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Dephosphorylation of neural wiring protein shootin1 by PP1
phosphatase regulates netrin-1-induced axon guidance
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Axon pathfinding is an essential step in neuronal network
formation. Shootinla is a clutch-linker molecule that is me-
chanically involved in axon outgrowth and guidance. It was
previously shown that concentration gradients of axon guid-
ance molecule netrin-1 in the extracellular environment elicit
asymmetrically localized Pakl kinase-mediated phosphoryla-
tion of shootinla within axonal growth cones, which is higher
on the netrin-1 source side. This asymmetric phosphorylation
promotes shootinla-mediated local actin—-adhesion coupling
within growth cones, thereby generating directional forces for
turning the growth cone toward the netrin-1 source. However,
how the spatial differences in netrin-1 concentration are
transduced into the asymmetrically localized signaling within
growth cones remains unclear. Moreover, the protein phos-
phatases that dephosphorylate shootinla remain unidentified.
Here, we report that protein phosphatase-1 (PP1) de-
phosphorylates shootinla in growth cones. We found that PP1
overexpression abolished the netrin-1-induced asymmetric
localization of phosphorylated shootinla as well as axon
turning. In addition, we show PP1 inhibition reversed the
asymmetrically localized shootinla phosphorylation within
growth cones under netrin-1 gradient, thereby changing the
netrin-1-induced growth cone turning from attraction to
repulsion. These data indicate that PP1-mediated shootinla
dephosphorylation plays a key role in organizing asymmetri-
cally localized phosphorylated shootinla within growth cones,
which regulates netrin-1-induced axon guidance.

During development of the nervous system, axons navigate
to their appropriate synaptic targets with precision. The tip of
the extending axons bears an exquisitely sensitive chemo-
sensory and motile structure, the growth cone (1-4), which
can sense subtle spatial differences in chemical cues of the
microenvironment (5, 6) and produce forces for axon
outgrowth (7-9) and guidance (10, 11). In addition, growth
cones can navigate through heterogenous environments
where the basal concentration of a chemical cue varies.
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Netrin-1 is one of the best-characterized axon guidance
molecules (12—14). Gradients of netrin-1 in the extracellular
environment elicit growth cone attraction in vitro (13, 15).
Knockout mice for netrin-1 or its receptor deleted in colo-
rectal cancer shows impaired projection and guidance of
axons in the ventral spinal and forebrain commissures
(16-18).

Concerning forces for axon outgrowth and guidance, actin
filaments (F-actins) polymerize at the leading edge of growth
cones and depolymerize proximally, thereby resulting in
inwardly directed F-actin retrograde flow (19, 20). Mechanical
coupling between the F-actin retrograde flow and adhesive
substrates by a clutch-linker molecule is thought to generate
force for axon outgrowth (21-23). The clutch coupling pro-
duces traction forces on adhesive substrates and concurrently
reduces the speed of the F-actin retrograde flow (21-23), thus
converting actin polymerization into force that pushes the
leading-edge membrane forward (24).

Shootinla is a clutch-linker molecule involved in axon
outgrowth (25) and guidance (10, 11). Shootinla mechanically
couples F-actin retrograde flow and adhesive substrates
through its interactions with the actin-binding protein cor-
tactin (26) and the cell adhesion molecule L1-CAM (11, 25). In
addition, stimulation of deleted in colorectal cancer by netrin-
1 activates signaling pathways, including Racl, Cdc42, and
their downstream kinase Pakl in growth cones (27-31), which
in turn induce Pakl-mediated shootinla phosphorylation at
Ser101 and Ser249 (23). The shootinla phosphorylation en-
hances shootinla—cortactin and shootinla-L1-CAM in-
teractions, resulting in the facilitation of the traction force for
axon outgrowth (11, 26). We recently reported that a shallow
gradient (0.4%) of extracellular netrin-1 that covers growth
cones elicits asymmetrically localized Pakl-mediated shoo-
tinla phosphorylation, which is higher on the netrin-1 source
side (11). This in turn promotes local clutch coupling in
growth cones, thereby generating directional forces that turn
growth cone toward the netrin-1 source. Consistently, mice
lacking shootinla display abnormal projection of forebrain
commissural axons, a phenotype similar to that of netrin-1
knockout mice (11).
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PP1 dephosphorylates shootinla for axonal chemotaxis

Although these data indicate that Pakl phosphorylates shoo-
tinla and mediates netrin-1-induced axon guidance, the phos-
phatases that dephosphorylate shootinla remain unidentified.
Furthermore, elucidating how spatial differences in environ-
mental cues are transduced into asymmetrically localized
signaling within growth cones is key to understanding the basic
principle of axon guidance. Protein phosphatase-1 (PP1) is a
major protein serine/threonine phosphatase that is expressed
ubiquitously in multiple subcellular regions of various eukaryotic
cells (32-36) and plays key roles in the regulation of neuronal
cytoskeletons and axon guidance (37, 38). Here, we report that
PP1 dephosphorylates shootinla at Ser101 and Ser249. More-
over, our data demonstrate that PP1l-mediated shootinla
dephosphorylation plays a key role in organizing asymmetrically
localized phosphorylated shootinla within growth cones, which
is required for netrin-1-induced attractive axon guidance.

Results

PP1 dephosphorylates shootinla at Ser101 and Ser249

To identify the protein phosphatases that dephosphorylate
shootinla at Ser101 and Ser249, we focused on the three major
neuronal serine/threonine protein phosphatases, PP1, PP2A,
and PP2B (calcineurin) (38). First, we examined the effects of

the phosphatase inhibitors: calyculin A (PP1/PP2A inhibitor),
okadaic acid (PP1/PP2A inhibitor), fostriecin (PP2A inhibitor),
FK506 (PP2B inhibitor), and tautomycetin (PP1 inhibitor).
Application of 200 nM calyculin A or 100 nM okadaic acid to
day in vitro 3 (DIV3) cultured mouse cortical neurons for 1 h
significantly increased phosphorylated shootinla at Ser101
(pSer101) and at Ser249 (pSer249) (Fig. 1). Tautomycetin is a
selective phosphatase inhibitor for PP1 and specifically inhibits
PP1 at 10 nM (39, 40). Tautomycetin at 10 nM significantly
increased the levels of shootinla phosphorylated at both sites
(Fig. 1) as well as the phosphorylation of the control PP1
substrate, Serl0 of histone H3 (41) (Fig. S1A). However,
treatments with fostriecin (10 nM) or FK506 (50 nM) did not
affect the levels of phosphorylated shootinl (Fig. 1), thereby
raising the possibility that PP1 dephosphorylates shootinla in
hippocampal neurons.

To examine whether PP1 directly dephosphorylates shoo-
tinla, we performed an in vitro phosphatase assay using pu-
rified phosphorylated shootinla. Phosphorylated shootinla
was purified by immunoprecipitation from calyculin A-treated
HEK293T cells expressing shootinla (Fig. S1B), and then
incubated with the catalytic subunit of PP1 or PP2A. As shown
in Figure 24, PP1 at 1.5 mU/ul completely dephosphorylated
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Figure 1. Inhibition of PP1 increases phosphorylated shootinla in cultured neurons. A, cultured cortical neurons (DIV3) were treated with various
phosphatase inhibitors: DMSO as a control, 200 nM calyculin A, 100 nM okadaic acid, 10 nM fostriecin, 50 nM FK506, or 10 nM tautomycetin. Protein lysates
were prepared after 1 h treatment and analyzed by immunoblot with antibodies against pSer101, pSer249, and shootinla. The full-length images for
immunoblots are presented in Fig. S4. The graphs show quantitative analyses of phosphorylated shootin1a at Ser101 (B) and Ser249 (C), represented as the
fold change relative to control neurons (N = 4). B: F (5, 18) = 11.33, p < 0.00001. C: F (5, 18) = 7.158, p = 0.0008. Data represent means + SD; ***p < 0.01;
**p < 0.02; *p < 0.05; ns, not significant (One-way ANOVA with Tukey's multiple comparison test). DIV, day in vitro; PP1, protein phosphatase-1.
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Figure 2. PP1 dephosphorylates shootin1a at Ser101 and Ser249. A, in vitro dephosphorylation assays were performed using purified phosphorylated
shootin1a. HEK293T cells expressing FLAG-shootin1a were incubated with 200 nM calyculin A for 1 h. Phosphorylated FLAG-shootin1a was then purified by
anti-FLAG agarose beads. After a dephosphorylation reaction with PP1 (1.5 mU/pl) or PP2A (1.6 mU/pl), protein mixtures were subjected to SDS-PAGE
followed by immunoblot with antibodies against pSer101, pSer249, or shootinla. The full-length images for immunoblots are presented in Fig. S5A.
The right panels show quantitative analyses of in vitro dephosphorylation assays of phosphorylated shootin1a at Ser101 and Ser249 represented as the fold
change relative to control (N = 3). B, dephosphorylation of shootin1a by PP1 in COS7 cells. Cells were transfected with vectors to express FLAG-shootin1a
and myc (control) or with vectors to express FLAG-shootin1a and myc-PP1. Cell lysates were then subjected to SDS-PAGE followed by immunoblotted with
antibodies against pSer101, pSer249, or FLAG. The full-length images for immunoblots are presented in Fig. S5B. The graphs show quantitative analyses of
dephosphorylation assays of shootin1a by PP1 in COS7 cells (N = 5). Fold change of phosphorylated shootin1a was calculated by normalizing by the lysates
of control cells. C, shootin1a colocalizes with PP1 in axonal growth cones. Fluorescence images of an axonal growth cone (DIV2) of a mouse hippocampal
neuron labeled with anti-shootin1a (green) and anti-PP1 (magenta) antibodies. An enlarged view of the area within the rectangle is shown in the right panel.
Arrowheads indicate shootin1a colocalized with PP1. D, shootin1a colocalizes with neurabin-ll/spinophilin in axonal growth cones. Fluorescence images of
an axonal growth cone (DIV2) of a mouse hippocampal neuron labeled with anti-shootin1a (green) and anti-neurabin-ll/spinophilin (magenta) antibodies.
An enlarged view of the area within the rectangle is shown in the right panel. Bar: 5 um (in the inset: 1 um). Data represent means + SD; ***p < 0.01; **p <
0.02; ns, not significant (One-sample t test). DIV, day in vitro; PP1, protein phosphatase-1.
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shootinla at both Serl101 and Ser249. On the other hand,
PP2A at 1.6 mU/yl partially decreased phosphorylated shoo-
tinla at Ser101, but not at Ser249 (Fig. 24).

To further analyze the role of PP1 in shootinla dephos-
phorylation, PP1 was overexpressed in COS7 cells exogenously
expressing shootinla. Immunoblot analysis showed that
overexpressed PP1 significantly reduced the level of phos-
phorylated shootinla at both Serl01 and Ser249 (Fig. 2B).
Furthermore, immunocytochemical analyses showed that
10 nM tautomycetin increased the fluorescence intensity of
phosphorylated shootinla at Ser249 within growth cones,
while overexpression of PP1 reduced it (Fig. S2C). Figure 2C
shows the localization of PP1 in the axonal growth cone of a
cultured hippocampal neuron. PP1 colocalized partially with
shootinla in growth cones (arrowheads). In addition, shoo-
tinla colocalized with neurabin-II/spinophilin, a cytoskeletal
anchoring protein for PP1 (42, 43), in growth cones (arrow-
heads, Fig. 2D). Although we do not rule out the possibility
that other phosphatases may also dephosphorylate shootinla,
these results collectively indicate that PP1 dephosphorylates
shootinla at Ser101 and Ser249 both in vitro and in neurons.

PP1 overexpression abolishes netrin-1 gradient-induced
asymmetrically localized shootin1a phosphorylation within
growth cones

We previously reported that gradients of extracellular netrin-
1 elicit asymmetrically localized Pakl-mediated shootinla
phosphorylation within growth cones (11). This in turn pro-
motes asymmetric clutch coupling in growth cones to generate
directional forces for growth cone turning toward the netrin-1
source. To analyze the role of PPl-mediated shootinla
dephosphorylation in netrin-1-induced axon guidance, we

pSer249

overexpressed EGFP-PP1 in hippocampal neurons. The PP1
level in neurons transfected with EGFP-PP1 was 3.1 times of
that in untransfected neurons (Fig. S2B). To analyze shootinla
phosphorylation within growth cones, neurons overexpressing
EGEFP (control) or EGFP-PP1 were labeled with the fluorescent
volume marker 7-amino-4-chloromethylcoumarin (CMAC),
and a netrin-1 gradient was applied approximately perpendic-
ularly to the extending axons for 30 min. They were then fixed
and immunolabeled with an antibody that recognizes shootinla
phosphorylation at Ser249 (Fig. 3A). Specificity of the antibody
against phosphorylated shootinla was confirmed by immuno-
labeling using wildtype and shootinl knockout neurons: signals
of phosphorylated shootinla were detected in axonal growth
cones of wildtype neurons, but not in shootinl knockout
growth cones (Fig. S2A).

As shown in Figure 34, polarized localization of the phos-
phorylated shootinla was observed within control growth
cones. The relative level of the phosphorylated shootinla
(phospho-shootinla immunoreactivity/CMAC staining) was
41% higher on the netrin-1 source side than on the control side
(n = 44 growth cones) (Fig. 3B). On the other hand, total
shootinla was detected similarly on the control and netrin-1
source sides (Fig. S3), indicating that the asymmetric locali-
zation of pSer249 shootinla reflects asymmetric phosphory-
lation rather than asymmetric localization of total shootinla
protein. Overexpression of PP1 abolished the netrin-1-induced
asymmetric localization of phospho-shootinla (n = 49 growth
cones) (Fig. 3, A and B).

PP1 overexpression inhibits netrin-1-induced axon turning

Next, we examined whether the disturbance of the asym-
metrically localized shootinla phosphorylation by PP1
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Figure 3. PP1 overexpression abolishes netrin-1-induced asymmetric localization of phosphorylated-shootin1a within growth cones. A, neurons
were transfected with EGFP (control) or EGFP-PP1 (PP1) overexpression plasmid. Transfected neurons cultured for 2 days were labeled with CMAC (blue) and
exposed to gradients of netrin-1 for 30 min. They were then fixed and immunolabeled with an antibody that recognizes shootin1a phosphorylation at
Ser249 (magenta). Solid yellow and dashed lines indicate the boundary and center line of the growth cone, respectively. B, quantification of relative
phosphorylated shootin1a immunolabeling levels in PP1-overexpressing neurons. After the acquisition of fluorescence images, the growth cone area was
divided by the center line (dotted line), as the netrin-1 source side (high side) and control side (low side) as shown in A. Phospho-shootin1a signals and
CMAC signals were quantified in each side to calculate the relative levels of phospho-shootin1a (phospho-shootin1a/CMAC). Then, the ratio (phospho-
shootin1a/CMAC) in the high side and low side were compared by normalizing the low side as 1 (N = 3; control, n = 44 growth cones; PP1, n = 49 growth
cones). Bars: 5 um. Data represent means + SD; ***p < 0.01; ns, not significant (One-sample t test). CMAC, 7-amino-4-chloromethylcoumarin; PP1, protein

phosphatase-1.
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overexpression affects axon turning. A netrin-1 gradient was
applied approximately perpendicularly to the extending axons
of hippocampal neurons overexpressing EGFP (control) or
EGFP-PP1. Then, their outgrowth and turning were moni-
tored for 420 min (Fig. 4A4). The majority of axonal growth
cones of control neurons migrated toward the netrin-1 source
(Fig. 4A and Movie S1). The average axon outgrowth velocity
of control neurons was 11.1 + 1.7 um/h (Fig. 4B), and the net
change in the angle of the growth cone toward the netrin-1
source was 47.1 + 4.0° (n 22) (Fig. 4C). PP1 over-
expression not only reduced significantly the axon outgrowth
velocity (3.9 + 0.3 pm/h) (Fig. 4B) but also inhibited the
growth cone turning toward the netrin-1 source (0.5 + 8.9°,
n = 20) (Fig. 4, A and C and Movie S2). These results suggest
that the disturbance of the asymmetrically localized shootinla

dephosphorylates shootinla for axonal chemotaxis

phosphorylation by PP1 inhibits netrin-1-induced attractive
axon guidance.

PP1 inhibition reverses the asymmetrically localized shootin1a
phosphorylation within growth cones

To further analyze the role of PP1, we applied tautomycetin
to cultured hippocampal neurons. Cultured hippocampal
neurons were labeled with the volume marker CMAC, and a
netrin-1 gradient was applied to hippocampal neurons in the
presence of DMSO (control) or 10 nM tautomycetin for
30 min. They were then fixed and immunolabeled with an
antibody that recognizes shootinla phosphorylation at Ser249.
Polarized localization of the phosphorylated shootinla was
observed within control growth cones (Fig. 5A4). The relative
level of the phosphorylated shootinla (phospho-shootinla
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Figure 4. Shootin1a dephosphorylation by PP1 inhibits netrin-1-induced axon guidance. A, time-lapse images of hippocampal neurons over-
expressing EGFP (control) or EGFP-PP1 under netrin-1 gradients (see Movies ST and S2). White and yellow arrowheads indicate growth cones at the first and
last timepoints of observation, respectively. The panels below depict trajectories of individual growth cone migrations. The initial growth cone positions are
normalized at (X = 0 um, Y = 0 um). B, axon outgrowth velocity obtained from the analyses in A (N = 3; control, n = 22 growth cones; PP1, n = 20 growth
cones). C, analysis of turning angle under netrin-1 gradients. X and Y axes are set from the growth cone at the first time point. The X axis is drawn along the
axonal shaft. Turning angle of axon toward the netrin-1 source was measured from control and PP1-overexpressing neurons. The graph shows quantified
data (N = 3; control, n = 22 growth cones; PP1, n = 20 growth cones). Bars: 20 um. Data represent means + SD; ***p < 0.01 (B, unpaired Student’s t test; C,

unpaired and paired Student’s t test). PP1, protein phosphatase-1.
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Figure 5. PP1 inhibition reverses netrin-1-induced asymmetric localization of phosphorylated shootin1a within growth cones. A, hippocampal
neurons (DIV2) were labeled with the volume marker CMAC (blue). Neurons were pretreated with DMSO (control) or 10 nM tautomycetin for 30 min and
exposed to gradients of netrin-1 for 30 min. They were then fixed and immunolabeled with an antibody that recognizes shootin1a phosphorylation at
Ser249 (magenta). Solid yellow lines indicate the boundary of the growth cone. B, quantification of relative phospho-shootinla levels in control and
tautomycetin-treated neurons. After the acquisition of fluorescence images, the growth cone area was divided by the center line (dotted line), as the netrin-1
source side (high side) and control side (low side) as shown in A. Phospho-shootin1a signals and CMAC signals were quantified in each side to calculate the
relative levels of phospho-shootin1a (phospho-shootin1a/CMAC). Then, the ratio (phospho-shootin1a/CMAC) in the high side and low side were compared
by normalizing the low side was as one in the control (DMSO) growth cones. In the tautomycetin-treated growth cones, the ratio in the high side was
normalized as 1 (N = 3; control, n = 13 growth cones; tautomycetin, n = 15 growth cones). Bars: 5 um. Data represent means + SD; ***p < 0.01; *p < 0.05; ns,
not significant (One-sample t test). CMAC, 7-amino-4-chloromethylcoumarin; DIV, day in vitro; PP1, protein phosphatase-1.

immunoreactivity/CMAC staining) was 38% higher on the
netrin-1 source side than on the control side (n = 13 growth
cones) (Fig. 5B). Remarkably, inhibition of PP1 by tautomy-
cetin reversed the asymmetrically localized shootinla phos-
phorylation under netrin-1 (Fig. 5A): the phosphorylated
shootinla was 28% higher on the control side than on the
netrin-1 source side (n = 15 growth cones) (Fig. 5B).

PP1 inhibition changes the netrin-1-induced growth cone
turning from attraction to repulsion

Finally, we examined whether the reversal of the asym-
metrically localized shootinla phosphorylation by PP1 inhi-
bition affects axon turning. To address this question, a netrin-1
gradient was applied to the extending axons of hippocampal
neurons in presence of DMSO (control) or 10 nM tautomy-
cetin. Their outgrowth and turning were then monitored for
420 min. In the absence of tautomycetin, a majority of axonal
growth cones migrated toward the netrin-1 source (Fig. 64 and
Movie S3). The average axon outgrowth velocity of control
neurons was 19.2 + 2.4 pm/h (Fig. 6B), and the net change in
the angle of the growth cone toward the netrin-1 source was
42.6 + 4.8° (n = 21 growth cones) (Fig. 6C). PP1 inhibition by
tautomycetin decreased the axon outgrowth velocity (13.4 +
1.1 pm/h) (Fig. 6B). Furthermore, in the presence of tauto-
mycetin, a majority of axonal growth cones showed repulsive
responses (Fig. 6A and Movie S4): the net change in the angle
of the growth cone toward the netrin-1 source was -29.6 +
7.2° (n = 23 growth cones) (Fig. 6C). These results suggest that
reversal of the asymmetrically localized shootinla phosphor-
ylation by PP1 inhibition changes netrin-1-induced growth
cone turning from attraction to repulsion.

6 . Biol. Chem. (2023) 299(5) 104687

Discussion

PP1 dephosphorylates shootinia for netrin-1-induced axon
guidance

Previous studies reported that stimulation of hippocampal
neurons by netrin-1 elicits Pakl-mediated shootinla phos-
phorylation at Ser101 and Ser249 (red arrows, Fig. 7A) (11, 23).
The phosphorylation at these sites enhances shootinla—cortac-
tin and shootinla-—L1-CAM interactions in growth cones,
thereby promoting of the traction force (pink arrows) for growth
cone migration (white arrows) (11, 26). The present study
demonstrates that PP1 dephosphorylates shootinla at these sites
(blue arrow).

Gradients of extracellular netrin-1 concentration induce
asymmetrically localized shootinla phosphorylation within
growth cones, which is higher on the netrin-1 source side. This
in turn promotes shootinla-mediated local actin—adhesion
coupling within growth cones, generating directional forces
for growth cone turning toward the netrin-1 source (white
arrow, Fig. 7A) (11). In addition, replacement of wildtype
shootinla with a phospho-mimic shootinla mutant, which
cannot be activated in the asymmetric manner by phosphor-
ylation, abolishes growth cone turning toward the netrin-1
source (11). Here, PP1 overexpression abolished the netrin-
1-induced asymmetric localization of phosphorylated-
shootinla as well as axon turning. Furthermore, inhibition of
PP1 activity by tautomycetin reversed the asymmetrically
localized shootinla phosphorylation, thereby changing the
netrin-1-induced growth cone turning from attraction to
repulsion. Collectively, these data support the notion that
asymmetric shootinla phosphorylation within growth cones
mediates netrin-1-induced axon turning (Fig. 7A). In addition,
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Figure 6. PP1 inhibition changes the netrin-1-induced growth cone turning from attraction to repulsion. A, time-lapse images of axonal growth cone
migration under netrin-1 gradients. Hippocampal neurons were pretreated with DMSO (control) or 10 nM tautomycetin before the gradients were
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panels below depict trajectories of individual growth cone migrations. The initial growth cone positions are normalized at (X = 0 um, Y = 0 pm). B, axon
outgrowth velocity obtained from the analyses in A (N = 3; control, n = 22 growth cones; tautomycetin, n = 24 growth cones). C, turning angles (6) were
obtained from analyses in A, by calculating the difference between the angles of the axonal tip at the first and last timepoints of the observations (red
arrowheads). The graph shows quantified data (N = 3; control, n = 22 growth cones; tautomycetin, n = 24 growth cones). Bars: 20 um. Data represent
means = SD; ***p < 0.01; **p < 0.02; ns, not significant (B, unpaired Student’s t test; C, unpaired and paired Student's t test). PP1, protein phosphatase-1.

the present findings suggest that PP1-mediated turnover of
phosphorylated shootinl is required for proper axon guidance
induced by netrin-1.

Possible desensitization of the netrin-1-Pak1-shootin1a
pathway for long-distance chemotaxis

It is unclear how PP1 inhibition reverses the asymmetrically
localized shootinla phosphorylation. However, we consider
that this reversal may result from a local desensitization of the
netrin-1-Pakl-shootinla signaling pathway (Fig. 7B). Taylor
et al. (44) reported that increasing the basal netrin-1 con-
centration reverses the growth cone turning of mouse cortical
axons under netrin-1 gradients from attraction to repulsion.
Our data are consistent with this report, as both PP1 inhibition
and an increase in netrin-1 concentration upregulate the basal
level of phospho-shootinla (Fig. 7A).

SASBMB

Ming et al. (45) reported that Xenopus spinal neurons exhibit
a zig-zag pattern of growth cone migration toward a micropi-
pette providing netrin-1, through repeated chemoattraction
and repulsion (45). As bath application of netrin-1 at high
concentration desensitizes the attractive growth cone response,
they proposed that local desensitization of netrin-1 signaling
within growth cone may occur during the zig-zag chemotaxis.
If a local excess of the netrin-1-Pakl-shootinla signaling de-
sensitizes itself, the signal which exceeds a threshold through
PP1 inhibition could locally desensitize it at the netrin source
side, thereby reducing the phosphorylated shootinla at this side
and inducing the repulsive response (Fig. 7B).

For long-distance chemotaxis, growth cones not only sense
subtle spatial differences in chemical cues for their turning but
also have to adjust their sensitivity repeatedly in order to
migrate through various environments where the basal
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Figure 7. A model for the involvement of PP1 in netrin-1-induced axon guidance. A, gradients of extracellular netrin-1 concentration induce asym-
metrically localized shootin1a phosphorylation at Ser101 and Ser249 within growth cones, which is higher on the netrin-1 source side. The phosphorylation
at these sites enhances shootin1a—cortactin and shootin1a-L1-CAM interactions in growth cones, thereby promoting the traction force (pink arrows) for
growth cone migration (white arrow). On the other hand, PP1 dephosphorylates shootin1a at these sites (blue arrow). Shootin1a dephosphorylation by PP1
plays a key role in organizing asymmetrically localized phospho-shootin1a within growth cones, which is required for netrin-1-induced attractive axon
guidance. B, a possible explanation for how PP1 inhibition reverses the asymmetrically localized shootin1a phosphorylation under netrin-1 gradient. PP1
inhibition by tautomycetin increases basal levels of phosphorylated shootinla (middle panel). A local excess of the netrin-1-Pak1-shootin1a signaling
desensitize itself at the netrin source side, thereby reducing the phosphorylated shootin1a at this side and inducing the repulsive response (right panel).

DCC, deleted in colorectal cancer; PP1, protein phosphatase-1.

concentration of a chemical cue changes substantially.
Desensitization and re-adaptation are thought to adjust the
sensitivity to broad-range concentrations of chemoattractants
during long-distance migration (45, 46). PP1 might be involved
in the adjustment of growth cone sensitivity to chemo-
attractants for proper navigation.

PP1 in shootin1-mediated neural wiring processes

Recent studies reported that Pakl-mediated shootinla
phosphorylation also regulates structural plasticity of dendritic
spines (47) and actin wave propagation which is required for
axonal extension (48, 49). In relation to these reports, PP1
mediates synaptic signaling and plasticity (36, 50-52). On the
other hand, shootinlb, a splicing variant of shootinla that
contains the phosphorylation sites Ser101 and Ser249 (53), was
reported to mediate neuronal migration (54). These findings
raise the possibility that PP1-mediated shootinla dephos-
phorylation may be involved in the regulation of multiple steps
in neural wiring processes.

In conclusion, the present study identified PP1 as a protein
phosphatase that dephosphorylates shootinla. At present, it
remains a mystery how PP1 inhibition reverses the asymmet-
rically localized phospho-shootinla. In addition, it is unclear
how PP1 and Pakl contribute to the transduction of subtle
spatial differences in extracellular netrin-1 concentration into
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the asymmetrically localized phospho-shootinla within growth
cones. Future detailed analyses of the signaling networks
involving PP1 and Pak1 will lead to a better understanding of
the exquisitely sensitive chemosensory and motile behaviors of
growth cones.

Experimental procedures
Cultures and transfection

All relevant aspects of the experimental procedures were
approved by the Institutional Animal Care and Use Committee
of Nara Institute of Science and Technology (reference no.
1802). Cortical and hippocampal neurons were prepared from
embryonic day 16.5 mouse embryos. Hippocampal neurons
were cultured on glass coverslips coated successively with
poly-D-lysine (Sigma, catalog number: P-6407) and L1-CAM-
Fc as described previously (11, 25). For immunoblot analyses
in Figure 1, we used cortical neurons as the experiments
required large numbers of neurons; they were cultured on
poly-D-lysine—coated dishes. The neurons were transfected
with vectors using Nucleofector (Lonza) before plating.
HEK293T (ATCC, CVCL_0063) and COS7 (RIKEN BRC,
RBRC-RCBO0539) cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma, catalog number: D6429) supple-
mented with 10% fetal bovine serum and transfected with
plasmid DNA using Polyethylenimine MAX (PEI MAX,
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Polysciences, catalog number: 24765) following the manufac-
turer’s protocol.

DNA constructs

Preparation of vectors to express shootinla has been
described previously (55). cDNA of PP1 catalytic subunit alpha
was amplified from mouse brain ¢cDNA by PCR with the
primers 5-ATAGGATCCATGTCCGACAGCGAGAAGCT-
3’ and 5-GCGAGTCGACCTATTTCTTGGCTTTGGCG-
GAATTGC-3' and then subcloned into pCMV-myc and
pCAGGS-EGEFP vectors.

Immunoblot

Immunoblot was performed as described (10, 11). For
determining phosphorylated shootinla in the presence of
phosphatase inhibitors, DIV3 cortical neurons (2 x 10° cells)
were incubated for 1 h with the following inhibitors: 200 nM
calyculin A (Santa Cruz Biotechnology, catalog number: sc-
24000), 100 nM okadaic acid (Sigma, catalog number:
09381), 10 nM Fostriecin (Tocris, catalog number: 1840),
50 nM FK506 (Tocris, catalog number: 3631), and 10 nM
tautomycetin (Tocris, catalog number: 2305). Cell lysates were
collected using RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% sodium
deoxycholate, 1 mM DTT, 1 mM PMSF, 0.01 mM leupeptin).
Immunoblot was performed using rabbit anti-pSer101-
shootinl antibody (23) at 1:1000 dilution or rabbit anti-
pSer249-shootinl antibody (23) at 1:5000 dilution, rabbit
shootinla antibody (11) at 1:5000 dilution as described (10,
11), and rabbit anti-phospho histone H3 (Ser10) (Millipore,
catalog number: 06-570) at 1:1000 dilution. For dephosphor-
ylation assay of shootinla in cells, COS7 cells were transfected
with pCMV-FLAG-shootinla together with pCMV-myc
(control) or pCMV-myc-PP1 using PEI MAX. Transfected
COS7 cell lysates were then collected using RIPA buffer at 48 h
posttransfection. Immunoblot was performed using rabbit
anti-FLAG antibody (MBL, catalog number: PM020) at 1:1000
dilution and rabbit anti-myc antibody (MBL, catalog number:
562-5) at 1:2000 dilution as described (10, 11).

Immunocytochemistry and microscopy

Cultured neurons were fixed with 3.7% formaldehyde
(Nacalai Tesque, catalog number: 16223-55) dissolved in
Krebs buffer (118 mM NacCl, 5.7 mM KCI, 1.2 mM KH,PO,,
1.2 mM MgSO,4, 42 mM NaHCOs;, 2 mM CaCl,, 10 mM
glucose, 400 mM sucrose, 10 mM Hepes pH 7.2) for 10 min at
room temperature, followed by treatment with 0.05% Triton
X-100 in PBS for 15 min on ice and 10% fetal bovine serum in
PBS for 1 h at room temperature. They were then incubated
with primary antibodies diluted in PBS containing 10% fetal
bovine serum overnight at 4 °C. The following primary anti-
bodies were used: rabbit anti-pSer249-shootinl antibody at
1:2000 dilution, rabbit anti-shootinla antibody at 1:2000
dilution, mouse anti-PP1 antibody (Santa Cruz Biotechnology,
catalog number: sc-7482) at 1:500 dilution, rabbit anti-Myc
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antibody (MBL, catalog number: 562-5) at 1:500 dilution,
rabbit anti-neurabin-II/spinophilin antibody (Sigma, catalog
number: N5037) at 1:500 dilution, and mouse anti-GFP
antibody (MBL, catalog number: M048-3) at 1:2000 dilution.
Neurons were washed with PBS, and then incubated with
secondary antibodies diluted in PBS for 1 h at room tem-
perature. The following secondary antibodies were used:
Alexa Fluor 594-conjugated donkey anti-rabbit (Jackson
ImmunoResearch Laboratories, catalog number: 711-585-
152) at 1:1000 dilution, Alexa Fluor 488-conjugated goat anti-
rabbit (Invitrogen, catalog number: A-11008) at 1:1000 dilu-
tion, and Alexa Fluor 594-conjugated goat anti-mouse (Invi-
trogen, catalog number: A-11032) at 1:1000 dilution. For
phalloidin staining, after washing with PBS, cells were stained
with Alexa Fluor 594-conjugated phalloidin (Invitrogen, cat-
alog number: A12381) at 1:100 dilution for 30 min at room
temperature. Immunostained cells were mounted with 50%
(v/v) glycerol in PBS.

Fluorescence images were acquired using a fluorescence
microscope (Axioplan2; Carl Zeiss) equipped with a plan-
Apochromat 100 x 1.40 oil objective (Carl Zeiss), a charge-
coupled device camera (AxioCam MRm, Carl Zeiss), and im-
aging software (Axiovision3, Carl Zeiss). Live-cell images of
cultured hippocampal neurons were acquired at 37 °C using a
fluorescence microscope (IX81; Olympus) equipped with an
EM-charge-coupled device camera (Ixon3; Andor), a CMOS
camera (ORCA Flash4.0LT; Hamamatsu), an UplanApo
20 x 0.7 NA (Olympus), and imaging software (MetaMorph,
Molecular Devices). Axon outgrowth, trajectories, and turning
were measured using Image] (Fiji version).

For quantification of the antibody signals in growth cones in
Figures 3A and 5A, we labeled neurons with the fluorescent
volume marker CMAC to avoid an influence of the difference in
the growth-cone thickness. For CMAC staining, neurons were
incubated with 2.5 uM CMAC (Invitrogen, catalog number:
C2110) for 1 h before generation of netrin-1 gradients. After the
acquisition of fluorescence images, the growth cone area was
divided by the center line extended from the axonal shaft (dotted
line, Figs. 3A and 5A), as the netrin-1 source side (high side) and
control side (low side). Phospho-shootinla signals and CMAC
signals were quantified in each side to calculate the relative level
of phospho-shootinla (phospho-shootinla/CMAC). Then, the
ratio (phospho-shootinla/CMAC) in the high side and low side
were compared by normalizing the low side as 1 in the control/
DMSO and PP1 expressing growth cones (Figs. 3B and 5B). On
the other hand, in the tautomycetin-treated growth cones the
ratio (phospho-shootinla/CMAC) in the high side was
normalized as 1 (Fig. 5B).

Protein preparation and in vitro phosphatase assay
FLAG-shootinla was expressed in HEK293T cells. To in-
crease phosphorylated FLAG-shootinla in HEK293T cells, the
cells were treated with calyculin A (200 nM) for 1 h.
Phosphorylated FLAG-shootinla was then purified using anti-
FLAG M2 gels (Sigma, catalog number: A2220). Recombinant
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human PP1 alpha and bovine PP2A, were purchased from
Novus Biologicals (catalog number: NBP1-72418) and Sigma
(product number: P1868), respectively. Phosphatase reactions
were carried out in PP1 reaction buffer (10 mM Tris-HCl pH
7.0, 50 mM NaCl, 2 mM DTT, 1 mM MnCl,) or PP2A reaction
buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl, 1 mM DTT,
1 mM MnCl,) containing 1.5 mU/ul PP1 or 1.6 mU/ul PP2A
and 15 ng phosphorylated FLAG-shootinla. As PP1 at 1.5 mU/
pul and PP2 at 1.6 mU/ul dephosphorylated an equivalent
amount of the nonpeptide substrate DiIFMUP (56) (Tocris
Bioscience, catalog number: 6882) (Fig. S6), the enzymes at
these concentrations were used in the shootinla dephos-
phorylation assay. The reactions were performed at 30 °C for
3 h. Immunoblot of phosphorylated shootinla was then
performed.

Axon guidance assay

A microfluidic device to generate netrin-1 gradients in
culture medium was produced according to previous reports
(10, 11). Briefly, the microfluidic device was fabricated with
polydimethylsiloxane (PDMS; Silpot 184, Dow Corning Toray,
catalog number: 3255981) and attached to a glass coverslip.
The device consists of a cell culture area and two micro-
channels along the two sides of the culture area. The micro-
molds of the channel pattern were lithographically fabricated
on a photoresist (SU-8 3025, MicroChem) spin-coated on a
70-pm thick silicon wafer. PDMS sheets were fabricated from
the mold, which had been coated with silicone oil (Barrier coat
No. 6, ShinEtsu, catalog number: 06003) to facilitate their
removal. A PDMS sheet was then bonded to a glass coverslip
using plasma irradiation (Sakigake, catalog number: YHS-R).
The glass coverslip was coated with poly-D-lysine and
L1-CAM-Fc.

For guidance assays under PP1 inhibition, cultured neurons
were pretreated with DMSO (control) or 10 nM tautomycetin
for 30 min before netrin-1 gradient generation; guidance as-
says were performed in the presence of DMSO or 10 nM
tautomycetin. For live imaging of neurons overexpressing
EGEFP-PP1, EGFP fluorescence was used as an indicator of PP1
overexpression. Neurons at DIV1.5 to 2 were used for time-
lapse imaging. To generate netrin-1 gradients in the cell cul-
ture area, flows of culture medium with or without 300 ng/ml
netrin-1 (R&D Systems, catalog number: 1109-N1-025) were
applied to the microchannels on either side of the cell culture
area for 420 min.

For analysis of turning angle under netrin-1 gradients, X and
Y axes were set from the growth cone at the first timepoint.
The X axis was drawn along the axon shaft. Turning angles (6)
were obtained by calculating the difference between the angles
of the axonal tip at the first and last timepoints of the obser-
vations (Fig. 4C).

Statistical analyses

All statistical analyses were performed using Microsoft
Excel and GraphPad Prism7 (GraphPad Software).
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Significance was determined by the one-sample ¢ test, two-
tailed Student’s ¢ test, and one-way ANOVA with Tukey's mul-
tiple comparison test. For the analyses of attraction or repulsion
axon turning, we used the paired £ test comparing turning angles
between the first (zero degree) and last timepoints.

Data availability

All data are contained within this article. Reagents and
plasmids described in this article are available upon request.
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