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Background: The Arf6 activator, cytohesin-2, is involved in neurite growth.

Results: Cytohesin-2 binds to CCDC120 and is transported along growing neurites.

Conclusion: This interaction is required for Arf6 activation and neurite growth.

Significance: The previously unknown functional CCDC120 is a new cytohesin adaptor protein, which regulates neurite

growth.

The mechanism of neurite growth is complicated, involving
continuous cytoskeletal rearrangement and vesicular traffick-
ing. Cytohesin-2 is a guanine nucleotide exchange factor for
Arf6, an Arf family molecular switch protein, controlling cell
morphological changes such as neuritogenesis. Here, we show
that cytohesin-2 binds to a protein with a previously unknown
function, CCDC120, which contains three coiled-coil domains,
and is transported along neurites in differentiating N1E-115
cells. Transfection of the small interfering RNA (siRNA) specific
for CCDC120 into cells inhibits neurite growth and Arf6 activa-
tion. When neurites start to extend, vesicles containing CCDC120
and cytohesin-2 are transported in an anterograde manner rather
than aretrograde one. As neurites continue extension, anterograde
vesicle transport decreases. CCDC120 knockdown inhibits cytohe-
sin-2 localization into vesicles containing CCDC120 and diffuses
cytohesin-2 in cytoplasmic regions, illustrating that CCDC120
determines cytohesin-2 localization in growing neurites. Reintro-
duction of the wild type CCDC120 construct into cells transfected
with CCDC120 siRNA reverses blunted neurite growth and Arf6
activity, whereas the cytohesin-2-binding CC1 region-deficient
CCDCI120 construct does not. Thus, cytohesin-2 is transported
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along neurites by vesicles containing CCDC120, and it mediates
neurite growth. These results suggest a mechanism by which gua-
nine nucleotide exchange factor for Arf6 is transported to mediate
neurite growth.

In the developing nervous system, neuronal cells continu-
ously change their morphology and undergo neurite out-
growth, axon navigation, and synaptogenesis to form neural
networks (1). Neurite outgrowth is a complicated process and
involves various dynamic molecular mechanisms (2-5). For
example, membrane, cytoskeletal, and signaling components
are continuously transported along growing neurites (6, 7).

Arfs belong to the small guanine nucleotide-binding protein
family. Similar to Ras and Rho GTPases, Arfs also act as molec-
ular switches; they are biologically active when bound to GTP
and are inactive when bound to GDP. Mammalian Arfs are
grouped into three classes as follows: class I (Arfl and Arf2
and/or Arf3), class II (Arf4 and Arf5), and class III (Arf6)
(8—11). Among them, Arf6 is a unique Arf protein because its
primary role is to control cytoskeletal rearrangement, whereas
that of the other Arfs is to regulate intracellular membrane
trafficking (8, 9). Two types of proteins, guanine nucleotide
exchange factors (GEFs)* and GTPase-activating proteins,
strictly control the Arf6 guanine nucleotide-binding state. The
former reaction is important because GEFs define the strength
and/or the cellular compartment to activate Arf6 by integrating
the upstream signals (10, 11). Cytohesin-2 is such a protein and
is one of four cytohesins (12, 13). All cytohesins are composed
of the same domain structure as follows: the N-terminal coiled-
coil (CC) domain, the catalytic Sec7 domain, the phospho-

“The abbreviations used are: GEF, guanine nucleotide exchange factor; CC,
coiled-coil; RFP, red fluorescent protein; PH, pleckstrin homology; ANOVA,
analysis of variance; EGFP, enhanced GFP.
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FIGURE 2. Interaction of cytohesin-2 and CCDC120 are mediated by the CC domain of cytohesin-2 in mammalian cells. A, schematic structures of
full-length (wild type) cytohesin-2 and the domains are illustrated (number shows amino acid’s one). Band C, 293T cells were transfected with plasmids coding
either FLAG-tagged CCDC120 domain (full-length(1-400), CC(1-59), Sec7(60-254), PH+b(255-400), PH(255-384), and cytohesin-2-CA(60 -384 amino acids))
or RFP-CCDC120. Cytohesin-2-CA is characterized as a constitutively active form of cytohesin-2 in previous study (14). After 48 h, cells were lysed. Cell lysates
were immunoprecipitated (/P) with an anti-FLAG antibody and immunoblotted (/B) with an anti-RFP antibody. The total lysates were also used for immuno-
blotting with an anti-RFP antibody or anti-FLAG antibody. Arrowheads indicate the position of RFP fusion proteins.

inositide-binding pleckstrin homology (PH) domain, and the cytohesin-2 transport along growing neurites has not been
C-terminal polybasic amino acid region (14). resolved. In this study, we demonstrate that a protein, CC

We previously reported that cytohesin-2 and downstream domain-containing protein 120 (CCDC120), which had a pre-
Arf6 activation participate in promoting neurite extension (15)  viously unknown function, is the binding partner that deter-
and that cytohesin-2 regulates its extension through the cyto- mines cytohesin-2 localization and mediates Arf6 activation
skeletal protein actinin at the growth cone in mouse neuroblas-  and neurite growth. Cytohesin-2 is transported along growing
toma N1E-115 cells (16). However, the mechanism of Arf6-GEF  neurites in vesicles containing CCDC120. These results present

FIGURE 1.CCDC120 binds to cytohesin-2 through the CC1 domain. A, 293T cells were transfected with plasmids coding either RFP-tagged CCDC120 region (1-661,
1-350, and 351-661 amino acids) or FLAG-cytohesin-2. After 48 h, cells were lysed. Cell lysates were immunoprecipitated (/P) with an anti-FLAG antibody and
immunoblotted with an anti-RFP antibody. The total lysates were also used for immunoblotting (/B) with an anti-RFP antibody or anti-FLAG antibody. Arrowheads
indicate the position of RFP fusion proteins. B, 293T cells were transfected with plasmids coding either RFP-tagged CCDC120 region (1-175 and 176 -350 amino acids)
or FLAG-cytohesin-2. After 48 h, cells were lysed. Cell lysates were immunoprecipitated with an anti-FLAG antibody and immunoblotted with an anti-RFP antibody. The
total lysates were also used forimmunoblotting with an anti-RFP antibody or anti-FLAG antibody. Arrowheads indicate the position of RFP fusion proteins. C, 293T cells
were transfected with plasmids coding either RFP-tagged CCDC120 region (1-92 and 93-175 amino acids) or FLAG-cytohesin-2. After 48 h, cells were lysed. Cell lysates
were immunoprecipitated with an anti-FLAG antibody and immunoblotted with an anti-RFP antibody. The total lysates were also used for immunoblotting with an
anti-RFP antibody or anti-FLAG antibody. Arrowheads indicate the position of RFP fusion proteins. D, 293T cells were transfected with the plasmids coding for
FLAG-tagged cytohesin-2 with or without either of the RFP-tagged CCDC120 domains. After 48 h, cells were lysed. The immunoprecipitates with an anti-FLAG
antibody were immunoblotted with an anti-RFP antibody. Total expressed proteins are also shown. Arrowheads indicate the position of RFP-CCDC120 domains. £,
schematic structures of wild type full-length CCDC120 and their domains (numbers indicate domains of the amino acid). F, 293T cells were transfected with plasmids
coding either RFP-tagged full-length CCDC120, FLAG-tagged cytohesin-2, or HA-tagged ubiquitin. After 48 h, cells were lysed. Cell lysates were immunoprecipitated
with an anti-RFP antibody and immunoblotted with an anti-HA antibody. The total lysates were also used for immunoblotting with an anti-RFP antibody, anti-HA
antibody, or anti-FLAG antibody. Arrowheads indicate the position of RFP-fusion full-length CCDC120.
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FIGURE 3. Direct binding of GST-CCDC120-CC1 to cytohesin-2. A, recombinant GST, GST-CCDC120-CC1, and His-cytohesin-2 were purified from E. coli and
stained with Coomassie Brilliant Blue. Arrows indicate GST, GST-CCDC120-CC1, or His-cytohesin-2. B, quantitative analysis of the interaction between GST-
CCDC120-CC1 and His-cytohesin-2 was performed. Various concentrations (0.04 to 1.8 um) of recombinant GST-CCDC120-CC1 were added to an immobilized
His-cytohesin-2 (0.5 ng) in 500 wl of buffer. Bound GST-CCDC120-CC1 (indicated by an arrow) was detected by immunoblotting with an anti-GST antibody.
Amounts of the free and bound GST fusion protein were calculated by determining the protein amounts from the supernatant and pellet fractions. The amount
of bound versus free GST-CCDC120-CC1 was plotted in a line graph (see inset). Scatchard analysis indicates that the K, value was 0.28 *+ 0.033 um. Results are

means * S.D. for three independent experiments.

evidence of how a GEF for Arf6 is transported to mediate Arf6
activation and neurite growth.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit polyclonal CCDC120 antibody was pur-
chased from ProteinTech (Chicago, IL; 1:500 for immunoblot-
ting and immunofluorescence). Rabbit serum for cytohesin-2
was generated against a CRKKRISVKKKQEQ peptide, which
was synthesized by IWAKI (Tokyo, Japan). The polyclonal anti-
cytohesin-2 antibody was affinity-purified using an antigen
peptide-conjugated resin and used for immunoblotting (1:500).
The mouse monoclonal cytohesin-2 was purchased from
Santa Cruz Biotechnology (1:50 for immunofluorescence). The
mouse monoclonal active Arf6é was purchased from NewEast
BioScience (Malvern, PA; 1:100 for immunofluorescence). The
following antibodies (dilution used for immunoblotting) were
purchased: mouse monoclonal anti-Arf6 (1:50; Santa Cruz Bio-
technology); mouse monoclonal and rabbit polyclonal anti-
GFP (1:1,000; MBL, Nagoya, Japan); rabbit polyclonal anti-RFP
(1:1,000; Evrogen, Moscow, Russia); mouse monoclonal anti-
FLAG (1:1,000; Sigma); mouse monoclonal anti-B-actin
(1:1,000; BD Biosciences); horseradish peroxidase-labeled sec-
ondary antibodies (1:10,000; GE Healthcare); and fluorescence-
labeled secondary antibodies (1:500; Invitrogen).

Plasmids for Mammalian Cell Expression—The pRK5-HA-
ubiquitin plasmid was purchased from Addgene (Cambridge,
MA). The p3XFLAG-cytohesin-2 and the plasmids encoding
the domain were constructed as described in our previous
reports (16 —18). Human CCDC120 cDNA was obtained from
the Biological Resource Center of the National Institute of
Technology and Evaluation (Chiba, Japan). The domains
(amino acids 1-350, 351- 661, 1-175, 176 —350, 1-92, 93-175,
1-46, 47-92, and amino acids 31-70) were constructed using
PCR and inserted into pTagRFP-C vector (Evrogen). The

33890 JOURNAL OF BIOLOGICAL CHEMISTRY

CCDC120-ACC1 mutant (deleted amino acids 31-70) was also
produced using PCR and subcloned into pTagRFP-C. Rab8b,
Rab11, VAMP2, VAMP4, and VAMP7 were amplified in N1E-
115 cell ¢cDNA by the PCR method and subcloned into
pEGFP-C1 vectors. All nucleotide sequences were confirmed
by the Fasmac sequencing service (Kanagawa, Japan).
Recombinant Proteins—Recombinant GST and GST-GGA3
(16, 17) were produced using Escherichia coli BL21(DE3)pLysS
(TaKaRa Bio, Kyoto, Japan) and purified according to the
manufacturer’s protocol for a glutathione-Sepharose 4B (GE
Healthcare). Recombinant GST-CCDC120-CC1 (amino acids
31-70) was also purified using E. coli BL21(DE3)pLysS. The
pET42a vector-based transformed E. coli was treated with 0.4
mM isopropyl 1-thio-B-p-galactopyranoside at 30 °C for 2.5 h
and harvested by centrifugation. The precipitates were
extracted with buffer A (50 mm Tris-HCI (pH 7.5), 5 mm MgCl,,
1 mwm dithiothreitol, 1 mMm phenylmethanesulfonyl fluoride, 1
mg/ml leupeptin, 1 mm EDTA, and 0.5% Nonidet P-40) con-
taining 500 wg/ml lysozyme and 100 ug/ml DNase I on ice. All
purification steps were performed at 4 °C. The centrifuged
supernatants were applied to a glutathione-Sepharose 4B col-
umn (GE Healthcare). The resins were washed with buffer B
(100 mm Tris-HCI (pH 8.0), 2 mm MgCl,, 1 mm dithiothreitol, 1
mM phenylmethanesulfonyl fluoride, and 1 ug/ml leupeptin).
Recombinant proteins were eluted with buffer B containing 20
mM glutathione. The eluted fractions were dialyzed against
buffer C (10 mm HEPES-NaOH (pH 7.5), 1 mum dithiothreitol, 2
mM MgCl,, 1 mm dithiothreitol, 1 mm phenylmethanesulfonyl
fluoride, 1 pg/ml leupeptin, and 150 mm NaCl) and stored at
—80 °C until use. Recombinant His-tagged cytohesin-2 was
produced using E. coli BL21(DE3)pLysS and purified accord-
ing to the manufacturer’s protocol for a nickel-nitrilotri-
acetic acid resin (GE Healthcare). In brief, E. coli was lysed in
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FIGURE 4. CCDC120 is involved in neurite growth in N1E-115 cells. A, N1E-115 cells were transfected with an siRNA for control luciferase or CCDC120. The
expression levels of CCDC120 and actin were examined with immunoblotting using the respective antibodies. Band C, N1E-115 cells were transfected with an
siRNA for control luciferase or CCDC120. Representative images are also shown at 48 h following induction of differentiation. Cells with processes longer than
two cell bodies were counted as cells bearing neurites. Knockdown of CCDC120 decreased the numbers of cells with a single neurite and increased the
numbers of cells with multiple neurites. Scale bars, 10 um. Data were evaluated using a one-way ANOVA (¥, p < 0.01; n = 3 microscopic fields). Dand £, CCDC120
knockdown also decreased the length of longest neurites and the total length of neurites. Data were evaluated using a one-way ANOVA (¥, p < 0.01; n = 50

cells).

lysis buffer A and centrifuged. The supernatant was mixed
with nickel-nitrilotriacetic acid resin. Bound His-tagged
cytohesin-2 proteins were extensively washed with lysis
buffer A containing 500 mm NaCl followed by lysis buffer
containing 500 mm NaCl and 50 mm EDTA, and subse-
quently eluted with lysis buffer containing 10 mm imidazole
(Nacalai Tesque), according to the manufacturer’s protocol.
The aliquot was stored at —80 °C until use.

SiRNA Oligonucleotides—The 21-nucleotide siRNA duplexes
were synthesized using Nippon EGT (Toyama, Japan). The spe-
cific target sequences were as follows: 5'-AAGATGGCAATGG-
GCAGGAAG-3' for mouse cytohesin-2 siRNA and 5'-AAGCA-

SASBMB
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GCAGAGGAAGACGTTC-3’ for mouse CCDC120 siRNA. The
target sequence of the control Photinus pyralis luciferase sSiRNA
was 5'-AAGCCATTCTATCCTCTAGAG-3', which does not
have significant homology to any mammalian gene sequences.

Cell Cultures—Mouse NI1E-115 neuroblastoma cells and
human embryonic kidney 293T cells were cultured on cell cul-
ture dishes at 37 °C in DMEM containing 10% heat-inactivated
FBS, 50 units/ml penicillin, and 50 pg/ml streptomycin. For
induction of differentiation, cells were cultured in normal
medium in the absence of serum. Cells with processes longer
than two cell bodies were counted as cells bearing neurites at
48 h after deprivation of serum.

JOURNAL OF BIOLOGICAL CHEMISTRY 33891
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Plasmid Transfection—N1E-115 cells were transfected with
plasmid DNA using the Lipofectamine 2000 or Lipofectamine
Plus transfection reagent (Invitrogen) according to the manu-
facturer’s instructions. The medium was replaced 4 h after
transfection. For 293T cells, plasmid DNAs were transfected
using the CalPhos transfection reagent (TaKaRa Bio) according
to the manufacturer’s instructions. The medium was replaced
24 h after transfection.

SiRNA Transfection—N1E-115 cells were transfected with
siRNA oligonucleotides using the Lipofectamine 2000 transfec-
tion reagent. The medium was replaced 4 h after transfection.

Immunofluorescence—Cells were fixed in 4% paraformalde-
hyde in PBS, blocked with 20% heat-inactivated FBS in PBS,
0.05% Tween 20, incubated with each of the primary antibodies,
and treated with fluorescence-labeled secondary antibodies in
PBS containing 0.1% Tween 20. The coverslips were mounted
onto slides with the Vectashield reagent (Vector Laboratories,
Burlingame, CA) for observation using confocal microscopy.
The confocal images were collected using an IX81 microscope
with a laser-scanning FV1000 system (Olympus, Tokyo, Japan)
and analyzed using FluoView software version 3.1 (Olympus).

Immunoblotting—Cells were lysed in lysis buffer B (50 mm
HEPES-NaOH (pH 7.5), 20 mm MgCl,, 150 mMm NaCl, 1 mm
dithiothreitol, 1 mm phenylmethanesulfonyl fluoride, 1 pg/ml
leupeptin, 1 mm EDTA, 1 mMm Na;VO,, 10 mm NaF, and 0.5%
Nonidet P-40), and the lysates were centrifuged at 14,000 rpm
for 10 min at 4 °C. The proteins in the supernatants were dena-
tured in Laemmli sample buffer (0.4 M Tris-HCI (pH 6.8), 0.2 M
dithiothreitol, 0.2% bromphenol blue, and 4% SDS) and then
subjected to SDS-PAGE. The electrophoretically separated
proteins were transferred to a PVDF membrane, blocked with
the Blocking-One reagent (Nacalai Tesque, Kyoto, Japan), and
immunoblotted with each of the primary antibodies and in turn
with peroxidase-conjugated secondary antibodies. The bound
antibodies were detected using the ChemiLumi-One reagent
(Nacalai Tesque) or ECL select Western blotting detection sys-
tem (GE Healthcare).

Immunoprecipitation—Cell lysates were mixed with protein
G resin preadsorbed with each of the primary antibodies. The
immune complexes were precipitated by centrifugation and
washed three times using lysis buffer B. The immunoprecipi-
tates were boiled in sample buffer and then separated on SDS-
polyacrylamide gels. The bound proteins were detected using
immunoblotting.

Assay for Arf6 Activity—To detect active GTP-bound forms
of Arf6 in cell lysates, affinity precipitation was performed using

Role of Cytohesin-2 and CCDC120 in Neurite Growth

GST-GGA3 (19, 20). The affinity-precipitated Arf6 was
detected using Western blotting with an antibody against Arf6.
For comparison of the amounts of recombinant GST-GGA3
proteins, GGA3 loaded under the same conditions was also
stained with 0.25% Coomassie Brilliant Blue R-250.

Live Imaging—During the experiment, cells on a Cellview
glass bottom cell culture dish (Greiner, Germany) were cul-
tured in a small size CO, incubator (Tokai Hit, Shizuoka, Japan)
containing 5% CO, at 37 °C and maintained in DMEM contain-
ing 50 units/ml penicillin and 50 ug/ml streptomycin. For live
imaging, cells were scanned every 8 or 10 s for a duration of 4
min, using an IX81 microscope with a laser scanning FV1000
system. The confocal images were collected and analyzed
through FluoView software version 3.1. The direction and the
velocity of the vesicle’s movement were analyzed by a kymo-
graph illustrating using MetaMorph software (Molecular
Devices, Sunnyvale, CA).

Statistical Analysis—Values shown represent the mean *
S.D. from separate experiments. A one-way ANOVA was used,
followed by Fisher’s protected least significant difference
(PLSD) post hoc test (*, p < 0.01). The level of significance was
setat p < 0.05.

RESULTS

Cytohesin-2 Interacts with CCDC120, Which Interacts through
the CC1 Domain—The function of the protein CCDC120 was
unknown, and it was identified as the binding partner of cytohe-
sin-2 using comprehensive yeast two-hybrid analyses (21). To
investigate whether CCDC120 interacts with cytohesin-2, we
cotransfected the plasmids encoding FLAG-tagged cytohesin-2
and RFP-tagged CCDC120 into 293T cells. The lysate was used
for an immunoprecipitation with an anti-FLAG antibody, and
itsimmunocomplex was immunoblotted with an anti-RFP anti-
body. CCDC120 formed a complex with cytohesin-2 (Fig. 14,
3rd lane). In transfected 293T cells, some CCDC120 protein
bands were observed using immunoblotting with an anti-RFP
antibody. Because these protein bands were observed more
in immunoblotting after immunoprecipitation, and when
the bands were compared with those of a simple immuno-
blotting, they were thought to be CCDC120 degradation
products. We next examined which CCDC120 region is
involved in an interaction with cytohesin-2. To do this, we
made a series of CCDC120 deletion mutants. CCDC120
(amino acids 1-350; Fig. 1A, 5th lane), CCDC120 (amino
acids 1-175; Fig. 1B, 3rd lane), and CCDC120 (amino acids
1-92; Fig. 1C, 3rd lane) were coimmunoprecipitated with

FIGURE 5.CCDC120 and cytohesin-2 is involved in Arf6 activation in N1E-115 cells. A, N1E-115 cells were treated with serum-free medium for 0, 24, or 48 h.
After treatment, cells were lysed using lysis buffer. Cell lysates were affinity-precipitated with a recombinant GST-GGA3 and then immunoblotted with an
anti-Arfé antibody, respectively. B, N1E-115 cells were treated with serum-free medium for 0, 24, or 48 h. After treatment, cells were lysed using lysis buffer. Cell
lysates were immunoprecipitated (/P) with an anti-active Arf6 antibody and then immunoblotted (/B) with an anti-Arfé antibody. C, quantification of Arfé
activity from three independent experiments similar to that shown in A or B, respectively. Data were evaluated using a one-way ANOVA (¥, p < 0.01;n = 3).D
and E, N1E-115 cells were transfected with an siRNA for control luciferase or CCDC120 and allowed to differentiate for 0, 24, or 48 h. Arf6 activity was measured
with affinity precipitation with GST-GGA3. The expression levels of Arf6, CCDC120, and actin and Coomassie staining of GST-GGA3 were also shown. Fand G,
N1E-115 cells transfected with an siRNA for control luciferase or cytohesin-2 was allowed to differentiate for 0, 24, or 48 h, and Arf6 activity was measured. Data
were evaluated using aone-way ANOVA (*,p < 0.01;n = 3). Hand /, N1E-115 cells were transfected with an siRNA for control luciferase or CCDC120 and allowed
to differentiate for 0, 24, or 48 h. After treatment, cells were lysed using lysis buffer. Cell lysates were immunoprecipitated with an anti-active Arf6 antibody and
then immunoblotted with an anti-Arf6 antibody. The expression levels of Arf6, CCDC120, and actin were shown. Jand K, N1E-115 cells were transfected with
an siRNA for control luciferase or cytohesin-2 and allowed to differentiate for 0, 24, or 48 h. After treatment, cells were lysed using lysis buffer. Cell lysates were
immunoprecipitated with an anti-active Arf6 antibody and then immunoblotted with an anti-Arf6 antibody. The expression levels of Arf6, cytohesin-2, and
actin are shown.
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upper panels are shown in lower panels. Colocalization of CCDC120 with cytohesin-2 was observed in both neurite shaft and growth cone areas. Scale bars,
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cytohesin-2. Because secondary structural analysis using the
COILS bioinformatics website predicts that CCDC120 has
three CC domains, tentatively named CC1 (amino acids
33-70), CC2 (amino acids 104-137), and CC3 (amino acids
137-172) (Fig. 1E), CCDC120 (amino acids 1-92) corre-
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sponds to a region containing the CC1 domain. Following
analyses using further deletion mutants, CCDC120 amino
acids 31-70 were coimmunoprecipitated with cytohesin-2
(Fig. 1D, 7th lane), revealing that the CCDC120 CC1 domain
is responsible for the interaction with cytohesin-2.

SASBMB

VOLUME 289+NUMBER 49+-DECEMBER 5, 2014



Role of Cytohesin-2 and CCDC120 in Neurite Growth

A | EGFP-VAMP2 || RFP-CCDC120 || Merge |

VAMP2/CCDC120

D[ EGFP-Rab8b || RFP-CCDC120 | Merge |

Rab8b/CCDC120

VAMP4/CCDC120

(=]
N
=
(]
[=}
O
Q
-
=
Q
©
o

F

2 : .

- Growthcone 2 Neurite

o o

ag g 230

L= i >

€y €y

S P

582 5820

I I3

£8 10 210

2 ag

) )

<] <}

= 0 3 0

o @

T FEELS T T SS
& *® K\allX\4 Q&‘O Qg?

FIGURE 7. Expression profiles of RFP-CCDC120 in N1E-115 cells. N1E-115 cells were cotransfected with the plasmids encodlng EGFP-VAMP2/synaptobrevin
2 (A), -VAMP4 (B), -VAMP7 (C), -Rab8b (D), -Rab11 (E), or RFP-CCDC120. Transfected cells were allowed to differentiate for 48 h, and vesicle-like structures
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experiment).

Because coexpression of CCDC120 with cytohesin-2 inhib-
ited CCDC120 degradation (Fig. 1A4), we tested the possibility
that cytohesin-2 inhibits ubiquitin modification of CCDC120
for the protein degradation system (22-24). CCDC120 was
modified by HA-tagged ubiquitin in cells, and coexpression
with cytohesin-2 resulted in inhibition of CCDC120 modifica-
tion by ubiquitin (Fig. 1F). One of the reasons that cytohesin-2
inhibits CCDC120 degradation may be cytohesin-2 inhibition
of CCDC120 ubiquitin modification.

N-terminal Region of Cytohesin-2 Interacts with CCDC120—
To investigate which domains of cytohesin-2 interact with
CCDC120, we generated a series of truncated cytohesin-2
mutants, tentatively named CC (amino acids 1-59), Sec7
(amino acids 60-254), PH+b (amino acids 255-400), PH
(amino acids 255-384), and truncated cytohesin-2 (amino
acids 60-384) (Fig. 2A). We cotransfected the plasmids
encoding RFP-tagged CCDC120 and the respective FLAG-
tagged domains and cytohesin-2 mutants into 293T cells.
CCDC120 was coimmunoprecipitated with the CC domain
(Fig. 2B, 2nd lane) and weakly coimmunoprecipitated with
the Sec7 domain and truncated cytohesin-2 (amino acids

SASBMB
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60-384) (Fig. 2, B, 3rd lane, and C, 3rd lane), revealing that
the cytohesin-2 CC domain provides the primary interaction
region with CCDC120.

CCDCI120 Directly Binds to Cytohesin-2—To determine
whether CCDC120 directly binds to cytohesin-2, recombinant
GST-tagged CC1 domain proteins of CCDC120 were produced
in E. coli (Fig. 3A). His-tagged cytohesin-2 proteins were also
produced and purified using E. coli. The GST-tagged CCl1
domain of CCDC120 proteins exhibited a specific binding with
immobilized His-cytohesin-2 proteins, but this was not
observed in control GST proteins. Scatchard analysis for the
interaction between the CC1 domain and cytohesin-2 revealed
its binding dissociation constant (K,) of 0.28 * 0.033 um (Fig.
3B), which suggests direct binding.

Cytohesin-2-binding Protein CCDCI20 Regulates Neurite
Growth in N1E-115 Cells—N1E-115 cells have been used as a
good model to study neurite outgrowth, because N1E-115 cells
can form comparatively long neurites (15, 25-29). N1E-115
cells normally undergo proliferation in the presence of 10%
FBS. Following induction of differentiation by serum depriva-
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tion, 30—40% of cells exhibit phenotypes bearing extended Immunoblotting showed that CCDC120 expression levels were

neurites at 48 h (16).

specifically knocked down by CCDC120 siRNA transfection,

To explore the role of the cytohesin-2-binding protein whereas the expression levels of control actin were unaffected
CCDC120 in N1E-115 cells, we transfected each CCDC120 (Fig.4A). Following induction of differentiation, transfection of
siRNA oligonucleotide or control luciferase into N1E-115 cells. CCDC120 siRNA into N1E-115 cells decreased the length
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of the longest neurites by ~70% compared with transfection of
control siRNA (Fig. 4, B and D). Similarly, transfection of
CCDC120 siRNA decreased the total length of neurites by
~50% (Fig. 4, Band E). Knockdown of CCDC120 also decreased
the numbers of cells with single neurites by ~0.4-fold (13 *
0.29 in CCDC120 knockdown compared with 30 = 0.94 in con-
trol knockdown) and increased the numbers of cells with
multiple neurites (=2 neurites) by ~2.6-fold (23 * 0.78 in
CCDC120 knockdown compared with 8.8 * 0.43 in control
knockdown) (Fig. 4, B and C), suggesting that CCDC120 medi-
ates neurite growth by controlling the neurite length and
number.

CCDC120 and Cytohesin-2 Regulate Arf6 Activation in Dif-
ferentiating NIE-115 Cells—In our previous report, Arf6 activ-
ity significantly increased during neurite outgrowth in N1E-115
cells (16). Similarly, we performed an affinity precipitation as
pulldown using recombinant GST-tagged N-terminal domain
of GGA3, which specifically binds to the active GTP-bound
form of Arf6. Increasing Arf6 activity was detected by pulldown
assay (Fig. 5, A and C), consistent with the results from an
immunoprecipitation assay using anti-active Arf6 (Fig. 5, B and
C) in growing N1E-115 cells. Because cytohesin-2 is a GEF for
Arf6 (12, 13), we examined whether CCDC120 is involved in
Arf6 activation in N1E-115 cells. Under control siRNA trans-
fection conditions, GTP-bound Arf6 was observed to be affin-
ity-precipitated with GST-GGA3 at 24 or 48 h following induc-
tion of differentiation, whereas transfection with CCDC120
siRNA inhibited Arf6 activation (Fig. 5, D and E), indicating
that CCDC120 is required for Afr6 activation in differentiation.
We also confirmed that knockdown of cytohesin-2 inhibited
Arf6 activation under the experimental conditions (Fig. 5, Fand
G) (16). Similar knockdown effects were also shown by immu-
noprecipitation assay using an anti-active Arf6 antibody (Fig. 5,
H-K).

CCDC120 and Cytohesin-2 Are Present in Punctate Struc-
tures in Growing Neurites in N1E-115 Cells—As shown in Fig.
6A, CCDC120 expression levels increased as differentiation
proceeded in N1E-115 cells. We also confirmed that expression
levels of cytohesin-2, but not Arf6 and control actin proteins,
increased following induction of differentiation (16). Because
CCDC120 expression profiles are similar to those of cytohe-
sin-2, we tested the possibility that CCDC120 may be associ-
ated with cytohesin-2 in subcellular components. At 24 h after
induction of differentiation, CCDC120 and cytohesin-2 were
observed in punctate structures throughout the growing neu-
rites (Fig. 6B, upper six panels). At 48 h after induction of dif-
ferentiation, colocalization of CCDC120 with cytohesin-2 was

Role of Cytohesin-2 and CCDC120 in Neurite Growth

also observed in both neurite shaft and growth cone areas (Fig.
6B, lower six panels).

CCDC120- and Cytohesin-2-containing Vesicles Are Trans-
ported Along Neurites in NIE-115 Cells—To identify the vesi-
cle-like structures containing CCDC120, we cotransfected
RFP-CCDC120, EGFP-VAMPs (VAMP2/synaptobrevin2, VAMP4,
and VAMP?7), or EGFP-Rabs (Rab8b or Rab11), together with
RFP-CCDC120, into N1E-115 cells. At 48 h after induction of
differentiation, the ratios of colocalization of both RFP-
CCDC120 and EGFP fusion proteins in growth cone and neu-
rites of N1E-115 cells were calculated from fluorescence images
(Fig. 7, A—E). Because these values were about 20% at most (Fig.
7F), the vesicle-like structures containing CCDC120 was very
partially colocalized to these endosomal vesicles. These results
suggest that CCDC120 can be present in both anterograde and
retrograde moving vesicles along neurites. Next, to visualize
movement of cytohesin-2 and CCDC120 in neurites, we trans-
fected the plasmid encoding EGFP-cytohesin-2 and RFP-
CCDC120 into N1E-115 cells and observed their movement
using time-lapse fluorescence microscopy. At both 24 and
48 h after induction of differentiation, green fluorescence-
positive EGFP-cytohesin-2 and red fluorescence-positive RFP-
CCDC120 were localized in vesicle-like structures along neu-
rites (Fig. 8, A—C). They were also colocalized in vesicle-like
structures, where many of the yellow fluorescence-positive
colocalization signals for EGFP and RFP were observed (Fig. 8,
A-C), which is consistent with the immunofluorescence results
from Fig. 6B. 24 h after induction of differentiation, vesicles
containing EGFP-cytohesin-2 and RFP-CCDC120 moved in
the anterograde rather than retrograde direction along growing
neurites, although ~50% of vesicles were immobile (Fig. 8D;
supplemental Movie 1), suggesting that when neurites begin
outgrowth, their vesicles preferentially move in the anterograde
direction. In contrast, at 48 h after induction of differentiation,
the vesicles moved along neurites almost equally in the antero-
grade and retrograde directions (Fig. 8D; supplemental Movie
2). As shown in Fig. 7E, the histogram of mean velocity revealed
that vesicles transported in both anterograde and retrograde
directions move at a broad range of average transport rates
along neurites (Fig. 8E).

Cytohesin-2 Is Recruited to Vesicles through the CC1 Domain
of CCDC120—Because cytohesin-2 binds to CCDC120, we
tested whether CCDC120 has the ability to regulate the trans-
location of cytohesin-2. We thus made an RFP-tagged cytohe-
sin-2-binding CC1 domain-deficient CCDC120 mutant (RFP-
CCDC120-ACC1) (Fig. 9A4) and cotransfected the wild type or
mutant CCDC120 construct with FLAG-cytohesin-2 into 293T

FIGURE 8. Vesicle-like structures containing cytohesin-2 and CCDC120 are transported along neurites in N1E-115 cells. N1E-115 cells were cotrans-
fected with the plasmids encoding EGFP-cytohesin-2 and RFP-CCDC120 and were allowed to differentiate for 24 or 48 h. A and B, at 24 or 48 h following
differentiation, a live image in a neurite was captured for 4 min, and representative images for 30 or 60 s are shown, respectively. Vesicle-like structures
containing EGFP-cytohesin-2 (green) and RFP-CCDC120 (red) were observed in neurites. Closed and open arrowheads indicate representative retrograde and
anterograde movements, respectively. In 24-h panels, enlarged photographs of dotted squares are shown as live images. Scale bars, 5 wm (A) or 10 um (B). C, at
24 or 48 h following differentiation, the number of green fluorescence-positive cytohesin-2-containing vesicles, red fluorescence-positive CCDC120-contain-
ing vesicles, and merged yellow fluorescence-positive vesicles in one neurite was counted (n = 22 neurites in each experiment). Almost all vesicles contained
both cytohesin-2 and CCDC120. D, at 24 or 48 h following differentiation, the number of yellow fluorescence-positive or immobile vesicles moving in
anterograde or retrograde directions were counted in one neurite (n = 20 neurites in each experiment). Data were evaluated using a one-way ANOVA (*,p <
0.01). E, velocity distribution of yellow fluorescence-positive vesicles moving in anterograde or retrograde directions or immobile vesicles in one neurite is
shown (n = 25 neurites in each experiment).
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cells. The wild type coimmunoprecipitated with cytohesin-2,
but the mutant did not (Fig. 9B), confirming our data that the
CC1 domain is required for coimmunoprecipitation with
cytohesin-2.

We next performed a time-lapse fluorescence microscopy at
24 or 48 h after induction of differentiation in N1E-115 cells.
Although RFP-CCDC120-ACC1 was localized in vesicle-like
structures, EGFP-cytohesin-2 was distributed throughout the
cytoplasmic regions (Fig. 9, C and D, and supplemental Movies
3 and 4), indicating that CCDC120 determines cellular cytohe-
sin-2 localization. CCDC120-ACC1- and cytohesin-2-contain-
ing vesicles amounted to less than 5% of all vesicles (Fig. 9E).
Although ~80% of CCDC120-ACC1-containing vesicles were
immobile, the mobile vesicles moved in the anterograde and
retrograde directions at a broad range of average transport rates
along neurites (Fig. 9, F-I).

Arf6 Activation Requires the Interaction between CCDCI120
and Cytohesin-2—W e next examined whether the interaction
between CCDC120 and cytohesin-2 is required for Arf6 activa-
tion. We transfected the plasmid encoding either RFP-
CCDC120 or RFP-CCDC120-ACC1 into N1E-115 cells and
immunostained it with an anti-active Arf6 antibody at 48 h after
induction of differentiation. The wild type CCDC120 signals
were colocalized with signals showing active Arf6 in vesicle-like
structures in both neurite shaft and growth cone areas (Fig. 10,
A, upper six panels, and B). The signals of CCDC120-ACC1
were detected as punctate structures in immature neurites;
however, active Arf6 signals promptly decreased and rather
appeared to be diffused in cells (Fig. 10, A, lower six panels, and
B). These results are consistent with the results that transfec-
tion of CCDC120-ACC1 diffuses EGFP-cytohesin-2 in the
cytoplasmic regions.

Neurite Growth Requires the Interaction between CCDC120
and Cytohesin-2—To clarify whether the interaction between
CCDC120 and cytohesin-2 is required for neurite growth, the
plasmid encoding RFP-CCDC120, RFP-CCDC120-ACC1, or
control RFP was cotransfected with each siRNA for CCDC120
or control luciferase into N1E-115 cells. CCDC120 siRNA
transfection decreased the length of the longest neurites and
the total length of neurites. It also decreased the numbers of
cells with a single neurite and increased the numbers of cells
with multiple neurites (Fig. 114, lower 2nd panel compared
with upper 2nd panel). Under the same CCDC120 siRNA trans-
fection condition, cotransfection of CCDC120-ACC1 did not
reverse these phenotypes (Fig. 114, lower 4th panel), similar to

Role of Cytohesin-2 and CCDC120 in Neurite Growth
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FIGURE 10. Interaction between CCDC120 and cytohesin-2 is required for
both neurite growth and Arf6 activation. A, at 48 h following differentia-
tion, N1E-115 cells expressing RFP-CCDC120 or RFP-CCDC120-ACC1 were
immunostained with an anti-active Arfé antibody. In RFP-CCDC120-ACC1
panels, enlarged photographs of dotted squares in upper panels are shown in
the lower panels. Scale bars, 5 wm. B, percentage of active Arf6-positive vesi-
clesin CCDC120-positive vesicles in neurites is shown (n = 25 neurites in each
experiment). Data were evaluated using a one-way ANOVA (*, p < 0.01).

the phenotypes observed in CCDC120-ACC1 cotransfection
under the control of siRNA transfection conditions (Fig. 114,
upper 4th panel), suggesting that CCDC120-ACC1 may also act as
the dominant-negative in neurite growth. However, wild type
CCDC120 cotransfection under CCDC120 siRNA transfection
conditions reversed the effects of CCDC120 siRNA and exhibited
a seemingly normal phenotype (Fig. 114, lower 6th panel). These
statistical data are summarized in Fig. 11, B (longest neurite
length), C (total neurite length), and D (neurite number). Collec-
tively, the interaction of cytohesin-2 with CCDC120 participates
in determining cytohesin-2 localization in vesicle-like structures
to regulate Arf6 activation and neurite growth.

FIGURE 9. CCDC120 is required for localization of cytohesin-2 in N1E-115 cells. A, schematic structure of RFP-CCDC120 and RFP-CCDC120-ACC1 that are
incapable of binding to cytohesin-2 is shown (numbers show amino acid structures). B, 293T cells were transfected with the plasmids encoding either
RFP-CCDC120 or RFP-CCDC120-ACC1 together with FLAG-cytohesin-2. The immunoprecipitates (/P) with an anti-FLAG antibody were immunoblotted (/B) with
an anti-RFP antibody. Expression levels of transfected plasmids are shown. C and D, N1E-115 cells were cotransfected with the plasmids encoding EGFP-
cytohesin-2 and RFP-CCDC120-ACC1 and were allowed to differentiate for 24 (C) or 48 h (D). These live images in a neurite were captured for 4 min, and
representative images for 30 s are shown. Vesicle-like structures containing RFP-CCDC120-ACC1 (red) were observed in neurites, whereas EGFP-cytohesin-2
(green) was widely localized in the cytoplasmic regions. Enlarged photographs of dotted squares are shown as live images. Scale bars, 5 um. E, at 24 or 48 h
following differentiation, the number of green fluorescence-positive cytohesin-2-containing vesicles, red fluorescence-positive CCDC120-ACC1-containing
vesicles, and yellow fluorescence-positive vesicles in one neurite were counted (n = 22 neurites in each experiment). f, at 24 or 48 h following differentiation,
the number of yellow fluorescence-positive orimmobile vesicles moving in anterograde (Antero) or retrograde (Retro) directions were counted in one neurite
(n = 20 neurites in each experiment). Data were evaluated using a one-way ANOVA (*, p < 0.01). G, velocity distribution of yellow fluorescence-positive vesicles
moving in anterograde or retrograde directions orimmobile vesicles in one neurite is shown (n = 24 neurites in each experiment). H, number of RFP-CCDC120
or CCDC120-ACC1-containing vesicles moving in anterograde or retrograde directions or immobile vesicles in one neurite were counted (n = 28 neurites in
each experiment). /, velocity distribution of RFP-CCDC120 or CCDC120-ACC1-containing vesicles moving in anterograde or retrograde directions orimmobile
vesicles in one neurite are shown (n = 33 neurites in each experiment).
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FIGURE 11. Interaction of cytohesin-2 with CCDC120 is required for neurite growth. A, N1E-115 cells were cotransfected with the plasmid encoding RFP,
RFP-CCDC120, or RFP-CCDC120-ACC1T and an siRNA for control luciferase or CCDC120. Representative images are also shown at 0 or 48 h following induction
of differentiation. Scale bars, 10 um. The length of the longest neurites (B) and the total number of neurites (C) per cell were measured (n = 54 cells). D, number
of neurites in each cell was counted and shown as the percentage (n = 3 microscopic fields). Data were evaluated using a one-way ANOVA (¥, p < 0.01).

DISCUSSION

Neuronal morphological changes include neurite outgrowth,
extension, axon guidance, branching, synapse connection, and
neuronal network formation. It is well established that the ini-
tial events of these morphological changes are composed of the
complex signaling mechanisms involving Rho and Ras families
of small GTPases (2—4). Increasing evidence illustrates that
small GTPases of the Arf family and the downstream effectors
also regulate morphological changes in neuronal cells and
increase the complexity of signaling mechanisms underlying
neuronal morphological changes (30). However, comparatively
less is known about regulation and localization of molecules
controlling the Arf activity in cells. We previously reported the
critical role of cytohesin-2 in neurite outgrowth in N1E-115
cells (15, 16). Here, we report that Arf6-GEF cytohesin-2 binds
to a protein, CCDC120, which is a previously unknown func-
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tion, and localizes on vesicles containing CCDC120 to be trans-
ported along neurites in differentiating N1E-115 cells. The
importance of CCDC120 in cytohesin-2 regulation is supported
by inhibition of neurite growth and Arf6 activation in response
to CCDC120 knockdown. When neurites begin to extend, ves-
icles containing CCDC120 and cytohesin-2 are transported in a
more anterograde direction. As neurites extend, anterograde
vesicle transport decreases. Indeed, cytohesin-2 localization on
vesicles containing CCDC120 is blocked by CCDC120 knock-
down. Reintroduction of the wild type construct into CCDC120
knockdown background reverses blunted neurite growth,
whereas that of the cytohesin-2-binding CC1 region-deficient
CCDC120 construct fails to reverse it. Thus, cytohesin-2 is
transported by vesicles containing CCDC120 along neurites
and mediates neurite growth. We clarify for the first time the
molecule required for transporting Arf6-GEF.
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It is well known that adaptor and/or anchor proteins deter-
mine the localization of GEFs for small Rab family GTPases,
which are essential for intracellular membrane transport. For
example, a tetanus neurotoxin-insensitive vesicle-associated
membrane protein (VAMP7/TI-VAMP) interacts with the Vps
domain and ankyrin repeat-containing protein (Varp), which is
characterized as a GEF for small GTPase Rab21, and they par-
tially colocalize in the cell body, neurite shafts, and the periph-
eral region of neurites (31). VAMP7 and Varp-containing ves-
icles exhibit anterograde and retrograde transport along
neurites in hippocampal neurons. The anterograde transport of
the vesicles from trans-Golgi network to the cell surface medi-
ates the kinesin superfamily 5A (KIF5A) motor proteins in neu-
rons, and it is important for neurite differentiation and polar-
ization (32). There is another example in exocytic membrane
trafficking process from the Golgi. Rabin8, which is a GEF for
Rab8, regulates vesicle trafficking containing the retinal photo-
receptor rhodopsin from trans-Golgi network to the cilia base
(33, 34). Rabin8 is recruited to Golgi-derived vesicles by Rab11
as a Golgi-localized anchor protein (35, 36) at the early stage of
primary ciliogenesis. These mechanisms suggest an hypothesis
that CCDC120 may bind to vesicles through presumably adap-
tor(s) to transport cytohesin-2 along neurites. Further studies
investigating CCDC120-binding protein(s) will clarify how
CCDC120 determines cytohesin-2 localization.

Morphological changes in neuronal cells involve some Arf6-
GEFs, which are composed of the enhancer EFA6 ((also known
as pleckstrin and Sec7 domain containing) and brefeldin A-re-
sistant Arf-GEF (BRAG (also known as the IQ motif and SEC7
domain-containing protein, IQSEC) family proteins. EFA6A,
EFA6B, EFA6C, and EFA6D constitute EFA6 family members
(37-39). Among them, EFA6A and EFA6C are predominantly
expressed in the central nervous system, whereas EFA6B and
EFA6D are widely distributed in various tissues (39, 40). EFA6A
is abundantly expressed in hippocampal neurons and regulates
dendrite formation (41). The short variant of EFA6A (EFA6As)
is known to participate in regulating dendrite branching during
central nervous system development (42). BRAG1, BRAG2/
GEP100, and BRAG3 constitute the BRAG family members.
Although all BRAG members are expressed in the central ner-
vous system, each BRAG member likely exhibits an individual
expression pattern. BRAG1 and BRAG3 are widely distributed
in the central nervous system (43) and BRAG?2 is abundantly
expressed in the hippocampus (44) and cancer cells (45).
Because the EFA6 and BRAG members contain one or multiple
CC domains (10), these GEFs may interact with CCDC120 in
neuronal cells and may act together with the EFA6 and BRAG
members to mediate their morphological changes.

Thus far, many cytohesin family-binding proteins have been
identified to modulate cytohesin activities and signaling
through cytohesins in various types of cells. The CC domain in
cytohesins is characterized to provide a binding site with other
CC domain-containing proteins. The CC domains include the
Grpl signaling partner 1 (GRSP1)/mKIAA1013 (46, 47), the
Grpl-associated scaffold protein (GRASP)/tamalin (48), cyto-
hesin-associated scaffold protein (CASP)/Cybr/cytohesin-in-
teracting protein (CYTIP) (49-51), interaction protein for
cytohesin exchange factor 1 (IPCEF1)/KIAA0403 (52, 53),
SASBMB
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FERM domain containing 4A (FRMD4A) (54), connector
enhancer of KSR 1 (CNK1) (55), and the small GTPase family
member ArldD (56, 57). Although CASP and FRMD4A bind
very specifically with cytohesin-1, GRSP1, GRASP, IPCEF,
CNK1, and Arl4D bind possibly to all cytohesin family proteins
(56). It is clear that cytohesin-2 binds to CCDC120 to be trans-
ported by vesicles containing CCDC120 along neurites, but one
or some of these binding proteins may also help cytohesin-2 to
localize along neurites.

Arf6 is well established to stimulate the activities of phos-
phatidylinositol-4-phosphate 5-kinases and phospholipase D
isoenzymes. These enzymes generate phosphoinositides and
phospholipids as the products, causing cell morphological
changes. Therefore, these lipid-modifying enzymes may act
as the effector of Arf6 in the neuronal cell signaling pathway
at CCDC120-containing vehicles and/or final destinations
where cytohesin-2 may localize. In the normal process out-
growth condition in N1E-115 cells, cytohesin-2 is localized in
CCDC120-positive vesicles where the cytohesin-2 target mole-
cule Arf6 is colocalized. In contrast, when CCDC120 is knocked
down in cells, cytohesin-2 is dispersed throughout the cytoplas-
mic region. CCDC120 knockdown also inhibits process out-
growth in N1E-115 cells. CCDC120 may allow cytohesin-2 to
localize to regulate promising Arf6 activation in certain vesicles
but not the whole cytoplasmic region, which is probably
required for extending processes.

Here, we show that cytohesin-2 is transported by vesicles
containing CCDC120 along the neurites to mediate neurite
growth. Further studies along this line will allow us to under-
stand the detailed mechanisms of how CCDC120 localizes
cytohesin-2 in vesicles, and also why cytohesin-2-binding pro-
tein CCDC120 is required for neurite growth. This may require
further studies to clarify how the activity of cytohesin-2 is spa-
tiotemporally regulated by kinases such as PKC (14, 58).
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