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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental 

condition characterized by impairments in social interaction, 

challenges with communication, and repetitive behaviors. 

Genetic mutations associated with ASD can either activate or 

inactivate the responsible proteins, affecting neuronal 

morphogenesis and contributing to the disorder’s hallmark 

features. However, the molecular mechanisms driving these 

changes remain incompletely understood. Here, we report for 

the first time that the small GTP/GDP-binding protein Arf6 and 

FE65, which act together with the genetically conserved 

engulfment and cell motility 2 (ELMO2) signalosome to control 

Rac1, underlie the excessive neuronal process elongation 

phenotype associated with the ASD-linked semaphorin-5A 

(Sema5A) Arg676-to-Cys protein (p.Arg676Cys). Clustered 

regularly interspaced short palindromic repeats 

(CRISPR)/Cas13-mediated knockdown of Arf6 or FE65 reversed 

the excessively elongated processes in primary cortical 

neurons. Similar results were obtained in the N1E-115 cell line, 

a model capable of neuronal morphological differentiation. 

Moreover, expression of the ELMO2-binding domain of FE65 

restored Rac1 activity required for process elongation, 
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recapitulating the effects seen in the knockdown experiments. 

These findings suggest that signaling through FE65 specifically 

couples Sema5A p.Arg676Cy to the ELMO2 signalosome 

molecule, driving excessively elongated processes with elevated 

Rac1 activity. One or more of these molecules may provide 

possible therapeutic targets for correcting the cellular 

phenotypes associated with the Sema5A p.Arg676Cys mutation 

in ASD.

Key words: Sema5A; autism spectrum disorder; Arf6; FE65; ELMO2; 

morphogenesis.
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1. Introduction

Autism is a type of developmental disability, now more 

commonly referred to as autism spectrum disorder (ASD). ASD 

encompasses autism, pervasive developmental disorder, and Asperger 

syndrome [1-4]. Core symptoms of ASD include impaired social 

behavior and interpersonal communication, along with repetitive 

movements and strong attachment to specific objects [1-4]. 

Individuals with ASD are also often hypersensitive to light and sound 

stimuli, although some may instead exhibit hyposensitivity [1-4]. 

Therefore, ASD may be characterized as a neuro-integrative disorder 

of the sensory system involving the central nervous system (CNS) and, 

in some cases, the peripheral nervous system (PNS) [1-4]. ASD is 

believed to be caused by genetic and/or environmental factors. The 

majority of ASD cases (50%-90%) have familial or sporadic (i.e., de 

novo) gene mutations [5-8]. These mutations can cause a variety of 

amino acid changes, which may modulate the catalytic or binding 

activities of the encoded proteins, leading to either an increase or 

decrease in function [5-8]. These changes can also affect post-

translational processing, protein stability, and subcellular localization 

[5, 6]. These gene mutations are thought to influence the 

cytomorphogenesis of neurons during neuritogenesis, and possibly 

during neurogenesis [5-8].
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During CNS development, neuronal cells undergo continuous 

and dynamic cell morphogenesis [9, 10], including neurite growth and 

elongation, neurite navigation, and the formation of neuronal 

networks through synaptogenesis [11, 12]. However, the molecular 

mechanisms governing the different neuronal cell morphological 

differentiation stages have not yet been fully elucidated [11-14]. In 

neurological diseases, neuronal cell morphogenesis may be disrupted 

not only during early development but also at later and even very early 

stages [11-14]. The transmembrane protein semaphorin-5A (Sema5A) 

functions as an axon guidance cue in response to neuronal growth 

cone elongation and navigation [15-18]. Sema5A is a bifunctional axon 

guidance signal that sometimes functions as a ligand and sometimes 

as a receptor [19, 20]. Importantly, mutations in the sema5a gene are 

well known to be associated with ASD and are occasionally responsible 

for intellectual disability (ID), which is a neurodevelopmental disorder 

characterized by below-average intellectual functioning and 

impairments in conceptual and social communication [21-24]. 

Mutations in the sema5a gene are also associated with epilepsy [25, 

26]. These abnormalities are believed to be directly related to the 

ability to form connections between different neuronal cells and/or to 

elongate neuronal processes necessary for connectivity in certain 

brain regions [27, 28].
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We previously reported that an ASD-associated Sema5A 

Arg676-to-Cys (p.Arg676Cys) mutated protein induces excessive 

neuronal processes through a signalosome composed of the 

genetically conserved engulfment and cell motility 2 (ELMO2, also 

known as the CED-12 ortholog) and dedicator of cytokinesis 5 

(DOCK5, also known as the CED-5 ortholog) as the Rac1 activator [29, 

30]. Here, we describe that Sema5A p.Arg676Cys triggers 

intracellular signaling through the small GTP/GDP-binding protein 

Arf6 [31-34], leading to excessive axonal outgrowth in both cortical 

neuronal cells [35, 36] and the neuronal model cell line N1E-115 [37, 

38]. Using clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas13 technology [39, 40], knockdown of FE65 (also known 

as amyloid beta precursor protein [APP] binding family B member 1 

[APBB1]) [41-46], which acts upstream of the ELMO2 and DOCK5 

signalosome controlling Rac1 as a central regulator of cytoskeletal 

changes and cell morphogenesis [47-50], specifically rescued both 

excessive process elongation and increased Rac1 activity induced by 

Sema5 p.Arg676Cys. Moreover, expression of the binding domain 

between FE65 and ELMO2 in cells decreased Rac1 activity and 

reversed excessive elongation. These findings indicate that signaling 

through FE65 specifically acts downstream of Sema5A p.Arg676Cy 
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and provide insight into potential drug-target molecule(s) for Sema5A-

related ASD, at least at the molecular and cellular levels.

2. Materials and methods

2.1. Key antibodies and plasmids

Key materials used in this study are listed in Table 1.

2.2. Cell line culture and induction of differentiation

The mouse neuronal N1E-115 cell line (JCRB, Osaka, Japan) 

was cultured on cell culture dishes (Nunc brand, Thermo Fisher 

Scientific, Waltham, MA, USA) in high-glucose Dulbecco’s modified 

Eagle medium (DMEM; Nacalai Tesque, Kyoto, Japan; Fujifilm Wako 

Chemicals, Tokyo, Japan) containing 10% heat-inactivated fetal bovine 

serum (FBS) (Gibco brand, Thermo Fisher Scientific) and penicillin-

streptomycin solution (Nacalai Tesque) in 5% CO2 at 37°C [37, 38]. 

Cells stably harboring the wild type sema5a gene (indicated as WT in 

the figures) or the gene with the p.Arg676Cys mutation (indicated as 

R676C in the figures) were selected as clones in the presence of the 

antibiotic G418 (0.5 mg/ml, Nacalai Tesque) for 2 weeks, in 

accordance with the manufacturer’s instructions [29, 30]. These cells 

were maintained in culture without cryopreservation.
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To induce differentiation, cells were cultured in DMEM and 

1% FBS containing penicillin-streptomycin solution in 5% CO2 at 37°C 

for several days, unless otherwise indicated. Cells with processes 

longer than one cell body were considered the longest process-

bearing, differentiated cells (i.e., differentiated cells) [37, 38]. The 

length of the longest processes following induction of differentiation 

was measured in a blinded manner using Image J software (ver. Java 

8, downloaded from https://imagej.nih.gov/). Under these conditions, 

the percentage of attached cells incorporating trypan blue (Nacalai 

Tesque) was estimated to be less than 5% in each experiment.

2.3. Primary cell culture and axon elongation

Animals were handled in accordance with the ARRIVE 

guidelines (https://arriveguidelines.org/), and all studies were 

conducted according to committee-approved protocols as described in 

the Ethics statement section. Mice were euthanized by chemical 

anesthesia using an intraperitoneal injection of a mixture of 0.3 mg/kg 

medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol. Primary 

cortical neuronal cells were isolated from the cerebrum of C57BL/6JJcl 

mice (Clea Japan, Inc., Tokyo, Japan) at embryonic days 16 to 17 and 

cultured as previously described [35, 36]. Following incubation with 

100 units/ml papain (Worthington Biochemical, Lakewood, NJ, USA) 
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in Leibovitz’s L-15 medium (Fujifilm Wako Chemicals) at 37°C for 15 

min, cells were gently dissociated by pipetting. The dissociated cells 

were then plated at 3 to 5 × 105/cm2 on polylysine-coated cell culture 

dishes (Nacalai Tesque). The culture medium consisted of Neurobasal 

medium supplemented with 2% B27 (Thermo Fisher Scientific), 1% 

GlutaMAX (Thermo Fisher Scientific), and 0.1 mg/ml gentamicin 

solution (Thermo Fisher Scientific). Cells were maintained in 5% CO2 

at 37°C. The medium was replaced with fresh medium 1 day after 

isolation; subsequently, half of the medium was replaced every 2 to 3 

days. After maintaining the neurons for 7 to 14 days, cultured cortical 

neuronal cells were detached using 0.05% trypsin solution containing 

0.53 mM EDTA (Thermo Fisher Scientific) and stored in liquid 

nitrogen until use.

To initiate experiments for observing process elongation, cells 

were reattached to cell culture dishes and processes were allowed to 

elongate for several days. A cell with a single axonal process longer 

than two cell body lengths was considered to be axonal process-

bearing [35, 36]. The length of longest processes (axons) was 

measured in a blinded manner using Image J software. Under these 

conditions, the percentage of attached cells incorporating trypan blue 

was estimated to be less than 5% in each experiment.
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2.4. Introduction of knocking down or protein-expressing 

plasmids

Cells and stable clones were transfected with or without the 

respective plasmids (either a mammalian expression plasmid encoding 

Cas13 for RNA knockdown [Addgene, Watertown, MA, USA] and the 

corresponding gRNAs inserted into a Pol III–type transcription 

plasmid [pSIN-mU6, Takara Bio, Kyoto, Japan] or mammalian 

expression plasmid based on pcDNA3.1 (+) or pCMV5) using the 

ScreenFect A transfection kit (Fujifilm Wako Chemicals). 

Transfections were performed in serum- and antibiotics-free high-

glucose DMEM in accordance with the manufacturer’s instructions.

Serum was added to the medium 4 hours post-transfection 

and the medium replaced at 24 hours post-transfection. Cells were 

then allowed to differentiate for 0 or 48 hours, depending on the 

experimental requirement for cell biological or biochemical studies, 

unless otherwise indicated. Under these conditions, the percentage of 

attached cells incorporating trypan blue was estimated to be less than 

5% in each experiment.

2.5. Polyacrylamide gel electrophoresis and immunoblotting

Cells were lysed in lysis buffer (50 mM HEPES-NaOH, pH 7.5, 

150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol [DTT], 1 mM 
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phenylmethane sulfonylfluoride [PMSF], 0.02 mM leupeptin, 1 mM 

EDTA, 1 mM Na3VO4, 10 mM NaF, and 0.5% NP-40). For standard 

denaturing conditions, centrifugally collected cell supernatants were 

denatured in sample buffer (Fujifilm Wako Chemicals). The samples 

were separated on a sodium dodecylsulfate polyacrylamide (SDS-

PAGE) gel (Nacalai Tesque). Electrophoretically separated proteins 

were transferred to a polyvinylidene fluoride (PVDF) membrane 

(Fujifilm Wako Chemicals), blocked with Blocking One (Nacalai 

Tesque), and immunoblotted using primary antibodies, followed by 

peroxidase enzyme-conjugated secondary antibodies. Peroxidase-

reactive bands were detected using X-ray film (Fujifilm, Tokyo, Japan) 

or TMB solution (Nacalai Tesque) and captured using a CanoScan 

LiDE4000 and CanoScan software (ver. 2024, Canon, Tokyo, Japan). 

The blots shown in the figures are representative of three independent 

experiments. In some experiments, immunoreactive bands were 

quantified relative to control bands using Image J software.

2.6. Assay for GTP-bound Rac1 or Cdc42

Cells were lysed in ice-cold G-LISA cell lysis buffer (G-LISA 

GTPase kit, Cytoskeleton, Inc., Denver, CO, USA). Briefly, 

centrifugally collected cell supernatants (equal sample volumes) were 

added to the reconstituted plate with affinity capture wells, which had 
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been removed from the plate holders. The wells were immediately 

placed on a cold orbital microplate shaker (400 rpm) in a low-

temperature room and incubated with the supernatants and buffer 

controls to measure blank values for exactly 30 min. After incubation, 

the supernatants and controls were removed, and the wells were 

washed twice with G-LISA wash buffer. 

At room temperature, G-LISA antigen-presenting buffer was 

added to each well, incubated at room temperature for exactly 2 min, 

and then washed three times with wash buffer. After the diluted 

primary antibody was added to each well, the plate was placed on an 

orbital microplate shaker at room temperature for 45 min. Next, the 

mixtures containing the primary antibody were removed, and the wells 

were washed twice with wash buffer.

Next, the wells were incubated with a peroxidase enzyme-

conjugated secondary antibody, plated on a shaker at room 

temperature for 45 min, followed by three washes with wash buffer. 

Finally, the wells were incubated with the mixed HRP detection 

solution at room temperature for exactly 20 min, then treated with the 

HRP stop solution. Absorbance was measured at 490 nm using an 

MPR-A100, microplate spectrophotometer (AS ONE Co., Osaka, 

Japan). Blank values from each of the three experiments were 

subtracted, and results were quantified as G-LISA values.
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After the assay, the plates were washed with a buffer 

containing 0.5 M NaCl and 0.5 M EDTA, rinsed with Dulbecco’s 

phosphate-buffered saline, and stored at 4°C until use.

2.7. Fluorescent images

Cells on coverslips were fixed with 4% paraformaldehyde 

(Nacalai Tesque) or 100% cold methanol (Nacalai Tesque) and blocked 

with Blocking One. Slides were incubated with primary antibodies 

preloaded with fluorescent dye-conjugated secondary antibodies if 

necessary. Coverslips were mounted using the Vectashield kit with 

4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA, USA). The fluorescent images were collected, 

merged, and analyzed using an FV3000 microscope system equipped 

with a Fluoview laser-scanning apparatus and Fluoview software ver. 

5 (both from Olympus, Tokyo, Japan), or a DMI4000B microscope 

system with AF6000 software ver. 2 (Leica, Wetzlar, Germany). The 

images in the figures are representative of several images and were 

analyzed using Image J software.

2.8. Statistical analyses

Values are presented as means ± standard deviation (SD) of 

independent experiments. Intergroup comparisons were performed 
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using the unpaired Student’s t-test in Excel (ver. 2021, Microsoft, 

Redmond, WA, USA). One-way analysis of variance (ANOVA) was 

followed by the Tukey honest significant difference (HSD) test, using 

StatPlus Excel plug-in software (ver. 2021, Alexandria, VA, USA) when 

multiple comparisons were necessary. Differences were considered 

statistically significant when p < 0.05.

2.9. Ethics statement

All animal experiments were conducted in accordance with 

the protocol reviewed and approved by the Tokyo University of 

Pharmacy and Life Sciences Animal Care and Use Committee 

(Approval No. L24-20). Gene experiments were conducted according 

to the protocol reviewed and approved by the Tokyo University of 

Pharmacy and Life Sciences Gene Committee (Approval No. LSR3-01).

3. Results

3.1. Knockdown of Arf6 decreases mutated Sema5A-induced 

phenotypes

First, to investigate whether Arf6 is involved in the regulation 

of Sema5A p.Arg676Cys-mediated excessive process elongation 

(Figure S1, A and B, and Figure S2) [29, 30], we transfected N1E-115 

cells stably harboring Sema5A p.Arg676Cys with plasmids encoding 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



either a control guide RNA (gRNA) or a gRNA targeting Arf6, together 

with Cas13 [39, 40]. At day 2 following the induction of differentiation, 

knockdown of Arf6 (Figure S3A) led to reduced process elongation 

compared with cells transfected with the control gRNA. In contrast, at 

day 0, neither control nor Arf6 knockdown had an apparent effect 

(Figure 1, A and B; Figure S4A). Similar results were observed in 

primary cortical neurons transfected with Sema5A p.Arg676Cys 

(Figure S5, A and B; Figure S6; Figure S7, A and B), suggesting that 

Arf6 is needed for neuronal process elongation in cells harboring 

Sema5A p.Arg676Cys. Notably, Arf6 knockdown affected Tau-positive 

axonal length.

Next, we examined whether knockdown of Arf6 affects 

neuronal differentiation marker expression. Despite the lack of any 

apparent effect from control or Arf6 knockdown at day 0 following the 

induction of differentiation (Figure 1, C and D), knockdown of Arf6 in 

cells harboring Sema5A p.Arg676Cys specifically decreased the 

expression levels of the neuronal differentiation markers 43 kDa 

nervous system specific, growth-associated protein (GAP43) and 

neuronal tubulin at day 2 following the induction of differentiation 

(Figure 1, E and F), indicating that Arf6 underlies Sema5A 

p.Arg676Cys-mediated excessive process elongation. In contrast, 
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expression levels of the internal control protein, actin, were 

comparable in Arf6- and control-knocked down cells.

3.2. Knockdown of FE65 decreases mutated Sema5A-induced 

phenotypes

We explored whether FE65, an adaptor protein coupling Arf6 

to ELMO2 [41-46], is also involved in the regulation of Sema5A 

p.Arg676Cys-mediated excessive process elongation. Transfection of 

a plasmid encoding a gRNA for FE65 together with Cas13 (Figure 

S3B) into cells harboring Sema5A p.Arg676Cys led to decreased 

process elongation following the induction of differentiation (Figure 2, 

A and B; Figure S4B). These results were consistent with findings of 

decreased levels of neuronal differentiation marker protein expression 

(Figure 2, C and D), suggesting that FE65 mediates Sema5A 

p.Arg676Cys-induced excessive elongation. Similar cellular 

phenotypes were observed in primary cortical neurons transfected 

with Sema5A p.Arg676Cys (Figure S5, A and B; Figure S6; Figure S7, 

A and B).

3.3. Fe65-binding domain decreases mutated Sema5A-induced 

phenotypes
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To examine whether the interaction of Arf6 and FE65 

contributes to Sema5A p.Arg676Cys-mediated excessive process 

elongation, we transfected a plasmid encoding the FE65-binding 

domain (Figure S3C) into cells harboring Sema5A p.Arg676Cys. The 

FE65-binding domain decreased both Sema5A p.Arg676Cys-mediated 

excessive process elongation (Figure 3, A and B; Figure S4C) and 

levels of neuronal differentiation marker protein expression (Figure 3, 

C and D), indicating that the interaction of Arf6 and FE65 plays a role 

in Sema5A p.Arg676Cys-mediated excessive elongation. Similar 

results in cellular phenotypes were observed in primary cortical 

neurons transfected with Sema5A p.Arg676Cys (Figure S5, A and B; 

Figure S6; Figure S7, A and B).

3.4. Mutated Sema5A-induced activation of Rac1 is specifically 

mediated by FE65

Because Arf6 and FE65 act upstream of Rac1 as effector 

molecules of ELMO2 and DOCK5 in this signaling pathway, we 

measured the levels of Rac1·GTP using the G-LISA GTPase kit. After 

induction of differentiation, Rac1 was activated to similar levels in 

cells transfected with the control plasmid (mock) or cells harboring 

wild type Sema5A. Under these conditions, Rac1 activity was 

specifically inhibited by knockdown of Arf6 but not by knockdown of 
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FE65 or transfection of the FE65-binding domain (Figure 4A). This 

suggests that Arf6 is involved in Rac1 activation during normal 

process elongation, whereas FE65, one of the Arf6 effectors, is not 

involved. In contrast, Sema5A p.Arg676Cys-mediated activation of 

Rac1 was decreased by knockdown of Arf6 or FE65 or by transfection 

of the FE65-binding domain. Similarly, Sema5A p.Arg676Cys-

mediated activation of Rac1 was decreased by knockdown of Arf6 or 

FE65 or by transfection of the FE65-binding domain in primary 

cortical neurons (Figure S8).

These results were consistent with the observation that, in 

parental cells (non-transfected cells), knockdown of Arf6, but not 

knockdown of FE65 or transfection of the FE65-binding domain, 

specifically inhibited the expression of neuronal marker proteins 

following the induction of differentiation (Figure S9, A-C). Similar 

phenomena in the case of Arf6 knockdown were observed in cells 

harboring wild type Sema5A either at the marker protein levels 

(Figure S10, A-C) or at the cell morphological levels (Figure S11, A-C; 

Figure S12, A-C), suggesting that signaling through FE65 specifically 

mediates effects of Sema5A p.Arg676Cys.

In contrast, in cells harboring wild type or mutated Sema5A, 

Cdc42 was activated after induction of differentiation, but the signal 

was independent of Arf6 and FE65 (Figure 4B).

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



3.5. Formation of an ELMO2 complex in cells is mediated by 

Arf6 and FE65

Finally, we investigated whether Arf6 and FE65 can control 

the formation of the genetically conserved signalosome containing 

ELMO2 and DOCK5 in cells. Knockdown of Arf6 or FE65 led to a 

decreased number of signalosomes labeled with red fluorescence 

protein (RFP)-tagged ELMO2 in the cell bodies of cells harboring 

Sema5A p.Arg676Cys (Figure S13, A-C). Similar results were obtained 

for processes and growth cones, although their numbers were much 

smaller than those in cell bodies.

Taken together, these findings suggest that a protein complex 

centered on ELMO2 and DOCK5 is involved in signaling that controls 

Sema5A p.Arg676Cys-mediated excessive process elongation.

4. Discussion

Genetic mutations in ASD patients affect neuronal 

morphology and function, as well as the relationships between 

excitatory and inhibitory neurons, neurons and glia, and neurons and 

immune cells in the brain [5-8]. Abnormal neuronal morphogenesis 

and developmental patterns may contribute to the formation of ASD 

as a neurodevelopmental disorder. The structure and function of the 
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responsible gene products are altered by amino acid substitutions, 

which may affect neuronal morphogenesis and morphology [5-8]. 

However, despite the relationship between ASD-associated amino acid 

mutations and cell morphology, it remains unclear which signaling 

units these mutations use to specifically induce abnormal neuronal 

morphological changes.

Many human genetic studies have shown that deletions in the 

short arm region of chromosome 5 are associated with phenotypic 

features such as ASD, infantile crying syndrome, ID, and microcephaly 

[21, 23]. Classical transcriptome analysis has also revealed that some 

autistic individuals exhibit low levels of several transcripts encoded in 

the short arm region of chromosome 5 [21]. This chromosomal 

deletion region includes sema5a and several other genes, some of 

which have been linked to infantile epilepsy [23]. Furthermore, 

mutations in Sema5A protein occur between the extracellular and 

intracellular regions, allowing for the formation of potential disulfide 

bonds in the extracellular region and possible reducing groups in the 

intracellular region, within the predicted topological domain structure 

[23]. Importantly, Sema5A has been shown to be critically associated 

with ASD, often accompanied by ID, depending on the individual 

patient, suggesting that Sema5A is indeed the causative gene product 

of ASD.
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The activity of ASD-associated mutated Sema5A protein 

generally involves activation or inactivation compared with the wild 

type protein [23]. We have previously shown that Sema5A is activated 

by mutations at p.Arg676Cys or p.Ser951Cys, with p.Arg676Cys being 

particularly active through effective cell surface trafficking and/or 

secretion of Sema5A [29, 30]. Sema5A acts in an autocrine manner by 

interacting with an unknown receptor on the cell surface, suggesting 

its role as a ligand [17, 18], although Sema5A can be a bifunctional 

transmembrane protein that also acts as a receptor [51]. In both 

scenarios, the effects of mutated Sema5A are mediated by a 

genetically conserved signalosome that includes ELMO2 and DOCK5, 

resulting in excessive process elongation.

Here, we describe a mechanism in which FE65 specifically 

cooperates with ELMO2 and DOCK5 to activate Rac1 during the 

excessive process elongation induced by Sema5A p.Arg676Cy. FE65 

is generally recognized as a scaffold protein that interacts with GDP-

bound Arf6 [41-44], helping to recruit ELMO and DOCK molecules. It 

is thought that FE65 couples the signaling elicited by mutated 

Sema5A to ELMO2 and DOCK5. Arf6 is a multifunctional GTP/GDP-

binding protein that is not only a regulator of intracellular vesicle 

transporting but is also involved in cytoskeletal rearrangement [52]. 

FE65 contains several protein-protein interaction domains, including 
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an N-terminal proline-rich sequence–binding WW domain and two C-

terminal phosphotyrosine-binding (PTB) domains, and was originally 

identified as a non-enzymatic binding partner of APP [53]. FE65, often 

acting together with Arf6, mediates the assembly of multimolecular 

complexes [43], suggesting that FE65 could be the molecule in the 

ELMO2 and DOCK5 signalosome that activates Rac1 in the cellular 

pathological states observed in Sema5A p.Arg676Cys.

FE65 is known to be involved in a variety of neuronal 

developmental and functional events, ranging from neurogenesis to 

synaptogenesis, synaptic plasticity, learning, and memory [41, 42]. In 

particular, FE65 is likely to contribute to neuronal networks in later 

stages [41, 42]. Thus, dysfunction of FE65, acting together with 

disease-related molecules such as APP, is associated with the 

development of diseases such as dementia [41]. These functional 

changes in the structure and function of FE65 in health and disease 

may be reminiscent of the neuronal morphological changes observed 

in Sema5A p.Arg676Cys.

It remains unclear whether there is a specific signaling 

cassette connecting Sema5A p.Arg676Cys and FE65 in cells. The 

BioGRID4.4 interactome database (see https://thebiogrid.org) 

identifies approximately 200 known and potential molecules that may 

interact with FE65. Among these, a group of Rab family GTP/GDP-
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binding proteins are listed as potential FE65-interacting molecular 

candidates. Similar to the Arf family proteins, Rab proteins have roles 

in controlling intracellular vesicle trafficking by marking the inner 

surface of the membrane of each organelle in various types of cells 

[54]. It is possible that FE65, through binding to Arf6 and some Rab 

proteins, mediates Sema5A p.Arg676Cys-induced activation of Rac1 

by ELMO2 and DOCK5 on the respective predicted organelles. 

Furthermore, FE65 can interact with the FE65 homolog FE65L1 

(according to the BioGRID4.4 database), and this potential interaction 

may extend its interactions with other small GTP/GDP-binding 

proteins [31, 34, 53].

Small GTP/GDP-binding proteins, including Arf6, plays a 

significant role in neuronal development [55, 56]. Arf6 contributes to 

Rac1 activation via a signaling complex comprising FE65, ELMO 

family proteins (e.g., ELMO2), and DOCK family proteins (e.g., 

DOCK5) [41-44]. This activation of Rac1 ultimately supports neurite 

outgrowth, neuronal network remodeling, and synapse formation [47-

50]. It is hypothesized that small GTP/GDP-binding proteins including 

Arf6 affect axonal outgrowth and elongation through continuous and 

indirect interactions with Rho family small GTPases including Rac1 

[41, 42, 56].
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In the present study, we demonstrate that Arf6, FE65, and 

ELMO2 mediate the excessive process elongation induced by the ASD-

associated Sema5A p.Arg676Cys variant in neuronal cells. It is well 

established that Arf6 recruits FE65 and its binding partners through 

interaction with its GDP-bound form [41–44]. Consistent with this 

mechanism, our findings complement previous reports showing that 

mutations in the guanine-nucleotide exchange factor IQ motif and 

Sec7 domain-containing protein 2 (IQSEC2) are implicated in ASD 

[56–60]. Together, these signaling pathways may contribute to ASD-

related abnormalities in neuronal morphology. Moreover, IQSEC2-

dependent activation of Arf6 [31–34] is likely to regulate a broad range 

of downstream targets, including organelle-associated proteins and 

lipid-modifying signaling enzymes (Figure S14). Further studies are 

needed to enhance our understanding of the detailed molecular 

mechanisms by which signaling around FE65 mediates mutated 

Sema5A-induced phenotypes, and to determine whether their 

inhibition can recover these phenotypes ex vivo and in genetically 

modified mice under ASD model conditions. These studies will help us 

elucidate the full scope of the unique signaling mechanisms involving 

genetically conserved ELMO2 and DOCK5, which act downstream of 

mutated Sema5A, at least at the molecular and cellular levels. Such 

studies could lead to the development of drug target-specific 
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treatments for diseases associated with Sema5A p.Arg676Cys and 

related disorders.
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Figure and table legends

Figure 1. CRISPR/Cas13-mediated knockdown of Arf6 recovers 

mutated Sema5A-induced excessive process elongation. (A, B) 

N1E-115 cells stably harboring Sema5A p.Arg676Cys (R676C) were 

transfected with plasmids encoding gRNA for Arf6 (gArf6) or 

luciferase (gControl) together with Cas13 and cultured for 0 or 2 days 

following the induction of differentiation. Representative images are 

shown. Cells with processes with a body length of more than one cell 

were counted as exhibiting neurite-like process elongation and are 

depicted statistically (** p < 0.01; n = 10 fields). Lysates from cells at 

day 0 (C, D) or day 2 (E, F) following the induction of differentiation 

were immunoblotted using antibodies against neuronal differentiation 

marker proteins GAP43 and b3 tubulin, Arf6, or an internal control 

marker protein actin. Immunoreactive band values are calculated by 

dividing the band intensity of the marker protein by the band intensity 

of the actin protein and expressed statistically (* p < 0.05, ** p < 0.01; 

n = 3 blots).

Figure 2. CRISPR/Cas13-mediated knockdown of FE65 recovers 

mutated Sema5A-induced excessive process elongation. (A, B) 

Cells stably harboring Sema5A p.Arg676Cys (R676C) were 

transfected with plasmids encoding gRNA for FE65 (gFe65) or 
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luciferase (gControl) together with Cas13 and cultured for 0 or 2 days 

following the induction of differentiation. Representative images are 

shown. Cells with processes are depicted statistically (** p < 0.01; n 

= 10 fields). (C, D) Cell lysates following the induction of 

differentiation were immunoblotted with antibodies against neuronal 

differentiation marker proteins GAP43 and b3 tubulin, FE65, or an 

internal control marker protein actin. Immunoreactive band values are 

calculated by dividing the band intensity of the marker protein by the 

band intensity of the actin protein and expressed statistically (* p < 

0.05, ** p < 0.01; n = 3 blots).

Figure 3. Transfection of the FE65-binding domain recovers 

mutated Sema5A-induced excessive process elongation. (A, B) 

Cells stably harboring Sema5A p.Arg676Cys (R676C) were 

transfected with plasmids encoding the FE65-binding domain (FBD) 

tagged with GFP or its vector (control), and cultured for 0 or 2 days 

following the induction of differentiation. Representative images are 

shown. Cells with processes are depicted statistically (** p < 0.01; n 

= 10 fields). (C, D) Cell lysates following the induction of 

differentiation were immunoblotted with antibodies against neuronal 

differentiation marker proteins GAP43 and b3 tubulin, GFP, or an 

internal control marker protein actin. Immunoreactive band values are 
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calculated by dividing the band intensity of the marker protein by the 

band intensity of the actin protein and expressed statistically (* p < 

0.05; n = 3 blots).

Figure 4. Knockdown of Arf6 or FE65 or transfection of the 

FE65-binding domain recovers mutated Sema5A-induced 

excessive Rac1 activation. (A, B) Cells stably harboring wild type 

Sema5A (WT) or Sema5A p.Arg676Cys (R676C) were transfected with 

plasmids encoding gRNA for Arf6 (gArf6) or FE65 (gFe65) or 

luciferase (gControl) plus Cas13 or FE65-binding domain (FBD) or its 

empty vector (vector) and cultured for 2 days with (+) or without (-) 

differentiation induction. Cell lysates were analyzed using a G-LISA 

GTPase kit to assay the amounts of GTP-bound Rac1 or Cdc42 (** p < 

0.01; n = 3).

Table 1. Key materials used in this study.
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Reagents or materials Companies or sources Cat. Nos. Lot. Nos. Concentrations used
Key antibodies
Ant-growth-associated protein 43 (GAP43) Santa Cruz Biotechnology sc-17790 J0920 Immunoblotting (IB), 1:5000
Anti-b3 tubulin Santa Cruz Biotechnology sc-51670 H2721 IB, 1:500
Anti-Arf6 Santa Cruz Biotechnology sc-7971 E0919 IB, 1:50
Anti-FE65 Santa Cruz Biotechnology sc-398389 H2117 IB, 1:50

Anti-green fluorescent protein (GFP) MBL 598 005 Immunofluorescence (IF), 1:500; IB,
1/500

Anti-Tau Santa Cruz Biotechnology sc-121796 J2524 IF, 1:200; IB, 1/500
Anti-actin (also called pan-β type actin) MBL M177-3 007 IB, 1:5000
Anti-IgG (H+L chain) (Rabbit) pAb-HRP MBL 458 353 IB, 1:5000
Anti-IgG (H+L chain) (Mouse) pAb-HRP MBL 330 365 IB, 1:5000
Alexa Fluor TM 488 goat anti-mouse IgG (H+L) Thermo Fisher Scientific A11001 774-9040 IF, 1:500
Alexa Fluor TM 594 goat anti-mouse IgG (H+L) Thermo Fisher Scientific A11005 226-8383 IF, 1:500
Alexa Fluor TM 488 goat anti-rabbit IgG (H+L) Thermo Fisher Scientific A11008 075-1094 IF, 1:500
Alexa Fluor TM 594 goat anti-rabbit IgG (H+L) Thermo Fisher Scientific A11012 201-8240 IF, 1:500
Recombinant DNAs

pCMV-SV40ori
A control construct was
generated using Cat. No. 72035
(Addgene) as a template

n.d. N/A 1.25 mg of DNA per 6 cm dish

pCMV-SV40ori-mouse Sema5A-His Addgene 72035 N/A 1.25 mg of DNA per 6 cm dish

pCMV-SV40ori-mouse Sema5A (R676C) -His
Mutation was performed using
Cat. No. 72035 (Addgene) as a
template

N/A N/A 1.25 mg of DNA per 6 cm dish

pcDNA3.1-mKate (also known as RFP)-human ELMO2 generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish
NLS-RfxCas13d-NLS (mamalian cell expression plasmid for Cas13) Addgene 109049 N/A 1.25 mg of DNA per 6 cm dish
pSIN-mU6 Takara Bio (discontinued

product) N/A N/A 1.25 mg of DNA per 6 cm dish
pSIN-mU6-gRNA for Luciferase (control gRNA, 105), which contains
complementary 22 bases from base 105 of the firefly luciferase sequence (5'-
GCACCCGTGCAAAAATGCAGGGGTCTAAAACATCCTCTAGAGGATAGAATGGCTTT
TTT-3' is inserted into BamHI and ClaI multiple cloning sites)

generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish

pSIN-mU6-gRNA for Arf6 (169), which contains complementary 22 bases from
base 169 of the mouse Arf6 sequence (5'-
GCACCCGTGCAAAAATGCAGGGGTCTAAAACCATCCCACACGTTGAACTTGACTTT
TTT-3' is inserted into BamHI and ClaI multiple cloning sites)

generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish

pSIN-mU6-gRNA for Arf6 (345), which contains complementary 22 bases from
base 345 of the mouse Arf6 sequence  (5'-
GCACCCGTGCAAAAATGCAGGGGTCTAAAACGTTGGCGAAGATGAGGATGATGTT
TTTT-3' is inserted into BamHI and ClaI multiple cloning sites)

generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish

pSIN-mU6-gRNA for FE65 (1011), which contains complementary 22 bases from
base 1011 of the mouse FE65 sequence (5'-
GCACCCGTGCAAAAATGCAGGGGTCTAAAACCTGAGCTGGGAAGGACAATGTCTT
TTTT-3' is inserted into BamHI and ClaI multiple cloning sites)

generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish

pSIN-mU6-gRNA for FE65 (1182), which contains complementary 22 bases from
base 1182 of the mouse FE65 sequence (5'-
GCACCCGTGCAAAAATGCAGGGGTCTAAAACGAGCTGGCGGATACAATTGTTGTT
TTTT-3' is inserted into BamHI and ClaI multiple cloning sites)

generated in this study N/A N/A 1.25 mg of DNA per 6 cm dish

pcDNA3.1(+)-eGFP-human FE65 (1-150 amino acids), which specifically
interacts with ELMO2 GenScript J196YHL120-4 TJ846140 1.25 mg of DNA per 6 cm dish

pEGFP-C1 (mamalian cell GFP expresssion plasmid) Takara Bio (discontinued
product) N/A N/A 1.25 mg of DNA per 6 cm dish
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