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R-Ras controls axon branching through afadin 
in cortical neurons
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ABSTRACT Regulation of axon growth, guidance, and branching is essential for constructing 
a correct neuronal network. R-Ras, a Ras-family small GTPase, has essential roles in axon for-
mation and guidance. During axon formation, R-Ras activates a series of phosphatidylinositol 
3-kinase signaling, inducing activation of a microtubule-assembly promoter—collapsin re-
sponse mediator protein-2. However, signaling molecules linking R-Ras to actin cytoskeleton–
regulating axonal morphology remain obscure. Here we identify afadin, an actin-binding pro-
tein harboring Ras association (RA) domains, as an effector of R-Ras inducing axon branching 
through F-actin reorganization. We observe endogenous interaction of afadin with R-Ras in 
cortical neurons during the stage of axonal development. Ectopic expression of afadin in-
creases axon branch number, and the RA domains and the carboxyl-terminal F-actin binding 
domain are required for this action. RNA interference knockdown experiments reveal that 
knockdown of endogenous afadin suppressed both basal and R-Ras–mediated axon branch-
ing in cultured cortical neurons. Subcellular localization analysis shows that active R-
Ras–induced translocation of afadin and its RA domains is responsible for afadin localizing to 
the membrane and inducing neurite development in Neuro2a cells. Overall, our findings 
demonstrate a novel signaling pathway downstream of R-Ras that controls axon branching.

INTRODUCTION
Neurons are highly polarized cells with two distinct processes—a 
single long axon and multiple dendrites. In the development of the 
nervous system, neurons project axons to distant target cells. To 
construct a correct neuronal network, axonal growth, guidance, and 
branching are strictly regulated by extrinsic cues and intrinsic signals 

(O’Donnell et al., 2009; Bilimoria and Bonni, 2011). Extensive stud-
ies have revealed that Ras- and Rho-family small GTPases are in-
volved in control of axon morphology (Hall and Lalli, 2010). Small 
GTPases function as molecular switches by cycling between a GDP-
bound inactive state and a GTP-bound active state. When activated, 
they interact with their specific effectors to induce various biological 
events in cells.

The Ras family comprises a huge number of small GTPases. 
Among the Ras-family proteins, H-Ras, K-Ras, and N-Ras are well 
known as regulators of cell growth and differentiation through the 
kinase-mediated pathways of extracellular signal-regulated kinase 
(ERK) and phosphatidylinositol 3-kinase (PI3K; Kinbara et al., 2003; 
Arimura and Kaibuchi, 2007). The R-Ras–subfamily proteins R-Ras, 
TC21 (R-Ras2), and M-Ras (R-Ras3) show relatively similar homology 
and form a distinct branch of classic Ras proteins (Matsumoto et al. 
1997). In spite of their structural similarity, R-Ras–subfamily proteins 
have different functions owing to distinct effector coupling. R-Ras 
activates PI3K but not ERK, regulating integrin activation, cell migra-
tion, and angiogenesis (Keely et al., 1999; Zhang et al., 1996; 
Komatsu and Ruoslahti, 2005), whereas M-Ras stimulates the ERK 
pathway by activating B-Raf, thereby promoting neurite outgrowth 
in PC12 cells (Kimmelman et al., 2002).
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et al., 2009). The activity of R-Ras increases 
after plating and peaks between stages 2 
and 3, when neuronal polarization and axon 
formation occur (Oinuma et al., 2007). Active 
R-Ras stimulates a series of PI3K signaling, 
inducing activation of a microtubule-assem-
bly promoter, collapsin response mediator 
protein-2 (CRMP-2; Ito et al., 2006). Dy-
namic morphological changes of neurons 
are accompanied by actin cytoskeletal reor-
ganization. However, signaling molecules 
linking R-Ras to axonal actin cytoskeleton 
remain obscure.

Afadin, also known as AF-6, is a multido-
main adaptor protein having two Ras associa-
tion (RA) domains and a PSD-95/Dlg/ZO-1 
domain (Takai et al., 2008). Afadin was origi-
nally identified as a filamentous-actin (F-actin)–
binding protein localized at cell–cell contact 
sites (Mandai et al., 1997). In epithelial cells, 
afadin serves as a linker of nectins and actin 
cytoskeleton and controls adherence junction 
formation (Takahashi et al., 1999; Kurita et al., 
2011). In addition to nectins, afadin interacts 
with various proteins involved in maintenance 
of adherence junctions and stabilizes cell–cell 
connections (Tachibana et al., 2000; Pokutta 
et al., 2002, Asada et al., 2003). Recent stud-
ies have shown that afadin regulates cell mi-
gration in fibroblasts and breast cancer cells 
(Miyata et al., 2009; Fournier et al., 2011). In 
neurons, several reports have shown that afa-
din controls dendritic spine morphology in 
vitro and in vivo (Xie et al., 2005, Beaudoin 
et al., 2012). Although afadin localizes not 
only in dendrites but also in axons (Lim et al., 
2008), roles of afadin in axonal morphogene-
sis have been obscure. Afadin has two RA 
domains in the amino-terminal region. RA do-
mains were found in various Ras effectors 
such as Raf-1 and PI3K, and Ras-family 
GTPases have been implicated as an up-
stream regulator of afadin (Rodriguez-Viciana 
et al., 2004). It has been reported that the 
Ras-family GTPase Rap1 binds to afadin to 
control leading-edge formation and dendritic 
spine plasticity in vitro and apical–basal polar-
ity in neuroepithelial cells in vivo (Xie et al., 
2005; Miyata et al., 2009; Carmena et al., 

2011). However, little is known about signaling systems of Ras-family 
GTPases and afadin during axonal morphogenesis.

In this study, we identify afadin as an effector of R-Ras in cortical 
neurons and demonstrate a novel signaling pathway involved in 
regulation of axon branching.

RESULTS
Active R-Ras interacts with the RA domain of afadin
We carried out yeast two-hybrid screening of a rat brain cDNA li-
brary to isolate potential effectors for R-Ras in neurons. Through the 
screening, we found that one of the positive clones encoded the 
amino-terminal region of afadin, a multidomain adapter protein 
having two Ras-association domains (Figure 1A). To determine 

A well-established model system for studying the mechanism of 
neuronal morphogenesis is the hippocampal or cortical pyramidal 
neuron (Bradke and Dotti, 2000). Cultured neurons first extend sev-
eral undifferentiated neurites (at stages 1 and 2). At stages 2 and 3, 
one of the neurites begins to elongate rapidly to become the axon, 
and subsequent axonal branching occurs. The remaining minor neu-
rites develop into dendrites at stage 4. R-Ras selectively accumu-
lates in a single neurite of stage 2 neurons and controls axon forma-
tion through PI3K-mediated signaling (Oinuma et al., 2007). By 
contrast, the expression of endogenous M-Ras in cortical neurons is 
low during the stage of axonal development and up-regulated dur-
ing the stage of dendritic development, and M-Ras regulates den-
drite morphology through activation of the ERK pathway (Saito 

FIGURE 1: Active R-Ras interacts with the RA domains of afadin. (A) Schematic structures of afadin 
constructs used in this study. 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 GFP-tagged 
afadin FL were used in pull-down assays with GST or GST-fused R-Ras preloaded with GDP-βS or 
GTP-γS. Total and bound proteins were analyzed by immunoblotting. (C) Lysates from HEK293T 
cells transfected with GFP-tagged afadin FL and HA-tagged R-Ras QL (constitutively active 
mutant) were immunoprecipitated with anti-HA antibody. Lysate inputs and immunoprecipitates 
were analyzed by immunoblotting. (D) Lysates from HEK293T cells transfected with GFP-tagged 
afadin FL or ΔRA were used in pull-down assays with GST or GST-fused R-Ras preloaded with 
GTP-γS. Lysate inputs and bound proteins were analyzed by immunoblotting.
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terminal RA domains (Figure 1A), in 
HEK293T cells and used it in a pull-down 
assay. Afadin FL bound to the active form of 
R-Ras, but afadin ΔRA did not (Figure 1D). 
Collectively these results suggest that active 
R-Ras interacts with afadin through the RA 
domains.

R-Ras interacts with afadin in cortical 
neurons during axonal development
We previously reported a role of R-Ras in 
axon formation. R-Ras is selectively accu-
mulated to axons and activated during 
axon formation in cultured cortical or hip-
pocampal neurons (Oinuma et al., 2007). 
Therefore we next examined whether afa-
din was expressed in neurons during early 
developmental stages. Western blot anal-
ysis with primary cultured rat cortical or 
hippocampal neurons showed that the ex-
pression of afadin was relatively high 
around 0–3 d in vitro (DIV), when axonal 
development occurred, and thereafter de-
clined when dendrites began to grow 
(Figure 2A), implicating a role of afadin in 
axonal development. We also observed 
the time course of the axonal develop-
ment of cultured cortical neurons more 
precisely. Cortical axons branched more 
actively during 0–3 DIV, and axon elonga-
tion rather than branching was observed 
during the later period of 3–6 DIV (Figure 
2, B and C). These results suggest that the 
level of endogenous afadin matches with 
the observed time course of active axon 
branching. To determine whether endog-
enous R-Ras interacts with afadin in neu-
rons during axonal development, we lysed 
cultured cortical neurons at 2 DIV and im-
munoprecipitated them with rabbit anti-
serum against R-Ras. As shown in Figure 
2D, endogenous afadin was coimmuno-
precipitated with R-Ras by anti–R-Ras anti-
serum but not by nonimmunized control 
rabbit serum or purified rabbit immuno-
globulin G (IgG) used as a control, indicat-
ing that R-Ras interacts with afadin in corti-

cal neurons during axonal development.

Knockdown of afadin suppresses axon branching, but not 
elongation, in cortical neurons
Next, to assess the role of afadin in axonal development, we gener-
ated two short hairpin RNA (shRNA) expression vectors designed to 
target two different regions of the afadin transcript. These shRNAs 
effectively reduced the amount of endogenous afadin in cortical 
neurons (Figure 3A). Cortical neurons were transfected with yellow 
fluorescent protein (YFP) and shRNAs before plating, and their ax-
onal morphology was analyzed at 3 DIV (Figure 3B). Expression of 
the control shRNA did not affect axonal morphology, but two afadin-
specific shRNAs reduced axon branching without affecting total 
axon length (Figure 3, C and D). These results suggest that afadin 
regulates axon branching, but not elongation, in cortical neurons.

whether R-Ras interacts with afadin in a GTP-dependent manner, we 
expressed green fluorescent protein (GFP)–tagged afadin full length 
(FL) in HEK293T cells and performed a pull-down assay with puri-
fied glutathione S-transferase (GST)–fused R-Ras preloaded with 
GDP-βS or GTP-γS. As shown in Figure 1B, the GTP-γS–preloaded 
active form but not the GDP-βS–preloaded inactive form of R-Ras 
interacted with afadin. To further examine whether active R-Ras in-
teracts with afadin in cells, we performed immunoprecipitation 
analysis. Myc-tagged R-Ras QL (constitutively active mutant) and 
GFP-tagged afadin FL were expressed in HEK293T cells, and the 
cell lysates were immunoprecipitated with anti-Myc antibody. Afa-
din was coimmunoprecipitated with R-Ras QL (Figure 1C), indicat-
ing that active R-Ras binds to afadin in mammalian cells. To define 
the R-Ras–interacting region within afadin, we expressed GFP-
tagged afadin FL or afadin ΔRA, a mutant of afadin lacking amino-

FIGURE 2: R-Ras interacts with afadin in cortical neurons during axonal development. 
(A) Primary cultured rat cortical (left) and hippocampal (right) neurons were lysed at the 
indicated time points, and the cell lysates were analyzed by immunoblotting. Both the long and 
short afadin isoforms were detected. (B, C) The development of axonal morphology of cultured 
cortical neurons was examined. Total axon length (B) and axon tip number per 100 μm (C) were 
measured at 3 and 6 DIV. The results are means ± SEM of three independent experiments (n = 
45; ***p < 0.001, one-way ANOVA with Dunnett’s post hoc test). (D) Cortical neurons were lysed 
at 2 DIV and immunoprecipitated with rabbit anti–R-Ras antiserum. Nonimmunized rabbit serum 
and purified rabbit IgG were used as controls. Lysate inputs and immunoprecipitates were 
analyzed by immunoblotting. Asterisk indicates the position of the immunoglobulin light chains.
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ΔRA suppressed basal axon branching with-
out affecting axon length. These results sug-
gest that the amino-terminal RA domains 
are necessary for afadin to induce axon 
branching.

Active R-Ras promotes axon branching 
through afadin
We next investigated whether afadin regu-
lates axon branching downstream of R-
Ras. Cortical neurons were transfected 
with YFP, Myc-tagged R-Ras QL, and afa-
din-specific shRNA before seeding by nu-
cleofection, which enables proteins to be 
expressed in a widespread and modest 
condition, and their axon length and 
branch number were measured at 3 DIV. 
Ectopic expression of R-Ras QL increased 
both total axon length and branch num-
ber. Knockdown of afadin suppressed both 
basal and R-Ras QL–mediated axon 
branching but not total axon length 
(Figure 5, A–C). The same results were ob-
served in cultured hippocampal neurons 
(Figure 5, D and E). These results suggest 
that afadin contributes to regulation of 
axon branching, but not axon outgrowth, 
downstream of R-Ras in both cortical and 
hippocampal neurons.

R-Ras induces membrane translocation 
of afadin
Previous studies report that regulation of 
subcellular localization of afadin is impor-
tant for its various cellular functions, such 
as directional cell migration in fibroblasts 
and dendritic spine morphogenesis in 
neurons (Xie et al., 2005; Miyata et al., 
2009). Therefore we next examined 
whether R-Ras controls the subcellular dis-
tribution of afadin. Mouse neuroblastoma 
Neuro2a cells were transfected with GFP-
tagged afadin constructs and hemaggluti-
nin (HA)-tagged R-Ras QL, and subcellular 
localization of afadin was observed with 
immunofluorescent microscopy. We found 
that R-Ras QL was localized in the cell pe-
riphery (Figure 6B), but afadin FL or afadin 
ΔRA by itself was distributed mainly in the 
cytosol (Figure 6, C and E). When coex-
pressed with R-Ras QL, afadin FL was 
translocated to the cell periphery, where it 

was colocalized with R-Ras QL (Figure 6D). By contrast, this trans-
location was not observed with GFP or GFP-afadin ΔRA (Figure 6, 
B and F).

We further performed biochemical fractionation analysis to con-
firm the R-Ras–dependent membrane translocation of afadin. We 
prepared membrane and cytosol fractions from Neuro2a cells ex-
pressing GFP-tagged afadin constructs and HA-tagged R-Ras QL 
and analyzed the distribution of afadin by immunoblotting. Consis-
tent with the immunofluorescence analysis in Figure 6, afadin FL or 
afadin ΔRA by itself was scarcely detected in the membrane. When 

The RA domains are required for inducing axon branching in 
cortical neurons
To determine whether the RA domains are required for afadin to 
induce axon branching, we examined the effect of ectopic expres-
sion of afadin FL or ΔRA mutant on axonal morphology. Cortical 
neurons were transfected with YFP and either Myc-tagged afadin FL 
or ΔRA mutant at 1 DIV, and their axonal morphology was observed 
at 3 DIV. As shown in Figure 4, ectopic expression of afadin FL pro-
moted axon branching, but not elongation, compared with expres-
sion of YFP alone. On the other hand, the overexpression of afadin 

FIGURE 3: Knockdown of afadin suppresses axon branching in cultured neurons. (A) Cortical 
neurons were transfected with YFP and control shRNA or afadin shRNA (#A or #B) before 
plating using nucleofection technology and lysed at 3 DIV, and the whole-cell lysates were 
analyzed by immunoblotting. (B) Cortical neurons were transfected with YFP and shRNAs before 
plating using nucleofection technology and fixed at 3 DIV. The fluorescence images of YFP are 
shown. Scale bar, 50 μm. (C, D) Total axon length (C) and axon tip number per 100 μm (D) were 
measured. The results are means ± SEM of three independent experiments (n = 60; ns, not 
significant; **p < 0.01, one-way ANOVA with Dunnett’s post hoc test).
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Afadin induces axon branching in an 
actin-dependent manner
Afadin is an F-actin–binding multidomain 
adaptor protein and interacts with F-actin in 
the carboxyl-terminal region (Mandai et al., 
1997). To explore the underlying mechanism 
of afadin-mediated axon branching, we ob-
served the intracellular distribution of en-
dogenous afadin in cultured cortical neurons 
at 2 DIV. As shown in Figure 9, endogenous 
afadin was accumulated at the sites of bud-
ding growth cones located at the axonal tips 
and shafts, where it was well colocalized 
with F-actin. This suggests the involvement 
F-actin in regulating afadin-mediated axon 
branching. To determine whether the 
carboxyl-terminal F-actin–binding domain is 
required for afadin-mediated axon branch-
ing, we assessed the ability of the truncated 
form of afadin, afadin ΔC (Figure 1A), which 
lacks the ability to bind F-actin (Mandel 
et al., 1997), to affect axon branching in cor-
tical neurons. We transfected cortical neu-
rons with afadin ΔC at 1 DIV and observed 
them at 3 DIV and found that afadin FL–
induced promotion of axon branching was 
impaired by deletion of the carboxyl-termi-
nal F-actin–binding domain (Figure 10, 
A–C). We further examined whether axon 
branching is affected by pharmacological 
treatments that attenuate actin dynamics. 
Treatment of cortical neurons with reagents 
that inhibit polymerization of actin filaments 
has been reported to selectively inhibit ini-
tiation of axon branching without signifi-
cantly reducing axon length (Dent and Kalil, 
2001). As shown in Figure 10, D and E, treat-
ment with cytochalasin B (1 μM) or latrunculin 

A (0.25 μM), an inhibitor for actin polymerization, completely blocked 
afadin FL–induced promotion of axon branching without affecting 
the total axon length. These results suggest that afadin induces 
axon branching through the carboxyl-terminal F-actin–binding do-
main in an actin-dependent manner.

DISCUSSION
Axonal growth, guidance, and branching are strictly regulated by 
extrinsic cues and intrinsic signals (O’Donnell et al., 2009; Bilimoria 
and Bonni, 2011), and the morphogenetic events of axons require 
cytoskeletal reorganization, including microtubules and actin fila-
ments. It was recently found that R-Ras, a Ras-family GTPase, has 
essential roles in axon formation and elongation (Oinuma et al., 
2007). Active R-Ras reorganizes microtubules through activation of a 
series of PI3K signaling, inducing activation of CRMP-2, a microtu-
bule-assembly promoter (Ito et al., 2006). However, signaling mole-
cules linking R-Ras to axonal actin cytoskeleton remain obscure. In 
this study, we identified afadin, an actin-binding multidomain adap-
tor protein, as an effector of R-Ras inducing axon branching.

Ectopic expression of active R-Ras induced both axon branching 
and elongation, and RNA interference knockdown of afadin sup-
pressed R-Ras–mediated axon branching but not R-Ras–mediated 
axonal elongation. In addition, ectopic expression of afadin in-
creased axon branch number but not elongation. These results 

coexpressed with R-Ras QL, afadin FL was partially translocated to 
the membrane fraction, whereas such translocation was not 
observed with afadin ΔRA (Figure 7). These results suggest that R-
Ras binding to the RA domains of afadin induces its membrane 
translocation.

R-Ras and afadin coordinately promote neurite 
development
Neuro2a cells differentiate and extend neurites in response to 
several stimuli such as dibutyryl cAMP (dbcAMP) and retinoic acid 
(Prasad and Hsie, 1971; Shea et al., 1985), and differentiated 
Neuro2a cells are used as a model system of neurite develop-
ment. We examined whether afadin induces neurite development 
in a R-Ras–dependent manner. Neuro2a cells were transfected 
with YFP, Myc-tagged afadin constructs, and HA-tagged R-Ras 
QL and then differentiated with dbcAMP. After 2 d, the longest 
neurite of the differentiated cells was analyzed. Ectopic expres-
sion of afadin FL induced neurite elongation and branching 
weakly, and these effects were enhanced by ectopic expression of 
R-Ras QL. On the other hand, although ectopic expression of afa-
din ΔRA alone slightly induced neurite elongation, the R-RasQL–
induced enhancement was not observed (Figure 8). These results 
suggest that R-Ras and afadin coordinately regulate neurite 
morphology.

FIGURE 4: Ectopic expression of afadin FL, but not ΔRA mutant, induces axon branching. 
(A) Cortical neurons were transfected with YFP and Myc-tagged afadin FL or ΔRA mutant at 
1 DIV and fixed at 3 DIV. The fluorescence images of YFP are shown. Scale bar, 50 μm. 
(B, C) Total axon length (B) and axon tip number per 100 μm (C) were measured. The results are 
means ± SEM of three independent experiments (n = 60; *p < 0.05, ***p < 0.001; one-way 
ANOVA with Dunnett’s post hoc test).
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cesses use either common systems or dis-
tinct mechanisms, depending on their re-
spective features of morphological changes. 
R-Ras is a critical key player in all steps of 
axon maturation, including axon elongation 
and branching, as well as specification (Ivins 
et al., 2000; Oinuma et al., 2007). We 
showed that R-Ras binds to afadin in an ac-
tivity-dependent manner, indicating that 
afadin is a downstream effector of R-Ras. 
Among various effectors of R-Ras, afadin 
may be included in the system of R-Ras–
regulated axon branching. Furthermore, in 
the Neuro2a cell model system, coexpres-
sion of active R-Ras and afadin increased not 
only neurite branch number, but also neurite 
length, suggesting that R-Ras/afadin path-
way can potentially regulate neurite elonga-
tion. Because neurites of Neuro2a cells are 
immature protrusions, molecular systems 
participated in neurite formation may be in 
part undifferentiated in usage.

The suppression of R-Ras–induced axon 
branching by afadin knockdown is partial. 
This might be due to the knockdown effi-
ciency of the shRNAs against afadin, but 
there may be another mechanism regulat-
ing axon branching downstream of R-Ras in 
addition to the R-Ras/afadin pathway. In 
fact, it was reported that R-Ras activation in-
duces phosphorylation and inactivation of 
glycogen synthase kinase-3b (GSK-3β) at 
Ser-9 through the PI3K/Akt pathway (Oinuma 
et al., 2007), and activation of the PI3K/Akt 
pathway and inactivation of GSK-3β have 
also been implicated in axon branch forma-
tion (Yoshimura et al., 2005; Drinjakovic 
et al., 2010). R-Ras organizes axon branch-
ing through coordinate operation of multi-
ple effectors, including afadin and the PI3K 
pathway.

Many extracellular cues and neuronal ac-
tivity are implicated in axon formation (Dent 
and Kalil, 2001; Yamada et al., 2010; 
Bilimoria and Bonni, 2011). It has been re-
ported that netrin-1 and fibroblast growth 
factor-2 promote axon branching and that 
semaphorin-3A, a repulsive axonal guidance 
factor, suppresses it without affecting axon 
outgrowth in cortical neurons (Dent et al., 
2004). Ephrin, another repulsive guidance 
molecule, has been reported to represent 
another factor with a clear influence on axon 
branching (Bilimoria and Bonni, 2011). 
Plexins—receptors for semaphorins—di-
rectly inactivate R-Ras in cultured neurons 
(Oinuma et al., 2004a, 2004b; Toyofuku 

et al., 2005; Uesugi et al., 2009). In addition, ephrin has also been 
reported to inactivate R-Ras activity to induce axonal repulsion (Dail 
et al., 2006). Given that these guidance factors regulate R-Ras activ-
ity, R-Ras/afadin pathway may participate in intracellular signaling of 
these extracellular cues for axon branching.

suggest a specific role of afadin in axon branching rather than ax-
onal outgrowth in cultured cortical neurons, and another mechanism 
contributes to R-Ras-mediated axonal elongation. Axon elongation 
and branching are cooperative but distinct processes, and a variety 
of molecular systems are related to these two processes. These pro-

FIGURE 5: Knockdown of afadin suppresses axon branching induced by active R-Ras. 
(A) Cortical neurons were transfected with YFP and shRNAs together with Myc-tagged R-Ras QL 
before plating using nucleofection technology and fixed at 3 DIV. The fluorescence images of 
YFP are shown. Scale bar, 50 μm. (B, C) Total axon length (B) and axon tip number per 100 μm 
(C) were measured. (D, E) Hippocampal neurons were transfected as described in A, and total 
axon length (D) and axon tip number per 100 μm (E) were measured. The results are means ± 
SEM of three independent experiments (n = 60; ns, not significant; **p < 0.01, ***p < 0.001; 
one-way ANOVA with Dunnett’s post hoc test). The fold increase of axon branching by ectopic 
expression of R-Ras is indicated in the columns.
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We also examined how R-Ras regulates afadin activity. Afadin is a 
scaffold protein, and its membrane translocation is a critical step for its 
functioning. Previous studies showed that translocation of afadin by 
the small GTPase Rap1 is required in directional cell migration and 
dendritic spine plasticity (Xie et al., 2005; Miyata et al., 2009). We 
found that afadin is translocated to the membrane by active R-Ras 
through the amino-terminal RA domains, and this membrane translo-
cation is correlated with the activity of afadin to induce neurite out-
growth and branching in Neuro2a cells. Afadin interacts with F-actin 
in the carboxyl-terminal region (Mandai et al., 1997), and it was re-
ported that F-actin accumulation occurs prior to invasion of microtu-
bules at the site of axon branch formation (Kalil et al., 2000). Cortical 
axon branching occurs in vitro through changes in growth cone mor-
phologies (Szebenyi et al., 1998). Szebenyi et al. (1998) performed 
high-resolution time-lapse imaging on cultured cortical neurons and 
found that growth cones tend to pause in regions where axon 
branches later develop. They showed that remnants of reorganized 
growth cones are left behind on the axon shaft as filopodial or lamel-
lar protrusions, and axon branches subsequently emerge from these 
regions of the axon shaft. In the present study, using cultured cortical 
neurons, we observed that endogenous afadin accumulates at the 
sites of budding growth cones located at the axonal tips and shafts, 
where it is well colocalized with F-actin. Furthermore, the 

Two types of cell adhesion—cell–substrate and cell–cell adhe-
sion—contribute to cell morphogenesis. Cell–substrate adhesion is 
mediated by the binding of integrins at the cell surface to the extra-
cellular matrix (ECM) proteins, and integrins must be activated and 
tethered to the actin cytoskeleton inside the cell in order to be able 
to bind the ECM proteins with high affinity (Liddington and 
Ginsberg, 2002). The ECM proteins have been reported to regulate 
axon branching (Féréol et al., 2011), and R-Ras contributes to acti-
vation of β1 integrins and strengthens cell adhesion in nonneuronal 
cells (Zhang et al., 1996). R-Ras also promotes integrin-mediated 
neurite outgrowth and cell attachment of retinal neurons (Ivins 
et al., 2000). In addition, afadin, together with the intracellular 
molecule nectin, contributes to cell–cell adhesion (Takai et al., 
2008), and the role of afadin in the control of cell–substrate adhe-
sion remains obscure. Of interest, recent work has demonstrated 
the mechanochemical mechanisms regulating the sensitivity of 
growing axons to ECM ligands. Modulation of sensitivity toward 
ECM ligands occurs through force-regulated adhesion, and higher 
intracellular traction forces induced by the actin cytoskeleton result 
in reinforcement of adhesion sites on the ECM (Féréol et al., 2011). 
We speculate that the R-Ras/afadin system might regulate cell–
substrate adhesion by linking integrins to the actin cytoskeleton in 
growing axons.

FIGURE 6: Active R-Ras translocates afadin FL, but not afadin ΔRA, to the cell periphery. Neuro2a cells were transiently 
transfected with GFP (A), GFP + HA-R-Ras QL (B), GFP-afadin FL (C), GFP-afadin ΔRA + HA-R-Ras QL (D), GFP-afadin 
ΔRA (E), and GFP-afadin ΔRA + HA-R-Ras QL (F). The cells were fixed at 1 d after transfection. The fluorescence images 
of GFP (A–F, green in merge) and the immunofluorescence images with anti-HA antibody (B, D, F, magenta in merge) are 
shown. Scale bar, 25 μm.
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et al., 2004a). Myc-tagged R-Ras QL was 
subcloned into pcDNA3 (Invitrogen, Carls-
bad, CA). Expression plasmids of GFP-
tagged rat afadin FL (1–1829) and ΔRA mu-
tant (351–1829) were kindly provided by Y. 
Takai (Kobe University, Kobe, Japan), and 
afadin ΔC (1–1673), a deletion mutant of 
afadin lacking the F-actin–binding domain, 
was generated by PCR-mediated mutagen-
esis. Myc-tagged afadin constructs were 
subcloned into pCXN2. pCAG vector en-
coding YFP was a generous gift from J. Mi-
yazaki (Osaka University, Osaka, Japan) and 
T. Saito (Chiba University, Chiba, Japan). For 
two-hybrid screening, a constitutively active 
mutant of mouse TC21, TC21 (G23V), was 
generated by PCR-mediated mutagenesis. 
Then the CAAX motifs of R-Ras QL and 
TC21 GV were deleted to produce R-Ras QL 
ΔC and TC21 GV ΔC by PCR and subcloned 
into pGBKT7 (Clontech, Mountain View, 
CA). The shRNAs for afadin were designed 
to target 19 nucleotides of rat transcript and 
were expressed by using pSinencer-2.1 (In-
vitrogen). The target sequences are as fol-
lows: afadin shRNA#A (nucleotides 308–
326, 5´-GATTGGACATTGATGAGAA-3´), 
and afadin shRNA#B (nucleotides 2862–
2880, 5´-CATTCCAAATGGTTTACAA-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 (9E10), GFP (B-2), and afadin 
(clone-35); rabbit polyclonal antibodies against HA (Y-11) and GST 
(Santa Cruz Biotechnology, Santa Cruz, CA); a rabbit polyclonal anti-
ERK antibody (Cell Signaling Technology, Beverly, MA); a rabbit 
polyclonal anti-Myc antibody (MBL); a rat monoclonal anti-HA anti-
body (3F10; Roche Applied Science, Indianapolis, IN); a mouse 
monoclonal anti–Na+/K+ ATPase α subunit antibody (Millipore, 
Billerica, MA); a mouse monoclonal anti–β-actin antibody (Sigma-
Aldrich); a rabbit anti–R-Ras antiserum (BD Biosciences, San Diego, 
CA); horseradish peroxidase (HRP)–conjugated secondary antibod-
ies (DakoCytomation, Hamburg, Germany); HRP-conjugated Clean-
Blot IP Detection Reagent (ThermoFisher Scientific, Waltham, MA); 
and Alexa Fluor 594 or 647–conjugated secondary antibodies (Invit-
rogen). Poly-l-lysine, dbcAMP, and cytochalasin B were from Sigma-
Aldrich, and latrunculin A was from Invitrogen.

Yeast two-hybrid screening
A rat brain cDNA library fused to the GAL4 activation domain of the 
pACT2 vector (Clontech) was screened using pGBKT7/R-Ras QL ΔC 
and pGBKT7/TC21 GV ΔC as baits in the yeast strain AH109 accord-
ing to the manufacturer’s protocols. Interaction between the baits 
and library proteins activates transcription of the reporter genes 
HIS3, Ade, and lacZ. From 1.4 × 107 transformants, 728 colonies 
grew on selection medium lacking histidine and adenine and were 
also positive for β-galactosidase activity. One of them was found to 

carboxyl-terminal F-actin–binding domain of afadin is required for 
axon branching, and pharmacological inhibitors for actin polymeriza-
tion block afadin FL–induced promotion of axon branching, suggest-
ing that afadin-mediated axon branching requires F-actin reorganiza-
tion. In addition to F-actin, many binding partners of afadin have been 
identified, including regulators of cytoskeletal reorganization such as 
Src kinase and α-catenin (Tachibana et al., 2000; Pokutta et al., 2002; 
Radziwill et al., 2007). It is inferred that R-Ras induces membrane 
translocation of afadin-tethering F-actin and a variety of signaling 
molecules required for axon branch formation, and changes in local-
ization or activity of afadin-binding proteins might contribute to axon 
branching induced by R-Ras/afadin. Further work will be required to 
clarify the molecular mechanisms upstream and downstream of R-
Ras/afadin signaling involved in regulating axon branching.

To construct a correct and complex neuronal network, axons 
form elaborate branches allowing neurons to make synaptic con-
nections with multiple targets and establish unique patterns of con-
nectivity. Understanding molecular systems of axon branching is an 
important issue toward which the present work should provide use-
ful information.

MATERIALS AND METHODS
DNA constructs and mutagenesis
GST-fused human R-Ras and HA-tagged R-Ras QL (Q87L), a consti-
tutively active mutant, have been described previously (Oinuma 

FIGURE 7: Afadin is localized to the membrane by active R-Ras in a RA domain–dependent 
manner. (A) Neuro2a cells were transfected with GFP-tagged afadin FL or ΔRA mutant together 
with HA-tagged R-Ras QL, and the cytosol (C) and the membrane (M) fractions were analyzed by 
immunoblotting. Na+/K+-ATPase and ERK were used as markers of membrane and cytosol, 
respectively. Expression levels of the constructs were verified by immunoblotting of the cell 
lysates (right). (B) The membrane/cytosol ratio of GFP-tagged afadin was analyzed. Data are 
presented as the means ± SEM of three independent experiments (*p < 0.05, one-way ANOVA 
with Dunnett’s post hoc test).
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2 × 104 cells or plastic dishes (60 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% CO2 at 37°C. 
After 4 h, the medium was replaced with 
Neurobasal medium (Invitrogen) containing 
2 or 4% (for immunofluorescence analyses 
of shRNA-transfected cells) B27 supplement 
(Invitrogen), 0.5 mM GlutaMAX (Invitrogen), 
50 U/ml penicillin, and 0.05 mg/ml strepto-
mycin, and neurons were cultured under hu-
midified air containing 5% CO2 at 37°C. For 
overexpression experiments, cortical neu-
rons were transfected with the indicated 
plasmids at 1 DIV with Lipofectamine 2000 
according to the manufacturer’s instructions. 
For knockdown experiments, transfection 
was performed by Rat Neuron Nucleofector 
Kit (Lonza, Basel, Switzerland) following the 
manufacturer’s instructions. Cytochalasin B 
and latrunculin A were dissolved in dimethyl 
sulfoxide (DMSO), and pharmacological 
treatment (1 μM cytochalasin B, 0.25 μM 
latrunculin A) was performed for 3 h before 
fixation. All animal experiments were con-
ducted according to the guidelines of the 
Kyoto University Research Committee.

Immunoblotting
Proteins were separated by SDS–PAGE and 
were electrophoretically transferred onto a 
polyvinylidene difluoride membrane (Milli-
pore). The membrane was blocked with 3% 
low-fat milk in TBS (Tris-buffered saline) and 
then incubated with primary antibodies. The 
primary antibodies were detected with 
HRP–conjugated secondary antibodies and 
a chemiluminescence detection kit (ECL; GE 
Healthcare, Piscataway, NJ). Images were 
captured using an LAS3000 analyzer (Fuji-

film, Tokyo, Japan) equipped with Science Lab software (Fujifilm).

Pull-down assays
Recombinant GST-fusion proteins were purified from Escherichia coli 
as described (Katoh et al., 2002). We loaded GST-fused R-Ras with 
guanine nucleotides by incubating the protein with 100 μM GDP-βS 
or GTP-γS in loading buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 
5 mM EDTA, 0.5 mg/ml bovine serum albumin, 1 mM dithiothreitol, 
and 10% glycerol) at 30°C for 10 min. The reaction was stopped by 
the addition of MgCl2 to a final concentration of 10 mM.

For pull-down assays, HEK293T cells transfected with GFP-
tagged afadin FL or ΔRA mutant were washed with TBS and lysed 
with the ice-cold cell lysis buffer (20 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 4 mM MgCl2, 1% NP-40, 10% glycerol, 1 mM phenylmethyl-
sulfonyl fluoride [PMSF], 10 μg/ml aprotinin, 10 μg/ml leupeptin, 
and 1 mM dithiothreitol). The cell lysates were then centrifuged for 
10 min at 16,000 × g at 4°C. The supernatants were mixed with ei-
ther 5 μg GST or GST-fused R-Ras preloaded with guanine nucle-
otides and incubated for 1.5 h at 4°C with glutathione–Sepharose 
beads (GE Healthcare). After the beads were washed with the ice-
cold wash buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 4 mM 

encode the amino-terminal region of afadin. β-Galactosidase activ-
ity assay was performed as described previously (Katoh et al., 
2002).

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% CO2 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 in-
structions. To observe neurite morphology, we suspended Neuro2a 
cells transfected with the indicated plasmids and mixed them with 
parental cells at a 1:4 ratio. After they were reseeded on poly-l-
lysine–coated glass cover slips (circular, 13 mm in diameter; 
Matsunami Glass, Osaka, Japan), the cells were differentiated with 
1 mM dbcAMP in DMEM containing 5% FBS for 48 h.

Primary cortical and hippocampal neurons were prepared from 
the embryonic day 19 rat brains as described previously (Ishikawa 
et al., 2003). The dissociated neurons were seeded on poly-l-lysine–
coated glass cover slips (circular, 13 mm in diameter) at a density of 

FIGURE 8: R-Ras and afadin coordinately promotes neurite development. (A) Neuro2a cells 
were transfected with YFP and Myc-tagged afadin constructs (top) or YFP and Myc-tagged 
afadin constructs together with HA-tagged R-Ras QL (bottom). Then the cells were 
differentiated with 1 mM dbcAMP for 48 h and fixed. The fluorescence images of YFP are 
shown. Scale bar, 50 μm. (B, C) Total length of the longest neurite (B) and neurite tip number per 
100 μm of the longest neurite (C) in differentiated cells were measured. The results are the 
means ± SEM of three independent experiments (n = 60; *p < 0.05, **p < 0.01, ***p < 0.001; 
one-way ANOVA with Dunnett’s post hoc test).
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50 mM NaF, 1 mM Na3VO4, and 1 mM PMSF). After rapid freezing 
in liquid nitrogen and thawing in a water bath, cells were centrifuged 
for 10 min at 16,000 × g at 4°C. The supernatants were removed 
and used as cytosol fractions. The pellets were washed with buffer A 
and lysed with buffer A containing 1% Triton X-100. After centrifuga-
tion for 10 min at 10,000 × g at 4°C, the supernatants were used as 
membrane fractions. Both cytosol and membrane fractions were 
analyzed by SDS–PAGE and immunoblotting.

Immunofluorescence microscopy
Neuro2a cells and primary cultured neurons on cover slips were 
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) 
for 20 min. After residual paraformaldehyde had been quenched 
with 50 mM NH4Cl 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 incubation with Alexa 594 or 647–conjugated sec-
ondary 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 sys-
tem (Leica, Wetzlar, Germany) equipped with a Nikon Eclipse E800 
microscope (Nikon, Tokyo, Japan).

For immunostaining of endogenous afadin in cultured cortical 
neurons, fixed and permeabilized neurons were incubated with 1% 
Blocking Reagent (Roche Applied Science) for 30 min. Then cells 
were incubated with anti-afadin antibody (clone-35, 1:200 dilution) 
diluted with Can Get Signal Immunostain Immunoreaction Enhancer 
Solution A (Toyobo, Osaka, Japan), followed by incubation with Al-
exa 488–conjugated anti-mouse IgG (1:2000 dilution) for 1 h. For 
visualizing F-actin, neurons were incubated for 1 h with Alexa 
594–conjugated phalloidin (Invitrogen) with Can Get Signal Immu-
nostain Immunoreaction Enhancer Solution A. The cells on cover-
slips were mounted in Prolong Gold antifade reagent (Invitrogen). 
To obtain a z-plane image, we captured optical sections of images 
through the cell in 0.20-μm steps using a laser-scanning confocal 
imaging system (FluoView FV1000-D; Olympus, Tokyo, Japan) and 
a microscope equipped with spectral system (IX81-S; Olympus) with 
a 60×/numerical aperture (NA) 1.35 or 100×/NA 1.40 oil objective 
(Olympus). The images were arranged and labeled using Photoshop 
7.0 (Adobe, San Jose, CA).

Data analysis
Densitometry analysis was performed with Multi Gauge, version 3.1 
(Fujifilm). For quantification of axonal morphology, a process that 
was at least twice as long as the other processes and was more than 
twice the cell body diameter was defined as an axon, as described 
elsewhere (Schwamborn and Püschel 2004; Yin et al., 2008; 
Sepúlveda et al., 2009), and total length and tip number were mea-
sured. For quantification of neurite morphology of Neuro2a cells, 
the cells that contained a process at least twice as long as the cell 
diameter were determined as differentiated cells, as described else-
where (Cowley et al., 1994; Sepúlveda et al., 2009), and total length 
and tip number of the longest neurite were measured.

The number of processes >5 μm in length was 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’s T3) using SPSS software, version 16.0 (IBM, 
Armonk, NY). Differences at the level of p < 0.05 were considered 
statistically significant.

MgCl2, 0.5% NP-40, and 10% glycerol), the bound proteins were 
eluted in Laemmli sample buffer and analyzed by SDS–PAGE and 
immunoblotting.

Immunoprecipitation
HEK293T cells transfected with indicated plasmids were washed 
with TBS and lysed with the ice-cold IP buffer (20 mM Tris-HCl, pH 
8.0, 150 mM NaCl, 4 mM MgCl2, 1% NP-40, 10% glycerol, 1 mM 
PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin). The cell lysates were 
then centrifuged for 5 min at 16,000 × g at 4°C. The supernatants 
were incubated with anti-Myc antibody (9E10) for 2 h and subse-
quently 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 immunoblotting. For the detection of 
endogenous protein binding, primary cultured cortical neurons 
were lysed at 2 DIV with ice-cold IP buffer. After centrifugation for 
10 min at 16,000 × g at 4°C, the supernatants were incubated with 
anti–R-Ras antiserum for 1 h and then with protein G–Sepharose 
beads for 1 h. Nonimmunized rabbit serum and rabbit IgG (anti-HA, 
Y-11) were used as negative controls. 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 (Hiramoto-Yamaki et al., 2010). Briefly, Neuro2a cells 
transfected with indicated plasmids were washed with TBS and sus-
pended in ice-cold buffer A (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

FIGURE 9: Afadin accumulates at the sites of budding growth cones 
located at the axonal tips and shafts, where it is well colocalized with 
F-actin. (A, B) Intracellular distribution of endogenous afadin in 
cultured cortical neurons at 2 DIV observed with confocal microscopy. 
Neurons were costained with anti-afadin antibody (green in merge) 
and phalloidin (magenta in merge) to visualize F-actin. Arrows 
represent budding growth cones. (B) A high-power image of a 
representative budding growth cone. Scale bar, 20 μm (A), 10 μm (B).
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FIGURE 10: Afadin induces axon branching in an actin-dependent manner. (A) Cortical neurons were transfected with 
YFP and Myc-tagged afadin FL or ΔC mutant at 1 DIV and fixed at 3 DIV. The fluorescence images of YFP are shown. 
Scale bar, 50 μm. (B, C) Total axon length (B) and axon tip number per 100 μm (C) were measured. The results are 
means ± SEM of three independent experiments (n = 45; *p < 0.05, ***p < 0.001; one-way ANOVA with Dunnett’s post 
hoc test). (D, E) Cortical neurons transfected with YFP and Myc-tagged afadin FL at 1 DIV were treated with cytochalasin 
B (Cyto B; 1 μM), latrunculin A (Lat A; 0.25 μM), or DMSO (vehicle control) for 3 h before fixation at 3 DIV. Total axon 
length (D) and axon tip number per 100 μm (E) were measured. The results are means ± SEM of three independent 
experiments (n = 33; ns, not significant; *p < 0.05, ***p < 0.001; one-way ANOVA with Dunnett’s post hoc test).
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