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ABSTRACT Precise wiring patterns of axons are among the remarkable features of neuronal
circuit formation, and establishment of the proper neuronal network requires control of out-
growth, branching, and guidance of axons. R-Ras is a Ras-family small GTPase that has essen-
tial roles in multiple phases of axonal development. We recently identified afadin, an F-actin—
binding protein, as an effector of R-Ras mediating axon branching through F-actin
reorganization. Afadin comprises two isoforms—I-afadin, having the F-actin—-binding domain,
and s-afadin, lacking the F-actin-binding domain. Compared with l-afadin, s-afadin, the short
splicing variant of l-afadin, contains RA domains but lacks the F-actin-binding domain. Neu-
rons express both isoforms; however, the function of s-afadin in brain remains unknown. Here
we identify s-afadin as an endogenous inhibitor of cortical axon branching. In contrast to the
abundant and constant expression of l-afadin throughout neuronal development, the expres-
sion of s-afadin is relatively low when cortical axons branch actively. Ectopic expression and
knockdown of s-afadin suppress and promote branching, respectively. s-Afadin blocks the R-
Ras-mediated membrane translocation of l-afadin and axon branching by inhibiting the bind-
ing of l-afadin to R-Ras. Thus s-afadin acts as a dominant-negative isoform in R-Ras-afadin—
regulated axon branching.

Monitoring Editor
Kozo Kaibuchi
Nagoya University

Received: Jan 22, 2015
Revised: Mar 13, 2015
Accepted: Mar 18, 2015

INTRODUCTION

Cortical neurons are highly polarized cells with a single long axon
and multiple dendrites. They send out their axons to dendrites of
distant target cells to carry information. The function of the nervous
system depends on development of appropriate and complex con-
nections of axons and dendrites. To achieve and maintain proper

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E15-01-0039) on March 25, 2015.

The authors declare that they have no conflict of interest.

Address correspondence to: lzumi Oinuma (izu-oinuma@lif.kyoto-u.ac.jp).
Abbreviations used: ANOVA, analysis of variance; docAMP, dibutyryl cAMP; DIV,
days in vitro; ERK, extracellular signal-regulated kinase; F-actin, filamentous actin;
FBS, fetal bovine serum; GFP, green fluorescent protein; GST, glutathione S-trans-
ferase; HA, hemagglutinin; HRP, horseradish peroxidase; PBS, phosphate-buffered
saline; PDZ, PSD-95/Dlg/ZO-1; PI3K, phosphatidylinositol 3-kinase; PMSF, phenyl-
methylsulfonyl fluoride; RA, Ras association; shRNA, short hairpin RNA; RBD,
Ras-binding domain; TBS, Tris-buffered saline; YFP, yellow fluorescent protein.

© 2015 Umeda et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

Volume 26 May 15, 2015

connections, multiple steps of axon development, such as axonal
growth, guidance, and branching, must be strictly regulated by ex-
trinsic cues and intrinsic signals (O'Donnell et al., 2009; Bilimoria
and Bonni, 2013). Of these steps, axon branching is fundamental to
establish complex pattern of connectivity, and it is well established
that formation of proper connections depends not only on guidance
of their growth cones located at the axonal tips, but also on forma-
tion of branches from the shaft of the primary axon called collateral
branches (Kalil et al., 2000). Branches can be formed through two
distinct modes: bifurcation of the growth cone at the tip of the axon
and formation of branches, called collateral branches, from the axon
shaft behind the advancing growth cone. Axon branching through
axon bifurcation contributes to axon guidance, whereas formation
of axon collateral branches is widely regarded as the major mecha-
nism used to establish axon arbors in synaptic targets (Gallo, 2011).
Formation of collateral branches is dependent on cytoskeletal regu-
lation, and collateral branches are initiated by filamentous actin
(F-actin)-based axonal protrusions, which subsequently become in-
vaded by microtubules, thereby allowing the branch to mature and
continue extending (Kalil et al., 2000; Gallo, 2011).
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Extensive studies revealed that Ras and Rho-family small
GTPases are involved in control of neuronal morphology by regula-
tion of the actin and microtubule cytoskeleton (Hall and Lalli, 2010;
Spillane and Gallo, 2014). Small GTPases serve as molecular
switches by cycling between the GDP-bound inactive state and a
GTP-bound active state, and GTP-bound active small GTPases in-
teract with their specific effectors to induce various biological events
on cells. Among the Ras-family proteins, R-Ras-subfamily proteins,
R-Ras, TC21 (R-Ras2), and M-Ras (R-Ras3), show relatively similar ho-
mology and form a distinct branch from the classical Ras subfamily
comprising H-Ras, K-Ras, and N-Ras (Matsumoto et al., 1997). The
classical Ras proteins primarily mediate cell growth and differentia-
tion through the kinase-mediated pathways of extracellular signal-
regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K),
whereas R-Ras functions as a regulator of cell morphology in a vari-
ety of cells, including neurons (Kinbara et al., 2003; Arimura and
Kaibuchi, 2007; Oinuma et al., 2007). R-Ras contributes to activation
of PI3K but not ERK, and R-Ras is also an activator of a cell-substrate
adhesion molecule, integrin (Zhang et al., 1996; Keely et al., 1999;
Komatsu and Ruoslahti, 2005). We previously reported that R-Ras
plays essential roles in axon formation, elongation, and guidance
(Oinuma et al., 2004a,b, 2007). During cortical axon development,
cultured neurons first extend several undifferentiated neurites (at
stages 1 and 2), and then, at stages 2 and 3, one of the neurites
begins to elongate rapidly to become the axon, and subsequent
axonal branching occurs (Bradke and Dotti, 2000). R-Ras selectively
accumulates in the future axon of stage 2 neurons, and its activity
increases after plating and peaks between stages 2 and 3, when
neuronal polarization and axon formation occur (Oinuma et al.,
2007). R-Ras functions as a regulator for both actin and microtubule
cytoskeletons in neurons during axon development. We showed
that R-Ras contributes to microtubule-dependent regulation of axo-
nal morphology through a series of PI3K signaling, inducing activa-
tion of a microtubule-assembly promoter, collapsin response media-
tor protein-2 (Ito, Oinuma, et al, 2006; Oinuma et al., 2007).
Furthermore, we showed that afadin, an F-actin-binding protein,
functions as an effector for R-Ras—-mediated cortical and hippocam-
pal axon branching (lwasawa et al., 2012).

Afadin, whose human orthologue is called AF-6, was originally
purified from the cytosol fraction of rat embryonic brain and is a
multidomain adaptor protein having two Ras association (RA) do-
mains, a PSD-95/Dlg/ZO-1 (PDZ) domain, and the carboxyl-terminal
F-actin—binding domain (Mandai et al., 1997; Takai et al., 2008). The
afadin PDZ domain is responsible for binding to nectins, the immu-
noglobulin superfamily cell adhesion molecules localized in epithe-
lial cells (Takahashi et al., 1999; Kurita et al., 2011). In addition to
nectins, afadin interacts with various proteins involved in mainte-
nance of adherence junctions and contributes to cell-cell adhesion
(Tachibana et al., 2000; Pokutta et al., 2002; Asada et al., 2003). In
addition to the control of cell-cell adhesion, afadin regulates cell
migration of normal fibroblasts and cancer cells (Miyata et al., 2009;
Fournier et al., 2011). In neurons, several reports have shown that
afadin controls dendritic spine morphology, and neuron-specific af-
adin conditional knockout mice exhibited decrease in spine and ex-
citatory synapse densities (Xie et al., 2005; Beaudoin et al., 2012).
Afadin localizes not only in dendrites, but also in axons (Lim et al.,
2008), and we showed that active R-Ras interacts with the RA do-
mains of afadin to induce translocation of afadin to the membranes,
promoting cortical axon branching (lwasawa et al., 2012).

Afadin comprise two isoforms, |-afadin (205 kDa) and s-afadin (190
kDa; Mandai et al., 1997). We showed that I-afadin with active R-Ras
promotes axon branching through F-actin reorganization mediated
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by the F-actin—binding domain of I-afadin (lwasawa et al., 2012).
Compared with |-afadin, s-afadin, the short splicing variant of |-afadin,
contains RA domains but lacks the carboxyl-terminal F-actin—binding
domain (Mandai et al., 1997). The two afadin isoforms display distinct
tissue expression patterns; |-afadin is ubiquitously expressed, whereas
s-afadin is brain specific (Mandai et al., 1997). It was recently shown
that s-afadin is expressed in neurons but not in astroglial cells
(Kobayashi et al., 2014), suggesting a role of s-afadin in neuronal
functions. However, the roles of s-afadin in neurons remain poorly
understood. In this study, we show that s-afadin acts as a dominant-
negative suppressor for R-Ras—mediated cortical axon branching.

RESULTS

Expression of s-afadin is relatively low when cortical

axons branch actively

Afadin comprises two isoforms, l-afadin (205 kDa) and s-afadin
(190 kDa; Mandai et al., 1997). We reported that Il-afadin, an F-ac-
tin—binding protein containing RA domains, is an effector of R-Ras,
promoting axon branching through F-actin reorganization (lwasawa
et al., 2012). Because s-afadin, the short splicing variant of |-afadin,
contains RA domains but lacks the carboxyl-terminal F-actin—bind-
ing domain (Mandai et al., 1997; Figure 1A) we first examined
whether s-afadin associates with R-Ras. Immunoprecipitation analy-
sis showed that both isoforms bound to R-Ras QL, a constitutively
active form of R-Ras (Figure 1B). We next examined the endogenous
expression of the afadin isoforms in primary cultured rat cortical
neurons during the stages of axon development. In our culture con-
ditions, cortical axons actively branch during 0-3 d in vitro (DIV), and
then axons elongate during the later period of 3-6 DIV (lwasawa
etal., 2012). As shown in Figure 1C, abundant and constant expres-
sion of |-afadin throughout the stages of axonal development was
observed. In contrast, expression of s-afadin was relatively low dur-
ing 0-3 DIV, the period of branch formation, and gradually increased
in the later period of 3-9 DIV, suggesting the opposite correlation of
the expression pattern of s-afadin with cortical axon branch forma-
tion. We also examined expression of afadin isoforms in the devel-
oping rat brain. Immunoblot analysis of rat whole-brain lysates from
embryonic day 16 (E16) to postnatal day 14 (P14) showed that ex-
pression of endogenous s-afadin in the brain was low during embry-
onic stages and increased after birth (Figure 1D).

Ectopic expression of s-afadin suppresses cortical

axon branching

To study the role of s-afadin in axonal branch formation, we per-
formed overexpression analysis of s-afadin. Cortical neurons were
transfected with yellow fluorescent protein (YFP) and either Myc-
tagged l-afadin or s-afadin at 1 DIV, and their axonal morphology
was observed at 3 DIV (Figure 2). As we reported, ectopic expres-
sion of |-afadin promoted axon branching, but not elongation, com-
pared with expression of YFP alone, showing a specific role for I-af-
adin in axon branching (lwasawa et al., 2012). In contrast, the
overexpression of s-afadin suppressed basal axon branching with-
out affecting axon length. These results represent the opposite
regulation of cortical axon branching by two afadin isoforms, |-afa-
din and s-afadin; the former potentiates and the latter blocks
branching activity of cortical axons, and lowered expression of
s-afadin is required for active axon branching.

RA domains are responsible for s-afadin-mediated
suppression of cortical axon branching

Branch-promoting activity of l-afadin requires R-Ras binding to RA
domains (lwasawa et al., 2012), and s-afadin also contains RA
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FIGURE 1: Expression patterns of two afadin isoforms during cortical
neuronal development and their ability to bind to active R-Ras.

(A) Schematic structures of afadin constructs used in this study. CAAX,
CAAX sequences, where C represents cysteine, A is an aliphatic
amino acid, and X is a terminal amino acid; DIL, dilute domain; FBD,
F-actin—binding domain; FHA, forkhead-associated domain; PR,
proline-rich region; RA, Ras association domain. Numbers indicate
amino acid positions within the sequence. (B) Lysates from HEK293T
cells transfected with Myc-tagged afadin and HA-tagged R-Ras QL
(constitutively active mutant) were immunoprecipitated with anti-HA
antibody. Lysate inputs and immunoprecipitates were analyzed by
immunoblotting. Asterisk indicates the position of the
immunoglobulin light chains. (C, D) Developmental expression of
afadin in cultured cortical neurons (C) or whole-brain lysates (D) at the
indicated time points was analyzed by immunoblotting with
anti-l/s-afadin antibody. Both the long (l) and short (s) afadin isoforms
were detected.

B-actin

domains and has ability to bind to active R-Ras (Figure 1B). To deter-
mine the roles of RA domains in s-afadin—mediated suppression of
axon branching activity, we generated s-afadin ARA, which lacks RA
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domains (Figure 1A). Cortical neurons were transfected with YFP
and either Myc-tagged s-afadin or s-afadin ARA at 1 DIV and their
axonal morphology was observed at 3 DIV (Figure 3). Overexpres-
sion of s-afadin blocked basal axon branching, whereas that of s-af-
adin ARA had no effect on axon branching. These results suggest
that RA domains are responsible for s-afadin-mediated suppression
of basal branching activity of cortical neurons. We further examined
the effect of s-afadin on active R-Ras-induced cortical axon branch-
ing. As shown in Figure 4, ectopic expression of s-afadin but not that
of s-afadin ARA blocked active R-Ras-induced cortical axon branch-
ing. These results suggest that s-afadin blocks R-Ras-mediated
axon branching in an RA domain-dependent manner.

s-Afadin blocks membrane translocation of I-afadin induced
by active R-Ras

Regulation of membrane localization of I-afadin is important for its
various cellular functions, such as directional cell migration of fibro-
blast cells and dendritic spine morphogenesis of neurons (Xie et al.,
2005; Miyata et al., 2009), and we reported that active R-Ras in-
duces the membrane translocation of I-afadin via its binding to R-
Ras through RA domains (lwasawa et al., 2012). As shown in Figure
5, A and B, active R-Ras also induced the membrane translocation
of s-afadin, as well as that of I-afadin. Thus active R-Ras can translo-
cate both of the afadin isoforms to the membrane. We therefore
examined whether coexistence of s-afadin with l-afadin affects the
R-Ras-induced membrane translocation of I-afadin. Neuro2a cells
transfected with hemagglutinin (HA)-tagged R-Ras QL and green
fluorescent protein (GFP)-tagged l-afadin with or without Myc-
tagged s-afadin were subjected to subcellular fractionation analysis.
As shown in Figure 5C, coexpression of s-afadin severely impaired
the R-Ras-induced membrane translocation of I-afadin. We further
tested whether I-afadin and s-afadin are competitive with each other
in R-Ras QlL-induced membrane localization. To test this, we coex-
pressed a constant amount of |-afadin and increasing amounts of s-
afadin with R-Ras QL in Neuro2a cells. As shown in Figure 5D, when
expression of s-afadin exceeds that of I-afadin, membrane localiza-
tion of l-afadin was strongly suppressed. Intriguingly, most of the
overexpressed s-afadin was localized in the cytosolic fraction. These
results suggest that I-afadin and s-afadin are competitive with each
other for R-Ras QL-induced membrane localization.

s-Afadin blocks binding of l-afadin to active R-Ras

in a dominant-negative manner

Next we sought to identify the molecular mechanisms by which s-
afadin blocks R-Ras QL-induced membrane translocation of I-afa-
din. Because active R-Ras binding to the RA domains triggers mem-
brane translocation of l-afadin (lwasawa et al., 2012), we tested
whether s-afadin inhibits R-Ras binding to l-afadin. We expressed
HA-tagged R-Ras QL and Myc-tagged afadin isoforms in Neuro2a
cells and immunoprecipitated the lysates with anti-HA antibody.
When I-afadin and s-afadin were coexpressed, the binding of both
isoforms to R-Ras was decreased, suggesting that I-afadin and s-af-
adin are competitive with each other for R-Ras binding (Figure 6A,
rightmost lane). It has been reported that AF-6 type-1, a human or-
thologue of afadin, self-associates through the RA domains (Liedtke
et al., 2010). The immunoprecipitation analysis revealed that |-afa-
din precipitated more s-afadin than l-afadin itself (Figure 6B). We
next examined the effect of s-afadin on the binding of l-afadin to
active R-Ras. s-Afadin suppressed the binding of I-afadin to active
R-Ras. On the other hand, the interaction of s-afadin and l-afadin
was disturbed by the presence of active R-Ras (Figure 6C). These
results show mutually exclusive binding of s-afadin and R-Ras to
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number/100 pm (C) were measured. The results are means + SEM of three independent experiments (n = 45; **p < 0.01;

***p < 0.001, one-way ANOVA with Dunnett’s post hoc test).

l-afadin, indicating that s-afadin blocks the binding of l-afadin to
active R-Ras in a dominant-negative manner.

Forced membrane targeting of l-afadin overcomes the
inhibitory effect of s-afadin on axon branching

We identified that s-afadin blocks membrane translocation of |-afa-
din in a dominant-negative manner (Figures 5 and 6), and we there-
fore examined whether decreased membrane localization of I-afadin
is responsible for s-afadin-induced reduction of cortical axon
branching. We fused the CAAX sequence of K-Ras to the carboxyl-
terminal of I-afadin (l-afadin-CAAX; Figure 1A) to generate a mem-
brane targeting form of I-afadin. R-Ras-independent artificial mem-
brane targeting of l-afadin-CAAX was verified by subcellular
fractionation analysis of transiently transfected Neuro2a cells, and
this localization was not blocked by overexpression of s-afadin in
Neuro2a cells (Figure 7A). The |-afadin-induced promotion of corti-
cal axon branching was blocked by coexpression of s-afadin. Corti-
cal neurons transfected with |-afadin-CAAX displayed more highly
branched axons than I-afadin-transfected cells, and expression of
s-afadin did not block the promotion of axon branching induced by
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l-afadin-CAAX, showing that forced membrane targeting of l-afadin
overcame the inhibitory effect of s-afadin on axon branching (Figure
7, B and C). These data suggest that decreased membrane localiza-
tion of I-afadin is responsible for s-afadin-mediated inhibition of
cortical axon branching.

Knockdown of endogenous s-afadin promotes membrane
translocation of l-afadin and axon branching

To study the roles of endogenous s-afadin in membrane localization
of l-afadin and cortical axon branching, we generated short hairpin
RNA (shRNA) expression vectors designed to specifically target
each isoform of afadin. Each shRNA effectively and specifically si-
lenced the endogenous expression of each afadin isoform and did
not inhibit the expression of other (Figure 8A). Subcellular fraction-
ation analysis revealed that depletion of endogenous s-afadin by s-
afadin-specific sShRNA increased the membrane localization of I-af-
adin in 4-DIV cortical neurons (Figure 8B). We further examined the
effect of each of the afadin isoform-specific shRNAs on axonal mor-
phology. Cortical neurons were transfected with YFP and shRNAs
before plating, and their axonal morphology was analyzed at 4 DIV.

Molecular Biology of the Cell
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Expression of the I-afadin-specific shRNA suppressed cortical axon
branching, whereas that of the s-afadin-specific shRNA enhanced
branching (Figure 8, C-E). These data together suggest that endog-
enous s-afadin blocks basal branching activity of cortical neurons by
inhibiting membrane localization of |-afadin.

Dibutiryl cCAMP induces R-Ras activation and membrane
localization of l-afadin

Cyclic nucleotides are well known as key players in axon guidance
(Tojima et al., 2011), and cAMP has been reported to trigger axon
branching (Mingorance-Le Meur and O’Connor, 2009; Gallo, 2011).
We asked whether cAMP could affect endogenous R-Ras activity in
cortical neurons. The treatment of 3-DIV cortical neurons with a
membrane-permeable cAMP analogue, dibutiryl cAMP (dbcAMP),
induced a significant increase of endogenous R-Ras activity (Figure
9, A and B), and immunoprecipitation assay showed that dbcAMP
treatment enhanced the interaction between I-afadin and R-Ras in
cortical neurons (Figure 9C). cAMP also increased membrane local-
ization of l-afadin, and knockdown of endogenous R-Ras by R-Ras—
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specific shRNA (Oinuma et al., 2007) suppressed the membrane
localization (Figure 9D). These results suggest that elevation of intra-
cellular cAMP functions as a trigger for cortical axon branching, in-
ducing R-Ras activation and R-Ras—mediated membrane localization
of |-afadin.

DISCUSSION
Collateral branches of cortical axons are considered to be gener-
ated de novo from the main axon, and negative regulation of axon
branching is crucial for the formation of the proper neuronal net-
work (Mingorance-Le Meur and O’Connor, 2009; Gallo, 2011). In
contrast to the well-studied molecules involved in promotion of
axon branching, molecular mechanisms that block axon branching
have remained poorly understood. We report here a novel mecha-
nism by which s-afadin, a short splicing isoform of l-afadin, acts as a
suppressor of cortical axon branching.

Axon branching is preceded by a reorganization of the cytoskel-
eton in the axon shaft (Kalil et al., 2000; Dent and Kalil, 2001). The
cytoskeletal remodeling includes fragmentation of microtubules
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and subsequent local accumulation of F-actin, called actin patches,
along the axon shaft, where the formation of actin-driven protru-
sions, such as filopodia and lamellipodia, and subsequent branch
generation occur (Loudon et al., 2006). We recently reported that |-
afadin, an F-actin-linked multidomain adaptor protein, functions as
an effector for R-Ras, inducing cortical axon branching through re-
modeling of F-actin (Iwasawa et al., 2012). The RA domains of I-afa-
din are the binding sites for R-Ras, and R-Ras binding triggers mem-
brane targeting of I-afadin, inducing axon branching. On the other
hand, the carboxyl-terminal F-actin-binding domain within l-afadin
is a functional domain responsible for axon branching. Compared
with I-afadin, s-afadin, the short splicing variant of I-afadin, contains
RA domains but lacks the carboxyl-terminal F-actin—binding domain
(Mandai et al., 1997). We first presumed a simple competition
model in which s-afadin competes with |-afadin for R-Ras binding,
causing suppression of membrane localization of I-afadin concomi-
tant with decreased R-Ras bound to I-afadin. However, a series of
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studies showed that s-afadin inhibits cortical axon branching in an
efficient way. We found that s-afadin binds to |-afadin, and this bind-
ing obstructs the binding of R-Ras to I-afadin, inhibiting cortical
axon branching in a dominant-negative manner. To our knowledge,
this is the first example of negative regulation of cortical axon
branching through alternative splicing by which a short alternative
splice form exerts a dominant-negative effect on the other isoform
that triggers axon branching.

Tissue- and cell type-specific alternative splicing profoundly
contributes to many aspects of animal development, and this is no-
where more evident than in the nervous system, especially in pro-
duction of synaptic diversity at the later stages of neuronal develop-
ment (Grabowski and Black, 2001; Schreiner et al., 2014). Northern
and Western blot analyses showed that the two afadin isoforms
display distinct tissue expression patterns; l-afadin is ubiquitously
expressed, whereas s-afadin is brain specific (Mandai et al., 1997). It
was recently shown that s-afadin is expressed in neurons but not in
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FIGURE 5: s-Afadin blocks membrane translocation of |-afadin induced by active R-Ras.

(A-D) Cellular homogenates from Neuro2a cells transfected with the indicated expression
plasmids were separated into cytosolic (C) and membrane (M) fractions. A constant amount

of |-afadin and R-Ras QL and increasing amounts of s-afadin were coexpressed in cells

(D). The table shows the quantification and statistical comparison of the expression level of
the afadin isoforms in total cell lysate by densitometry of the Western blot bands. The value

of Myc-l-afadin alone was defined as 1, and relative expression of individual afadin was
assessed (n = 3; means = SEM; *p < 0.05, one-way ANOVA with Dunnett’s post hoc test).
(D) The fractionated samples and total lysates were analyzed by immunoblotting with

anti-Myc or anti-HA antibody. These fractions were also immunoblotted with anti-Na*/K*
ATPase o subunit antibody for the control membrane protein and with anti-ERK antibody for

the control cytosolic protein. The immunoblot results shown are representative of three
(A, B, D) or four (C) independent experiments that yielded similar results. Quantitative

densitometry and statistical analysis of the Western blot bands are included in Supplemental

Figure S1.
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astroglial cells (Kobayashi et al., 2014). We
showed here that expression of s-afadin in
cultured cortical neurons is relatively low at
the earlier stage of neuronal development,
when axons branch actively, and the lower
level of s-afadin expression rather than that
of l-afadin is required for axon branching.
Knockdown of endogenous s-afadin aug-
ments basal axon branching, suggesting
that the expression level of s-afadin critically
regulates axon branch formation. Further
studies are required to identify the splicing
factors and/or regulators of mRNA stability,
as well as their upstream regulators, that
contribute to the expression control of
s-afadin in cortical axons.

Many extracellular cues and neuronal
activity are implicated in regulation of axo-
nal morphology (Dent and Kalil, 2001;
Yamada et al., 2010; Bilimoria and Bonni,
2013). It has been reported that an attrac-
tive axon guidance factor netrin-1 pro-
motes axon branching, whereas repulsive
guidance factors such as semaphorins and
ephrins suppress it (Dent et al., 2004,
Bilimoria and Bonni, 2013). Netrin is known
to increase intracellular cAMP in neurons,
and elevation of cAMP is required for ne-
trin-mediated axonal attraction and elon-
gation (Hopker et al., 1999; Corset et al.,
2000). Emerging evidence suggests that
signal transductions of multiple attractive
and repulsive factors are integrated into the
intracellular cAMP level (Tojima et al,
2011). Elevation of cAMP is considered to
function as a trigger for cortical axon
branching by inducing deconsolidation of
axon shaft (Mingorance-Le Meur and
O’Connor, 2009; Gallo, 2011). In our study
using whole-cell lysate of dbcAMP-treated
cortical neurons, we observed a significant
increase in endogenous R-Ras activity and
R-Ras-mediated membrane targeting of |-
afadin. It is interesting to note that the
cAMP-induced membrane localization is
also observed with s-afadin. This suggests
that s-afadin dominant negatively blocks
the membrane localization of I-afadin, but
once localized to the membrane when
abundant active R-Ras is available to afa-
dins, s-afadin no longer functions as a dom-
inant negative for l-afadin. Our previous
immunofluorescence analysis of 2-DIV cor-
tical neurons, where expression level of s-
afadin is very low, using anti-|/s-afadin anti-
body shows that afadin accumulates at the
site of budding protrusions located at the
axonal tips and shafts, where it is well colo-
calized with F-actin (lwasawa et al., 2012).
Unfortunately, s-afadin—specific antibody
has not been available. Therefore we have
no way to check whether endogenous
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Neuro2a cells expressing the indicated plasmids were immunoprecipitated with anti-HA antibody (A) or anti-GFP
antibody (B, C). Lysate inputs and immunoprecipitates were analyzed by immunoblotting. Asterisk indicates the position
of the immunoglobulin light chains. The immunoblots shown are representative of three (A, B) or four (C) independent
experiments that yielded similar results. The graphs show quantitative densitometry and statistical analysis of the
Western blot bands (means + SEM; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t test).
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Forced membrane targeting of l-afadin overcomes the inhibitory effect of s-afadin on axon branching.
(A) Cellular homogenates from Neuro2a cells expressing Myc-tagged I-afadin, |-afadin-CAAX, or s-afadin were
separated into cytosolic (C) and membrane (M) fractions. The fractionated samples and total lysates were analyzed
by immunoblotting. The immunoblots shown are representative of four independent experiments that yielded similar
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shown. Scale bar, 50 pm. (C, D) Total axon length (C) and axon tip number/100 pm (D) were measured. The results are
means + SEM of three independent experiments (n = 45; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001,
one-way ANOVA with Dunnett’s post hoc test).
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Knockdown of endogenous s-afadin promotes membrane translocation of |-afadin and axon branching.
(A—C) Cortical neurons were transfected with the indicated plasmids at 0 DIV before plating using nucleofection
technology. (A) Effect of |- or s-afadin-specific shARNA on endogenous |- and s-afadin proteins in 4-DIV neurons was
verified by immunoblot analysis of whole-cell lysates with anti-I/s-afadin antibody. The immunoblots shown are
representative of four independent experiments that yielded similar results. The table shows the quantification and
statistical comparison of the expression level of the afadin isoforms in total cell lysate by densitometry of the
immunoblots. The value of control shRNA-transfected cells was defined as 1, and relative fold expression was assessed
(n=4; means = SEM; **p < 0.01, one-way ANOVA with Dunnett’s post hoc test). (B) Cellular homogenates from cultured
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FIGURE 9: dbcAMP induces R-Ras activation and membrane localization of |-afadin. (A) Cortical neurons at 3 DIV were
treated with dbcAMP (1 mM) or the corresponding vehicle control for 30 min. GTP-bound R-Ras isolated with GST-RBD
was detected with an R-Ras antibody. (B) Relative R-Ras activity determined by the amount of R-Ras bound to GST-RBD
normalized to the amount of R-Ras in cell lysates was analyzed by ImageJ software. The values are expressed as fold
value of vehicle-treated cells, and the results are means + SEM of three independent experiments (**p < 0.01; Student’s
t test) (C) Cell lysates from 3-DIV cortical neurons treated with dbcAMP (1 mM) or the corresponding vehicle control for
1 d were immunoprecipitated with anti-R-Ras antibody. Lysate inputs and immunoprecipitates were analyzed by
immunoblotting. Asterisk indicates the position of the immunoglobulin light chains. (D) Cortical neurons were
transfected with the indicated plasmids at 0 DIV before plating using nucleofection technology. Cellular homogenates
from 3-DIV neurons treated with dbcAMP (1 mM) or the corresponding vehicle control for 1 d were separated into
cytosolic (C) and membrane (M) fractions. The fractionated samples and total lysates were analyzed by immunoblotting.
The results shown are representative of three independent experiments that yielded similar results.

[-afadin in axon branching rather than axonal outgrowth in cultured
cortical neurons, and another mechanism contributes to axonal

subcellular localizations of s- and |-afadin proteins after cAMP treat-
ment are totally the same. A recent study showed that s-afadin

binds more preferentially to the cell adhesion molecules nectins
than l-afadin, implying a specific role for s-afadin in cellular func-
tions (Kobayashi et al., 2014). It will be of interest to examine fur-
ther whether s-afadin is colocalized with I-afadin in the specific F-
actin—richaxonalmembrane compartment,andmembrane-localized
s-afadin plays a distinct role in axonal development.
Isoform-specific knockdown of I-afadin suppresses axon
branching but not axonal elongation, suggesting a specific role of

elongation. Intriguingly, however, expression of either R-Ras QL, a
constitutively active form of R-Ras, or l-afadin-CAAX, a forced
membrane targeting form of I-afadin, induces axon elongation as
well as axon branching. It seems that global activation of R-Ras
may induce nonspecific localization of endogenous I-afadin every-
where in the membrane of neurons, and I-afadin can potentially
induce neurite elongation. Thus spatiotemporally regulated R-Ras
activity within axon shafts may contribute to a specific role of

cortical neurons at 4 DIV were separated into cytosolic (C) and membrane (M) fractions. The fractionated samples and
total lysates were analyzed by immunoblotting with anti-I-afadin antibody or anti-I/s-afadin antibody, respectively. The
immunoblots shown are representative of three independent experiments that yielded similar results. The membrane/
cytosol ratio of |-afadin was analyzed, and data are presented as the means + SEM of three independent experiments
(*p < 0.05, Student'’s t test). (A, B) Precise quantification graph data for knockdown efficiency are included in
Supplemental Figure S2. (C) Neuronal morphology at 4 DIV was visualized by cotransfected YFP. Scale bar, 50 ym.

(D, E) Total axon length (D) and axon tip number/100 pm (E) were measured. The results are means + SEM of three
independent experiments (n = 45; ns, not significant; **p < 0.01; ***p < 0.001, one-way ANOVA with Dunnett’s

post hoc test).
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endogenous l-afadin in branching. Spatiotemporally regulated
cAMP/protein kinase A signaling at the protrusive site along the
axon shaft is supposed to be crucial for production of organized
branching (Mingorance-Le Meur and O’Connor, 2009; Gallo,
2011). In nonneuronal cells, it has been reported that cAMP in-
duces activation of R-Ras through activation of an R-Ras guanine
nucleotide exchange factor, Epac (Mochizuki et al., 2000; Lopez
De Jesus et al., 2006). Consequently, we infer that locally elevated
cAMP triggers local activation of Epac, thereby inducing local acti-
vation of R-Ras. Besides cAMP-mediated regulation of R-Ras activ-
ity, plexins—receptors for semaphorins—directly inactivate R-Ras
in cultured neurons (Oinuma et al., 2004a,b; Toyofuku et al., 2005;
Uesugi et al., 2009). In addition, ephrins have also been reported
to inactivate R-Ras activity to induce axonal repulsion (Dail et al.,
2006). Given the evidence that both attractive and repulsive guid-
ance factors regulate R-Ras activity, R-Ras may serve as an integra-
tor of multiple factors required for coordinated regulation of axon
branching.

Corticospinal axons project collaterals into the pons, and the for-
mation of the collateral branches are triggered by yet-unidentified
factors secreted by pons, and branching occurs actively after the
axons have passed the pons (Heffner et al., 1990). Similar events
have been reported for the branching of thalamocortical axons
(Portera-Cailliau et al., 2005). Further studies will be required to ex-
amine whether the R-Ras and I/s-afadin system contributes to spa-
tiotemporal regulation of cortical axon branching in vivo.

MATERIALS AND METHODS

DNA constructs and mutagenesis

HA-tagged R-Ras QL (Q87L), a constitutively active mutant, R-Ras
shRNA expression vectors, and the glutathione S-transferase (GST)-
fused Ras-binding domain of c-Raf-1 (RBD; amino acids 53-130)
have been described previously (Oinuma et al., 2004a,b). GFP-
tagged rat |-afadin (1-1829) was kindly provided by Y. Takai (Kobe
University, Kobe, Japan). s-Afadin (1-1655) was obtained by reverse
transcription-PCR from rat brain and deleted to produce s-afadin
ARA (351-1655) by PCR-mediated mutagenesis. Myc-tagged l-afa-
din and s-afadin constructs were subcloned into pCXN2. pCAG
vector encoding YFP was a generous gift from J. Miyazaki (Osaka
University, Osaka, Japan) and T. Saito (Chiba University, Chiba,
Japan). A CAAX sequence (where C represents cysteine, A is an ali-
phatic amino acid, and X is a terminal amino acid) was fused to the
carboxyl terminal in-frame with |-afadin as described previously
(Tasaka et al., 2012). The shRNAs for two isoforms of afadin were
designed to target 19 nucleotides of rat transcript and expressed
by using pSinencer-2.1 (Invitrogen, Carlsbad, CA). The target se-
quences were as follows: |-afadin shRNA (nucleotides 5437-5455,
5-GTGAAAGCTTCTCGTAAAT-3); and s-afadin shRNA (3’ noncod-
ing region, 5-ATTAGCCTGAACACAAATG-3'). The shRNA for rat
R-Ras (nucleotides 426-444, 5-CAAGGCAGATCTGGAGACA-3%),
which has no effect on R-Ras expression and axonal morphology
(Oinuma et al., 2007), was used as a control shRNA.

Antibodies and reagents

We used the following antibodies: mouse monoclonal antibodies
against Myc (?E10), GFP (B-2) and |- and s-afadin (clone-35); rabbit
polyclonal antibodies against HA (Y-11) (Santa Cruz Biotechnology,
Santa Cruz, CA); a rabbit polyclonal anti-ERK antibody (Cell Signal-
ing Technology, Beverly, MA); a rat monoclonal anti-HA antibody
(3F10; Roche Applied Science, Indianapolis, IN); a mouse monoclo-
nal anti-Na*/K* ATPase o subunit antibody (Millipore, Billerica, MA);
a mouse monoclonal anti-B-actin antibody (Sigma-Aldrich, St.
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Louis, MO); a rabbit polyclonal anti-l-afadin antibody (Abcam,
Cambridge, MA); horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (DakoCytomation, Hamburg, Germany); and
Alexa Fluor—conjugated secondary antibodies (Invitrogen). Rabbit
anti-R-Ras antibody was generated against a keyhole limpet hemo-
cyanin-conjugated synthetic peptide (RGRPRGGGPGPRDPPPGE-
THKC) corresponding to the amino terminus of mouse R-Ras. Poly-L-
lysine and dbcAMP were from Sigma-Aldrich.

Cell culture and transfection

HEK293T cells and Neuro2a cells were cultured in DMEM contain-
ing 10% fetal bovine serum (FBS), 4 mM glutamine, 100 U/ml peni-
cillin, and 0.2 mg/mL streptomycin under humidified air containing
5% CO; at 37°C. Transient transfections were carried out with Lipo-
fectamine Plus (Invitrogen) for HEK293T cells or Lipofectamine 2000
(Invitrogen) for Neuro2a cells, according to the manufacturer’s
instructions.

Primary cortical neurons were prepared from the E19 rat brains
as described previously (Iwasawa et al., 2012). The dissociated neu-
rons were seeded on poly-L-lysine—coated glass coverslips (circular,
13 mm in diameter) at a density of 2.5 x 10* cells or plastic dishes
(60 mm or 100 mm in diameter) in DMEM containing 10% FBS,
4 mM glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin
and cultured under humidified air containing 5% CO, at 37°C. After
4 h, the medium was replaced with Neurobasal medium (Invitrogen)
containing 2% B27 supplement (Invitrogen), 0.5 mM GlutaMAX
(Invitrogen), 50 U/ml penicillin, and 0.05 mg/ml streptomycin, and
neurons were cultured under humidified air containing 5% CO, at
37°C. For overexpression experiments, cortical neurons were trans-
fected with the indicated plasmids at 1 DIV with Lipofectamine 2000
according to the manufacturer’s instructions. For knockdown and
R-Ras QL and s-afadin expression, transfection was performed by
Rat Neuron Nucleofector kit (Lonza, Basel, Switzerland) following
the manufacturer’s instructions (program O-003). dbcAMP was dis-
solved in water, and pharmacological treatment (dbcAMP 1 mM or
water vehicle) was performed for 30 min (for analysis on R-Ras activ-
ity) or 1 d (for subcellular localization and morphological analyses)
before fixation. All animal experiments were conducted according
to the guidelines of the Kyoto University Research Committee.

Preparation of rat brain homogenates

Brains of Wistar rats were homogenized with a Teflon homoge-
nizer in homogenizing buffer (20 mM Tris-HCI, pH 7.4, 0.32 M
sucrose, 10 mM MgCl,, 1 mM EDTA, 1 pg/ml aprotinin, 1 pg/ml
leupeptin, 0.1 mM benzamidine, 0.2 mM phenylmethylsulfonyl
fluoride [PMSF]). The homogenates (containing 50 ug of total pro-
tein) were lysed with Laemmli sample buffer and analyzed by
immunoblotting.

Immunoblotting

Proteins were separated by SDS-PAGE and electrophoretically
transferred onto a polyvinylidene difluoride membrane (Millipore).
The membrane was blocked with 3% low-fat milk in Tris-buffered
saline (TBS) and then incubated with primary antibodies. The pri-
mary antibodies were detected with HRP-conjugated secondary
antibodies and a chemiluminescence detection Kit (ECL; GE Health-
care, Piscataway, NJ). Images were captured using a LAS3000 ana-
lyzer (Fuji, Tokyo, Japan) equipped with Science Lab software (Fuji).

Measurement of R-Ras activity

Measurement of R-Ras activity in neurons was performed as described
previously (Oinuma et al., 2007). Cortical neurons (2.5 x 10¢ cells)
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at 3 DIV treated with T mM dbcAMP for 30 min were lysed directly
on dishes with ice-cold cell lysis buffer (25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid-NaOH, pH 7.5, 150 mM NaCl,
10 mM MgCl,, 0.5% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM
EDTA, 25 mM NaF, 1 mM orthovanadate, 1 mM PMSF, 10 ug/ml apro-
tinin, 10 pg/ml leupeptin, and 1 mM dithiothreitol) containing 75 pg
GST-RBD of cRaf-1.

Immunoprecipitation

Immunoprecipitation was performed as described previously
(lwasawa et al., 2012). HEK293T cells transfected with indicated
plasmids were washed with TBS and lysed with the ice-cold IP buffer
(20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 4 mM MgCl,, 1% NP-40,
10% glycerol, 1 mM PMSF, 10 pug/ml aprotinin, 10 ug/ml leupeptin).
The cell lysates were then centrifuged for 5 min at 16,000 x g at 4°C.
The cleared supernatants were incubated with anti-HA antibody
(Y-11) for 2 h and subsequently with protein G-Sepharose (GE
Healthcare) for 1 h. The beads were washed with ice-cold IP buffer,
and bound proteins were analyzed by SDS-PAGE and immunoblot-
ting. For the detection of endogenous protein binding, primary cul-
tured cortical neurons treated with 1 mM dbcAMP for 1 d were lysed
at 3 DIV with ice-cold IP buffer. After centrifugation for 10 min at
16,000 x g at 4°C, the supernatants were incubated with anti-R-Ras
1 pg of antibody for 1 h and then with protein G-Sepharose beads
for 1 h. The beads were washed with ice-cold IP buffer, and bound
proteins were analyzed by SDS-PAGE and immunoblotting.

Separation of membrane and cytosol fractions

Separation of membrane and cytosol fractions was performed as
described previously (lwasawa et al., 2012). Briefly, Neuro2a cells
transfected with indicated plasmids were washed with TBS and sus-
pended in ice-cold buffer A (20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
50 mM NaF, 1 mM Na3VOy, and 1 mM PMSF). After rapid freezing
in liquid nitrogen and thawing in a water bath, cells were centri-
fuged for 10 min at 16,000 x g at 4°C. The supernatants were re-
moved and used as cytosol fractions. The pellets were washed with
buffer A and lysed with buffer A containing 1% Triton X-100. After
centrifugation for 10 min at 10,000 x g at 4°C, the supernatants
were used as membrane fractions. Both cytosol and membrane frac-
tions were analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described pre-
viously (Iwasawa et al., 2012). Neuro2a cells and primary cultured
neurons on coverslips were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 20 min. After residual parafor-
maldehyde had been quenched with 50 mM NH4CI in PBS for
10 min, cells were permeabilized with 0.2% Triton X-100 in PBS for
10 min and incubated with 10% FBS in PBS for 30 min. Cells were
incubated with the primary antibodies for 1 h, followed by incuba-
tion with Alexa 594-conjugated secondary antibodies for 1 h. The
cells on coverslips were mounted in 90% glycerol containing 0.1%
p-phenylenediamine dihydrochloride in PBS and photographed
with a Leica DC350F digital camera system (Leica, Wetzlar, Germany)
equipped with a Nikon Eclipse E800 microscope (Nikon, Tokyo,
Japan). The images were arranged and labeled using Photoshop
CS5.1 (Adobe, San Jose, CA).

Data analysis

Protein densitometry analysis was performed using ImageJ software
(National Institutes of Health, Bethesda, MD). Quantification of axo-
nal morphology was performed as described previously (lwasawa
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et al., 2012). A process that was at least twice as long as the other
processes and was more than twice the cell body diameter was de-
fined as an axon, as described elsewhere (Schwamborn and Pischel
2004; Sepulveda et al., 2009), and total length and tip number were
measured. The processes >5 um in length were counted and de-
fined as “tip number” (Marler et al., 2008). The length of each neu-
rite was measured from the edge of the cell body (or its branching
point) to the tip of the neurite, and total axon length means the sum
of the lengths of all of the axons of the neuron. Statistical signifi-
cance was determined by the analysis of variance (ANOVA) and
post hoc test (Dunnett T3) or Student’s t test using SPSS software
(version 16.0; SPSS). Differences at the level of p < 0.05 were con-
sidered statistically significant. The immunoblot data shown are the
representative of three independent experiments that yielded simi-
lar results.
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