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Summary

Soluble guidance cues can direct cellular protrusion and migration by modulating
adhesion and cytoskeletal dynamics. Actin filaments (F-actins) polymerize at the
leading edge of motile cells and depolymerize proximally [1, 2]; this, together with
myosin II activity, induces retrograde flow of F-actins [3-5]. It has been proposed that
the traction forces underlying cellular motility may be regulated by the modulation of
coupling efficiency between F-actin flow and the extracellular substrate via ‘“clutch”
molecules [6-10]. However, how cell signaling controls the coupling efficiency remains
unknown. Shootinl functions as a linker molecule that couples F-actin retrograde flow
and the substrate at neuronal growth cones to promote axon outgrowth [11]. Here, we
show that shootinl is located at a critical interface, transducing a chemical signal into
traction forces for axon outgrowth. We found that a chemoattractant, netrin-1,
positively regulates traction forces at axonal growth cones via Pakl-mediated shootinl
phosphorylation. This phosphorylation enhanced the interaction between shootinl
and F-actin retrograde flow, thereby promoting F-actin-substrate coupling, force
generation, and concomitant filopodium extension and axon outgrowth. These results
suggest that dynamic actin-substrate coupling can transduce chemical signals into
mechanical forces to control cellular motility, and provide a molecular-level

description of how this transduction may occur.



Results and Discussion

To analyze the regulation of mechanical forces in motile cells, we studied axonal
growth cones of cultured rat hippocampal neurons. Recent experiments have shown that
directional traction forces are generated by growth cones [12, 13]. In addition, growth
cones respond to netrin-1, thereby promoting axon outgrowth [14, 15]. Consistent with
previous reports [14, 16, 17], stimulation of hippocampal neurons by netrin-1 bath
application promoted activation of the Rho family small GTPases Cdc42 and Racl (Figure
S1A), filopodium extension (Figure S1B), and axon outgrowth (Figure S1C). A recent
study showed that substrate-bound netrin-1 can induce the generation of traction forces by
spinal commissural neurons [18]. However, we could not observe a comparable promotion
of axon outgrowth by netrin-1 pre-absorbed to the substrate (Figure S1D), suggesting that
the effects observed here were mediated mainly by soluble netrin-1. To test the possibility
that netrin-1 might regulate traction forces for filopodium extension and axon outgrowth,
we measured the traction forces generated by axonal growth cones using traction force
microscopy [12, 19]. Hippocampal neurons were cultured on LI-CAM-coated
polyacrylamide gels embedded with 200-nm fluorescent beads. Traction forces under the
growth cones were monitored by visualizing force-induced deformation of the elastic
substrate, which is reflected by displacement of the beads from their original positions. As
reported previously [12], the reporter beads under the growth cones moved dynamically
toward the center in a “load-and-fail” manner (Figure 1A; Movie S1). Directional
movement of the beads was detected mainly under the peripheral region of the growth

cones, where the distal part of F-actin flow was observed (Figure S1E). As the



displacement of individual beads showed dynamic fluctuation, we calculated average stress
and peak stress under the growth cones during 125-sec observations. Consistent with the
previous study [12, 13], histogram analysis showed a wide range of average and peak
stresses (Figures 1B and 1C). However, statistical analysis revealed that both increased
significantly after netrin-1 stimulation (Figures 1B and 1C). We also analyzed the
orientation and the magnitude of the vector of the net force under the growth cones (Figure
1D). The net force was oriented toward the rear of the growth cones, consistent with the
notion that it serves as the traction force for axon outgrowth. The magnitude of the net
force increased markedly after netrin-1 treatment, whereas its orientation did not change
significantly, indicating that the external signal netrin-1 positively regulates traction forces
at growth cones.

To elucidate the molecular mechanism by which netrin-1 enhances these traction
forces, we focused on p2l-activated kinase 1 (Pakl) [20] and shootinl [21]. Pakl is a
downstream effector kinase of Cdc42 and Racl, and is involved in axon outgrowth and cell
migration [22, 23]. Shootinl functions as a linker molecule to promote axon outgrowth by
coupling F-actin retrograde flow and the extracellular substrate, via L1-CAM, at axonal
growth cones [11]. By mass spectrometry, we identified several possible phosphorylation
sites in shootinl; two of them, Serl01 and Ser249, were conserved consensus
phosphorylation sites for Pak1 (Figure S2A). In vitro kinase assays demonstrated that Pak1
phosphorylates shootinl directly at both Ser101 and Ser249 (Figures S2B and S2C). We
raised antibodies that recognize the phosphorylated residue at each site to analyze their

intracellular phosphorylation status. In cultured neurons, shootinl phosphorylation at both



Ser101 and Ser249 increased markedly upon ectopic expression of a constitutively active
Pakl (CA-Pakl), while inhibition of endogenous Pakl by its dominant negative form
(DN-Pakl, AID) reduced the phosphorylation levels of both residues (Figure S2D).
Expression of constitutively active Cdc42 and Racl also promoted shootinl
phosphorylation, but that of RhoA did not (Figure S2E). Furthermore, netrin-1 stimulation
increased the phosphorylation of shootinl at both sites (Figure 2A), and this was also
abolished when endogenous Pakl was inhibited by DN-Pakl (Figure 2B). Thus, netrin-1,
via activation of Cdc42 and Racl, up-regulates Pak1-mediated shootinl phosphorylation.
Immunocytochemical analysis showed that phosphorylated shootinl accumulated
to a high level in filopodia and lamellipodia of axonal growth cones, where F-actin
retrograde flow and traction forces were observed [11, 12] (Figure 2C). To examine the
correlation between the shootinl phosphorylation and its interaction with F-actin, we
performed fluorescent speckle microscopy, which can detect molecules attached to F-actin
retrograde flow as moving speckles [11, 24]. We produced phosphomimic shootinl
(shootin1-DD), in which both Ser101 and Ser249 were replaced by aspartate, and
unphosphorylated shootinl (shootinl-AA), where these residues were replaced by alanine.
Neurons expressing EGFP-labeled wild-type shootinl (shootinl-WT) and shootinl1-DD
displayed fluorescent speckles which moved retrogradely at the peripheral region of growth
cones (Figure 2D; Movie S2). The velocities of shootinl-WT and shootinl-DD retrograde
flow were 3.6 = 0.9 um/min (mean = SD, n = 25) and 3.4 = 0.9 um/min (mean + SD, n =
31), respectively. Their speed was similar to that previously reported for F-actin [11],

indicating that wild-type and phosphomimic shootinl interact with F-actin retrograde flow.



In contrast, EGFP-labeled unphosphorylated shootinl showed a diffuse distribution
throughout growth cones, without forming retrograde speckle signals (Figure 2D; Movie
S2). Furthermore, inhibition of Pakl-mediated shootinl phosphorylation by DN-Pakl
significantly decreased the localization of endogenous shootinl to axonal growth cones
without affecting the amount of F-actin (Figure S2F), thereby suggesting its dissociation
from F-actin. Together, these results suggest that Pak1-mediated phosphorylation enhances
the association of shootinl with F-actin retrograde flow at growth cones.

We next examined whether the dynamic interaction between shootinl and F-actin
flow can regulate F-actin—substrate coupling (clutch engagement [2, 10]) and the
transmission of traction forces. The F-actin retrograde flow is driven by both myosin II
activity and actin polymerization at growth cones [5]. Clutch engagement is thought to
transmit the forces of F-actin retrograde flow to the substrate; this engagement would also
reduce the speed of the F-actin retrograde flow, converting actin polymerization into
protrusion of the leading edge [2, 10]. To examine the involvement of the Pakl-regulated
interaction between shootinl and F-actin flow in clutch engagement, we analyzed F-actin
retrograde flow by speckle microscopy [11, 24]: the flow velocity was monitored by
kymograph analysis of mRFP-actin speckles in filopodia and lamellipodia (Figure 3A;
Movie S3). In control growth cones, actin speckles moved retrogradely at 4.4 + 1.1
um/min (mean + SD, n = 188), as reported previously [11]. Consistent with the role of
shootinl as a linker molecule, reduction of shootinl expression by RNAi increased the
velocity of F-actin flow (Figures 3A and 3B), reflecting increased slippage of the clutch

engagement (Figures S3A; see also Supplemental Results and S3B) [2, 10]. Netrin-1



stimulation significantly decreased the velocity of F-actin flow, yet increased it when
shootinl expression was reduced (Figures 3A and 3B), suggesting that netrin-1 promotes
clutch engagement that is dependent on shootinl (for a detailed explanation for the reversal
effects of netrin-1, see Supplemental Discussion and Figure S3A and S3C). Consistent with
the involvement of shootinl in netrin-1-mediated clutch engagement, shootinl RNAI also
decreased the netrin-1-mediated promotion of traction forces at growth cones (Figure 3C).
Inhibition of endogenous Pakl1 activity by DN-Pakl1 increased the velocity of F-actin flow
(Figure 3D), and decreased the traction forces (Figure 3E), indicating that Pak1 contributes
to clutch engagement and force transmission. Furthermore, co-expression of the
phosphomimic shootinl-DD rescued the effects of DN-Pakl, whereas co-expression of
shootinl-WT partially rescued the effect of DN-Pakl on peak stress but not on F-actin flow
or average stress (Figures 3D and 3E). Myosin II activity in growth cones promotes F-actin
retrograde flow [5] and is involved in netrin-1-mediated growth cone collapse and axon
repulsion of cranial motor neurons [25]. In addition, L1-CAM on the growth cone
membrane constitutes a component of the clutch system [11]. However, netrin-1
stimulation, Pak1 inhibition or shootinl RNAi did not alter myosin II activity or L1-CAM
surface expression (Figures S3D and S3E). It is therefore unlikely that netrin-1 up-regulates
the traction forces at growth cones through the regulation of myosin II activity or L1-CAM
surface expression. Together, these data suggest that netrin-1- and Pakl-mediated shootinl
interaction with F-actin flow promotes clutch engagement and concomitant formation of
traction forces at axonal growth cones.

Finally, we asked whether filopodium extension and axon outgrowth depend on



the clutch engagement and force transmission regulated by Pakl-mediated shootinl
phosphorylation. In agreement with previous work [11], inhibition of clutch engagement by
shootin] RNA1 reduced the filopodium and axon lengths (Figures 4A and S4A). In addition,
this treatment significantly decreased netrin-1-promoted filopodium extension and axon
outgrowth (Figures 4A and S4A). Expression of RNAi-refractory wild-type and
phosphomimic shootinl rescued the reduction of filopodium and axon length by shootinl
RNALI, but unphosphorylated shootinl had no effect (Figure 4B and S4B). Furthermore, a
decrease in clutch engagement by DN-Pak1 significantly suppressed filopodium extension
and axon outgrowth, and this effect was rescued by expression of the phosphomimic
shootinl, but not by wild-type shootinl (Figure 4C and S4C). Thus, clutch engagement and
force transmission enhanced by Pakl-mediated shootinl phosphorylation up-regulates
filopodium extension and axon outgrowth.

Together, these results show that the dynamic interaction between shootinl and
F-actin, which is regulated by Pakl-mediated shootinl phosphorylation, transduces a
chemical signal into traction forces for axon outgrowth (black, blue, and green arrows,
Figure 4D). Pakl is known to regulate a variety of other downstream molecules [26].
However, the effects of DN-Pakl on F-actin flow (Figure 3D), traction force (Figure 3E),
filopodium extension (Figure S4C), and axon outgrowth (Figure 4C) were all rescued by
the phosphomimic shootinl, indicating a core role for shootinl phosphorylation by Pakl in
these Pak1-mediated processes. Cdc42 and Racl, which are located upstream of Pakl, are
known to play key roles in the regulation of cell motility under various external signals [1,

27, 28]. It is notable that Cdc42 and Racl promote actin polymerization at the leading edge



[1, 2, 29-31], which is required to induce F-actin retrograde flow [1, 2, 5] (red arrows,
Figure 4D). These two processes may work coordinately to effectively regulate mechanical
forces for cell motility.

The present model may explain axon guidance mediated by the DCC (deleted in
colorectal cancer) and UNC-5 families of netrin-1 receptors [32, 33]. DCC mediates
activation of molecules including Cdc42, Racl and Pakl [16] and promotes axon
outgrowth and attraction, whereas axon repulsion involves the activation of UNC-5, RhoA,
Rho-kinase, myosin light chain kinase and myosin II [25]. In the case of netrin-1-induced
axon attraction, asymmetric activation of DCC on growth cones would lead to the local
activation of Cdc42, Racl and Pakl. This would in turn promote shootinl phosphorylation,
clutch engagement and an increase in traction force on the side of netrin-1 stimulation for
axon attraction (Figure S4D). On the other hand, how UNC-5 and its downstream
molecules may regulate traction force is more elusive. However, as RhoA is known to
inhibit Racl [34], we expect that local activation of RhoA would inhibit clutch engagement
and decrease traction force on the side of netrin-1 stimulation. This, together with myosin II
activation, might effectively retract the stimulated side of growth cones and thus cause axon
repulsion. We do not rule out the involvement of other molecules in coupling the actin
filament flow to the substrate. Other pathways may also participate in the regulation of
traction forces. In addition, the mechanical properties of the cellular substrates may
influence the effect of netrin-1 signaling, in the same way as they are reported to modulate
clutch coupling efficiency [12]. The details of how traction forces are regulated for axon

attraction and repulsion remain important issues for future investigation.
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Figure 1. Netrin-1 positively regulates traction forces at growth cones

(A) Fluorescent images (upper panel) showing an axonal growth cone of a DIV2 neuron
expressing GFP and cultured on L1-CAM-coated polyacrylamide gel embedded with
200-nm fluorescent beads. The pictures show representative images from time-lapse series
taken every 2.5 sec for 125 sec before (control) and 60 min after netrin-1 (300 ng/ml)
stimulation (see Movie S1). The original and displaced positions of the beads in the gel are
indicated by green and red colors, respectively. The bead displacements are also indicated
by red bars. Dashed lines indicate the boundary of the growth cone. The kymographs
(lower panel) along the axis of bead displacement (white dashed arrows) at the indicated
areas 1 and 2 of the growth cone show movement of beads recorded every 2.5 sec. The
original positions of the beads determined after the experiment (Ref) are indicated by red
dashed lines. The bead in area 2 is a reference bead.

(B and C) Histogram (left) and statistical analyses (right) of the average stress (B) and peak
stress (C) under growth cones before or after 60-min netrin-1 stimulation.

(D) Angle (6) and magnitude of the net force under axonal growth cones before or after
netrin-1 stimulation.

Data in (B - D) represent means + SEM; ***, P<0.01; **, P < 0.02; ns, non-significant.

A totally 12 growth cones were examined. Bar: in (A) 5 um.
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Figure 2. Netrin-1 induces Pakl-mediated shootinl phosphorylation, which in turn
enhances the interaction between shootinl and F-actin retrograde flow at axonal
growth cones

(A) DIV2 neurons were treated with 300 ng/ml netrin-1. Cell lysates were then analyzed by
immunoblot with anti-pSer101-shootinl, anti-pSer249-shootinl and anti-shootinl
antibodies.

(B) Neurons expressing AID-L107F (control) or AID (DN-Pak1) were treated with netrin-1
for 60 min, and examined by immunoblot.

(C) Fluorescence images of an axonal growth cone co-stained with anti-pSer249-shootinl
antibody (green), Alexa-594 phalloidin (red), and anti-B3-tubulin antibody (blue).

(D) Fluorescent speckle images of EGFP-shootinl-WT, EGFP-shootinl-DD, and
EGFP-shootin1-AA in axonal growth cones (see Movies S2). Kymographs of the indicated
rectangular regions at 5-sec intervals are shown to the right (flows of shootinl speckles are
indicated by dashed yellow lines).

Data in (A) represent means + SEM; *** p < 0.01; **, p < 0.02; *, p < 0.05. Scale bars in

(C and D) represent 5 mm.
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Figure 3. Pakl-mediated shootinl phosphorylation promotes clutch engagement and

transmission of traction forces at axonal growth cones

(A) Fluorescent speckle images of mRFP-actin at axonal growth cones expressing control
miRNA (see Movie S3) or miRNA against shootinl (shootinl RNAIi) in the presence or
absence of 300 ng/ml netrin-1. Kymographs of mRFP-actin speckles in filopodia at 5-sec
intervals are shown to the right (F-actin flows are indicated by dashed yellow lines).

(B) F-actin retrograde flow rate in filopodia and lamellipodia measured by kymograph
analysis in (A) (671 speckles were examined).

(C) Neurons expressing control miRNA or shootinl miRNA were cultured on
polyacrylamide gels containing 200-nm fluorescent beads in the presence or absence of 300
ng/ml netrin-1 for 60 min. Average stress and peak stress were calculated from
displacement of beads under the growth cones (26 growth cones were examined).

(D) F-actin retrograde flow rate in filopodia and lamellipodia measured in neurons
co-expressing AID-L107F (control) or AID (DN-Pak1) with shootin1-WT or shootin1-DD
(686 speckles were examined).

(E) Neurons co-expressing AID-L107F or AID with shootinl-WT or shootinl-DD were
cultured on polyacrylamide gels containing fluorescent beads, and average stress and peak
stress were measured (65 growth cones were examined).

Data in (B-E) represent means + SEM; ***, P<0.01; **, P < 0.02; ns, non-significant. Bars:

5 um.
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Figure 4. Pakl-mediated shootinl phosphorylation promotes filopodium extension
and axon outgrowth

(A) Neurons expressing control miRNA or shootinl miRNA were incubated with BSA
(control) or 300 ng/ml netrin-1 for 60 min or 24 h. Filopodium length at axonal growth
cones (after 60 min) and axon length (after 24 h) were then analyzed (n = 3, 976 filopodia
and 908 axons were examined). The neuronal morphology was analyzed at DIV2.

(B and C) Neurons co-expressing control miRNA or shootinl miRNA with an
RNAi-refractory mutant of shootinl (WT, DD, or AA) (B), or co-expressing AID-L107F
(control) or AID (DN-Pak1) with shootinl-WT or shootin1-DD (C), were cultured for 24 h.
Axon length was then analyzed (n = 3, 908 axons were examined for (B) and 1893 axons
were examined for (C)).

Data in (A-C) represent means + SEM; ***, P < 0.01; H P < 0.02; *, P < 0.05; ns,
non-significant.

(D) A model for signal-force conversion for axon outgrowth. Netrin-1, via activation of
DCC (netrin-1 receptor), Cdc42 and Racl, induces Pakl-mediated shootinl
phosphorylation (black arrows), thereby enhancing clutch engagement through
shootinl=F-actin interaction (blue arrow). Clutch engagement converts the F-actin flow
(yellow arrows) into traction forces exerted on the substrate (green arrows). This
engagement also reduces the speed of the F-actin flow, converting actin polymerization into
protrusion of the leading edge (gray arrow). Clutch engagement (blue arrow) and Cdc42-
and Racl-induced actin polymerization (red arrows) may work coordinately to effectively

regulate mechanical forces for cell motility.
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Supplemental Results

A recent study reported that shootinl associates with profilin IIa [35], thereby raising the
possibility that shootinl might affect F-actin flow by directly regulating actin assembly.
However, knockdown of endogenous shootinl in hippocampal neurons did not alter
F-actin content in the growth cones (Figure S3B). Therefore, it appears that shootinl does
not affect actin polymerization.

This conclusion is further supported by our fluorescent speckle microscopy data.
Shootinl RNA1 led to a significant increase in the F-actin flow rate in the growth cones
(data suggesting the slippage of the clutch engagement; Figure 3A and B). If shootin1 could
promote traction force and axon outgrowth by activating actin assembly, it would be
involved in the promotion of F-actin flow. In this case, shootinl RNAi1 would lead to a
decrease in the F-actin flow rate. However, the inverse effect was observed. Thus, we
consider that shootinl promotes traction force and axon outgrowth by increasing clutch

engagement, not by increasing actin assembly thorough profilin Ila.

Supplemental Discussion

Figure S3A describes a mechanical explanation for the effects of netrin-1 stimulation and
shootin]l RNA1 on F-actin retrograde flow, traction force, and axon outgrowth. In control
neurons (upper panel), netrin-1 stimulation, through activation of Cdc42 and Racl and
Pak1-mediated shootinl phosphorylation (black arrows), promotes clutch engagement (blue
arrow), thereby converting the F-actin retrograde flow into traction forces exerted on the
substrate (green arrows). This engagement also reduces the speed of the F-actin retrograde
flow (yellow arrow) and converts actin polymerization into axon outgrowth (grey arrow).
Activation of Cdc42 and Racl would stimulate actin polymerization at the leading edge
(red arrows); however, the enhancement of actin polymerization would not be significant
because increased counter-force at the leading edge membrane (brown arrow) would
mechanically inhibit actin polymerization, as suggested previously [36, 37].

A decrease in shootinl level by RNAi (lower panel) reduces basal clutch
engagement, resulting in increased slippage between F-actin and L1-CAM and an increased
velocity of F-actin retrograde flow (yellow arrow). Clutch disengagement also reduces
counter-force at the leading edge membrane, thereby accelerating actin polymerization at
the leading edge [36, 37]. With decreased counter-force at the leading edge (brown arrow),

netrin-1 stimulation, via activation of Cdc42 and Racl, enhances significantly actin
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polymerization at the leading edge (red arrows). The push from actin polymerization
further accelerates actin retrograde flow (yellow arrow).

Figure S3C shows the rate of actin polymerization determined from the data in
Figures 3A and 3B, as the sum of F-actin extension and retrograde flow at the leading edge

[38]. These data and the results in Figure 3B are consistent with the present explanation.
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Figure S1.

(A-D) Netrin-1 positively regulates filopodium extension and axon outgrowth.

(A) DIV2 neurons were treated with 300 ng/ml netrin-1 for the indicated periods. Cdc42
and Racl activities were then analyzed by pull-down assay. Active Cdc42 and Racl, bound
to GST-Pak1-CRIB, and total cell lysate were analyzed by immunoblot with anti-Cdc42
and anti-Racl antibodies. (B) Fluorescence images of axonal growth cones of DIV2
neurons incubated with BSA (control) or 300 ng/ml netrin-1 for 60 min and stained with
Alexa-594 phalloidin. The graph to the right shows the lengths of growth cone filopodia
(546 filopodia were examined). (C) Fluorescence images of EGFP-expressing neurons
cultured in the presence of BSA (control) or 300 ng/ml netrin-1 for 24 h. The graph to the
right shows axon lengths (539 axons were examined). (D) Neurons were cultured on
coverslips coated without L1-CAM (poly-D-lysine) (upper panel) or with L1-CAM (lower
panel) onto which netrin-1 (5 or 10 pg/ml) or BSA (control) was pre-absorbed. Axon length
was then measured. DIV2 neurons (upper panel) on poly-D-lysine with or without netrin-1
pre-absorption (for 3 h) were fixed and analyzed (a total of 697 cells were examined). DIV1
neurons (lower panel) on L1-CAM with or without netrin-1 pre-absorption (for 3 h) were
fixed and analyzed (a total of 1589 cells were examined). The graph to the right shows
axon lengths.

(E) The relationship between F-actin retrograde flow and bead displacement.
Fluorescence micrographs (upper panel) showing an axonal growth cone of a DIV2
hippocampal neuron expressing EGFP-actin (right) and cultured on LI1-CAM-coated
polyacrylamide gel embedded with 200-nm fluorescent beads (left). The original and
displaced positions of the beads in the gel are indicated by green and red colors,
respectively. Dashed lines indicate the boundary of the growth cone. Kymographs (lower
panel) along the arrows 1-3 show the retrograde movements of EGFP-actin and bead
displacement at the growth cone (recorded every 5.0 sec for 125 sec). The borders of the
cellular leading edge are indicated by the blue arrow. Fluorescent beads under and outside
the growth cone are indicated by red and black arrowheads, respectively. The original
positions of the beads (Ref) are shown at the right of each panel.

Data represent means + SEM; ***, P < 0.01; ns, non-significant. Bars: in (B and E) 5 um; in
(C and D) 50 um.
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Figure S2.

(A-E) Pak1 phosphorylates shootinl at Ser101 and Ser249 in vitro and in neurons.

(A) Identified phosphorylation sites of shootinl and comparison of sequences flanking each
phosphorylation site among several species. A consensus phosphorylation sequence for
Pakl is shown below. (B and C) In vitro kinase assays were performed using purified wild
type (WT) or unphosphorylated mutants (SI0O1A, S249A, or S101A/S249A) of shootinl.
After a 30-min reaction with Pakl, protein mixtures were subjected to SDS-PAGE and
visualized by autoradiography and Coomassie Brilliant Blue staining. (D and E) Cell
lysates from DIV2 cultured neurons were analyzed by immunoblotting with
anti-pSer101-shootinl, anti-pSer249-shootinl, and anti-shootinl antibodies. Neurons were
transfected with constitutively active Pakl (CA-Pakl) or dominant negative Pakl (AID)
(D), or with constitutively active Cdc42, constitutively active Racl, constitutively active
RhoA, or GST (control) (E).

(F) Pakl-mediated shootinl phosphorylation enhances the interaction between
shootinl and F-actin at axonal growth cones.

Neurons were transfected with AID-L107F (control) or AID (DN-Pakl), and co-stained
with anti-shootinl antibody and Alexa-594 phalloidin. The relative fluorescence intensities
of shootinl and F-actin at axonal growth cones (arrows) were measured (right) (n = 69 cells
for AID-L107F and 63 cells for AID were examined).

Data represent means + SEM; ***, P < 0.01; ns, non-significant. Bar: in (F) 20 pm.
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Figure S3.

(A and C) A mechanical explanation for the effects of netrin-1 stimulation and
shootinl RNAi on F-actin retrograde flow, traction force, and axon outgrowth.

For details, see Supplemental Discussion. (C) The rate of actin polymerization determined
from the kymograph analysis data in Figures 3A and 3B, as the sum of F-actin extension
and retrograde flow at the leading edge [38].

(B) Effects of shootinl RNAi on F-actin content in growth cones.

Neurons were transfected with control-miRNA or shootinl-miRNA vectors, and stained
with Alexa-594 phalloidin at DIV2. The graph to the right shows the fluorescence intensity
of F-actin in the growth cones (a total of 503 neurons were examined).

(D) Effects of netrin-1 stimulation, Pakl inhibition or shootinl RNAi on Myosin II
activity in cultured neurons.

Myosin II activity was analyzed by monitoring the phosphorylation of the regulatory light
chain of myosin II (myosin light chain 2, MLC2) at Ser19. Neurons on DIV2 were
analyzed by immunoblot with anti-phospho-MLC2 antibody, anti-MLC2 antibody,
anti-shootinl antibody or anti-actin antibody. Upper left panel: neurons were treated with
300 ng/ml netrin-1 or BSA (control) for 60 min. Lower left panel: neurons were transfected
with AID-L107F (control) or AID (DN-Pakl). Right panel: neurons were transfected with
control miRNA or shootin] miRNA.

(E) Effects of netrin-1 stimulation, Pakl inhibition or shootinl RNAi on L1-CAM
expression on the neuronal cell surface.

Cell surface expression of L1-CAM in cultured neurons at DIV2 was evaluated by
biotinylation assay. Biotinylated L1-CAM molecules on the cell surface were isolated with
streptavidin-agarose beads and visualized by immunoblot using anti-L1-CAM antibody.
Left panel: neurons were treated with 300 ng/ml netrin-1 for 60 min (n = 6). Center panel:
neurons were transfected with AID-L107F (control) or AID (DN-Pakl) (n = 3). Right
panel: neurons expressing control miRNA or shootin]l miRNA (n = 3). Statistical analyses
of the relative band intensities showed non-significant difference (data not shown).

Data represent means + SEM; m P < 0.01; **, P < 0.02; ns, non-significant. Bar: in (B) 5
pwm.
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Figure S4.

(A) Effects of shootinl miRNA #2, an alternative shootinl miRNA, on
netrin-1-induced filopodium extension and axon outgrowth.

The targeting sequence of shootinl miRNA #2 is distinct from that of shootinl miRNA
used in Figure 4A. Neurons expressing control miRNA or shootinl miRNA were incubated
with BSA (control) or 300 ng/ml netrin-1 for 60 min or 24 h. Filopodium length at axonal
growth cones (after 60 min) and axon length (after 24 h) were then analyzed (907 filopodia
and 919 axons were examined). The neuronal morphology was analyzed at DIV2.

(B and C) Pakl-mediated shootinl phosphorylation promotes filopodium extension.
Neurons co-expressing control miRNA or shootinl miRNA with an RNAi-refractory
mutant of shootinl (WT, DD, or AA) (B), or co-expressing AID-L107F (control) or AID
(DN-Pak1) with shootinl-WT or shootinl-DD (C), were cultured for 24 h. Filopodium
length at axonal growth cones was then analyzed (n = 3, 1121 filopodia were examined
for (B) and 1667 filopodia were examined for (C)).

(D). A model for netrin-1-mediated axon attraction.

See Results and Discussion for details.

Data represent means + SEM; ***, P<0.01; *, P < 0.05; ns, non-significant.
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Supplemental Movies

Movie S1. Netrin-1-induced promotion of traction forces at an axonal growth cone (see
Figure 1A). Left and right panels show bead displacement before and 60 min after netrin-1

stimulation, respectively.

Movie S2. Fluorescent speckle dynamics of EGFP-shootin1-WT, EGFP-shootin1-DD and
EGFP-shootin1-AA at an axonal growth cone (see Figure 2D).

Movie S3. Fluorescent speckle dynamics of mRFP-actin at an axonal growth cone (see
Figure 3A).
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Supplemental Experimental Procedures

Cell culture, transfection, and RNAi

Hippocampal neurons prepared from E18 rat embryos were cultured on glass coverslips
(Matsunami) coated with L1-CAM-FC as described [11]. All experiments except for the
measurement of forces were carried out on L1-CAM-coated glass surfaces. Neurons were
transfected with plasmid DNA using Nucleofector (Lonza) before plating. For RNAi
experiments, to ensure a high level of expression of miRNA before axon outgrowth,
neurons were cultured in suspension on non-coated polystyrene dishes for 24 h [21], and
then collected and seeded onto coated-glass coverslips, polyacrylamide gels, or glass
bottom dishes. For the immunoblot analyses in Figures 2B, S4D, and S4E, we used cortical
neurons, which also respond to Netrin-1 [14], as the experiments required large numbers of
neurons. These were prepared from E18 rat embryos using the same protocol as above. For
RNAI experiments, we used a Block-iT Pol II miR RNAi expression kit (Invitrogen). The
targeting sequence of shootinl miRNA was reported previously [21]; that of another
miRNA (shootinl RNAi1 #2), 5’-GTTAGAGGAACGGCTAGAGAA-3’, corresponds to
nucleotides 867-887 in the coding region of rat shootinl. Reduction of endogenous

shootinl in neurons was confirmed by immunocytochemistry with anti-shootinl antibody.

DNA constructs

Preparation of the vectors to express wild-type shootinl has been described previously [21].
RNAi-refractory shootinl mutants were generated using a QuickChange II site-directed
mutagenesis kit (Stratagene) as described [11]. Unphosphorylated (S101A/S249A: AA) or
phosphomimic (S101D/S249D: DD) mutants of shootinl were generated with the same kit,
to replace each serine with alanine or aspartate, using the following primers: S101A,
5’-CGTTGAAAAGAATCGCCATGTTGTACATGGCCAAGCTGGGACC-3’; S101D,
5’-CGTTGAAAAGAATCGACATGTTGTACATGGCCAAGCTGGGACC-3’; S249A,
5’-CAAGCTAAAGAGACAAGCCCACCTTCTGCTGCAGAGCTCCATC-3’; and S249D,
5’-CAAGCTAAAGAGACAAGACCACCTTCTGCTGCAGAGCTCCATC-3. cDNAs
were sub-cloned into pGEX-6P-1 (GE Healthcare), pEGFP-C1 (Clontech) and
pCMV-myc-3B (Stratagene). Pakl plasmids were kindly provided by Drs. M. Inagaki and
L. Lim. Constitutively active Pakl (CA-Pakl) was described previously [39]. The
autoinhibitory domain (AID; aa 83-149) of Pakl and its mutant AID-L107F were used as
dominant negative Pakl (DN-Pakl) and control, respectively, as reported previously [40].
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Plasmids for constitutively active Cdc42, Racl, and RhoA [41] were kindly provided by Dr.
K. Kaibuchi.

Protein and antibody preparation

Recombinant shootinl was expressed in Escherichia coli as a GST fusion protein and
purified on a Glutathione Sepharose column (GE Healthcare), after which GST was
removed from shootinl by PreScission protease (GE Healthcare). L1-CAM-FC was
prepared as described [11]. Polyclonal antibodies against shootinl phosphorylated at
Ser101 (anti-pSer101-shootinl antibody) and Ser249 (anti-pSer249-shootinl antibody)
were raised by immunizing rabbits with the synthetic phosphopeptides TLKRI[pSIMLYMC
and KLKRQ[pSJHLLLC, respectively. The antibodies were purified using a
phosphopeptide affinity column, and absorbed by non-phosphopeptide affinity column to
ensure their specificity [42]. Preparation of anti-shootinl antibody has been described
previously [21]. Netrin-1 and Tujl were obtained from R&D Systems and Covance,

respectively.

In vitro kinase assay

Kinase reactions were carried out in 120 pl kinase buffer (50 mM HEPES (pH 7.5), 10 mM
MgCly, 2 mM MnCl,, 1 mM DTT, 10 pCi [7—32P]ATP, and 25 uM ATP) containing 50 ng
active GST-Pakl (Invitrogen) and 250 ng purified shootinl-WT or its unphosphorylated
mutants. After incubation at 30°C for 30 min, the reactions were stopped by adding 5x SDS
sample buffer and boiled. The reaction mixtures were subjected to SDS-PAGE and
analyzed using autoradiography and Coomassie Brilliant Blue staining.

Immunocytochemistry, immunoblot, and microscopy
Cultured neurons were fixed with 3.7% formaldehyde in Krebs buffer for 10 min at room
temperature, followed by treatment for 15 min with 0.05% Triton X-100 in PBS on ice and
10% fetal bovine serum in PBS for 1 h at room temperature. They were then stained with
antibodies and Alexa-594 phalloidin (Invitrogen), as described [11]. Immunoblot was
performed as described [21].

Fluorescence and phase-contrast images of neurons were acquired using a
fluorescence microscope (Axioplan2; Carl Zeiss) equipped with a plan-Neofluar 40x 0.75

NA or 63x oil 1.40 NA objective (Carl Zeiss), a charge-coupled device camera (AxioCam
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MRm; Carl Zeiss), and imaging software (Axiovision3; Carl Zeiss). The length of filopodia
and axons, and the relative fluorescence intensity of shootinl or F-actin, were measured
using Multi Gauge software (Fujifilm). Fluorescent speckle imaging and speckle tracking

analysis were performed as described previously [11].

Racl and Cdc42 activity assays

Racl and Cdc42 activity assays were performed as described [43]. Cells were lysed with
GSH-FISH buffer (50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 2 mM MgCl,, 10% glycerol,
1% NP-40, 2 mM phenylmethylsulfonyl fluoride, and 2 pug/ml leupeptin) and centrifuged
for 15 min at 17,400 g at 4°C. The supernatants were incubated with 2 pg of
GST-Pak1-CRIB protein bound to Glutathione Sepharose 4B for 90 min at 4°C. The beads
were washed three times with GSH-FISH buffer and bound proteins were eluted in 1x SDS
sample buffer. Bound Racl and Cdc42 were analyzed by immunoblot using anti-Racl

(Upstate Group) or anti-Cdc42 (BD Transduction Laboratories) antibodies.

Traction force microscopy

Polyacrylamide gel substrates were prepared as reported [12, 19, 44], with slight
modifications. Briefly, glass bottom dishes (No. 0, Matsunami) were treated with 0.1 N
NaOH for 15 min and incubated with 2% (v/v) 3-aminopropyltrimethyoxysilane (Sigma) in
2-propanol for 15 min. After washing with H,O, 0.5 % glutaraldehyde (Sigma) solution
was dropped onto the glass and incubated for 30 min. The glass bottom dishes were then
washed with H,O and dried before use. The acrylamide and Bis-acrylamide stock solutions
(Nacalai tesque) were diluted to 3.75% and 0.03%, respectively, as reported [44]. Five
hundred pl of solution was degassed for 30 min, and then 50 Ul of fluorescent microspheres
(2% solid, 200 nm diameter; Invitrogen), 1 ul of 10% (w/v) ammonium persulfate (GE
Healthcare), and 1 pl of N,N,N,N-tetramethyl ethylenediamine (Nacalai Tesque) were
added to initiate polymerization. Twenty-five Ul of the mixture was immediately pipetted
onto 18-mm glass coverslips (No. 1, Matsunami) and the previously treated glass bottom
dishes were placed, inverted, on the coverslips. After polymerization, the glass coverslips
were peeled off and the surfaces of the gels were covered with H,O to prevent drying until
use. Sulfo-SANPAH (1 mM; Pierce) was dropped onto the gels, which were then exposed
to UV light under sterile conditions for 5 min, and washed three times with 0.1 M HEPES
(pH 7.5) for 15 min. The gel surfaces were coated with 0.1 mg/ml poly-D-lysine (Sigma)
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overnight, anti-FC antibody (Jackson) for 3 h, and finally with L1-CAM-FC overnight.

The stiffness of the polyacrylamide gels was determined using a microsphere
indentation method [12]. Briefly, a steel ball (0.6 mm diameter, 7.87 g/cm3; Sato Tekkou)
was placed on the gels embedded with fluorescent beads. The indentation caused by the
steel ball was measured using a microscope. Young’s modulus was obtained as E =
3(1 — v?)f/4d3/?r/2 where fis the buoyancy-corrected weight of the steel ball, d is the
indentation of the gel, r is the radius of the steel ball, and v is the Poisson’s ratio (whose
value is 0.3, as determined previously [45]). The Young’s modulus was 269.42 + 24.17
N/m? (mean £ SE, n=7).

Time-lapse imaging of fluorescent beads and growth cones was performed at 37°C
using a confocal microscope (LSM700 or LSM710; Carl Zeiss) equipped with a
plan-Apochromat 63x 1.40 oil M27 objective. The growth cone area was determined from
EGFP fluorescence or DIC images. In all analyses, we measured bead displacement under
the peripheral domain (including filopodia and lamellipodia) and the central domain of
axonal growth cones but not under the axonal shaft. After observation, the glass bottom
dishes were treated with 1% SDS to release neurons from the polyacrylamide gel substrate,
and an image of the unstrained substrate was acquired.

To detect bead location at axonal growth cones in data images and remove noise
automatically, we introduced a computational algorithm based on the assumption of sparse
bead distribution (“dantzig selector”) [46], in which the bead image was expressed as a
weighted linear summation of 2D Gaussians with a fixed size. The weight and size of
Gaussians correspond to the fluorescence intensity and diameter, respectively. Individual
beads were tracked through the time-lapse images, by identifying beads which minimized
the sum of the differences in both location and fluorescence intensities with the beads in the
reference image. Drifts of bead images during time-lapse observation were offset by
minimizing the translocations of beads outside the borders of cells between data images and
the reference image, which was obtained after neurons were removed at the end of the
experiments. Traction force was estimated from the bead displacements based on an
algorithm reported previously [47]. Briefly, if the bead is initially located at x = [x, y],
bead displacement by the force f(x) can be formulated by u(x) = fQG x—x") f(x)dx

1+v (1 - v)rz +vx’ vxy

3 ) where v and E are
nET vxy (1 - v)r + vy

with the Green function G(X) =

21

the Poisson ratio (0.3) and Young’s modulus (269.42 N/m2), respectively, and r = |x]|.
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Using the bead displacement dataset, the force was reversely computed from this integral
formulation. The force per unit area (Pa) was calculated by dividing the estimated force by
the area of the single pixel of the growth cone image ((9.62 X 108)2m?). The net force in

Fig. 1D represents the summation of all the estimated force vectors under the growth cone.

Cell surface biotinylation assays of LI-CAM

Biotinylation of extracellular L1-CAM was carried out as described previously [48].
Briefly, DIV2 cultured neurons were washed with ice-cold Ca/Mg-PBS (PBS containing 1
mM MgCl, and 0.1 mM CaCl,) and incubated with 2.5 mg/ml EZ-Link
Sulfo-NHS-LC-biotin (Pierce) in Ca/Mg-PBS for 30 min at 4°C. The reaction was
quenched with 50 mM glycine in Ca/Mg-PBS. The cells were then lysed in lysis buffer
(PBS containing 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, 2 mM PMSF, and 2
mg/ml leupeptin). After centrifugation for 15 min at 17,400 g, the supernatant was
incubated with streptavidin-agarose beads (Pierce) for 2 h at 4°C. Bound proteins were
immunoblotted with anti-L.1-CAM antibody (C-20, Santa Cruz).

Statistical analysis

Significance was determined by one-way ANOVA for multiple comparisons, Student’s
t-test for a single comparison with Gaussian distribution, or the Mann-Whitney U test for a
single comparison with non-Gaussian distribution, using GraphPad INSTAT software
version 3.10 (GraphPad).
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