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Phosphatidylinositol 3,4-bisphosphate regulates neurite
initiation and dendrite morphogenesis via actin
aggregation
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Neurite initiation is critical for neuronal morphogenesis and early neural circuit development. Recent studies
showed that local actin aggregation underneath the cell membrane determined the site of neurite initiation. An im-
mediately arising question is what signaling mechanism initiated actin aggregation. Here we demonstrate that local
clustering of phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,), a phospholipid with relatively few known signaling
functions, is necessary and sufficient for aggregating actin and promoting neuritogenesis. In contrast, the related
and more extensively studied phosphatidylinositol 4,5-bisphosphate or phosphatidylinositol (3,4,5)-trisphosphate
(PIP;) molecules did not have such functions. Specifically, we showed that beads coated with PI(3,4)P, promoted
actin aggregation and neurite initiation, while pharmacological interference with PI(3,4)P, synthesis inhibited both
processes. PI(3,4)P, clustering occurred even when actin aggregation was pharmacologically blocked, demonstrating
that PI(3,4)P, functioned as the upstream signaling molecule. Two enzymes critical for PI(3,4)P, generation, namely,
SH2 domain-containing inositol S-phosphatase and class IT phosphoinositide 3-kinase a, were complementarily and
non-redundantly required for actin aggregation and neuritogenesis, as well as for subsequent dendritogenesis. Final-
ly, we demonstrate that neural Wiskott-Aldrich syndrome protein and the Arp2/3 complex functioned downstream
of PI(3,4)P, to mediate neuritogenesis and dendritogenesis. Together, our results identify PI(3,4)P, as an important
signaling molecule during early development and demonstrate its critical role in regulating actin aggregation and
neuritogenesis.
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Introduction

Neurons are highly specialized cells with extensive
axonal and dendritic arbors responsible for sending and
receiving information, respectively. The morphological
characteristics of these neuronal processes are critical for
the ability of neuron to transmit and store information
within the nervous system. Classical studies in cultured
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neurons have subdivided neuronal morphogenesis into
five stages, including: (1) the formation of lamellipodi-
al or filopodial processes from newborn neurons with
spherical somata; (2) the extension of primary neurites
from lamellipodia or filopodia; (3) the polarization of
growing neurites into axons and dendrites; (4) the com-
pletion of axonal and dendritic arborizations; and (5)
the establishment of synapses between the dendrites and
axons of different neurons, and the formation of dendrit-
ic spines [1, 2]. As compared to the last three stages of
neuronal morphogenesis, which have been extensively
studied [3-13], relatively little is known regarding the
mechanism regulating neuritogenesis — the initial exten-
sion of neurites from the spherical soma [14-19]. Recent
work from a number of laboratories, including our own,
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demonstrated a critical role of actin aggregation during
neuritogenesis [20-23]. Using a combination of loss- and
gain-of-function strategies, as well as pharmacologi-
cal tools, these studies showed that the redistribution
of evenly distributed cortical actin underneath the cell
membrane into large actin aggregate(s) was required
for neuritogenesis. Dynamics is key to this process, as
actin bundling molecules, such as the Ena/Mena/VASP
family of proteins (abbreviated as Ena/VASP), and actin
depolymerizing factors, such as actin depolarizing factor
(ADF)/Cofilin, have both been shown to be required for
mediating local actin aggregation and subsequent neurite
initiation from these sites [20-22]. In previous work, we
subdivided stage 1 into two components, with neurons
in stage la having evenly distributed cortical actin and
those in stage 1b having one or two large actin aggre-
gates directly underneath the plasma membrane [23].

An immediate follow-up question is what upstream
mechanism regulates actin aggregation. Previous work
has shown that the extracellular guidance molecule
Semaphorin 3A promotes formation of the apical den-
drite of pyramidal neurons towards the pia surface of the
cerebral cortex [24]. Brain-derived neurotrophic factor,
another extracellular signaling molecule, has been shown
to promote axon differentiation and dendrite growth [25,
26], while the homophilic adhesion molecule N-cadherin
has been shown to be asymmetrically distributed during
early neuronal development [27]. In contrast, intrinsic
mechanisms regulating neuritogenesis have been little
explored. We surmise that intrinsic regulation of neuri-
togenesis is critical, as neurons have a limited number
of primary neurites (one axon and multiple dendrites),
and this number is essentially constant for each neuronal
type [28]. Since actin aggregates form directly beneath
the plasma membrane, we propose that their intrinsic
upstream regulators likely have the following character-
istics: (1) be membrane bound; (2) appear in localized
manner prior to and/or concurrent with actin aggregates;
and (3) be highly dynamic but limited in total amount.
The first two requirements need no further explanation.
For the third, since most neurons extend two neurites ini-
tially, and only have a total of 5-7 neurites in the mature
state, this signaling mechanism only needs to be activat-
ed under rare and limited circumstances.

Focusing on membrane-bound intrinsic signals, our
attention was drawn to phosphoinositides (PIs), phos-
phorylated derivatives of the phospholipid phosphatidyli-
nositol. They are minor acidic phospholipids localized to
the cytosolic surface of membrane and can be reversibly
phosphorylated at positions 3, 4 and/or 5 to generate
a total of 7 possible derivatives [29-33]. Although Pls
only account for a small proportion of total lipids in the

membrane, they are important signaling molecules with
diverse functions, including the regulation of membrane
trafficking, intracellular signaling, cytoskeleton organiza-
tion and apoptosis [29-33]. Of the PIs shown to be pres-
ent in the plasma membrane, the most well characterized
in terms of signal transduction are phosphatidylinositol
4,5-bisphosphate (P1(4,5)P,) and PI(3,4,5)P, (PIP, for
short) [29-34]. In neuronal morphogenesis, PIP; and its
upstream regulator class I PI3 kinase (PI3K) have pre-
viously been shown to regulate axon specification and
neuronal polarization [35-37]. In epithelial cells, the
localization of PI(4,5)P, and PIP, to distinct subcellular
compartments has been shown to be essential for the de-
velopment and maintenance of epithelial polarity [38-40].
More recently, the related phosphatidylinositol 3,4-bis-
phosphate (P1(3,4)P,) has also been demonstrated to be
more than just a byproduct of PIP; degradation and rath-
er an important signaling molecule of its own right [30,
32, 34]. All three PIs can regulate the organization and
dynamics of the actin cytoskeleton, with P1(4,5)P, being
the most extensively studied [29-31, 34].

Here we investigate the role of PIs in neurite initiation
and demonstrate that local clustering of PI(3,4)P,, but
not PI(4,5)P, or PIP,, is spatially correlated with the for-
mation of large actin aggregates underneath the plasma
membrane and the determination of the neurite initiation
site. Using pharmacological manipulations to interfere
with the synthesis and degradation of Pls, as well as
Pl-coated beads to induce local increase in its concentra-
tion, we demonstrate a necessary and sufficient role of
PI(3,4)P, in regulating actin aggregation and neuritogen-
esis. Further analyses using gain- and loss-of-function
genetic manipulations identified the signaling pathways
upstream and downstream of PI(3,4)P,. The determinant
role of PI(3,4)P, in regulating actin aggregation and neu-
rite initiation further highlights the importance of Pls in
early neuronal development, as defects in their metabo-
lism have been associated with various developmental
disorders [29, 32, 33].

Results

PI(3,4)P, co-localizes with actin aggregates during neu-
ritogenesis

To determine whether PIs regulated actin aggregation
and neuritogenesis, we first assayed whether PIP;, P1(3,4)
P, or PI(4,5)P, co-localized with actin aggregates during
early neurite initiation. Cultured hippocampal neurons
were fixed 3-6 h after plating, at a developmental stage
where they typically had one or two large actin aggre-
gates underneath the plasma membrane, defined as stage
1b in our previous study [23] (Figure 1F). Neurons were
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Figure 1 PI(3,4)P, co-localizes with actin aggregates during neurite initiation. (A) Representative images of cultured rat hip-
pocampal neurons fluorescently labeled for PI(3,4,5)P;, PI(4,5)P, or PI(3,4)P, (green channel), F-actin (phalloidin, red chan-
nel) and MAP2 (blue channel). Scale bar, 10 um. (B-D) Fluorescence intensity of Pl and F-actin in example neurons shown in A,
measured along the white line indicated in the insets. (E) Quantification of percentage of co-localization between F-actin and
PI1(3,4,5)P,, PI(4,5)P, or PI(3,4)P,; n = 123, 120 and 119 neurons, respectively; one-way ANOVA followed by Tukey’s post hoc
test. (F) Schematic of Stages 1a, 1b and 2 of neuronal development, where green shading represents F-actin aggregates. In
this and all subsequent figures, error bars represent SEM, and *P < 0.05, **P < 0.01, ***P < 0.001, and n.s., not significant,

as indicated on graphs.
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identified by immunostaining for the microtubule-associ-
ated protein 2 (MAP2), while filamentous actin (F-actin)
was visualized using phalloidin. As shown in Figure 1A,
although PIP, and PI(4,5)P, were present at relatively
high levels in the cell body of early developing neurons,
they did not significantly overlap with phalloidin stain-
ing. In contrast, the distribution of PI(3,4)P, was very
punctate, and overlapped significantly with that of phal-
loidin (Figure 1A).

We further quantified the fluorescence intensity of
F-actin and the PIs by transecting the cell body and its
actin aggregates with a straight line and measuring flu-
orescent intensity of both parameters along the line. For
the three PIs examined, only the intensity of PI(3,4)P,
significantly overlapped with that of F-actin along the
line (Figure 1B-1D). Furthermore, 56.22% =+ 2.29% of
the PI(3,4)P, signal co-localized with the F-actin signal,
whereas the same measurements for PIP, or PI(4,5)P,
were 8.89% = 0.64% and 3.81% = 0.73%, respectively
(Figure 1E). Together, these results suggest that PI(3.,4)
P,, the least previously studied PI, co-localized with actin
aggregates during the early stage of neuronal morpho-
genesis.

PI(3,4)P, is necessary and sufficient for actin aggrega-
tion and neurite initiation

To further investigate whether any of the PIs were
required for actin aggregation, we treated cultured hip-
pocampal neurons with pharmacological agents that
inhibited the synthesis of PI(3,4)P,, P1(4,5)P, or PIP;. As
shown in Figure 2A, these included: (1) LY294002, an
inhibitor of class I PI3K-mediated conversion of PI(4,5)
P, to PIP;; (2) m-3M3FBs, an activator of phospholipase
C (PLC)-mediated conversion of PI(4,5)P, to diacyl-
glycerol (DAG) and inositol trisphosphate (IP;); and (3)
AS1949490, an inhibitor of SH2 domain-containing ino-
sitol 5-phosphatase (SHIP2)-mediated conversion of PIP;
to PI(3,4)P,. Drugs were added to cultured hippocampal
neurons at the time of plating using concentrations pre-
viously reported to fully inhibit the function of these en-
zymes [41-43], and their effects were examined 6 h post
plating. Neurons were identified by immunostaining for
MAP2 or for the neuron-specific class III B-tubulin, Tuj
1. The specificities of the pharmacological agents and the
antibodies were first confirmed by immunostaining for
each PI in the presence of each pharmacological agent in
all possible permutations (Supplementary information,
Figure S1). In terms of neuronal morphogenesis, treat-
ment with neither LY294002 (100 uM) nor m-3M3FBs
(50 uM) significantly affected the formation of actin ag-
gregates (Figure 2B), although they both slightly delayed
the progression of neuronal development from stage la

to stage 2 (Figure 2B and 2C). In contrast, AS1949490
(70 pM) nearly abolished the formation of actin aggre-
gates and stalled 64.45% + 4.78% of neurons at stage la,
with uniform F-actin underneath the cell membrane, as
compared with only 5.83% =+ 1.19% of neurons in stage
la under control conditions (Figure 2B and 2C). In terms
of the total number of neurites extending from the cell
body, all three treatments significantly reduced neurite
number, with the effects of AS1949490 being the most
striking (Figure 2D).

Although each of the above-described pharmacologi-
cal agents, at the concentration used, specifically reduced
the level of the correspondent PI (Supplementary infor-
mation, Figure S1), since PIs can be interconverted from
each other, high concentration of a broad spectrum PI3K
inhibitor, such as wortmannin, is also expected to block
neuronal morphogenesis at high concentrations. Indeed,
while 1 uM wortmannin had no significant effects, 10
puM and 50 pM wortmannin significantly delayed neuro-
nal morphogenesis and reduced neurite number (Supple-
mentary information, Figure S2A-S2C). Consistently, 50
uM wortmannin almost completely abolished PI(3,4)P,
clustering (Supplementary information, Figure S2D and
S2E).

In addition to demonstrating that AS1949490 spe-
cifically inhibited the production of PI(3,4)P,, and that
PI(3,4)P, co-localized with F-actin, it is also important to
ask whether PI(3,4)P, is sufficient for inducing neuronal
morphogenesis. To locally increase the concentration of
PI(3,4)P,, we combined the use of polybasic carrier pro-
tein to deliver Pls into intracellular membranes [44], and
the ability of glass beads to locally increase the concen-
tration of coated molecules [45, 46]. When newly plated
cultured neurons were treated with PI(3,4)P,-coated glass
beads for 3 h, 60.98% £ 2.05% of all PI(3,4)P,-coated
beads in direct contact with cell bodies co-localized with
an actin aggregate or neurite (Figure 2E and 2F). This
was in sharp contrast to treatment with carrier-coated
beads or PIP;-coated beads, where co-localization be-
tween beads and actin aggregates/neurites were 37.94%
+ 3.23% and 31.25% = 5.00%, respectively (Figure 2E
and 2F). Together, these results demonstrate that P1(3,4)
P, is both necessary and sufficient for inducing local ac-
tin aggregation and neurite initiation.

PI(3,4)P, clustering occurs even if F-actin does not re-
distribute

A final criterion for PI(3,4)P, to function as the up-
stream regulator of actin aggregation and neurite initi-
ation, is that it is localized at punctate structures, even
when F-actin reorganization and neuritogenesis are
blocked. As we previously reported, this can be achieved
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Figure 2 PI(3,4)P, is necessary and sufficient for inducing actin aggregation and neurite initiation. (A) Schematic showing the
enzymes responsible for interconversion between Pls, as well as the pharmacological agents used in this study (shown in
red). (B) Representative images of neurons treated with vehicle DMSO (Control), 100 uM LY294002, 50 pM m-3M3FBS or 70
uM AS1949490. Neurons were labeled for phalloidin (green) and Tuj 1 (red). (C, D) Quantification of developmental stages (C)
and neurite number (D). n = 374, 228, 214 and 101 neurons, respectively; two-way ANOVA followed by Bonferroni’s post hoc
test in C, and one-way ANOVA followed by Dunnett’s post hoc test in D. (E) Representative images of neurons treated with
beads coated with carrier alone (control), carrier and PI(3,4,5)P, or carrier and PI(3,4)P,. Neurons were labeled for phalloidin
(green) and Tuj 1 (red); beads were visualized under DIC. (F) Quantification of neuritogenesis and actin aggregation. A total
of 463 beads from 70 image frames were quantified in the control group, 108 beads from 40 frames in the PI(3,4,5)P; group
and 382 beads from 30 frames in the PI(3,4)P, group; one-way ANOVA followed by Tukey’s post hoc test. Scale bar, 10 um.

through treatment with the F-actin-stabilizing agent jas-
plakinolide (100 nM) [23]. Cultured neurons treated with
jasplakinolide were immunostained for PI(3,4)P, at 0.5,
3 and 6 h after plating, and their developmental stages
were compared with control neurons. At both 3 and 6 h
post plating, jasplakinolide-treated neurons were mostly
stalled in stage 1a, with evenly distributed F-actin under-
neath the cell membrane, as compared to control neurons
that have progressed to stages 1b or stage 2, respectively,
with F-actin clusters at end(s) of the cell body or extend-
ing neurites (Figure 3A and 3B). Jasplakinolide-treated
neurons also had significantly fewer neurites extending
from the cell body at 6 h post plating (Figure 3C). Impor-
tantly, despite significant defects in both actin aggregate
formation and neurite initiation, the intensity of P1(3,4)P,
puncta was not affected by jasplakinolide treatment at 3
h (Figure 3D). By 6 h, the PI(3,4)P, signal was still high-
ly punctate in jasplakinolide-treated neurons, although
its intensity was lower than that of control neurons (Fig-
ure 3D). These results clearly demonstrate that PI1(3,4)
P, clustering occurs in the absence of actin aggregation
and it functions upstream of F-actin aggregate formation.
The 6 h results also suggest a potential positive feedback
loop between F-actin and PI(3,4)P, to further amplify the
initial signal to aggregate (see the Discussion section).

Regulation of PI(3,4)P, level by SHIP2 and PI3K C2a
Having determined a critical role for PI(3,4)P, in reg-
ulating actin aggregation and neurite initiation, we next
asked how endogenous PI(3,4)P, level was regulated.
PI(3,4)P, can be generated either by the dephosphory-
lation of PI(3,4,5)P, at the 5th position by phosphatases
SHIP1 and SHIP2 or by the phosphorylation of phospha-
tidylinositol 4-phosphate (PI(4)P) at the 3rd position by
class II PI3K [29-32]. For the phosphatases, since SHIP1
is only expressed in hematopoietic cells [47], we focused
on SHIP2, which is expressed in all cells and especially
at high levels in the ventricular zones and subventricular
zones of the mouse embryo and in adult stem cells [48-
50], indicating a role in regulating early neuronal devel-
opment. Class II PI3Ks include class II phosphoinositide

3-kinase alpha (PI3K C2a), PI3K C2f and PI3K C2y,
with C2a and C2f isoforms being ubiquitously expressed
[51-53]. Since loss of function of PI3K C2a led to early
embryonic lethality [53, 54], demonstrating that it has a
non-redundant role in development, we focused on PI3K
C2a [54, 55]. PI(3,4)P, puncta were clearly detectable in
neurons 3 h post plating, thus the endogenous expression
of SHIP2 or PI3K C2a needed to be manipulated at an
earlier time point. We achieved this by in utero electro-
porating rat embryos at E15.5, using either SHIP2 RNAi
[56] or PI3K C2a RNAI construct [57], together with
GFP to visualize the electroporated neurons. The efficien-
cy and specificity of the RNAi constructs were confirmed
using both western blot and immunocytochemistry (Sup-
plementary information, Figure S3A-S3F). Cortical neu-
rons were then cultured from E18.5 embryos and labeled
using phalloidin and Tuj 1 antibody. As compared to con-
trol neurons from the same culture preparations, PI(3,4)
P, level in neurons expressing SHIP2 RNAi or PI3K C2a
RNAI construct was significantly reduced (Figure 4A-
4D). Furthermore, these neurons were developmentally
delayed, as measured by more neurons stalled in stage 1a
and significantly fewer neurites in neurons (Figure 4E-
4G).

In an alternative assay for measuring neurite number,
cortices electroporated with SHIP2 RNAi or PI3K C2a
RNAI construct at E15.5, together with the red fluores-
cent protein tdTomato to mark neuronal morphology,
were fixed at E18.5. As compared to neurons electro-
porated with control constructs, those with reduced en-
dogenous level of either protein had fewer neurites, as
demonstrated by a significant increase in the proportion
of neurons with no neurites and a significant reduction in
the proportion of neurons with two neurites (Figure 5).
Together, these results demonstrate that both SHIP2 and
PI3K C2a contributed significantly to PI(3,4)P,-depen-
dent actin aggregation and neuritogenesis.

If, as we proposed, the main function of SHIP2 and
PI3K C2a was to locally increase PI(3,4)P, level, we
would expect PI(3,4)P,-coated beads to rescue the effects
of SHIP2 RNAI1 or PI3K C2a RNAI. Indeed, when neu-
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at each time point in B, ***P < 0.001 for stage 1b at 3 and 6 h time points; one-way ANOVA followed by Tukey’s post hoc test

was used in C and D.

rons in utero electroporated with SHIP2 RNAi or PI3K
C20 RNAI construct were treated with PI(3,4)P,-coated
beads, actin aggregate formation and/or neurite initia-
tion was significantly enhanced, as compared to neurons
treated with control beads or PIP,-coated beads (Figure 6).

SHIP2 and PI3K C2a are non-redundant during neurito-
genesis

Each neuron has a single axon and multiple dendrites.
Do SHIP2 and PI3K C2a affect the development of both

www.cell-research.com | Cell Research | SPRINGER NATURE

axons and dendrites? To examine this, we electroporated
hippocampal neurons at the time of plating with SHIP2
RNAI or PI3K C2a RNAI construct, together with GFP
to mark neuronal morphology. Neurons were fixed for
analysis at days in vitro (DIV) 3. By this stage, axons
can be clearly distinguished by their longer length and
even diameter throughout their arbors. Examining axonal
and dendritic development separately, we found that both
RNAI conditions significantly reduced the number of
primary dendrites, as well as total dendrite length (Fig-
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Figure 4 PI(3,4)P, regulators SHIP2 and PI3K C2a are required for actin aggregation and neurite initiation. (A, C) Represen-
tative images of neurons cultured from embryos in utero electroporated with constructs coexpressing GFP and SHIP2 RNAI
(A) or GFP and PI3K C2a RNAI (C). White arrows indicate RNAi-positive cells expressing GFP, and yellow arrows indicate
nearby wild-type cells. Neurons were labeled for PI(3,4)P, (red) and MAP2 (blue). Scale bar, 10 um. (B, D) Quantification of
neuronal PI(3,4)P, intensity. n = 39 and 43 neurons for Ctrl groups, 50 and 42 neurons for SHIP2 RNAI groups for each time
points in B. n = 39 and 35 neurons for Ctrl groups, 33 and 34 neurons for PI3K C2a RNAI groups for each time points in D.
Unpaired t-tests in B and D. (E) Representative images of neurons cultured from embryos in utero electroporated with SHIP2
RNAi or PIBK C2a RNAI construct. Scale bar, 10 um. (F, G) Quantification of neuronal developmental stages (F) and neurite
number (G). n = 235, 80 and 52 for Ctrl, SHIP2 RNAi and PI3K C2a RNAI groups; two-way ANOVA followed by Bonferroni’s
post hoc test in F and one-way ANOVA followed by Dunnett’s post hoc test in G.
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PI3K C2a RNAI (C); tdTomato was used as a morphology marker. The bottom boxes show representative neurons traced
from these cortical slices. CP, cortical plate; IZ, immediately zone; (S)VZ, (sub)ventricular zone. Scale bar, 100 pm. (B, D)
Quantification of neurite number. In B, 215 neurons from 14 frames were quantified in the Ctrl group and 423 neurons from
15 frames in the SHIP2 RNAI group; in D, 221 neurons from 10 frames were quantified in the Ctrl group and 220 neurons
from 10 frames in the PI3K C2a RNAI group; one-way ANOVA followed by Dunnett’s post hoc test.

ure 7A-7C). The average dendrite length was increased
(Figure 7D), likely as a compensatory effect of reduced
primary dendrite number. Total axon length was not af-
fected (Figure 7E). Together, these results demonstrate
that PI1(3,4)P,, SHIP2 and PI3K C2a specifically regulate
neurite initiation, without affecting axon-dendrite speci-
fication and neuronal polarization.

Since SHIP2 and PI3K C2a are both required for
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neuritogenesis and dendritogenesis, we next asked
whether they were redundant. In other words, can SHIP2
overexpression compensate for reduction in PI3K C2a
level or vice versa. The efficiency of the RNAi-resistant
overexpression constructs (SHIP2* and PI3K C2a*)
was first tested using western blotting (Supplementary
information, Figure S3G). DIV 2 neurons were then
transfected with overexpression and RNAi constructs in
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Figure 6 PI(3,4)P,-coated beads rescue SHIP2 RNAi and PI3K C2a RNAI effects. (A, C) Representative images of neurons
cultured from embryos in utero electroporated with constructs co-expressing GFP and SHIP2 RNAi (A) or GFP and PI3K C2a
RNAI (C), and treated with beads coated with carrier alone (control), carrier and PI(3,4,5)P; or carrier and PI(3,4)P,. Neurons
were labeled for phalloidin (red) and Tuj 1 (blue); beads were visualized under DIC. Scale bar, 10 pum. (B, D) Quantification
of neuritogenesis and actin aggregation of SHIP2 RNAI neurons (B) or PI3K C2a RNAIi neurons (D). In B, 123 beads from 73
image frames were quantified in the control group, 125 beads from 71 frames in the PI(3,4,5)P; group and 107 beads from 73
frames in the PI(3,4)P, group. In D, 90 beads from 59 image frames were quantified in the control group, 87 beads from 51
frames in the PI(3,4,5)P; group and 82 beads from 52 frames in the PI(3,4)P, group; one-way ANOVA followed by Dunnett's

post hoc test.

different combinations, and the dendrite morphology of
the resulting neurons was examined at DIV 5. Neuronal
morphology was visualized by co-transfected GFP, and
axons were excluded from analysis by their longer length
and even diameter. The results showed that SHIP2 bidi-
rectionally regulated the number of primary dendrites: its
overexpression significantly increased dendrite number,
while its RNAI1 significantly reduced dendrite number

(Figure 7F and 7G). Overexpression of SHIP2* com-
pletely rescued the reduction in primary dendrite number
induced by its RNAi (Figure 7F and 7G), demonstrating
specificity of the RNAI. Similar results were observed for
PI3K C2a (Figure 7F and 7G). Interestingly, when PI3K
C20* was used to rescue SHIP2 RNAi, or SHIP2* was
used to rescue PI3K C2a RNAI, primary dendrite num-
bers were not significantly different from SHIP2 RNAi
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Figure 7 SHIP2 and PI3K C2a are specifically required for dendritogenesis and are non-redundant in their functions. (A)
Examples of neuronal tracings of DIV 3 neurons, dendrites shown in red, axons in black. Scale bar, 200 um, or 100 pm for
the boxed insets. (B-E) Quantification of primary dendrite number (B), total dendrite length (C), average dendrite length (D)
and total axon length (E). n = 44, 46 and 45, respectively, for the three groups in each graph; one-way ANOVA followed by
Dunnett’s post hoc test. (F, H) Representative images of DIV5 neurons, conditions as indicated. Neurons were co-transfected
with GFP to visualize their morphology. Scale bar, 10 um. (G) Quantification of primary dendrite number of neurons shown in F.
n as indicated inside bar graphs; one-way ANOVA followed by Tukey’s post hoc test. (I-K) Quantification of primary dendrite
number of neurons shown in H. n as indicated inside bar graphs; unpaired t-tests.
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or PI3K C2a RNAI conditions, respectively (Figure 7F
and 7G), demonstrating that the two PI(3,4)P,-generating
pathways are non-redundant, and that both are required
for normal neuronal morphogenesis.

To investigate whether the enzymatic activities of
SHIP2 and PI3K C2a are required for the observed ef-
fects, we overexpressed 5'-phosphatase-defective SHIP2
(SHIP2 PDR/AAA) [58, 59] and kinase-inactive PI3K
C2a (PI3K C2a KD) [57, 60]. The results showed that
neither manipulation significantly affected primary
dendrite number (Figure 7H-7J), indicating the require-
ment of the enzymatic functions of these proteins in
regulating primary dendrite number. In complementary
experiments, we overexpressed the PI(3,4)P,-specific
4-phosphatase, inositol-3,4-bisphosphate 4-phosphatase
type II (INPP4B), and targeted it to the membrane using
a carboxy-terminal CAAX-box prenylation sequence
(INPP4B-CAAX) [57]. INPP4B-CAAX overexpression
significantly reduced primary dendrite number (Figure
7H and 7K), similar to the effects of SHIP2 RNAi or
PI3K C2a RNAI, providing further evidence for the
requirement of PI(3,4)P, in regulating primary dendrite
number.

N-WASP is necessary and sufficient for mediating actin
aggregation and neurite initiation downstream of PI(3,4)
P,

Having demonstrated a critical role of PI(3,4)P, and
its upstream enzymes SHIP2 and PI3K C2a in regulating
actin aggregation and neurite initiation, we next asked
what molecules mediated the downstream actin remod-
eling process. A promising candidate is the actin-remod-
eling protein lamellipodin, which binds to PI(3,4)P, and
recruits Ena/VASP, thereby promoting the assembly of
actin filaments at the plasma membrane [61, 62]. Unfor-
tunately, no significant effects on primary dendrite num-
ber were observed in experiments using three indepen-
dent RNAI constructs previously reported to knock down
lamellipodin [56, 62, 63] (Supplementary information,
Figure S4A and S4B). Instead, we observed significant
reduction in total dendrite branch tip number (TDBTN),
a measure of dendrite complexity (Supplementary in-
formation, Figure S4C and S4D). Together, these results
suggest that lamellipodin contributes to dendrite morpho-
genesis, but does not regulate primary dendrite number.
We then screened through other molecules previously
reported to bind to PI(3,4)P, and capable of polymerizing
actin [57, 64-66] and identified neural Wiskott-Aldrich
syndrome protein (N-WASP) as a potential downstream
target. N-WASP is a member of Wiskott-Aldrich family
of proteins, originally known for its high expression in
neural tissue [67-69]. Upon upstream signaling, N-WASP

stimulates local actin polymerization by recruiting the
actin-related protein 2/3 (Arp2/3) complex [70-72]. To
confirm the interaction between PI(3,4)P, and N-WASP,
we performed co-immunoprecipitation using PI(3,4)
P,-coated beads, and showed that they specifically bound
to GST-N-WASP B motif, a domain in N-WASP previ-
ously shown to bind to PIs [66] (Figure 8A; please also
see the Discussion section). In complementary experi-
ments, we used Stinger, a fluorescence resonance energy
transfer (FRET)-based probe of active N-WASP, whose
FRET signaling is reduced upon N-WASP activation
and opening of its inactive, closed conformation [73], to
assay the ability of PI(3,4)P, to activate N-WASP. The
results showed that PI1(3,4)P, application significantly re-
duced FRET signaling of the Stinger probe, demonstrat-
ing its ability to activate N-WASP (Figure 8B and 8C).

In terms of the requirement of N-WASP for neuronal
morphogenesis, when cultured neurons were treated with
the N-WASP chemical inhibitor wiskostatin [74] (1 pg/
ml) for 6 h, 74.2% =+ 0.6% of neurons were stalled at
stage la, as compared to only 13.5% =+ 5.4% in control
cultures (Figure 8D and 8E). In addition to inhibiting
neuronal development, wiskostatin treatment also signifi-
cantly blocked neurite initiation (Figure 8F). To further
examine the effect of N-WASP activity on neurite initia-
tion, we generated a constructively active (N-WASP CA)
form of the protein by overexpressing a membrane-an-
chored form of its C-terminal verprolin homology, cofilin
homology and acidic (VCA) domain. The VCA domain
of N-WASP and related proteins has been shown to coor-
dinate binding between actin monomers and the Arp2/3
complex [68, 69]. Overexpression of N-WASP CA in-
deed significantly increased primary dendrite number,
as compared to control neurons expressing GFP only, or
those expressing the CD8 membrane anchor (Figure 8G
and 8H). Since under resting conditions, the N-terminal
region of N-WASP binds to the VCA region and prevents
its activation [68, 69], full-length N-WASP, even when
overexpressed, is still subject to endogenous regulation
and had no significant effects (Figure 8G and 8H). In
contrast, overexpression of the N-terminal region of
N-WASP (N-WASP DN), which binds to exposed VCA
domains and sequesters them from action, significantly
reduced primary dendrite number (Figure 8G and 8H).
Together, these results demonstrate a requirement for
N-WASP during dendritogenesis.

We next tested whether N-WASP functioned down-
stream of SHIP2 and PI3K C2a using two complemen-
tary sets of epistasis experiments. Our results showed
that coexpression of N-WASP CA with SHIP2 RNAI or
PI3K C2a RNAI construct resulted in a phenotype indis-
tinguishable from overexpression of N-WASP CA alone
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Figure 8 N-WASP regulates actin aggregation and dendritogenesis downstream of PI(3,4)P,. (A) Immunoblot using anti-GST
antibody showing that N-WASP B motif specifically interacted with PI(3,4)P,. (B) Representative images of neurons express-
ing Stinger, a FRET-based N-WASP activity probe; neurons were treated with carrier alone (control) or carrier and PI(3,4)
P,. Images are shown using Royal look-up table from Fiji/lmaged. Scale bar, 10 um. (C) Quantification of neuronal YFP/CFP
ratio. n = 20 neurons for each group; unpaired t-test. (D) Representative images of neurons treated with DMSO vehicle (Con-
trol) or 1 pg/ml wiskostatin. Scale bar, 10 um. (E, F) Quantification of neuronal developmental stages (E) and neurite number
(F). n =201 and 198 neurons for control and wiskostatin groups, respectively; in E, two-way ANOVA followed by Bonferroni’s
post hoc test was used; in F, unpaired t-test was used. (G) Representative images of DIV5 neurons, conditions as indicated.
Neurons were co-transfected with GFP to visualize their morphology. Scale bar, 10 um. (H) Quantification of primary dendrite
number of neurons shown in G. n as indicated inside bar graphs, one-way ANOVA followed by Tukey’s post hoc test.
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(Figure 9A and 9B). In the complementary set of exper-
iments, overexpression of N-WASP DN together with
SHIP2 or PI3K C2a mimicked the effect of N-WASP
DN overexpression alone (Figure 9C and 9D). Togeth-
er, these results demonstrate that N-WASP functioned
downstream of SHIP2 and PI3K C2a to regulate neuro-
nal morphogenesis. We note that when N-WASP CA was
overexpressed together with SHIP2 RNAIi or PI3K C2a
RNAI construct, neurons looked relatively unhealthy,
suggesting a negative impact on neuronal development
from conflicting neuritogenesis signals.

Since N-WASP mediated actin aggregation by recruit-
ing Arp2/3 complex, we next tested whether components
of Arp2/3 complex functioned downstream of N-WASP
during neuritogenesis. As shown in Figure 9E and quan-
titated in Figure 9F, Arp3 RNAi completely blocked the
effect of N-WASP CA, whereas Arp3 overexpression
fully rescued the effect of N-WASP DN. Together, these
results demonstrate that N-WASP mediated the effect of
PI(3,4)P, signaling on actin aggregation and neuritogen-
esis via the Arp2/3 complex.

Discussion

In summary, we demonstrated that SHIP2- and PI3K
C2a-mediated local clustering of the phosphoinositide
PI(3,4)P, serves as a signal for regulating actin aggrega-
tion and neuritogenesis, a process mediated downstream
by N-WASP- and Arp2/3-dependent actin polymerization
(Figure 10). Our results demonstrate a novel signaling
role for PI(3,4)P, in early neuronal development and
identify a membrane-initiated signaling cascade for regu-
lating neuritogenesis.

Regulation of actin aggregation by PI(3,4)P,

The identification of PI(3,4)P, as the upstream signal
for regulating actin aggregation during neuritogenesis
is very surprising, as it was generally considered to be
a minority PI in the plasma membrane with few known
signaling functions [29-34]. By comparison, the related
PI(4,5)P, can be hydrolyzed into the important secondary
messengers IP; and DAG to activate downstream signal-
ing cascades [75], and has also been extensively studied
for its regulation of actin polymerization [29-32]. Anoth-
er member of the same family, PIP;, has been shown to
regulate other early neuronal developmental processes,
including axon specification and neuronal polarization
[35-37], and to activate the protein kinases PDK and
AKT/PKB pathways and their downstream signaling [76].
However, previous studies have not examined the sub-
cellular localization of these Pls in very young neurons.
The striking punctate subcellular localization of PI(3,4)

P, and the co-localization of these puncta with F-actin
aggregates (Figure 1), in contrast to the relatively diffuse
localization of PI(4,5)P, or PIP; at the same developmen-
tal stage, provide convincing evidence that PI(3,4)P, is a
key regulator of actin aggregate formation, a result con-
firmed by our subsequent pharmacological and molecular
manipulations (Figures 2 and 3).

Why use a minority PI with few signaling roles to
regulate actin aggregation during neurite initiation? We
believe that there may be distinct advantages. Since most
neurons initially only have one or two neurites extending
from the cell body [28], and the formation of each re-
quires assembly of a large actin aggregate [22, 23], neu-
ritogenesis is essentially an all-or-none process. Previous
modeling and experimental work have shown that spa-
tially directed synthesis and degradation of Pls can result
in self-organizing cell polarization [77]. Interestingly,
positive feedback alone only generates polarization when
the concentration of the polarity marker is limiting [77].
The low concentrations of PI(3,4)P, in the cell fulfills
this criterion. Consistent with a positive feedback mech-
anism during neurite initiation, we found that inhibition
of actin dynamics with jasplakinolide for the prolonged
duration of 6 h reduced PI(3,4)P, puncta size (Figure 3).
Another advantage of PI(3,4)P,-dependent signaling is
that it has been shown to be capable of sustained signal-
ing, a characteristic favorable to the slow, but relatively
irreversible, process of neuritogenesis [78]. In non-neu-
ronal cells, PI(3,4)P, has also been shown to signal the
formation of podosome/invadopodia, F-actin-rich struc-
tures with similarities to neurites, between the plasma
membrane and neighboring extracellular matrix [79].
Thus, the ability of PI(3,4)P, to direct growth of a filopo-
dial extension from the cell body under specific circum-
stances may be a general cellular feature.

Having identified the molecular mechanism underly-
ing neurite initiation, it is interesting to retrospectively
discuss why related PIs, namely, PI(3,4)P, and PIP;, reg-
ulate neurite initiation and neuronal polarization, respec-
tively [35, 36]. Even though neuritogenesis is defined as
step 2 of neuronal development and neuronal polariza-
tion as step 3 [1, 2], they in practice occur within a sim-
ilar time window, with the third and fourth neurites ex-
tending, while the initial two neurites establish polarity.
Thus, different signaling cascades need to regulate these
distinct cellular events. In fact, while PI(3,4)P, puncta
were observed at the cell body, PIP, enrichment was only
observed at the tip of growth cones [35, 36], suggesting
that PI(3,4)P, determines the sites of neurite initiation,
whereas PIP; regulates their differentiation and growth.
Since PI content in the membrane is limited, having
different PIs regulate each of these processes avoids con-
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Figure 9 N-WASP/Arp complex mediates PI(3,4)P,-dependent dendritogenesis. (A, C, E) Representative images of DIV 5
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www.cell-research.com | Cell Research | SPRINGER NATURE



PI(3,4)P, regulates neurite initiation and dendritogenesis

268

é PIB45P:s @ ActinATP g5 N \wasp
$ PIBAP: @ Actin-ADP
é PP A A3

\ Activated N-WASP

Figure 10 A working model of the mechanism underlying PI(3,4)P,-dependent actin aggregation and neurite initiation.

current occurrence of both processes. Regulation of both
of these important developmental processes by Pls also
speaks to the critical role of PI signaling in cellular func-
tioning.

Non-redundant regulation of PI(3,4)P, level by SHIP2
and PI3K C2a.

We demonstrated that SHIP2 and PI3K C2a contrib-
uted non-redundantly and significantly to regulating
PI(3,4)P, level during neuritogenesis and dendritogenesis
(Figures 4, 5 and 7). These enzymes generate PI(3,4)P,
via different mechanisms: SHIP2 dephosphorylates PIP;,
whereas PI3K C2a phosphorylates PI1(4)P [29-32, 34,
50, 53]. The requirement of two distinct mechanisms to
generate one molecule for a specific signaling event is
intriguing. We propose that this is necessary, because a
high concentration of PI(3,4)P, is required at the site of
neurite initiation within a short time window to aggre-
gate actin. Thus, all available PI sources at the site need
to be recruited. Previous studies showed that the most
abundant PIs in the membrane at resting state are P1(4,5)
P, and PI(4)P [29-32]. PI3K C2a generates PI(3,4)P,
from PI(4)P. To be used, available PI(4,5)P, first needs
to be converted to PIP,. We showed in Figure 2 that
interfering with PIP, generation from PI(4,5)P, using
LY294002 had a small but significant effect on reducing
neurite initiation, albeit less markedly than inhibiting
SHIP2 with AS1949490. Thus, although conversion of
PI(4,5)P, to PIP, is not rate limiting in generating P1(3,4)

P,, it contributes significantly. Through concerted effort,
SHIP2 and PI3K C2a generate a sufficiently high level
of PI(3,4)P, to aggregate actin and determine the site of
neurite initiation.

N-WASP as a downstream mediator of PI(3,4)P, signal-
ing during neuritogenesis

Having determined how PI(3,4)P, is generated, we
next addressed the mechanism by which it clusters ac-
tin. Proteins including lamellipodin, N-WASP, profilin,
sorting nexin-9 (SNX9) and tandem PH-domain-contain-
ing proteins, TAPP1 and TAPP2, have been previously
shown to bind to PI(3,4)P, [56, 57, 62, 64-66]. Lamelli-
podin was an attractive candidate because it binds spe-
cifically to PI(3,4)P, [62]. Unfortunately, lamellipodin
RNAI reduced dendrite complexity without affecting pri-
mary dendrite number (Supplementary information, Fig-
ure S4). We then turned to N-WASP, because it has been
reported to bind to Pls cooperatively [66]. Specifically,
the polybasic motif in the N-terminal autoinhibition
domain of N-WASP has been shown to bind to PI(4,5)
P,, as well as PI(3)P, PI(3,4)P, and PIP,, in a multivalent
manner. This raises an issue of specificity, as PI(4,5)
P, is abundant in neurons and also binds to N-WASP.
How might N-WASP specifically interact with PI(3,4)P,
during neurite initiation? We believe that the answer lies
in the differential subcellular localization of these Pls
in early developing neurons. As shown in the structured
illumination microscopy (SIM) images in Supplementary
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information, Figure S5, PI(4,5)P, mostly localized to the
nucleus 6 h after plating. Thus, PI(4,5)P, is not in the
same subcellular compartment as cytoplasmic N-WASP
to regulate its activity.

The ability to bind to PIs cooperatively means that
N-WASP responds to the changes in Pls in a switch-
like fashion, with the transition from the fully repressed
state to the fully activated state occurring above a sharp
threshold [66]. This characteristic is highly desirable for
regulating the all-or-none process of neurite initiation.
In addition to binding PIs cooperatively, N-WASP also
binds to the GTP-bound form of Cdc42 through its GT-
Pase binding domain (GBD) [71, 72]. Consistent with
the physical proximity between the polybasic motif and
GBD, costimulation with Cdc42 lowers the activation
threshold of PIs [66]. Furthermore, Cdc42 itself has
also been shown to positively regulate dendritogenesis:
expression of its constitutively active form increased pri-
mary dendrite number, while expression of the dominant
negative form reduced them [80]. Given the established
role that Cdc42 and other small Rho GTPases in regulat-
ing neuronal morphogenesis and actin dynamics [81-83],
the cooperativity between PI1(3,4)P, and Cdc42 adds an
additional layer of regulation to neuritogenesis.

Regulation of initial PI(3,4)P, clustering

Even though we initially studied PIs because they are
membrane-bound signals that do not require extracellular
signaling and thus likely function as intrinsic regulators
of neuritogenesis, it is still interesting to speculate how
PI(3,4)P, clusters are initially generated. We surmise that
small PI(3,4)P, clusters are initially generated by sto-
chastic mechanisms, and then these clusters are amplified
through positive feedback mechanisms for PI(3,4)P, clus-
tering and N-WASP/Arp-dependent actin aggregation.
While the initial concentration and localization of differ-
ent types of Pls within the membrane likely contribute
to where initial clustering likely occurs, the subcellular
localization of upstream enzymes SHIP2 and PI3K C2a
are probably not major determinants, as suggested by
their relatively diffuse immunostaining (Supplementary
information, Figure S3C-S3F). As to why this might be
the case, we propose the following likely explanations: (1)
it is the activity, rather than the subcellular localization
of these enzymes, that are most critical; (2) additional,
yet unidentified factors, contribute to this process; and (3)
a stochastic increase in local PI(3,4)P, level at one of the
many sites containing SHIP2 and/or PI3K C2a activates
a positive feedback process that then amplifies the signal.
We particularly favor the third possibility of a stochasti-
cally initiated positive feedback process, as it is mecha-
nistically highly flexible and adaptable. We focused on
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the likelihood of phospholipids as upstream regulators of
local actin aggregation for this very reason. /n vivo, nor-
mal brain development and organization can occur in the
absence of synaptic transmission [84], suggesting critical
contribution of intrinsic mechanisms to early neuronal
development processes, including neurite initiation.

Materials and Methods

All animal procedures were approved by the Institutional An-
imal Care and Use Committee of the Institute of Neuroscience,
Chinese Academy of Science (Shanghai, China).

Neuronal culture preparation and transfections

Dissociated neuronal cultures were prepared from postnatal
day 0 (PO) Sprague-Dawley rat pups as described previously [85,
86]. Briefly, hippocampi were dissected (dentate gyri removed),
dissociated and plated onto PDL (P6407, Sigma-Aldrich, St.
Louis, MO, USA) coated glass coverslips (63-3009, Assistent,
Sondheim/Rhén, Germany) at 15 000 cells/cm” in Neurobasal me-
dium (10888-022, Thermo Fisher Scientific, Waltham, MA, USA)
containing 2 mM Glutamax-I (35050-061, Thermo Fisher Scien-
tific), B-27 (17504-044, Thermo Fisher Scientific) and 2.5% FBS
(SH30070.03, GE Healthcare Life Sciences, Pittsburgh, PA, USA).
For analysis of PI subcellular localization and early neuronal de-
velopment, neurons were fixed 3-6 h after plating.

For the analysis of axonal arbors, neurons were electroporated
using Amaxa Nucleofactor Device Il (Lonza, Valais, Switzerland),
plated at 50 000 cells/cm” onto matrigel (354234, BD Biosciences,
Sparks, MD, USA) coated glass coverslips and fixed at DIV 3. For
the analysis of primary dendrites, neurons were plated at 50 000
cells/cm’, transfected using calcium phosphate at DIV 2 (2-4 g
DNA per 24-well) and fixed for analysis at DIV 5.

In utero electroporation

In utero electroporation was carried out as previously described
[23]. Briefly, timed-pregnant Sprague-Dawley rats were anesthe-
tized using 12% chloral hydrate at 3.5 ml/kg. Lateral ventricles
of E15.5 embryos were injected with 2 ul DNA, with forcep-type
electrode paddles controlled by an ECM 830 electroporator (BTX
Instrument Division, Harvard Apparatus Inc., Holliston, MA,
USA) delivering 5x 50 ms pulses of 60 mV at 100 ms intervals.
Embryos were fixed at E18.5 in 4% paraformaldehyde, and cor-
onal cortical sections of 50 um were cut on a CM1900 cryostat
(Leica Biosystems, Nussloch, Germany).

For examining the effects of SHIP2 and PI3K C2a RNAi on
early neuronal development, cortical cultures were prepared from
E18.5 in utero electroporated embryos.

Pharmacological treatments

The following pharmacological agents (all dissolved in DMSO)
were used at the specified concentrations: AS1949490, 70 pM
(3718, R&D Systems, Minneapolis, MN, USA); m-3M3FBS, 100
uM (1941, R&D Systems); LY 294002, 100 pM (440204, Merck,
Darmstadt, Germany); Jasplakinolide, 0.1 uM (J7473, Thermo
Fisher Scientific); wiskostatin, 1 pg/ml (w2270, Sigma-Aldrich)
and wortmannin (1232, R&D Systems).
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Preparation of PIP,- or PIP;-coated beads

Glass beads of 3-10 um (07666-1, Polysciences, Warrington,
PA, USA) were coated with PI(3,4)P, (P-9034, Echelon Bioscienc-
es, Salt Lake City, UT, USA) or PIP, (P-9039, Echelon Bioscienc-
es), using previously described protocols for coating small mole-
cules onto beads [87]. Briefly, beads were washed in 70% ethanol
for 30 min, dried, coated with 0.5 mg/ml poly-p-lysine (P6407,
Sigma-Aldrich) for 4 h, thoroughly washed and dried. Previous
work has shown that the polybasic protein histone H1 functioned
as a carrier to rapidly and efficiently deliver Pls into intracellular
compartments [44]. Following the manufacturer’s instructions, the
histone H1 carrier and PI(3,4)P,/PIP, were each diluted to 1 mM,
and mixed for 20 min at room temperature in a 1:1 ratio. Glass
beads were then incubated with the PI mixture overnight at 4 °C
and washed twice with PBS before use. Coated beads were added
to the neuronal culture at the time of plating. Successful coating
was verified using fluorescently (BODIPY FL) labeled PI.

DNA constructs

The rat SHIP2 (gene name: /NPPLI) RNAI construct target the
sequence 5'-GCTATCTGTGCTAAAGGACTT-3' (nt 1 032-1 052
of rat INPPLI gene; the same sequence as previously described
for mouse INPPL1 [88], except for underlined nucleotide). The
rat PI3K C2a (gene name: PIK3 C24) RNAI construct target the
sequence 5'-GGATCTTTTTAAGCCTATT-3' (nt 2 447-2 465
of rat PIK3 C24; the same sequence as previously described for
human PIK3 C24 except for the underlined nucleotide [57]). The
Lamellipodin (Lpd; gene name: RAPHI) RNAI constructs target
previously described sequences as follows: 5'-AGAAGTGCTGT-
TAGAGGAATG-3' (nt 1 345-1 365 of rat RAPHI gene) [56] for
Lpd RNAi 1; 5~AAGCGCCAAGTCACAGAACCC-3' (nt 524-
544 of rat RAPH1 gene) [62] for Lpd RNAi 2; and 5'-CCCAAAG-
TACTGTGAGCTCTA-3' (nt 1 908-1 928 of rat RAPHI gene)
[63] for Lpd RNAI 3. The Arp3 RNAI construct was as previously
described [85]. All sequences were cloned into pSuper-GFP [85].

The full-length human INPPLI [59] (gift of Prof Alexan-
der Sorisky, University of Ottawa, Canada) was subcloned into
pPCAGGS; the human sequence is different from the rat sequence
at 7 nt and thus resistant to rat SHIP2 RNAi. Seven silent mu-
tations (underlined: 5'-AGACCTATTCAAACCAATA-3') were
generated in the human PIK3 C24 sequence [57] (gift of Dr Volker
Haucke, Leibniz Institut fiir Molekulare Pharmakologie, Berlin,
Germany) to make it RNAi resistant. SHIP2 PDR/AAA [59], en-
coding 5'-phosphase-defective SHIP2, contains in-frame mutations
P686A, D690A and R691A (gift of Prof Alexander Sorisky). The
kinase-inactive mutant of PI3K C2a (PI3K C2a KD) was generat-
ed by mutating the ATP-binding site (K1138A, D1157A) and the
catalytic loop (D1250A), as previously described [57]. The INP-
P4B-CAAX [57] construct was a gift of Prof Volker Haucke.

The pCS2-Arp3-expressing human Arp3 [85] is resistant to rat
Arp3 RNAI. The full-length rat WASL (encoding N-WASP) [89]
was a gift of Prof Marc Krischner (Harvard University, USA).
N-WASP DN was generated by subcloning the first 391 amino
acids of N-WASP, followed by an HA tag, into pCAGGs. For the
generation of N-WASP CA, amino acids 392-501 of N-WASP
were subcloned into pCAGGs immediately after the CDS8 trans-
membrane domain [90]. To generate GST-N-WASP B motif
protein, amino acids 178-244 of N-WASP were subcloned into
pGEX-KG and fused in frame with the GST tag. Stinger [73], the

N-WASP activity probe, was a gift of Prof Jane Y Wu (Northwestern
University, USA).

Antibodies

Immunocytochemisty [90] and immunohistochemistry [91]
were carried out as previously described. The following primary
antibodies were used: PI(3,4)P, (Z-P034b, 1:200; Echelon Biosci-
ences), P1(4,5)P, (Z-P045, 1:200; Echelon Biosciences), PI(3,4,5)
P, (Z-P345, 1:200; Echelon Biosciences), Tuj 1 (G7121, 1:5 000;
Promega, Madison, WI, USA), MAP2 (AB5622, 1:1 000; Milli-
pore, Billerica, MA, USA), SHIP2 (sc-14502, 1:500; Santa Cruz,
Dallas, TX, USA) and PI3K C20. (22028-1-AP, 1:500; Proteintech,
Rosemont, IL, USA). Alexa Fluor 488, 568 or 633 secondary
antibodies (Thermo Fisher Scientific), and Alexa Fluor 488 and
568 Phalloidin (Thermo Fisher Scientific) were used at 1:1 000.
TOPRO-3 (T3605, 1:3 000; Thermo Fisher Scientific) or DAPI
(D1306, 1:5 000; Thermo Fisher Scientific) was used to visualize
the nuclei.

Image acquisition and analyses

Confocal images were acquired on one of the following con-
focal microscopes: LSMS5 (Carl Zeiss, Oberkochen, Germany)
with a 40 oil immersion Neofluor objective (NA = 1.3) or 63% oil
immersion Plan-Apochromat objective (NA = 1.4), or Nikon A1R
(Nikon, Tokyo, Japan) with a 60x Oil Plan Apo VC objective (NA
= 1.4). Images of brain slices were acquired on a LSM5 with a 20x
Plan-Apochromat (NA = 0.75) objective. Images of axon length
were acquired on a FV10I confocal laser scanning microscope
(Olympus, Tokyo, Japan) with a 60 phase-contrast oil immersion
objective (NA = 1.35). SIM was acquired on a Nikon N-SIM mi-
croscope, with a HP Apo TIRF 100x H objective (NA = 1.49) and
an Andor DU-897 X-10515 camera. For each experiment, all con-
trol and experimental conditions were acquired with the same mi-
croscope and objective and at the same laser and imaging settings.

For all morphological analyses, images were coded using com-
puter-generated random sequences during data acquisition. Images
were analyzed as acquired with no post-acquisition modifications
and blinded to the experimental condition. Analyses of neuronal
developmental stages and neurite number [23], total dendrite
length [86], TDBTN [86], average dendrite length [86] and total
axon length [92] were as previously described. For measuring PI
intensity, images were thresholded, and the total PI intensity of
the cell body was quantitated. For co-localization assays, images
were thresholded, and overlapping pixels were quantitated against
total thresholded area. Fiji/ImageJ (NIH, Bethesda, MD, USA)
was used to quantitate the intensity of PI and F-actin across the
cell body. Only protrusions immune-positive for Tuj 1 and at least
2 pm in length were considered to be neurites. Axonal and den-
dritic arbors were traced using ImageProPlus (Media-Cybernetics,
Rockville, MD, USA). N-SIM images were 3D reconstructed us-
ing N-SIM analysis software. Example images were adjusted for
brightness/contrast within linear ranges using Fiji/lmage] when
necessary. Control and experiment conditions were adjusted with
the same parameters.

FRET

Neurons were electroporated at the time of plating and imaged
at DIV 5 using a Nikon A1R microscope and a Plan Apo VC 60x
Oil DIC N2 objective (NA = 1.4). Carrier (control) or carrier and
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PI(3,4)P, (20 pM) was added to the culture medium for 1 h and
washed out immediately before the start of the imaging session.
Dual-emission intensity ratios were recorded; filter combinations
were as follows (excitation:emission): CFP:CFP (403, 480) and
CFP:YFP (403, 540). The YFP/CFP ratio was measured along a 5
um stretch close to the cell membrane and calculated using orig-
inal images in Fuji/Imagel. Example images shown in Figure 8B
were smoothed (3 x 3 filter).

Immunoprecipitation and western blot

GST and GST-N-WASP B motif were expressed in E. coli
strain BL21 (DE3) and induced using 0.1 mM IPTG at 16 °C
overnight. Proteins were purified using GST Spin Purification
kit (16106, Thermo Fisher Scientific) in the presence of protease
inhibitor cocktail tablets (04693116001, Roche Diagnostics, Indi-
anapolis, IN, USA) and according to the manufacturer’s protocols.
Control lipid beads (P-B000, Echelon Biosciences) and PI(3,4)P,
beads (P-B034a, Echelon Biosciences) were incubated with 2 pg
purified proteins overnight at 4 °C, washed five times and resus-
pended in 100 pl sample buffer for western blot analysis. Western
blot was performed according to the standard protocols, with the
following primary antibodies: GST (66001-1, 1:2 000; Protein-
tech), SHIP2 (sc-14502, 1:500; Santa Cruz), PI3K C2a (22028-1-
AP, 1:500; Proteintech) and GAPDH (KC-5G4, 1:10 000; KangC-
hen Bio-tech, SH, China).

Statistics

Statistical analyses were performed in GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA) using Student’s ¢-test (for
sample pairs), one-way ANOVA (for three or more samples) fol-
lowed by Tukey’s or Dunnett’s multiple comparisons test, or two-
way ANOVA (for comparing two independent variables) followed
by Bonferroni’s multiple comparisons test, as indicated in the fig-
ure legends. Results are shown as mean + SEM, and n refers to the
number of cells unless otherwise stated. All conditions statistically
different from controls are indicated: *P < 0.05; **P < 0.01; ***P
< 0.001; n.s., not significant.
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