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ADP-ribosylation factor 6 (ARF6) is a small GTPase that has a variety of
neuronal functions including stimulating neurite outgrowth, a crucial
process for the establishment and maintenance of neural connectivity. As
impaired and atrophic neurites are often observed in various brain injuries
and neurological diseases, understanding the intrinsic pathways that stimu-
late neurite outgrowth may provide insights into developing strategies to
trigger the reconnection of injured neurons. The neuronal adaptor FE65
has been shown to interact with ARF6 and potentiate ARF6-mediated neur-
ite outgrowth. However, the precise mechanism that FE65 activates ARF6
remains unclear, as FE65 does not possess a guanine nucleotide exchange
factor (GEF) domain/function. Here, we show that FE65 interacts with the
ARF6 GEE namely the ARF nucleotide-binding site opener (ARNO). More-
over, a complex consisting of ARNO, ARF6 and FE65 is detected. Notably,
FE65 potentiates the stimulatory effect of ARNO on ARF6-mediated neurite
outgrowth, and the effect of FE65 is abrogated by an FE65 mutation that dis-
rupts FE65-ARNO interaction. Additionally, the intramolecular interaction
for mediating the autoinhibited conformation of ARNO is attenuated by
FE65. Moreover, FE65 potentiates the effects of wild-type ARNO, but not
the monomeric mutant, suggesting an association between FE65 and
ARNO dimerization. Collectively, we demonstrate that FE65 binds to and
activates ARNO and, consequently, potentiates ARF6-mediated neurite
outgrowth.

1. Introduction

ADP-ribosylation factor 6 (ARF6) is a small GTPase from the ARF protein family.
It participates in various biological events, including vesicle transportation and
cytoskeleton remodelling. There is emerging evidence demonstrating the role
of ARF6 in neurite development, a process that requires rapid and dynamic
cytoskeleton remodelling. Like other small GTPases, ARF6 cycles between a
GTP-bound active form and a GDP-bound inactive form by the actions of gua-
nine nucleotide exchange factors (GEFs) and GTPase-activating proteins
(GAPs), respectively [1,2].

FE65, also known as amyloid precursor protein-binding family B member 1,
is a 97 kDa brain-enriched adaptor protein with three distinct protein—protein
interaction domains: a tryptophan—tryptophan (ww) domain and two succes-
sive phosphotyrosine-binding (ptb) domains. Using these domains, FE65
complexes with different interacting partners trigger various biological pro-
cesses including the regulation of cytoskeleton dynamics [3]. We previously
demonstrated that FE65 interacts with ARF6 via its PTB1 domain and potenti-
ates ARF6-mediated neurite outgrowth [4]. As FE65 does not possess any
catalytic domain/activity, it remains unknown how FE65 activates ARF6.
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Notably, it has been demonstrated that the activation status of
ARF6 is altered by molecules that facilitate the recruitment of
GEFs or GAPs. For example, ARF6 activity is modulated by
PTB domain-containing engulfment adapter protein 1
through the recruitment of both ARF6 and its GAE, ACAP1
[5]. As a molecular adaptor, it is possible that FE65 stimulates
ARF6 by interacting with an ARF6 regulator.

One ARF6 GEE namely ARF nucleotide binding site
opener (ARNO) which is a member of the cytohesin family
of GEF proteins [6,7], is of interest as it has been shown to par-
ticipate in neuritogenesis [8-10]. Of note, ARNO has been
found to complex with adaptor proteins to activate signalling
pathways. For example, insulin signalling is promoted by a
complex consisting of ARNO and the connector enhancer of
KSR1 [11]. Furthermore, ARNO interacts with interaction
protein for cytohesin exchange factors 1 to facilitate epidermal
growth factor signalling [12]. Similar to the PTB1 domain, the
PTB2 domain of FE65 has been found to be essential for ARF6-
mediated neurite extension [4]. Thus, we postulated that
ARNO may be recruited by the FE65 via the PTB2 domain.
Here, we report that FE65 PTB2 domain interacts with
ARNO and potentiates ARF6-mediated neurite outgrowth.
Moreover, FE65 attenuates the intramolecular association of
ARNO to adopt an autoinhibited conformation.

2. Material and methods

2.1. Plasmids

Myc-tagged FE65 and FE65 deletion mutants were as
described. Myc-tagged ARNO binding defective FE65 was
generated by mutating Arg605 to Ala (R605A) using the
QuikChange II site-directed mutagenesis kit (Agilent
Technologies). Myc/His-tagged ARF6 construct was as
described. Flag-tagged ARNO construct (p3XFLAG-2-mCy-
tohesin-2) was a gift from Prof. Junji Yamauchi. GFP-tagged
ARNO was generated by subcloning mouse full-length
ARNO cDNA into the pEGFP-C1 (Clontech). The cDNA of
monomeric ARNO (amino acid residues 50-399) was PCR
amplified and inserted to pCMV-Tag2 vector for mammalian
expression of FLAG-tagged protein. The mammalian
expression vector of glutathione transferase (GST) pClneo-
GST was prepared as described [4]. Mammalian and bacterial
expressing ARNO fragments were generated by inserting the
corresponding cDNAs into pClneo-GST and pGEX-6p-1,
respectively. The cDNA of FE65 PTB2 (amino acid residues
531-666) was PCR amplified and inserted to pET28 for
expression of the His-tagged recombinant protein.

2.2. Antibodies

Goat anti-FE65 (E-20), mouse anti-ARF6 (3A-1), mouse anti-
ARNO (H-7), mouse anti-c-Jun (D-11) and mouse anti-o-Tubu-
lin (DM1A) were purchased from Santa Cruz. Rabbit anti-
ARNO, rabbit anti-GFP, rabbit anti-His and rabbit anti-FLAG
were obtained from Proteintech. Mouse anti-myc antibody
(9B11) and rabbit anti-COX IV (3E11) were obtained from
Cell Signaling Technology. Mouse anti-pan-cadherin (C1821),
mouse anti-3-COP (maD) and mouse anti-FLAG antibody
(M2) were obtained from Sigma. Goat anti-GST antibody
was obtained from GeneTex. Mouse anti-GAPDH (AM4300)
was purchased from Ambion. Rabbit anti-B-Tubulin was

purchased from Abcam. Rabbit anti-FE65 was as previously [ 2 |

described [13,14]. Rat polyclonal antibodies against ARF6,
ARNO and GST were created by immunization of rats with
ARF6, ARNO and GST bacterial proteins, respectively.

2.3. Cell culture and transfection

Chinese hamster ovary (CHO), human embryonic kidney 293
(HEK293), HEK293 FE65 knockout (KO) and rat E18 primary
cortical neurons were cultured as described previously
[13,14]. CHO and HEK293 cells were transfected with poly-
ethyleneimine (PEI). Primary neurons were transfected with
EndoFectin Max Transfection Reagent (Genecopoeia)
following the manufacturer’s instructions.

2.4. Gene knockdown

Knockdown (KD) of specific gene expression in HEK293 cells
and primary neurons were achieved by transfecting corre-
sponding ON-TARGET plus siRNA (Horizon Discovery) with
RNAIMAX (Thermo) according to manufacturer’s instructions.

2.5. Generation of FE65 knockout cells

FE65 knockout (KO) HEK293 cells were generated as
described [14]. In brief, the single guide RNAs (sgRNAs) tar-
geting to FE65 exon 2 were designed by using an online
database (http://crispr.mit.edu). The sequences of the
oligos were as following: FE65 sgRNA #1_F (5 CACCGTGTT
GGCATTAATGGCCGAC 3'), FE65 sgRNA #1 R (5
AAACGTCGGCCATTAATGCCAACAC 3'), FE65 sgRNA
#2 F (5 CACCGAAGGACCTGCGCAGCGCCAT 3) and
FE65 sgRNA #2 R (5" AAACATGGCGCTGCGCAGGTC
CTTC 3'). The designed oligos were inserted into Bbsl
digested pSpCas9(BB)-2A-Puro (PX459) [15]. The cells were
co-transfected with the sgRNAs for 48 h and selected with
3 pg mL™" puromycin (Invivogen) for 36 h. The expression
level of FE65 in the selected clones was confirmed by using
western blot.

2.6. Protein-binding assays

Mammalian GST fusion protein binding assays were performed
as previously described [13,14]. In bacterial GST fusion protein
pulldown assays, ‘baits’ were generated using bacterially
expressed GST and GST-tagged proteins as previously
described. The ‘baits” were incubated with corresponding trans-
fected cell lysates for protein capture. Co-immunoprecipitation
assays were performed in rat brain homogenate and transfected
cell lysates as previously described. Direct interaction assays
were performed as described [13,14].

2.7. ARF6 activation assay

ARF6 activation was performed using an active ARF6 pull-
down kit (Cell Biolabs) as previously described [4]. The
amount of activated ARF6 in the pull downs was determined
by western blotting using an anti-ARF6 antibody.

2.8. Neurite length measurement

Neurite length measurements were performed as previously
described in a blind manner [13,14,16]. The length of the
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Figure 1. (Caption overleat.)

longest neurite from a transfected neuron was measured by
the Image] (NIH) with Neuron] plugin. At least 40 cells were
analysed for each group. Statistical analyses were performed
using a one-way ANOVA test with Bonferroni post hoc test.
Differences were considered significant at p < 0.05.

2.9. Endosome isolation

Endosome was isolated from HEK293 cells by density gradi-
ent ultracentrifugation as previously described [14,17,18]. The
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purity of the endosome fractions was validated by probing
the samples with various subcellular compartment marker
antibodies.

2.10. Plasma membrane isolation

Plasma membrane (PM) was isolated from HEK293 cells by
using a Qproteome Plasma Membrane Protein Kit (Qiagen)
as previously described [13,14]. 30% of the elution was used
for SDS-PAGE analysis, and 1% of total lysate was loaded as
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Figure 1. (Overleaf.) FE65 interacts with ARNO. () FE65 interacts with ARNO in a GST pulldown assay. Bacterially purified GST and GST-ARNO were used as baits to  [JEJ}
capture FE65 from the transfected cell lysate. FE65 in the lysates and pulldowns was detected with a goat anti-FE65 (E-20) antibody. The bait amounts in the
pulldowns were revealed by a Coomassie blue gel. (b) FE65 interacts with ARNO in co-immunoprecipitation assays from transfected cells. Cells were transfected with
either ARNO or ARNO + FE65. ARNO in the transfected lysates was captured with a mouse anti-GFP (JL-8) antibody. FE65 and ARNO in the lysates and immu-
noprecipitants were detected with goat anti-FE65 (E-20) and rabbit anti-GFP antibodies, respectively. ‘—" and ‘+" denoted the absence and presence of JL-8 antibody
in the corresponding immunoprecipitation. (c) FE65 interacts with ARNO at the endogenous level. ARNO was immunoprecipitated from rat brain homogenate by
using a mouse anti-ARNO (H-7) antibody. FE65 and ARNO in the rat brain lysate and immunoprecipitants were detected with goat anti-FE65 (E-20) and rabbit anti-
ARNO antibodies, respectively. ‘—" and ‘+ denoted the absence and presence of H-7 antibody in the immunoprecipitations, respectively. (¢) ARNO PH domain is
required for interacting with FE6S. Cells were transfected with FE65 and either GST, GST-ARNO'** (CC + Sec7), GST-ARNO®*3* (PH + CtH/PBR), GST-ARNO*** 3%
(PH) or GST-ARNO®73% (CtH/PBR), respectively. The transfected cell lysates were incubated with glutathione Sepharose 4B for capturing the GST proteins. FE65 in
the lysates and pulldowns were detected with a goat anti-FE65 (E-20) antibody, while GST proteins were detected with a rat anti-GST antibody. The bottom panel
shows schematic diagrams of various GST-tagged ARNO fragments used in the assay. (e,f) FE65 PTB2 domain is needed for interacting with ARNO. (e) Bacterially
purified GST-ARNO®>2%¢ (PH) was used as bait to capture various FE65 deletion mutants from the transfected cell lysates as indicated. FE65 in the lysates and
pulldowns was detected with goat anti-FE65 (E-20) antibody. The bait amounts in the pulldowns were revealed by a Coomassie blue gel. The bottom panel shows
schematic diagrams of various FE65 deletion mutants used in the assay. (f) Cells were transfected with either FE65 + ARNO or FE65 APTB2 + ARNO, respectively.
ARNO was immunoprecipitated with a mouse anti-FLAG (M2) antibody. FE65 and ARNO in the lysates and immunoprecipitants were detected with goat anti-FE65
(E-20) and rabbit anti-ARNO antibodies, respectively. ‘—" and ‘+" denoted the absence and presence of M2 antibody in the immunoprecipitations, respectively. (g)
FE65 directly interacts with ARNO. Bacterially purified GST and GST-ARNO?>% (PH) were used to capture the purified His-tagged FE65 PTB2 domain. The left panel
shows the Coomassie blue gel of the recombinant proteins. The right panel shows the pulldown assays. His-FE65 PTB2 in the pulldown was detected with anti-His
antibody. (h) FE65 Arg605 is essential for interacting with ARNO. Cells were transfected with ARNO, together with either FE65 or FE65"", respectively. Mouse anti-
FLAG (M2) antibody was used to immunoprecipitate ARNO from the transfected cell lysate. FE65 and ARNO in the lysates and immunoprecipitants were detected
with goat anti-FE65 (E-20) and rabbit anti-ARNO antibodies, respectively. ‘—" and ‘+" denoted the absence and presence of M2 antibody in the immunoprecipita-
tions, respectively. The bar chart shows the fold change of relative FE65 level in the immunoprecipitants + s.d. Three independent experiments were performed, and
statistical analysis was performed using unpaired t-test. *p < 0.001.
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a size control. Various subcellular compartment marker anti-
bodies were employed in western blot analyses to determine
the purity of the plasma membrane preparations.

2.14. Statistical analysis

All experiments were repeated at least three times. Statistical
analyses were performed using one-way ANOVA with Bonfer-
roni post hoc test or unpaired t-test. Significance is indicated as
*p <0.001; **p <0.01; **p <0.05; n.s., not significant (p >0.05),

2.11. Immunofluorescence and colocalization analysis
respectively. Error bars show either s.d. or SEM.

The staining of ARNO, ARF6 and FE65 in HEK293 cells, and
the growth cone of cultured primary cortical neurons were
performed as previously described [13,14]. Images were cap-

tured using Leica TCS SP8 confocal microscope with HC PL
APO CS2 63x/1.40 oil objective. Colocalization analyses were
performed as previously described by using Image] with
Coloc2 plugin, with the immunolocalization quantification
strategy being Li’s intensity correlation quotient (ICQ)
[13,14,19]. Three independent experiments were performed
in a blind manner with at least 40 cells analysed. Statistical
analyses were performed using a one-way ANOVA test
with Bonferroni post hoc test. Differences were considered
significant at p <0.05.

2.12. Proximity ligation assay

Proximity ligation assay (PLA) was performed in HEK293
cells by using a Duolink In Situ-Fluorescence kit (Sigma) as
described [13,14,20]. Mouse anti-myc 9B11 and goat anti-
GST or mouse anti-FLAG (M2) and goat anti-GST were
used as primary antibodies for labelling the endogenous pro-
teins. Cells were also stained with rabbit anti-p-tubulin as a
morphology marker.

2.13. Densitometric analysis of western blots

Densitometric analysis of western blots was performed by
using ChemiDoc Touch Imaging System (Bio-Rad) and
analysed with Image Lab Software (Bio-Rad). Data were
obtained from at least three independent experiments.

3. Results

3.1. FE65 directly interacts with ARNO through the
PTB2 domain

To determine whether FE65 interacts with ARNO, we first
performed a bacterial glutathione S-transferase (GST) pull-
down assay. Escherichia coli-expressed GST and GST-ARNO
were used as baits to pull down FE65 in transfected cell
lysates. The specific pulldown of FE65 was detected using
GST-ARNO (figure 1a). Next, we performed an immunopre-
cipitation assay to confirm the FE65—-ARNO interaction.
ARNO was immunoprecipitated from cells transfected with
FE65 and FE65+ ARNO. As shown in figure 1b, FE65 was
co-immunoprecipitated with ARNO. The FE65-ARNO inter-
action was also detected in an immunoprecipitation assay of
rat brain lysate (figure 1c), suggesting that FE65 interacts with
ARNO endogenously.

Next, we determined the regions in ARNO and FE65 that are
responsible for their interaction. To do this, GST-tagged con-
structs comprising different ARNO domains were generated
(figure 1d, bottom panel) and used to pull down FE65 from
the transfected cells. FE65 could only be pulled down by the
Pleckstrin homology (PH) domain-containing constructs (i.e.
GST-ARNO*?* or GST-ARNO*" %, figure 1d). Deletion of
the FE65 PTB2 domain (FE654PTB2) abolished the FE65-
ARNO interaction in pulldown assay using GST-ARNO*>?%¢
as bait (figure le). The importance of the FE65 PTB2 domain
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Figure 2. (Caption overleat.)

was further confirmed by a co-immunoprecipitation assay in
which FE65, but not FE654APTB2, co-immunoprecipitated with
ARNO (figure 1f). We also performed an in vitro binding
assay using recombinant His-tagged FE65 PTB2 and
GST-ARNO?" 3¢ to determine whether FE65 directly interacts
with ARNO. His-tagged FE65 PTB2 was pulled down by
GST-ARNO* ¢, but not GST (figure 1g). Using alanine

screening mutagenesis, we found that the arginine 605 residue
(R605) of FE65 was critical for the FE65-ARNO interaction, as
the interaction was markedly weakened by an R605A mutation
(FE65°"*) as determined in a co-immunoprecipitation assay
(figure 1h). Together, our data showed that ARNO is a novel
interactor of FE65 and their interaction is mediated by the
FE65 PTB2 and ARNO PH domains.



Figure 2. (Overleaf.) FE65-ARNO interaction potentiates ARF6 activation and neurite outgrowth. (,b) FE65—ARNO interaction potentiates ARF6 activation. Cells were [
transfected as indicated. Activated ARF6 in cell lysates was captured by GGA3 baits. The amount of ARF6-GTP was analysed by immunoblotting. Bar charts show the
fold changes of relative amount of ARF6-GTP (i.e. ARF6-GTP in pulldown/total ARF6 in lysate). Myc-tagged ARF6, FE65, ARNO and ow-tubulin were detected using
mouse 9B11, rabbit anti-ARNO, mouse anti-ci-tubulin (DM1A) antibodies, respectively. (a) ARF6 activation was stimulated by FE65 overexpression but not FE657>",
ARNO potentiated ARF6 activation. More potent effects were observed in co-expression of FE65 and ARNO. The expression of FE657°*** inhibited such effect. (b) KO of
FE65 reduces the effect of ARNO on ARF6 activation. (c—e) FE65—ARNO interaction potentiates neurite outgrowth. Rat embryonic cortical neurons were transfected
with plasmid DNAs and/or siRNAs as indicated. EGFP was co-transfected as a morphology marker. DNAs used for transfections were of same amount. Bar charts show
the fold changes of mean neurite length of the longest neurite. (c) KD of ARNO reduces the effect of FE65. Representative neuron images were shown. (d) KD of
FE65 reduces the effect of ARNO. (¢) FE65 and ARNO potentiates neurite outgrowth but not FE65"™". More potent effects were observed in the neurons co-
transfected with FE65 + ARNO and FE65 + ARF6. Further potentiation was observed in the FE65 + ARF6 + ARNO co-transfected neurons. Potentiation effect
was not observed in the neurons co-transfected with FE65™". (f) FE65™™" does not affect FEG5—ARF6 interaction. Bacterially purified GST and GST-ARF6
were used as baits to capture FE65 and FE65"** from the transfected cell lysates. FE65 in the lysates and pulldowns was detected with a goat anti-FE65
(E-20) (1: 5000) antibody. The bait amounts in the pulldowns were revealed by a Coomassie blue gel. (g) FE65 interacts with ARNO and ARF6 simultaneously
at endogenous level. ARF6 was immunoprecipitated from rat brain homogenate. Immunoprecipitated FE65, ARNO and ARF6 were detected using goat anti-
FE65 (E20) antibody, rabbit anti-ARNO antibody and mouse anti-ARF6 3A-1 antibody, respectively. ‘—" and ‘+' denoted the absence and presence of mouse
anti-ARF6 antibody in the immunoprecipitations, respectively. (h) FE65 mediates the formation of ARNO-FE65—ARF6 complex. ARF6 was immunoprecipitated
from wildtype and FE65 KO HEK293 cells by using mouse anti-ARF6 (3A-1) antibody. Immunoprecipitated FE65, ARNO and ARF6 were detected using goat
anti-FE65 (E20) antibody, rabbit anti-ARNO antibody and mouse anti-ARF6 (3A-1) antibody. (i) ARF6, ARNO and FE65 colocalize in growth cone. Rat embryonic
cortical neurons were immunostained at DIV3 for the detection of endogenous ARF6, ARNO and FE65 using mouse anti-ARF6 3A-1, rat anti-ARNO, rabbit anti-FE65,
respectively. Zoomed area of boxes with growth cones are shown. Scale bar is 10 um. A representative neuron is shown. () ARF6, ARNO and FE65 localize to the
PM. PM of rat primary cortical neurons was isolated using a Qproteome Plasma Membrane Protein Kit (Qiagen). Total lysate and plasma membrane (PM) elution
were analysed by immunoblotting with anti-FE65 (E20), anti-ARF6 (3A-1) and anti-ARNO, respectively; together with various subcellular compartment marker
antibodies including pan-cadherin, c-Jun, 3-COP, COX IV and GAPDH.
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However, FE65R°%4 did not potentiate ARF6-mediated neur-
ite outgrowth (figure 2e, bar 8 versus 9). A GST-ARF6
pulldown assay showed that the FE65%°* mutation did
not interfere with the FE65-ARF6 interaction (figure 2f).
This observation suggested that ARNO is required for
FE65/ ARF6-mediated neurite extension, and therefore, we
postulated that these three proteins may form a functional
complex. To test this hypothesis, ARF6 was immunoprecipi-
tated from rat brain lysates. FE65 and ARNO were detected
in the same precipitant (figure 2g). Moreover, the amount
of ARNO co-immunoprecipitated with ARF6 was markedly

3.2. The FE65-ARNO interaction potentiates ARF6
activation and neurite outgrowth

As ARNO is a reported GEF for ARF6, we hypothesized that
FE65 interacts with ARNO to potentiate ARF6 activation. To
test this hypothesis, an ARF6 activation assay was per-
formed. Activated ARF6 was pulled down from cells
transfected with FE65, FE65°°***, ARNO, ARNO + FE65,
and ARNO + FE65R0054, Overexpression of FE65, but not
FE65R%A  stimulated ARF6 activation (figure 2a, left
panel). Notably, co-expression of FE65 and ARNO substan-

tially enhanced ARF6 activation. Again, FE65%°** did not
potentiate  ARNO-mediated ARF6 activation (figure 2a,
right panel). We also found that ARNO-mediated ARF6 acti-
vation was significantly reduced in FE65 KO cells (figure 2b).

As stated above, both ARNO and FE65 participate in
neurite development. Therefore, we investigated their effects
on neurite extension using an enhanced green fluorescence
protein-based neurite outgrowth assay. As illustrated in
figure 2c, FE65-mediated neurite outgrowth was markedly
attenuated in ARNO KD neurons. Similarly, the KD of FE65
reduced the effect of ARNO on neurite outgrowth
(figure 2d). To further delineate the role of the FE65-ARNO
interaction, the binding-defective mutant FE65R%A  was
used. Neurite outgrowth was enhanced in rat embryonic cor-
tical neurons transfected with either FE65 (figure 2e, bar 1
versus 2) or ARNO (figure 2¢, bar 1 versus 4). The stimu-
latory effect of FE65 was markedly attenuated by the
FE65R%%A mutation (figure 2e, bar 2 versus 3). Co-transfec-
tion of ARNO with FE65, but not FE65°°**, further
potentiated neurite extension (figure 2e, bar 2/4 versus 6
versus 7).

In addition to ARNO, our previous study demonstrated
an interaction between ARF6 and FE65 via its PTBI
domain. The combined overexpression of FE65 and ARF6
stimulated neurite outgrowth more than the individual over-
expression of FE65 or ARF6 (figure 2e, bar 2/5 versus 8).

reduced in FE65 KO cells as compared with the wild-type
cells (figure 2h). Confocal microscopic analysis showed that
proportions of FE65, ARF6, and ARNO were co-localized at
the growth cone (figure 2i), a region with active cytoskeleton
dynamics for neurite extension. Moreover, biochemical iso-
lation revealed the presence of all three proteins in the PM
(figure 2j), where ARF6 modulates cytoskeletal remodelling.
Of note, co-expression of FE65, but not FE65R0%54 poten-
tiated ARF6/ARNO-mediated neurite outgrowth (figure 2e,
bar 10 versus 11). Taken together, our data suggest that
ARF6/ARNO-mediated neurite outgrowth may be poten-
tiated by FE65, at least in part, through initiating the
formation of an ARNO-FE65-ARF6 complex.

3.3. FE65 disrupts the intramolecular interaction of
ARNO

Autoinhibition is a reported mechanism for regulating the
activity of several families of GEFs. It usually involves an intra-
molecular interaction(s) in the GEF domain to hinder the access
of the corresponding small GTPase [21]. Cytohesin family
proteins, including ARNO, have been shown to adopt autoin-
hibited conformation. The intramolecular association of the
Sec7 domain and the C-terminal helix/polybasic region
(CtH/PBR) has been shown to be essential for the autoinhib-
ited conformation [22]. Moreover, a role of the interaction
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Figure 3. (Overleaf) FEGS disrupts the intramolecular assodiation of ARNO. (a) FE65 interferes ARNO fragments interaction in GST-pulldown assays. Recombinant GST-  [JEJ
ARNO?"% His-ARNO'~2"°, His-FE65 PTB2 and His-FE65 PTB2%** were expressed and purified from E coli. GST-ARNO”"% was used as ‘bait’ to pull down His-ARNO'
% in the presence of either His-FE65 PTB2 or His-FE65 PTB2"™". The purified recombinant proteins were analysed by SDS-PAGE (left top panel). The domain structure of
GST-ARNO?' % and His-ARNO'™>"° are shown (left bottom panel). The amount of His-ARNO'>"° in the pulldown was significantly reduced in the presence of His-FE65
PTB2, but not His-FE65 PTB2"™" (right top panel). Data were obtained from three independent experiments. *, p < 0.001. Error bars, s.d. (b) FE65 interferes ARNO
fragments interaction in PLAs. Myc-ARNO'® and GST-ARNO”"* were transfected into HEK293 cells with mock, FE65, or FE65™™" () Myc-ARNO™" and GST-
ARNO?"* were transfected to WT and FE65 KO HEK293 cells. In (b,0), mouse anti-myc 9811 and goat anti-GST were used as primary antibodies for PLAS to capture
myc-ARNO'#"° and GST-ARNO*"">*”, respectively. In B, reduced number of PLA signals were observed in the cells co-transfected with FE65 as compared with mock
transfection or cells co-transfected with FE65**". More PLA signals were observed in FE65 KO cells than in the WT counterpart. In B and C, scale bar =10 pm.
Cells were stained with anti-B-tubulin and DAPI as morphology and nudleus markers, respectively. The bar charts show the relative fold change of PLA signal in different
transfections. Data were obtained from at least 40 cells per transfection, and the experiments were repeated three times. *p < 0.001. Error bars, SEM.

between the PH and coiled-coil (CC) domains in the autoinhib-
ited conformation has also been proposed [23]. Several GEF-
interacting proteins have been reported to trigger the relief of
GEF autoinhibition [13,24]. Therefore, we aimed to determine
whether FE65 alters the intramolecular association of ARNO.
His-ARNO"?” and GST-ARNO*'*” fragments consisting of
the CC+Sec7+Sec7-PH linker and the PH+CtH/PBR
domains, respectively (figure 3a left bottom panel), were
expressed and purified from E. coli for GST-pulldown assays.
As shown in figure 3a, GST-ARNO*'** pulled down
ARNO 27, Of note, the interaction between the two fragments
was significantly inhibited in the presence of the recombinant
FE65 PTB2 domain, but not the FE65 PTB2R%A mutant.

To confirm the above observation, PLAs were performed
in cells transfected with myc-ARNO'*”° and GST-ARNO?"*%
Fluorescent PLA signals were observed in the transfected
cells, indicating the interaction between the two ARNO frag-
ments. The number of PLA signals was reduced by
approximately 40% in the cells co-transfected with FE65 but
not FE65%¢%>* (figure 3b). Conversely, the association between
the two ARNO fragments increased significantly in FE65 KO
cells compared with wild-type cells (figure 3c). Collectively,
these findings indicate that the FE65-ARNO interaction
plays a role, at least in part, in relieving ARNO autoinhibition.

3.4. FE65 facilitates the endosomal recycling of ARNO

Endosomal recycling is a pathway for membrane trafficking
between the recycling endosome and the PM. The PM is a
compartment where ARF6 regulates the dynamics of the
cytoskeleton [25]. As FE65 has been shown to modulate
endosomal recycling [14], we enquired whether FE65 influ-
ences endosomal recycling of ARNO. Endocytic recycling
compartment (ERC) is a tubular and vesicular membrane
structure that regulates cargo recycling to the PM, and
Rab1l is concentrated in this structure [26-28]. We therefore
analysed the colocalization of ARNO and Rab11 in the com-
partment, using confocal microscopy and intensity
correlation analyses. Cells were transfected with either
ARNO + ARF6, ARNO + ARF6 + FE65 or ARNO + ARF6 +
FE65R%%A and then stained for ARNO and Rabl1, a marker
of the recycling endosome. Significant colocalization of
ARNO and Rabll was observed in the presence of FE65
(intensity correlation quotient [ICQ], 0.20+0.014 versus
mock, 0.12+0.012; n=40; p <0.001; figure 4a). By contrast,
FE65%¢*** showed no significant effect on the colocalization
of ARNO and Rabl1l (ICQ, 0.15+0.011; figure 4a). In FE65
KO cells, a marked reduction in the colocalization of
ARNO and Rab1l was detected (ICQ wild-type versus KO,
0.15+0.027 versus 0.05+0.023; figure 4b). Biochemical

isolation experiments also revealed a decrease in the levels
of ARNO and ARF6 in the recycling endosome-enriched frac-
tion from FE65-KO cells (figure 4c). We further analysed the
effect of FE65 on the colocalization of ARF6 and ARNO in
the PM. We observed the colocalization of ARF6 and
ARNO (ICQ 0.16 £0.006) on the cell surface (figure 4d).
The colocalization of ARF6 and ARNO increased signifi-
cantly when they were co-transfected with FE65 (ICQ
0.20 +0.006), but not FE65%°*>* (ICQ, 0.14 = 0.007). Moreover,
the amounts of ARNO and ARF6 in PM fraction were mark-
edly increased in the cells co-transfected with FE65, but not
the mutant counterpart, as compared with the control
(figure 4e). Hence, our data suggest that FE65 promotes the
targeting of ARNO to the PM through the endosomal
recycling pathway.

3.5. ARNO dimerization is required for FE65-mediated
neurite outgrowth

As stated earlier, ARF6 regulates cytoskeletal remodelling at
the PM. ARNO has been shown to form homodimer via its
CC domain, which facilitates its translocation to the PM [29].
To determine the role of ARNO dimerization in ARF6 acti-
vation, we used a monomeric ARNO mutant (mnARNO), in
which the first 49 amino acid residues were deleted [30]. We
found that the ability of mARNO to activate ARF6 was greatly
attenuated compared with the wild-type ARNO (figure 5a left
panel). The effect of ARNO, but not mARNO, on ARF6 acti-
vation was markedly reduced in FE65 KD cells (figure 5a;
wild-type cells versus FE65 KD cells, 12.95 versus 5.67 fold
increase). The potencies of ARNO and mARNO in activating
ARF6 were similar (figure 5a right panel). On the other
hand, overexpression of FE65 only potentiated the effect of
ARNO, but not mARNO, on ARF6 activation (figure 5b). Simi-
larly, mARNO did not stimulate neurite outgrowth either in
the presence or absence of ARF6 (figure 5c).

As we showed that FE65 promoted ARF6 activation in the
presence of wild-type ARNO but not mARNO, we tested the
combined effect of FE65 and ARNO or mARNO on neurite
outgrowth. We found that FE65 further potentiated neurite
outgrowth only in neurons co-transfected with ARNO, but
not in those transfected with the monomeric mutant
(figure 5d). In FE65 KD neurons, the effect of ARNO on neur-
ite outgrowth was markedly attenuated (figure 5e). By
contrast, there was no noticeable effect of mMARNO on neurite
extension in either control or FE65 KD neurons (figure 5e).
Our data suggest that FE65 triggers ARF6 activation and
neurite outgrowth in cells transfected with ARNO, but not
the monomeric ARNO mutant.
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Figure 4. (Caption overleat.)

participates in several small GTPase signalling pathways by
interacting with small GTPases and/or their regulators. For
FE65 is a versatile adaptor protein that plays roles in many cel- instance, FE65 interacts with Dexrasl, a member of the Ras
lular processes. Increasing evidence suggests that FE65 superfamily of small G-proteins, to regulate the expression of



Figure 4. (Overleaf.) FE65 facilitates the endosomal recycling of ARNO. (a,b) The ERC localization of ARNO is enhanced by FE65. (a) HEK293 cells were transfected
with either ARNO + ARF6, ARNO -+ ARF6 -+ FE65 or ARNO + ARF6 + FE65F%A. (h) WT and FE65 KO HEK293 cells were transfected with ARNO + ARF6. The cells in
(@) and (b) were stained for Rab11 and ARNO by a rabbit anti-Rab11 and a mouse anti-ARNO, respectively. The co-localization of Rab11 and ARNO in the endocytic
recycling compartment (ERC) (circled) was analysed by intensity correlation analyses (ICAs) using ImageJ with Coloc2 plugin. Zoomed area of boxes with ERCs are
shown. For random staining, intensity 1CQ = 0; for dependent staining (colocalization), 0 < 1CQ < +0.5; for segregated staining, —0.5 < ICQ < 0. Scale bar is 10 pm.
The intensity correlation quotients (ICQs) from at least 40 cells were obtained from each condition. Three independent experiments were performed in a blind
manner. In (), overexpression of FE65, but not FE65"™*", increased the colocalization of Rab11 and ARNO in the ERC. In (b) KO of FE65 significantly reduced
Rab11 and ARNO colocalization in the ERC. (¢) The amount of ARNO in the recycling endosome is reduced in FE65 KO cells. Endosomes from wildtype or
FE65KO HEK293 cells were isolated by using density gradient ultracentrifugation. The protein contents in the collected fractions were analysed by immunoblotting.
Rab11-positive endosome was mainly detected in fraction 7. The purity of the fractions was confirmed by analysing with various subcellular compartment marker
antibodies, including Rab11, B-COP, COX-IV and GAPDH (data not shown). The amounts of ARNO and ARF6 in faction 7 were analysed. A significant reduction of
ARNO and ARF6 were detected in fraction 7 from FE65 KO as compared with the wild-type counterpart. Data were obtained from three independent experiment.
**p < 0.01; ***p < 0.05 Error bars, SD. (d) FE65 increases the co-localization of ARF6 and ARNO at the PM. HEK293 cells were transfected with either ARF6 + ARNO,
FE65 + ARF6 + ARNO or FE65"** +ARF6 -+ ARNO. FE65, ARNO, ARF6 were stained with rabbit anti-FE65 and rat anti-ARNO and mouse anti-ARF6 (3A-1), respect-
ively. The colocalization of ARF6 and ARNO on the PM within the region of interest (ROI) was analysed by ICA as stated in (a). An example of circled ROl was
illustrated in the top row. Scale bar is 10 um. Bar chart shows the mean 1CQ of ARNO and ARF6. For random staining, intensity ICQ = 0; for dependent staining
(colocalization), 0 < ICQ < +0.5; for segregated staining, —0.5 < ICQ < 0. Expression of FE65, but not FE657**", increased the colocalization of ARNO and ARF6 on
the PM. At least 40 cells were analysed from each condition. *p < 0.001; ***p < 0.05. Error bars, SEM. (e) FE65 promotes ARNO and ARF6 PM distribution. PM
fractions of HEK293 cells transfected with either ARF6 + ARNO, FE65 + ARF6 -+ ARNO, or FE65"**+ARF6 -+ ARNO were isolated using a Qproteome Plasma Mem-
brane Protein Kit (Qiagen). Total lysates and PM elutions were analysed by immunoblotting with anti-FE65 (E20), anti-ARF6 (3A-1) and anti-ARNO, respectively;

together with marker antibodies incduding pan-cadherin (PM) and GAPDH (cytoplasm).

glycogen synthase kinase 35 [31]. Moreover, FE65 has been
found to regulate Racl by binding to the ELMO1/DOCK180
bipartite GEF of Racl [13]. A study also reported a direct inter-
action between FE65 and Racl [32]. Furthermore, ARF6
interacts with FE65 via the PTB1 domain to stimulate neurite
outgrowth through a yet to be identified mechanism. It is note-
worthy that deletion of either the PTB1 or PTB2 domain
abrogates the ability of FE65 to stimulate neurite outgrowth
[4]. Our biochemical analyses showed that the ARF GEF
ARNO is a novel FE65 PTB2 domain interactor that stimulates
neurite extension. We also identified a trimeric complex of
ARNO, FE65, and ARF6. Importantly, FE65 potentiates the
effects of ARNO on ARF6 activation and ARF6-mediated
neurite outgrowth. Hence, FE65 may function in bringing
ARNO and ARF6 in close proximity to activate ARF6.

Additionally, our data showed that FE65 may regulate
ARNO functions by modulating the autoinhibited confor-
mation of the GEF. Intramolecular inhibition is commonly
found in GEFs, including cytohesins [22]. Cytohesin family
proteins share a conserved domain structure comprising an
N-terminal CC domain, a Sec7 catalytic domain, a PH
domain and a CtH/PBR. It has been suggested that the
Sec7-CtH/PBR and CC-PH associations participate in the
intramolecular interaction of cytohesin, which occludes the cat-
alytic Sec7 domain [22,23]. Mounting evidence indicates that
autoinhibited conformation of GEFs can be altered by their
interactors. For instance, binding of Rabaptin-5 to Rabex-5
GEF leads to the exposure of the catalytic site for the activation
of Rab5 GTPase [24]. Conversely, the autoinhibited confor-
mation of P-Rex2 GEF for Rho GTPases is strengthened by
an interaction with PTEN [33]. It has been proposed that the
PH domain of cytohesin 1 plays a significant role in relieving
the autoinhibited conformation [30]. As we demonstrated that
FE65 interacts with the PH domain of ARNO, it is possible that
FE65 competes with the ARNO CC domain for the ARNO PH
domain, consequently disrupting the intramolecular inter-
action of ARNO. Our findings are consistent with the
current understanding of GEF/cytohesin regulation.

The dimerization/oligomerization of GEF proteins is
another regulatory mechanism for nucleotide exchange

activity. For example, the GEF activity of LARGE, a Rho
GEE is negatively regulated by its C-terminal region, which
is responsible for oligomerization [34]. However, the mechan-
ism(s) by which dimerization/oligomerization regulate(s) the
catalytic function of cytohesin proteins remain(s) elusive.
ARNO forms a homodimer via the N-terminal CC domain,
which is proposed to be required for the efficient targeting
of ARNO to the PM, where it activates ARFs [29,35]. Our cel-
lular ARF6 activation assay data agree with this proposal, as
wild-type ARNO was more potent than the monomeric
ARNO mutant at activating ARF6. We also found that FE65
further potentiated the activity of ARNO, but not mARNO,
toward ARF6. Hence, it is possible that FE65 functions in
modulating ARNO dimerization.

The PM is the major site for ARF6 signalling [25]. A PH
domain in the ARNO homodimer has been found to interact
with membrane phospholipids, and this interaction is critical
for ARF activation [30]. The mechanism whereby ARNO is
trafficked to the PM remains unclear. We have shown here
that the amount of ARNO in the recycling endosome is
reduced in FE65 KO cells, which is consistent with a previous
finding that FE65 promotes PM targeting through the endo-
somal recycling pathway [14]. FE65 may also assist the
initial docking of ARNO to the PM, as FE65 has been shown
to interact with several membrane-bound proteins that are
implicated in neurite outgrowth, including low-density
lipoprotein receptor-related protein [36-38].

It has been demonstrated that ARF6-ARNO functions
upstream of ELMO1-DOCK180 to activate Rac1 [39]. Our pre-
vious finding shows that FE65 stimulates Racl-mediated
neurite outgrowth by connecting ARF6 and ELMOI-
DOCKI180 to form a multimeric complex [14]. Our data
here suggest that ARNO can also be recruited into the com-
plex by FE65 to potentiate the ARF6 activation. Thus, FE65
functions in mediating the formation of the multimeric com-
plex to promote its trafficking to PM through the ARF6-
ARNO-mediated endosomal recycling pathway. Once
arrived, Racl on PM can be activated by ELMO1-DOCK180
Racl GEF in the complex. In addition to neurite outgrowth,
the complex may function in other cellular events such as
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Figure 5. ARNO dimerization is required for FE65-mediated neurite outgrowth. (a) FE65 KD hinders the GEF function of ARNO but not mARNO. Cells were transfected either
with mock, ARNO, mARNO, ARNO -+ FE65si, or mARNO + FE65si. The level of activated ARF6 in the cell lysates was analysed with an active ARF6 pulldown kit (Cell Biolabs)
according to the manufacturer’s instructions. ARNO was more potent in activating ARF6 than the mARNO (left panel). The effect of ARNO, but not mARNO, on ARF6
activation was reduced markedly in FE65 KD cells (right panel). (b) FE65 potentiates ARF6 activation in the presence of ARNO but not mARNO. Activated ARF6 in
mock, ARNO, ARNO + FE65 and mARNO + FE65 transfected cell lysates were analysed. Co-expression of FE65 could only potentiate the effect of ARNO, but not
mARNO, in ARF6 activation. In (a) and (b), bar charts show the mean fold change of relative ARF6-GTP level in the pulldowns + SD. For (a) and (b), three independent
experiments were performed. *p < 0.001; **p < 0.01; ***p < 0.05; n.s., p > 0.05. (c—e) Rat embryonic cortical neurons were cultured and transfected with plasmid DNAs
and/or siRNAs as indicated for neurite outgrowth analyses. All transfections received the same amount of DNAs and/or siRNAs. (c) ARNO, but not mARNO, promoted neurite
outgrowth either in the presence or absence of ARF6. (d) Co-expression of FE65 potentiated the effect of ARNO, but not mARNO, on neurite extension. (e). The effect of
ARNO, but not mARNO, on neurite outgrowth was significantly attenuated in FE65 KD neurons. For (c—e), bar charts show the fold change of mean neurite length + SEM. At
least 40 cells were counted in each transfection. Three independent experiments were performed. *p < 0.001; **p < 0.01; ***p < 0.05; n.s., p > 0.05.
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Figure 6. A schematic diagram illustrates the role of ARNO-FE65—-ARF6
interaction in neurite outgrowth. In the growth cone, FE65 interacts with
ARNO to impede the autoinhibited conformation of ARNO, consequently
ARF6 activation. The FE65—ARNO—ARF6 complex is then trafficked through
the endosomal recycling pathway to the PM to induce neurite outgrowth.

cell migration. It has been reported that FE65/FE65L1 KO
mice show cortical dysplasia which is caused by defective
neuroblast migration [40]. Noteworthy, ARF6-ARNO has
been shown to stimulate Rac-mediated cell motility via
ELMO-DOCK180 [39]. Hence, the multimeric complex may
also participate in modulating cell migration. Furthermore,
ARF6, ARNO and ELMO have been reported to function in
calcium regulation [41]. Of note, the level of calcium trans-
porter SERCA?2 is increased in FE65/FE65L1 double KO
mice which suggest a role of FE65 in calcium homeostasis
[42]. On the other hand, both ARF6 signalling and FE65
have been associated with lipid metabolism through the
regulation of lipid-modifying enzymes [43,44] and binding
to the low-density lipoprotein receptor family proteins [3],
respectively. As aberrant calcium homeostasis and lipid
metabolism have been observed in Alzheimer’'s disease
[45,46] and FE65 is implicated in the pathogenesis of the dis-
ease [3], it is worthwhile to determine the roles of the ARF6-
ARNO-FE65-ELMO1-DOCK180 multimeric complex in both
physiological and pathological conditions.

In addition to ARNO, FE65 PTB2 domain binds to the amy-
loid precursor protein (APP) intracellular domain (AICD). Of
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note, APP has been implicated in neurite extension. The soluble
ectodomain of APP (sAPP) has been shown to stimulate neurite
outgrowth [47-49]. By contrast, full-length APP has been
reported to inhibit the process [50]. Thus, the exact roles of
APP in neurite outgrowth remain to be defined. Notably,
APP has been proposed to function as a cytosolic docking
site for FE65 [51]. As we show here that the interaction between
FE65 and ARNO potentiates neurite outgrowth, APP may inhi-
bit the process by competing with ARNO for FE65. Therefore,
mechanism(s) that governs the formation of FE65-APP and/or
FE65-ARF6-ARNO complexes may modulate neurite exten-
sion. One possible mechanism is protein phosphorylation, a
process that plays essential roles in neurite outgrowth [52].
Intriguingly, FE65 is a phosphoprotein with several reported
phosphorylation residues that modulate FE65-APP interaction
[53,54]. Phosphorylation of APF, ARF6 and ARNO are also
reported [55-60]. Notably, neurite degeneration and aberrant
protein phosphorylation are associated with Alzheimer’s dis-
ease [61,62]. Hence, coordinated phosphorylation of APE
ARF6, ARNO and FE65 may function to regulate neurite out-
growth in normal and disease conditions by mediating the
formation of different types of FE65-containing complexes.
Regeneration of the nervous system was once considered to
be unachievable. However, increasing evidence suggests that
suitable stimulation may cause injured neurons to regenerate.
Neurite damage and atrophy are often observed following
neuronal damage resulting from brain injuries, neurodegene-
rative diseases, and age-related neural degeneration. The
activation of intrinsic pathways of neurite outgrowth may,
therefore, trigger neurite regeneration [63]. Our finding that
FE65 activates ARNO and consequently, neurite outgrowth,
provides a novel target for stimulating neurite regeneration.
In summary, FE65 binds to ARNO to disrupt the intramole-
cular association of ARNO, thereby potentiating ARF6-
mediated neurite outgrowth by targeting ARNO and ARF6
to the PM through the endosomal recycling pathway (figure 6).

Data accessibility. This article has no additional data.

Authors” contributions. Y.Z.: conceptualization, data curation, formal analy-
sis, investigation, methodology, validation, writing—original draft,
writing—review and editing; W.W.R.C.: conceptualization, data cura-
tion, formal analysis, investigation, methodology, validation,
writing—original draft, writing—review and editing; W.L.: data cura-
tion, formal analysis, investigation, methodology, writing—original
draft, writing—review and editing; K.L.: conceptualization, data cura-
tion, formal analysis, funding acquisition, investigation, methodology,
project administration, supervision, validation, visualization, writ-
ing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. The authors declare no competing interests.

Funding. This work was supported by funds from the Research Grants
Council Hong Kong, Health and Medical Research Fund (Hong
Kong), CUHK direct grant scheme, United College endowment
fund and the TUYF Charitable Trust.

Augustin V, Kins S. 2021 Fe65: a scaffolding protein
of actin regulators. Cells 10, 1599. (doi:10.3390/
cells10071599)

L£00ZZ T>L ‘Joig uadp  qosi/jeusnol/ba0-buiysiigndianosiesos E


http://dx.doi.org/10.1016/j.tcb.2008.02.002
http://dx.doi.org/10.1016/j.tcb.2008.02.002
http://dx.doi.org/10.1091/mbc.E18-12-0820
http://dx.doi.org/10.1091/mbc.E18-12-0820
https://doi.org/10.3390/cells10071599
https://doi.org/10.3390/cells10071599

Cheung HN, Dunbar C, Morotz GM, Cheng WH, Chan HY,
Miller CC, Lau KF. 2014 FE65 interacts with
ADP-ribosylation factor 6 to promote neurite outgrowth.
FASEB J. 28, 337-349. (d0i:10.1096/j.13-232694)

Ma Z, Nie Z, Luo R, Casanova JE, Ravichandran KS.
2007 Regulation of Arf6 and ACAP1 signaling by the
PTB-domain-containing adaptor protein GULP. Curr.
Biol. 17, 722-727. (d0i:10.1016/j.cub.2007.03.014)
Frank S, Upender S, Hansen SH, Casanova JE. 1998
ARNO s a guanine nucleotide exchange factor for
ADP-ribosylation factor 6. J. Biol. Chem. 273,
23-27. (doi:10.1074/jbc.273.1.23)

Donaldson JG, Jackson CL. 2011 ARF family G
proteins and their regulators: roles in membrane
transport, development and disease. Nat. Rev. Mol.
Cell Biol. 12, 362-375. (doi:10.1038/nrm3117)
Hernandez-Deviez DJ, Casanova JE, Wilson JM. 2002
Regulation of dendritic development by the ARF
exchange factor ARNO. Nat. Neurosci. 5, 623—624.
(doi:10.1038/nn865)

Hernandez-Deviez DJ, Roth MG, Casanova JE, Wilson
JM. 2004 ARNO and ARF6 regulate axonal
elongation and branching through downstream
activation of phosphatidylinositol 4-phosphate 5-
kinase alpha. Mol. Biol. Cell 15, 111-120. (doi:10.
1091/mbc.e03-06-0410)

Huh M, Han JH, Lim (S, Lee SH, Kim S, Kim E,
Kaang BK. 2003 Regulation of neuritogenesis and
synaptic transmission by msec7-1, a guanine
nucleotide exchange factor, in cultured Aplysia
neurons. J. Neurochem. 85, 282—-285. (1718 [piil).
Lim J, Zhou M, Veenstra TD, Morrison DK. 2010 The
(NK1 scaffold binds cytohesins and promotes insulin
pathway signaling. Genes Dev. 24, 1496—1506.
(doi:10.1101/gad.1904610)

Venkateswarlu K. 2003 Interaction protein for
cytohesin exchange factors 1 (IPCEF1) binds
cytohesin 2 and modifies its activity. J. Biol. Chem.
278, 43 460-43 469. (doi:10.1074/jbc.M304078200)
Li W, Tam KMV, Chan WWR, Koon AC, Ngo JCK,
Chan HYE, Lau KF. 2018 Neuronal adaptor FE65
stimulates Rac1-mediated neurite outgrowth by
recruiting and activating ELMO1. J. Biol. Chem. 293,
7674-7688. (doi:10.1074/jbc.RA117.000505)

Chan WWR, Li W, Chang RCC, Lau KF. 2020 ARF6-
Rac1 signaling-mediated neurite outgrowth is
potentiated by the neuronal adaptor FE65 through
orchestrating ARF6 and ELMO1. FASEB J. 34, 16
397-16 413. (doi:10.1096/f}.202001703R)

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA,
Zhang F. 2013 Genome engineering using the
CRISPR-Cas9 system. Nat. Protoc. 8, 2281-2308.
(doi:10.1038/nprot.2013.143)

Chan WWR, Li W, Chau DLD, Lau KF. 2019 An
enhanced green fluorescence protein-based assay
for studying neurite outgrowth in primary neurons.
J .Vis. Exp. 152, e60031. (doi:10.3791/60031)

de Araujo ME, Lamberti G, Huber LA. 2015
Homogenization of mammalian cells. Cold Spring
Harb. Protoc. 2015, 1009-1012. (doi:10.1101/pdb.
prot083436)

Chan WWR, Zhai YQ, Lau KF. 2021 Density gradient
ultracentrifugation for investigating endocytic

19.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

recycling in mammalian cells. J. Vis. Exp. 172,
62621. (doi:10.3791/62621)

Li Q, Lau A, Morris TJ, Guo L, Fordyce (B, Stanley
EF. 2004 A syntaxin 1, Galpha(o), and N-type
calcum channel complex at a presynaptic nerve
terminal: analysis by quantitative
immunocolocalization. J. Neurosci. 24, 4070-4081.
(doi:10.1523/INEUR0SCI.0346-04.2004)

Chau DD, Yung KW, Chan WW, An Y, Hao Y, Chan
HE, Ngo JC, Lau KF. 2019 Attenuation of amyloid-
beta generation by atypical protein kinase
(-mediated phosphorylation of engulfment
adaptor PTB domain containing 1 threonine 35.
FASEB J. 33, 1201912 035. (doi:10.1096/fj.
201802825RR)

Cherfils J, Zeghouf M. 2013 Regulation of small
GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 93,
269-309. (doi:10.1152/physrev.00003.2012)

DiNitto JP, Delprato A, Gabe Lee MT, Cronin TC,
Huang S, Guilherme A, Czech MP, Lambright DG.
2007 Structural basis and mechanism of
autoregulation in 3-phosphoinositide-dependent
Grp1 family Arf GTPase exchange factors.

Mol. Cell. 28, 569-583. (doi:10.1016/j.molcel.
2007.09.017)

Hiester KG, Santy LC. 2013 The cytohesin
coiled-coil domain interacts with threonine

276 to control membrane association.

PLoS ONE 8, €82084. (doi:10.1371/journal.pone.
0082084)

Zhang Z, Zhang T, Wang S, Gong Z, Tang C, Chen J,
Ding J. 2014 Molecular mechanism for Rabex-5 GEF
activation by Rabaptin-5. Flife. 3. (doi:10.7554/
elife.02687)

Van Acker T, Tavernier J, Peelman F. 2019 The small
GTPase Arf6: an overview of its mechanisms of
action and of its role in host(-)pathogen interactions
and innate immunity. /nt. J. Mol. Sci. 20. (doi:10.
3390/ijms20092209)

Ullrich O, Reinsch S, Urbe S, Zerial M, Parton RG.
1996 Rab11 regulates recycling through the
pericentriolar recycling endosome. J. Cell Biol. 135,
913-924. (doi:10.1083/jcb.135.4.913)

Cashon AJ, Allen LA, Dunn KW, Dinauer MC. 2009
Macrophage NADPH oxidase flavocytochrome B
localizes to the plasma membrane and Rab11-
positive recycling endosomes. J. Immunol. 182,
2325-2339. (doi:10.4049/jimmunol.0803476)

Xie S, Bahl K, Reinecke JB, Hammond GR, Naslavsky
N, Caplan S. 2016 The endocytic recycling
compartment maintains cargo segregation acquired
upon exit from the sorting endosome. Mol. Biol. Cell
27, 108-126. (doi:10.1091/mbc.E15-07-0514)

Jun YW, Lee SH, Shim J, Lee JA, Lim (S, Kaang BK,
Jang DJ. 2016 Dual roles of the N-terminal coiled-
coil domain of an Aplysia sec7 protein: homodimer
formation and nuclear export. J. Neurochem. 139,
1102-1112. (doi:10.1111/jnc.13875)

Das S et al. 2019 Structural organization and
dynamics of homodimeric cytohesin family Arf
GTPase exchange factors in solution and on
membranes. Structure 27, 1782-1797. (doi:10.
1016/j.5tr.2019.09.007)

3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lau KF, Chan WM, Perkinton MS, Tudor EL, Chang
RC, Chan HY, McLoughlin DM, Miller CC. 2008
Dexras1 interacts with FE65 to regulate FE65-
amyloid precursor protein-dependent transcription.
J. Biol. Chem. 283, 34728-34737. (doi:10.1074/
jbc.M801874200)

Wang PL, Niidome T, Kume T, Akaike A,

Kihara T, Sugimoto H. 2011 Functional and
molecular interactions between Rac1 and FE65.
Neuroreport 22, 716-720. (doi:10.1097/WNR.
0b013e32834acadd)

D’Andrea L et al. 2021 Structural analysis of the
PTEN:P-Rex2 signaling complex reveals how cancer-
associated mutations coordinate to hyperactivate
Rac1. Sci. Signal. 14. (doi:10.1126/scisignal.
abc4078)

Chikumi H, Barac A, Behbahani B, Gao Y, Teramoto
H, Zheng Y, Gutkind JS. 2004 Homo- and hetero-
oligomerization of PDZ-RhoGEF, LARG and
p115RhoGEF by their C-terminal region regulates
their in vivo Rho GEF activity and transforming
potential. Oncogene 23, 233-240. (doi:10.1038/s].
onc.1207012)

Cherfils J, Menetrey J, Mathieu M, Le Bras G,
Robineau S, Beraud-Dufour S, Antonny B, Chardin P.
1998 Structure of the Sec7 domain of the Arf
exchange factor ARNO. Nature 392, 101-105.
(doi:10.1038/32210)

Dumanis SB et al. 2012 FE65 as a link between
VLDLR and APP to regulate their trafficking and
processing. Mol. Neurodegener. 7, 9. (doi:10.1186/
1750-1326-7-9)

Trommsdorff M, Borg JP, Margolis B, Herz J. 1998
Interaction of cytosolic adaptor proteins with
neuronal apolipoprotein E receptors and the
amyloid precursor protein. J. Biol. Chem. 273,

33 556-33 560. (doi:10.1074/jbc.273.50.33556)
Yoon C, Van Niekerk EA, Henry K, Ishikawa T, Orita
S, Tuszynski MH, Campana WM. 2013 Low-density
lipoprotein receptor-related protein 1 (LRP1)-
dependent cell signaling promotes axonal
regeneration. J. Biol. Chem. 288, 26 557-26 568.
(doi:10.1074/jbc.M113.478552)

Santy LC, Ravichandran KS, Casanova JE. 2005 The
DOCK180/EImo complex couples ARNO-mediated
Arfé activation to the downstream activation of
Rac1. Curr. Biol. 15, 1749-1754. (d0i:10.1016/j.cub.
2005.08.052)

Guenette S, Chang Y, Hiesberger T, Richardson JA,
Eckman (B, Eckman EA, Hammer RE, Herz J.
2006 Essential roles for the FE65 amyloid

precursor protein-interacting proteins in brain
development. EMBO J. 25, 420-431. (doi:10.1038s;.
emboj.7600926)

Bouschet T, Martin S, Kanamarlapudi V, Mundell S,
Henley JM. 2007 The calcium-sensing receptor
changes cell shape via a beta-arrestin-1 ARNO ARF6
ELMO protein network. J. Cell Sci. 120, 2489-2497.
(doi:10.1242/jcs.03469)

Nensa FM et al. 2014 Amyloid beta a4 precursor
protein-binding family B member 1 (FE65)
interactomics revealed synaptic vesicle glycoprotein
2A (SV2A) and sarcoplasmic/endoplasmic reticulum

L£00ZZ T>L ‘Joig uadp  qosi/jeusnol/ba0-buiysiigndianosiesos E


http://dx.doi.org/10.1096/fj.13-232694
http://dx.doi.org/10.1016/j.cub.2007.03.014
http://dx.doi.org/10.1074/jbc.273.1.23
http://dx.doi.org/10.1038/nrm3117
http://dx.doi.org/10.1038/nn865
http://dx.doi.org/10.1091/mbc.e03-06-0410
http://dx.doi.org/10.1091/mbc.e03-06-0410
http://dx.doi.org/10.1101/gad.1904610
http://dx.doi.org/10.1074/jbc.M304078200
http://dx.doi.org/10.1074/jbc.RA117.000505
http://dx.doi.org/10.1096/fj.202001703R
http://dx.doi.org/10.1038/nprot.2013.143
https://doi.org/10.3791/60031
http://dx.doi.org/10.1101/pdb.prot083436
http://dx.doi.org/10.1101/pdb.prot083436
https://doi.org/10.3791/62621
http://dx.doi.org/10.1523/JNEUROSCI.0346-04.2004
http://dx.doi.org/10.1096/fj.201802825RR
http://dx.doi.org/10.1096/fj.201802825RR
http://dx.doi.org/10.1152/physrev.00003.2012
http://dx.doi.org/10.1016/j.molcel.2007.09.017
http://dx.doi.org/10.1016/j.molcel.2007.09.017
http://dx.doi.org/10.1371/journal.pone.0082084
http://dx.doi.org/10.1371/journal.pone.0082084
http://dx.doi.org/10.7554/eLife.02687
http://dx.doi.org/10.7554/eLife.02687
http://dx.doi.org/10.3390/ijms20092209
http://dx.doi.org/10.3390/ijms20092209
http://dx.doi.org/10.1083/jcb.135.4.913
http://dx.doi.org/10.4049/jimmunol.0803476
http://dx.doi.org/10.1091/mbc.E15-07-0514
http://dx.doi.org/10.1111/jnc.13875
https://doi.org/10.1016/j.str.2019.09.007
https://doi.org/10.1016/j.str.2019.09.007
http://dx.doi.org/10.1074/jbc.M801874200
http://dx.doi.org/10.1074/jbc.M801874200
http://dx.doi.org/10.1097/WNR.0b013e32834aca9d
http://dx.doi.org/10.1097/WNR.0b013e32834aca9d
http://dx.doi.org/10.1126/scisignal.abc4078
http://dx.doi.org/10.1126/scisignal.abc4078
http://dx.doi.org/10.1038/sj.onc.1207012
http://dx.doi.org/10.1038/sj.onc.1207012
http://dx.doi.org/10.1038/32210
http://dx.doi.org/10.1186/1750-1326-7-9
http://dx.doi.org/10.1186/1750-1326-7-9
http://dx.doi.org/10.1074/jbc.273.50.33556
http://dx.doi.org/10.1074/jbc.M113.478552
http://dx.doi.org/10.1016/j.cub.2005.08.052
http://dx.doi.org/10.1016/j.cub.2005.08.052
http://dx.doi.org/10.1038/sj.emboj.7600926
http://dx.doi.org/10.1038/sj.emboj.7600926
http://dx.doi.org/10.1242/jcs.03469

43.

4,

45.

46.

47.

48.

49.

calcium ATPase 2 (SERCA2) as new binding
proteins in the human brain. Mol. Cell.

Proteom. 13, 475-488. (doi:10.1074/mcp.M113.
029280)

Honda A et al. 1999 Phosphatidylinositol 4-
phosphate 5-kinase alpha is a downstream effector
of the small G protein ARF6 in membrane ruffle
formation. Cell 99, 521-532. (doi:10.1016/50092-
8674(00)81540-8)

Funakoshi Y, Hasegawa H, Kanaho Y. 2010
Activation mechanisms of PIP5K isozymes by the
small GTPase ARF6. Adv. Enzyme Regul. 50, 72—-80.
(doi:10.1016/j.advenzreg.2009.11.001)
Bezprozvanny |, Mattson MP. 2008 Neuronal
caldum mishandling and the pathogenesis of
Alzheimer's disease. Trends Neurosci. 31, 454-463.
(doi:10.1016/j.tins.2008.06.005)

Yin F. 2022 Lipid metabolism and Alzheimer’s
disease: dlinical evidence, mechanistic link and
therapeutic promise. FEBS J. (doi:10.1111/febs.16344)
Araki W, Kitaguchi N, Tokushima Y, Ishii K, Aratake
H, Shimohama S, Nakamura S, Kimura J. 1991
Trophic effect of beta-amyloid precursor protein on
cerebral cortical neurons in culture. Biochem.
Biophys. Res. Commun. 181, 265-271. (doi:10.1016/
S0006-291X(05)81412-3)

Milward EA, Papadopoulos R, Fuller SJ, Moir RD,
Small D, Beyreuther K, Masters CL. 1992 The
amyloid protein precursor of Alzheimer’s disease is
a mediator of the effects of nerve growth factor on
neurite outgrowth. Neuron 9, 129-137. (doi:10.
1016/0896-6273(92)90228-6)

Wallace WC, Akar CA, Lyons WE. 1997 Amyloid
precursor protein potentiates the neurotrophic

50.

51.

52.

53.

54.

55.

56.

activity of NGF. Brain Res. Mol. Brain Res. 52,
201-212.

Billnitzer AJ, Barskaya |, Yin C, Perez RG. 2013 APP
independent and dependent effects on neurite
outgrowth are modulated by the receptor associated
protein (RAP). J. Neurochem. 124, 123-132.
(doi:10.1111/jnc.12057)

Minopoli G, de Candia P, Bonetti A, Faraonio R,
Zambrano N, Russo T. 2001 The 3-amyloid precursor
protein functions as a cytosolic anchoring site that
prevents Fe65 nudlear translocation. J. Biol. Chem. 276,
6545-6550. (doi:10.1074/jbc.M007340200)

Loh SH, Francescut L, Lingor P, Bahr M, Nicotera P.
2008 Identification of new kinase clusters required
for neurite outgrowth and retraction by a loss-of-
function RNA interference screen. Cell Death Differ.
15, 283-298. (doi:10.1038/sj.cdd.4402258)

Chow WN, Ngo JC, Li W, Chen YW, Tam KM, Chan
HY, Miller CC, Lau KF. 2015 Phosphorylation of FE65
Ser610 by serum- and glucocorticoid-induced kinase
1 modulates Alzheimer's disease amyloid precursor
protein processing. Biochem. J. 470, 303-317.
(doi:10.1042/BJ20141485)

Lee YS, Chow WNV, Lau KF. 2017 Phosphorylation
of FE65 at threonine 579 by GSK3beta stimulates
amyloid precursor protein processing. Sci. Rep. 7,
12456. (doi:10.1038/541598-017-12334-2)

Santy LG, Frank SR, Hatfield JC, Casanova JE. 1999
Regulation of ARNO nucleotide exchange by a PH
domain electrostatic switch. Curr. Biol. 9,
1173-1176. (doi:10.1016/50960-9822(00)80019-6)
Standen CL, Brownlees J, Grierson AJ, Kesavapany S,
Lau KF, McLoughlin DM, Miller CC. 2001
Phosphorylation of thr(668) in the cytoplasmic

57.

58.

59.

60.

61.

62.

63.

domain of the Alzheimer’s disease amyloid
precursor protein by stress-activated protein kinase
1b (Jun N-terminal kinase-3). J. Neurochem. 76,
316-320.

Chang KA et al. 2006 Phosphorylation of amyloid
precursor protein (APP) at Thr668 regulates the
nuclear translocation of the APP intracellular
domain and induces neurodegeneration. Mol. Cell
Biol. 26, 4327-4338. (d0i:10.1128/M(B.02393-05)
DeNardo BD, Holloway MP, Ji QQ, Nguyen KT, Cheng
Y, Valentine MB, Salomon A, Altura RA. 2013
Quantitative phosphoproteomic analysis identifies
activation of the RET and IGF-1R/IR signaling
pathways in neuroblastoma. PLoS ONE 8. (doi:10.
1371/journal.pone.0082513)

Mertins P et al. 2016 Proteogenomics connects
somatic mutations to signalling in breast cancer.
Nature 534, 55-62. (doi:10.1038/nature18003)
Zhang T, Chen DM, Lee TH. 2020 Phosphorylation
signaling in APP processing in Alzheimer’s
disease. Int. J. Mol. Sci. 21. (doi:10.3390/
ijms21010209)

Oliveira J, Costa M, de Almeida MSC, da Cruz ESOAB,
Henriques AG. 2017 Protein phosphorylation is a key
mechanism in Alzheimer's disease. J. Alzheimers Dis.
58, 953-978. (doi:10.3233/JAD-170176)

Guo WT, Dittlau KS, Van Den Bosch L. 2020 Axonal
transport defects and neurodegeneration: molecular
mechanisms and therapeutic implications. Semin.
Cell Dev. Biol. 99, 133-150. (doi:10.1016/j.semcdb.
2019.07.010)

He Z, Jin Y. 2016 Intrinsic control of axon
regeneration. Neuron. 90, 437-451. (doi:10.1016/j.
neuron.2016.04.022)

qosJ/|eusnol/610°buiysiignd£anos|efos

1£002T “TL Joig uadp


http://dx.doi.org/10.1074/mcp.M113.029280
http://dx.doi.org/10.1074/mcp.M113.029280
http://dx.doi.org/10.1016/s0092-8674(00)81540-8
http://dx.doi.org/10.1016/s0092-8674(00)81540-8
http://dx.doi.org/10.1016/j.advenzreg.2009.11.001
http://dx.doi.org/10.1016/j.tins.2008.06.005
http://dx.doi.org/10.1111/febs.16344
http://dx.doi.org/10.1016/S0006-291X(05)81412-3
http://dx.doi.org/10.1016/S0006-291X(05)81412-3
http://dx.doi.org/10.1016/0896-6273(92)90228-6
http://dx.doi.org/10.1016/0896-6273(92)90228-6
http://dx.doi.org/10.1111/jnc.12051
http://dx.doi.org/10.1074/jbc.M007340200
http://dx.doi.org/10.1038/sj.cdd.4402258
http://dx.doi.org/10.1042/BJ20141485
http://dx.doi.org/10.1038/s41598-017-12334-2
http://dx.doi.org/10.1016/S0960-9822(00)80019-6
http://dx.doi.org/10.1128/MCB.02393-05
http://dx.doi.org/10.1371/journal.pone.0082513
http://dx.doi.org/10.1371/journal.pone.0082513
http://dx.doi.org/10.1038/nature18003
http://dx.doi.org/10.3390/ijms21010209
http://dx.doi.org/10.3390/ijms21010209
http://dx.doi.org/10.3233/JAD-170176
http://dx.doi.org/10.1016/j.semcdb.2019.07.010
http://dx.doi.org/10.1016/j.semcdb.2019.07.010
http://dx.doi.org/10.1016/j.neuron.2016.04.022
http://dx.doi.org/10.1016/j.neuron.2016.04.022

	ARNO is recruited by the neuronal adaptor FE65 to potentiate ARF6-mediated neurite outgrowth
	Introduction
	Material and methods
	Plasmids
	Antibodies
	Cell culture and transfection
	Gene knockdown
	Generation of FE65 knockout cells
	Protein-binding assays
	ARF6 activation assay
	Neurite length measurement
	Endosome isolation
	Plasma membrane isolation
	Immunofluorescence and colocalization analysis
	Proximity ligation assay
	Densitometric analysis of western blots
	Statistical analysis

	Results
	FE65 directly interacts with ARNO through the PTB2 domain
	The FE65-ARNO interaction potentiates ARF6 activation and neurite outgrowth
	FE65 disrupts the intramolecular interaction of ARNO
	FE65 facilitates the endosomal recycling of ARNO
	ARNO dimerization is required for FE65-mediated neurite outgrowth

	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	References


