turning (Buck
and Zheng, 2002; Marsh and Letourneau, 1984). It will be
interesting to investigate whether the interaction of DCC with
TUBB3 will be regulated by actin dynamics, such as
polymerization—depolymerization, treadmilling and retrograde
flow in response to netrin signaling.
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Materials and Methods
Materials
The following antibodies were used: rabbit anti-FLAG, mouse anti-phospho-
tyrosine antibody 4G10 (anti-pY) and rabbit anti-TUBB3 (Abcam, Cambridge,
MA, USA); rabbit anti-MBP and rabbit anti-hemagglutinin (HA) (Santa Cruz, CA,
USA); mouse anti-DCC (BD Biosciences, San Jose, CA, USA); mouse anti-
TUBB3 (Covance, Princeton, New Jersey, USA); mouse anti-GST (Cell Signaling,
Danvers, MA, USA); Alexa Fluor® 488 goat anti-mouse IgG and Alexa Fluor® 647
goat anti-rabbit IgG (Invitrogen, Grand Island, NY, USA); mouse anti-Myc, and
mouse functional blocking anti-DCC (Calbiochem, Rockland, MA, USA). Taxol
and nocodazole were obtained from MP Biochemicals (Solon, OH, USA). PP2 and
PP3 were from Calbiochem. Purified TUBB3 was purchased from Origene
(Rockville, MD, USA) and TUBB3-GST from Abnova (Walnut, CA, USA).
Plasmids encoding TUBB3, DCC, DCC-AP1 (A1147-1170), AP2 (A1335-1356),
and AP3 (A1412-1447) have been described previously (Li et al., 2004). The
sequence-verified DCC intracellular P2-3 domain was subcloned into pT-Rex ™-
Dest 30 vector via Gateway technology (Invitrogen). TUBB3 ON-TARGETplus
SMARTpool was obtained from Dharmacon (Waltham, MA, USA). The targeted
sequences of control shRNA and DCC shRNA are: AATGCATCTCTGCA-
AGAGGTA and CATCCGATGTGCGACTGTA, respectively. The target
sequence was inserted into pAVU6+27 between Sall site and Xbal site. TUBB3
shRNA and control shRNA were gifts from David L. Turner (Yu et al., 2002),
EB3-GFP constructs were from Niels Galjart and TUBB3-V5 were from Elizabeth
C Engle. For TUBB3 RNAI rescue experiments, an RNAi-resistant construct was
created by introducing seven silent point mutations in the target sequences.
Netrin-1 protein was either obtained from R&D (Minneapolis, MN, USA) or
purified with anti-Myc tag affinity matrix from the conditioned media of HEK
cells stably secreting netrin-1. The control was made by sham-purification from
the conditioned media from HEK cells that had not been transfected with a cDNA
expressing the Myc-tagged netrin-1. Recombinant DCC intracellular domain
tagged with maltose-binding protein (DCC-ICD-MBP) was produced from BL21
competent E. coli and purified using amylose resin (New England Biolabs,
Ipswich, MA, USA). The fusion protein was eluted with maltose and analyzed by
SDS-PAGE, followed by Coomassie Blue staining.

Primary neuron cultures and nucleofection

The dissociated primary neuron culture and nucleofection procedures were
performed as described previously (Liu et al., 2004; Liu et al., 2007; Liu et al.,
2009). For examining the effect of RNAi knockdown, dissociated primary neurons
were cultured on PLL-coated dishes for 2 days after nucleofection and cell lysates
then analyzed by western blotting. For examining neurite outgrowth, cortical
neurons were left settling on the coverslips for 2 hours and then cultured in
DMEM with B27 (Invitrogen) and penicillin/streptomycin at 37°C with 5% CO,
for 20 hours with purified netrin-1 (250 ng/ml) or the sham-purified control. Cells
were then fixed with 4% pre-warmed paraformaldehyde (PFA) for 20 minutes and
stained with the Alexa Fluor® 555 phalloidin (Molecular Probes, Grand Island,
NY, USA). Nuclei were visualized with Hoechst dye 33342 or DAPI (Invitrogen).
Images were taken under a fluorescent microscope (Olympus IX81, Pittsburgh,
PA, USA). The longest and total neurite length was examined using NIH ImageJ
program.

Immunoprecipitation and western analysis

HEK293 cells were transfected with the PEI method and cultured 48 hours after
transfection. For netrin-1 stimulation, primary neurons and transfected HEK293
cells were starved for 8 hours in serum-free DMEM media and followed by
incubation with purified netrin-1 protein (500 ng/ml) or sham purified control up
to 30 minutes. For immunoprecipitation, primary neurons from E15 mouse cortex,
E13 dorsal spinal cord and HEK293 cells were lysed as described previously (Li
et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009). Cell lysates were
incubated with specific antibodies for 2 hours before protein A/G-agarose beads
(Santa Cruz Biotechnology) were added. For the immunoblotting, protein extracts
were separated with 7.5% SDS-PAGE and western blots were visualized with the
enhanced chemiluminescence kit (Fisher, Pittsburgh, PA, USA).

Microtubule co-sedimentation assay

E15 mouse cortical neurons were dissociated and cultured as previously described
(Li et al., 2008; Liu et al., 2004; Liu et al., 2007; Liu et al., 2009). Primary neurons
were stimulated by purified netrin-1 (500 ng/ml) or sham-purified control for
20 minutes. To detect the effects of Src family kinases on MT dynamics, PP2
(5 nM) or PP3 (5 nM) was added 6 hours before netrin-1 stimulation. Primary
neurons were lysed in the MLB buffer and cell lysates centrifuged at 100,000xg
for 1 hour at 4°C. The supernatant was incubated with 40 uM taxol or DMSO in
PEMG buffer (100 mM PIPES, | mM EGTA, | mM MgSO,4, 1| mM GTP, pH 6.8)
at room temperature for 30 minutes. MTs were pelleted by centrifugation through
a 10% sucrose cushion at 50,000xg for 30 minutes at 4°C. The pellet and
supernatant fractions were collected separately, and the pellet was resuspended
with tubulin buffer (50 mM HEPES, 1 mM MgCl,, 1 mM EGTA, 10% glycerol,
150 mM KCI, 40 uM taxol, 1 mM GTP, 5 mM Mg-ATP, 1 mM PMSF,

1x protease inhibitor mixture). Proteins in the supernatant and the pellet were
separated by SDS-PAGE and analyzed by western blotting.

Immunocytochemistry

Dissociated neurons from E15 mouse cortexes and E11 dorsal spinal cords were
fixed either in pre-warmed 4% PFA in 1xstabilization buffer (127 mM NacCl,
5 mM KCI, 1.1 mM NaH,PO,, 0.4 mM KH,PO,, 2 mM MgCl,, 5.5 mM glucose,
1 mM EGTA, 10 mM PIPES) or ice-cold methanol and permeabilized with 0.5%
Triton X-100 for 15 minutes. Cells were blocked with 0.25% BSA and 0.1%
Triton in PBS at room temperature for 30 minutes and then incubated with primary
antibody solution containing mouse anti-DCC (1:100) and rabbit anti-TUBB3
(1:300) antibodies overnight at 4°C. Neurons were incubated with secondary
antibodies (anti-mouse-488 and anti-rabbit-647) and mounted onto glass slides
with Fluorogel (Electron Microscopy Sciences). Images of growth cones were
taken sequentially using a confocal microscope (Olympus IX71 Fluoview,
Pittsburgh, PA, USA) with the same exposure settings.

Chick spinal cord explant culture and analysis of axon outgrowth
Fertilized White Leghorn chicken eggs were incubated and chicken embryos
staged as described previously (Liu et al., 2004; Liu et al., 2007; Liu et al., 2009).
At stage 1215, plasmids or siRNAs plus Venus YFP were injected into the neural
tube of chicken embryos and the in ovo electroporation was performed with the
following program: 25 V, 5 milliseconds, five pulses (BTX ECM830, Holliston,
MA, USA) (Liu et al., 2004; Liu et al., 2007; Liu et al., 2009). Embryos at stage
18-20 were collected and examined under a fluorescent microscope. The dorsal
one-third of the spinal cord labeled with YFP fluorescence was isolated, trimmed
to 200 um in size, and transferred into the mixed gel (3:2:1 collagen: matrigel:
medium) as described previously (Liu et al., 2009). After gel polymerization,
explants were cultured in DMEM with B27 (Invitrogen) and penicillin/
streptomycin at 37°C with 5% CO, overnight with purified netrin-1 (250 ng/ml)
or the sham-purified control. Explants were fixed with 4% PFA in 1xPBS, and the
images of axons with YFP fluorescence were obtained under a confocal
microscope (Olympus IX70). The numbers of axons and total axon length per
explant were measured using the NIH ImageJ software.

Chicken commissural axon turning assay

The in ovo electroporation procedures were essentially done as described above
(Liu et al., 2004; Liu et al., 2007; Liu et al., 2009; Qu et al., 2013). Embryos were
harvested at stages 18-20 and samples showing YFP fluorescence were isolated
under the fluorescence microscope. The spinal cord was opened at the roof plate
(open-book preparation) and explants from the half spinal cord with YFP
fluorescence were co-cultured with an aggregate of control or netrin-1 secreting
HEK cells as described previously (Liu et al., 2004; Liu et al., 2007; Liu et al.,
2009). Axons with the turning angle towards the cell aggregate more than 5° were
counted as attraction and the percentage of attractive axons was calculated from
the numbers of fluorescent axons turning towards the HEK cell aggregate divided
by the total numbers of fluorescent axons within 300 um of the HEK cell
aggregates. Images were acquired under an Olympus IX70 confocal microscope.

Chicken commissural axon projection in vivo

Chick spinal cords with YFP fluorescence were collected until stage 23 after
electroporation as described previously (Li et al., 2008; Liu et al., 2007; Liu et al.,
2009; Qu et al., 2013). The lumbosacral region of the spinal cord was isolated and
the open-book preparation of the spinal cord was performed by opening the roof
plate. After fixation, the tissues in the open-book preparation were mounted in Gel/
Mount (Biomeda, Pittsburgh, MA, USA) for analysis of commissural axon
projection in vivo. Images were taken under the confocal microscope. The
percentage of axons reaching the floor plate was calculated from the numbers of
fluorescent axons crossing the ipsilateral floor plate divided by the total numbers
of fluorescent axons within 100 um from the floor plate (Li et al., 2008; Liu et al.,
2007; Liu et al., 2009).

To examine commissural axon pathfinding in vivo, the lumbosacral segments of
the chick spinal cords expressing YFP at stage 23 were isolated and transverse
sections of 200 um were cut by a vibrotome. The spinal cord slices were mounted
in Gel/Mount for confocal fluorescent microscopy. The percentage of axons
reaching the midline was quantified from the numbers of fluorescent axons
arriving at or crossing over the midline divided by the total numbers of fluorescent
axons within 200 pm from the floor plate. The axon distance from the midline was
calculated from the average distance of fluorescent axons away from the midline.
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