positive myelination regulators. In contrast, Rho/ acts as a negative
regulator, inhibiting process extension and branching (Liang et al.,
2004;.

In addition to the Rho GTPases, small GTPase members belong-
ing to the Arf family are also known to contribute to cell morphologi-
cal changes (D'Souza-Schorey and Chavrier, 2006; Kahn et al., 2006:
Casanova, 2007; Donaldson and Jackson, 2011). Ards can also act as
intracellular molecular switches depending on their guanine nucle-
otide-binding states. Thus the regulators known as guanine nucle-
otide exchange factors (GEFs, positive regulators) and GTPase-acti-
vating proteins (GAPs, negative regulators) participate in oscillating
between active GTP-bound states and inactive GDP-bound ones. It
is currently unknown whether Arf signals are involved in oligoden-
drocyte morphological differentiation during the myelination pro-
cess, although, in the peripheral nervous system (PNS), Arf6-GEF
cytohesin-1 (Kolanus et al., 1994; Meacci et al., 1997) and the down-
stream activation of Arfé are required for morphological changes in
Schwann cells, the myelin-forming glial cells in the PNS, during the
myelination process (Yamauchi et al., 2012; Miyamoto et al., 2013a;
Torii et al., 2013).

The Rab farnily proteins are another group of small GTPases that
plays an important role in mediating vesicular trafficking (Stenmark,
2009, Pleffer, 2013). More than 60 Rab proteins have been identi-
fied in mammals. Each Rab is specifically localized to a particular
metmbrane transport pathway. Some Rab proteins are well charac-
terized in oligodendrocytes and potentially mediate their morpho-
genesis through membrane homeostasis. Rab40C, shich has been
cloned fram an oligodendrocyte cDONA library, is localized in the
perinuclear recycling compartment (Rodriguez-Gabin et al., 2004).
Rab40C participates in endocytic events such as receptor recycling.
Rab31, which has also been cloned from an oligodendrocyte cDNA
library, is involved in the transport from the trans-Golgi network to
the endosomes (Rodnguez-Gabin et al,, 2010). In addition, although
Rab35 has been cloned from a skeletal muscle ¢cDNA library (Zhu
et al., 1994), it also functions as a regulator of the exocytotic path-
way in oligodendrocytes (Hsu et al., 2010). Rab35 is known to be a
unicue Rab protein. In a complete analysis of small GTPases, the
major subcellular localization site of Rab35 was identified to be the
plasma membrane, in contrast to the other Rab proteins, which are
localized in the intracellular vesicles (Heo et al., 2006).

These findings remind us of the possible presence of networks
armong the small GTPase families in oligodendrocytes and raise im-
portant questions concerning haw such networks form and whether
they act cooperatively or antagonistically in oligodendrocytes. We
herein show that Rab35 negatively regulates oligodendrocyte mor-
phological differentiation through ACAPZ {Arf-GAP with colled-coil,
ankyrin repeat, and pleckstrin homelogy domains 2; Jackson et al.,
2000}, the GAP that specifically switches off Arfé. In contrast, cyto-
hesin-2 (Chardin et al., 1996; Frank et al., 1998}, the GEF protein
that specifically switches on Arfé, promotes differentiation. We also
find that signaling through Rab35 and ACAP2 and signaling through
cytohesin-2 reciprocally regulate myelination by oligodendrocytes,
using an oligodendrocyte—dorsal root ganglion (DRG) neurcnal
caculture system. These results suggest the presence of a previously
unknown unique small GTPase netwark functioning at the stage
when oligodendrocytes begin differentiating for myelination.

Ra'béSr négatively regulates differentiation in FBD-102b cells
FBD-102b cells were established from fetal brains of p53 knockout
mice (Horiuchi and Tomeooka, 2006). FBD-102b cells retain OPC

properties in the presence of 10% fetal bovine serum (FBS). When
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cultured in a reduced serum medium, FBD-102b cells differentiate
mto oligodendrocyte phenotypes with highly branched processes
that contain myelin marker proteins such as myelin basic protein
(MBP). Thus FBD-102b cells are used as a model for analyzing the
molecular mechamsms underying oligodendrocyte differentiation
{Horiuchi and Tomaooka, 2006; Miyamote et al., 2007). To cquantify
differentiation using the method of Sperber and McMorris (2001,
we have divided morphological differentiation into three stages
based essentially on the complexity of oligodendrocytes’ processes;
stage 1 {two or fewer primary processes longer than a cell body),
stage 2 {three or four primary processes), and stage 3 (five or more
primary processes). Before the induction of differentiation, major
morphological cell types exhibit two short processes and thus be-
long to stage 1. Three days after the induction of differentiation,
cells exhibit more highly branched processes and are thus catego-
rized into stage 3 (Miyamaoto et al., 2007).

To examine the involvement of Rab35 in oligodendrocyte differ-
entiation, we first knocked down endogenous Rab35 proteins with
nonoverfapping small interfering RNAs (siRNA; siRab35#1 and
siRab35#2) in FBD-102b cells. Rab35 was specifically knocked down
by transfection with each of the respective Rab35 siRNAs but not
with the control luciferase siRNA (Figure 1, A and B). In contrast,
control B-actin protein was not altered The effect of siRab35#2 on
knockdown was slightly stronger than that of siRab35#1. The num-
ber of processes was greater in cells transfected with siRab35#1
(44.8 £ 0.805% of stage 3 cells; Figure 1, D and E} than in those
transtected with the control siRNA (32.3 £ 0.588% of stage 3 cells;
Figure 1, D and E}. A similar but slightly stronger effect was ohb-
served in transfection with siRab35#2 (53.3 £ 1.44% of stage 3 cells;
Figure 1, D and E), consistent reciprocally aith the findings cancern-
ing the knockdown efficiencies of siRNA#1 and siRNA#2. Transfec-
tion with siRab35#1 and siRab35#2 increased the protein levels of
MBP by 1.63 + 0.141-fold and 3.40 % 0.163-fold, respectively
(Figure 1, A and Cj. Expression of the siRab35#2-resistant form of
Rab35 with siRah35#2 reversed the increases in the percentage of
stage 3 cells (Figure 1F). These results suggest that Rab35 nega-
tively regulates differentiation in FBD-102b cells.

Thus we measured the bona fide activity of Rab35 through an
affinity-precipitation assay using the Rab35e¢GTP-binding domain
(RBD) of SH3 domain—containing 2 (RUSC2), which specifically binds
to active GTP-bound forms of Rab35 proteins (Fukuda et al., 2011).
Although expression levels of Rab35 proteins increased following
the induction of differentiation (Figure 2, A and C), GTP-bound
forms of Rah35 were dramatically decreased, by 27.9 £ 0.0535%
and 13.7 £ 0.0261% at 2 and 3 d, respectively (Figure 2, A and B},

The Rab35 effector ACAP2, which switches off Arfé,
negatively regulates differentiation in FBD-102b cells

'We searched for Rab35-binding protein(s) through biochemical
procedures using the lysates of rat brains at postnatal day 1, when
oligodendrocyte lineage cells are present as OPCs. Rab35 affinity
column chromatography and mass spectrometric analysis identi-
fied proteins of ~90 kDa containing ACAPZ and Hsp%0 (Figure
3A). ACAPZ is an Arfé-specific GAP, switching off Arfé activity. In
PC12 cells, it is known as the Rab35 effector that is involved in
neurite outgrowth (Kobayashi and Fukuda, 2012); its role in oligo-
dendrocytes, however, 1s currently unknown. On the other hand,
Hsp90 is known to form a complex with guanine nucleotide dis-
sociation inhibitor (GDI), which interacts with Rab1 to modulate its
cellular activity (Chen and Balch, 2006). It is possible that Hsp%0
may modulate Rab35’s role in oligodendrocytes as a potential

GDI for Rab35.
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Rab35 is required for FBD-102b cell differentiation.
{A) Cells were transfected with an siRNA for control {luciferase),
Rab35#1, or Rab3542 and immunoblotted with an antibody against
Rab35, MBP, or f-actin. (B} The bands of each Rab35 protein were
semiquantified (n = 5}. (C} The bands of each MBP protein were
semiquantified (n = 5). (D) Cells transfected with an siRNA for control,
Rab35#1, or Rab35#2 were allowed to differentiate for 3 d.
Representative images are shown. Scale bar: 20 pm. (E) The
percentage of cells in stage 3 was determined (n = 10 fields in three
experiments). (F) Cells transfected with an siRNA for control or
Rab35#2 as well as control vector or GFP-siRNA-resistant Rab35 were
allowed to differentiate for 3 d. The percentage of cells in stage 3 was
determined (n = 10 fields in three experiments). Data were evaluated
with one-way ANOVA (*, p < 0.01; **, p < 0.05).

To determine whether ACAPZ is involved in oligodendrocyte dif-
ferentiation, we transfected the nonoverlapping siRNAs (sIACAPZ#1
or siACAPZ2#2) inte FBD-102b cells. Transfection with siACAPZ#1
and sIACAP2#2 knacked down ACAP2 proteins by ~60 and 40%,
respectively (Figure 3, B and C). In contrast, none of the siRNAs had
any detectable effect on the control protein. Following ACAP2
knockdown, enhanced diferentiation #as observed. Differentiation
efficiency was asse

d based on the percentage of stage 3 cells
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Rab35 is inactivated following differentiation in FBD-102b
cells. {A) Cells were allowed to differentiate for 0~3 d and lysed to be
used in an affinity precipitation to detect active GTP-bound Rab3$
with recombinant GST-RUSC2-RBD. Immunoblots for total Rab35 and
B-actin are also shown. (B) Bands corresponding to each GTP-bound
Rab35 protein were scanned and semiquantified. (C) Bands
corresponding to each total Rab35 protein were scanned and
semiquantified. Data were evaluated with one-way ANOVA (*, p < 0.01;
** p <005 n=4).

(Figure 3, E and F; 54.0 £ 0.471% and 56.2 + 0.620% in siACAP2#1
and siACAPZ2#2, respectively, compared aith 33.8 £1.02% in the
controf). In keeping with these findings, MBP protein levels were
up-regulated by ACAP2 knockdown (Figure 3, B and D; 2.07 %
0.0314-fold and 1.95 £ 0.0462-fold in sIACAPZ#1 and sibCAP2%2,
respectively). Expression of the siACAPZ#2-resistant form of ACAP2
with sIACAP2£2 reversed the increases in the percentage of stage 3
cells (Figure 3G). Collectively the FBD-102b cell morphological and
biochemical data seen in ACAP2 knockdown are similar to those
seen in Rab35 knockdown.

‘We next tred to measure the Arf6-GAP activity of ACAPZ in
FBD-102k: cells. We first performed an affinity precipitation of over-
expressed myc-tagged ACAPZ with each of several guanine nucle-
oticle~binding Arfé proteins. Because active GAPs preferentially
bind ta GTP-bound GTPases, we checked whether ACAP2 forms a
complex with GTP-bound Arfé in vitro (Jackson et al, 2000} As
shown in Figure 44, ACAP2 was specifically coprecipitated with

Malecular Biology of the Cell
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et al., 2006; Casanova, 2007: Donaldson
and Jackson, 2011). Transfection with Arfé
siIRNA knocked down Arfé proteins by -60%
{(Figure 5, A and B}. In contrast, Arfé knock-
down had no detectable effect on the con-
trol protein (Figure 5A). As expected,
Arté knockdo wn decreased the percentages
of stage 3 cells (21.5 £ 1.55%) compared
with the control (34.3 + 1.27%) (Figure 5, D
and E). Similarly, knockdown decreased

. D F ¥ MBP protein levels by 0.172 + 0.0164-fold
GST— g 25 60 {Figure 5, A and C). Expression of the siArfé-
g 20 '55 50 resistant form of Arfé with siArfé reversed
- g 0 the decreases in the percentage of stage 3
E 1o 3 a0 cells {Figure 5F). These results suggest that
= . é o0 Arfé is required for oligodendrocyte differ-
k| 210 entiation, as it s for Schwann cells (Yarmnauchi
CANA: B, etal, 2012
SIRNA: & d,}g‘ d’y’{’ Accordingly, we next measured the activ-
3}?' ‘S,‘? ?\.:}?“ ity of Arfé. We performed an affinity-precij-
E G ~ itation assay using glutathione S-transferase
= f 1 1 {GST)-tagged GGA3-ABD, which specifically
'io_; binds to active GTP-bound Arfé (Yamauchi
.g et al., 2009; Torii et al., 2010). The Arfé activ-
o ity was up-regulated by 40.0 + 4.24-fold at
5‘; 3 d after the induction of differentiation: in
;‘T 2 contrast, Arfé6 expression levels were not
ool . altered during differentiation (Figure 6, A
e AGCQZ?(V" and B}. These results are consistent with our
e ACRR2  other results indicating that Arfé is required

Identification of ACAP2 as a Rab35-interacting protein. (A} Rat brain lysates were
loaded onto a glutathione-resin affinity column on which GST or GST-Rab35Q67L was
immobilized. The bound proteins were eluted by the addition of glutathione and were evaluated
by SDS-PAGE followed by Coomassie staining. The -90-kDa stained protein band indicates
specific binding to Rab35Q47L. The -90 kDa band was identified through proteomic analysis as
a mixture of ACAP2 and Hsp90. Asterisk indicates GST protein degradation products. (B) Cells

for cifferentiation.

We further confirmed that Rab35 and
ACAP2 negatively requlate Arfé. Rah35
knockdown increased GTP-bound Arfé
by 2.12 £ 0.177-fold (Supplemental Figure

51, A and B). Similar results were obtained

were transfected with an siRNA for ACAP2#1 or ACAP2#2 and immunoblotted with an antibody  in ACAPZ  knockdown. ACAP2  knock-

against ACAP2, MBP, or f-actin. (C) The bands of each ACAP2 protein were semiquantified
(= 6}. (D) The bands of each MBP protein were semiquantified (n = 6). (E) Cells transfected

down  increased  GTP-bound Arfé by
1.60 £ 0.227-fold (Figure $1, C and D).

with an siRNA for control, ACAP2#1, or ACAP2#2 were allowed to differentiate for 3 d.

Representative images are shown. Scale bar: 20 pm. (F) The percentage of cells in stage 3 was
determined (n = 10 fields in three experiments). (G) Cells transfected with an siRNA for control
or ACAP2#2 as well as control vector or ZsGreen-siRNA-resistant ACAP2 were allowed to
differentiate for 3 d. The percentage of cells in stage 3 was determined (n = 10 fields in three
experiments). Data were evaluated with one-way ANOVA (*, p < 0.01; **, p < 0.05).

GTPYS-bound Arfé, but not with GDP-bound or nuclectide-free
Arfé. This assay revealed that, follo#ing the induction of differentia-
tion, levels of precipitated ACAP2 gradually decreased, by
56.94+0.216%, 12.7 £0.0839%, and 9.81£0.0493% at 1, 2, and 3 d,
respectively (Figure 4, B and C). Expression levels of ACAPZ pro-
teins were comparable during differentiation (Figure 4, B and Cl.

Arfé is required for differentiation in FBD-102b cells

ACAPZ negatively requlates differentiation, and ACAPZ activity de-
creases as differentiation proceeds. Because ACAPZ is the Arf6-GAP
protein and the Arfé negative regulator, it is thought that Arfé itself
positively requlates differentiation. We previously reported that sig-
naling through Arfé is also required for Schaann cell morphological
changes leading to myelination (Yamaucht et al,, 2012). Arfé primar-
ily mediates intracellular transport and may in part regulate actin
cytoskeletal changes (D'Souza-Schorey and Chavrier, 2006; Kahn
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Roles of Rab35/ACAP2/Arfé in

oligodendrocyte differentiation

We explored the role of the Rab35/ACAP2/
Arfé signaling unit in primary rat oligoden-
drocytes. When OPCs were allowed to
differentiate for 3 d, their processes became
highly branched and abundant with weblike myelin structures that
could be detected with an anti-MBP antibody (Figure S2A). We in-
fected prirmary OPCs with retroviruses harboring short hairpin RNAs
{shRNA) for Rab35, ACAP2, or Arfé and knocked down each of
them. Transfection with shRab35 (Figure S2C), shACAPZ (Figure
52D, or sharfé (Figure S2E) specifically knocked down the respec-
tive proteins, whereas exprassion levels of control B-actin proteins
were unaffected. Knockdown of Rab35 and ACAPZ mcreased dif-
ferentiation (Figure 52, A and B; 35.8 £ 0.500% and 30.8 + 0.550%
in shRab35 and shACAPZ, respectively, compared with
20.9 + 0.390% in the control). In addition, knockdowan of Rab35 or
ACAP2 promated MBP expressian (Figure 52, C and D). In contrast,
Arfé knockdown inhibited both differentiation (Figure S2, A and B;
5.60 £0.310% in shArté compared with 20.9 £ 0.390% in the control)
and MBP expression (Figure S2E). These results show that signaling
through Rab35 and ACAPZ negatively requlates differentiation in

Arfé and oligodendracyte morphogenesis | 1535
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ACAP2 is inactivated following differentiation in FBD-102b
cells. (A) The plasmid encoding myc-tagged ACAP2 was transfected
into 2937 cells and lysed to be used in an affinity precipitation to
detect overexpressed, active ACAP2 using various forms of guanine
nucleotide~hinding recombinant Arf6. The GTP form of Arf6 only
binds to ACAP2. Immunoblot for total ACAP2 is also shown. (B) Cells
were allowed to differentiate for 0-3 d and lysed to be used in an
affinity precipitation of active ACAP2 with recombinant GST-tagged
GTPyS-bound Arfé. Immunoblots for total ACAP2 and p-actin are also
shown. (C) Bands corresponding to each active ACAP2 protein were
scanned and semiquantified (n = 4). Data were evaluated with
one-way ANOVA (*, p < 0.01; **, p < 0.05).

primary oligodendrocytes and support the results obtained from

FBD-102b cells.

Roles of Rab35/ACAP2/Arfé in myelin formation

in cocultures

To nvestigate the role of the Rab35/ACAP2/Arfé signaling unit in
myelination by oligodendrocytes, we employed a coculture system
using primary aligodendrocytes and primary DRG neurons. Knock-
down of Rab35 or ACAPZ in eligodendrocytes promoted forma-
tion of MBP-positive myelin segments in cocultures (Figure 7, A
and B: 316 + 29.6 and 133 £ 11.5 in shRab35 and shACAP2, re-
spectively, compared with 89.0 £ 12.6 in the control). On the other
hand, Arfé6 knockdown inhibited segment formation {(Figure 7, A
and B; 27.0 £ 8.80 in shArfé6 compared with 82.0 £ 12.6 in the con-
tral). In concordance, MBP expression was up-regulated by knock-
down of Rab35 or ACAPZ and hibited by Afdé knockdown
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Arfé is required for FBD-102b cell differentiation. (A) Cells
were transfected with either an siRNA for control, or Arfé, and
immunoblotted with an antibody against Arfé, MBPE, or -actin. (B) The
bands of each Arfé protein were semiquantified (n= 3). (C) The bands
of each MBP protein were semiquantified (n= 3). (D) Cells transfected
with an siRNA for control or Arfé were allowed to differentiate for 3 d.
Representative images are shown. Scale bar: 20 pm. (E} The
percentage of cells in stage 3 was determined (n = 10 fields in three
experiments). {F) Cells transfected with an siRNA for control or Arfé
as well as control vector or ZsGreen-siRNA-resistant Arfé were
allowed to differentiate for 3 d. The percentage of cells in stage 3 was
determinad (n= 10 fields in three experiments). Data were evaluated
with Student’s t test (*, p < 0.01).

(Figure 7, C-E), consistent with our proposal that signaling through
Rab35 and ACAPZ negatively regulates oligodendrocyte differen-
tiation and myelination. To further investigate the correlation of
Rab35 signaling in the regulation of myelination by cligodendro-
cytes, we performed affinity-precipitation assays and immunoblot-
ting analyses dunng mouse spinal cord development. While GTP-
bound forms of Rab35 decreased from postnatal days 14-21, the
mast active phase of myelination, GTP-bound Arfé gradually in-
creased from postnatal days 7-21 (Figure $3). The levels of ACAP2
and cytohesin-2 proteins remained constant. These results appear
to support the in vitro data.

Cytohesin-2 is involved in oligodendrocyte differentiation
and myelin formation

‘While Arfé 1s markedly activated as differentiation proceeds n FBD-
102 cells, signaling through Rab35 and the effector ACAP2 nega-
tively regulates Arfé. The question presented here 1s which molecule

Molecular Biology of the Cell
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Arfé is activated following differentiation in FBD-102b
cells. (8) Cells were allowed to differentiate for 0-3 d and lysed to be
used in an affinity precipitation of active GTP-bound Arf6 with
recombinant GST-GGA3-ABD. Immunoblots for total Arfé and p-actin
are also shown. (B) Bands corresponding to each GTP-bound Arfé
protein were scanned and semiquantified (n = 4). Data were evaluated
with one-way ANOVA (*, p < 0.01).

participates in activating Arfé as differentiation proceeds. One
important group of candidates, the GEF members of the cytohesin
family, could activate Arté, as cytohesin-1 and Arfé both contribute
to myelination by Schwann cells (Yamauchi et al., 2012). To test this
possibility, we used SecinH3, the inhibitor specific to cytohesins
(Fuss et al., 2006; Hather et al., 2006), and examined its effect on
differentiation. Treatment of FBD-102b cells with SecinH3 resulted
in suppressed differentiation (8.3 £ 3.32% of stage 3 cells)
compared with the control (57.6 + 8.12% of stage 3 cells; Figure 54,
A and B). Treatment with SecinH3 also decreased MBP expression
by 21.4 + 0.103% {Figure 54, C and D), suggesting that a cytohesin
participates in differentiation.

Immunoblotting analysis using an antibody against cytohesin-1,
-2, or -3 shows the primary expression of cytohesin-2 in FBD-102b
cells, illustrating that cytohesin-2 probably mediates Arfé activa-
tion in differentiation (Figure S4E). Thus we measured the endog-
enous cytchesin activity (Yamauchi et al., 2012). The affinity-pre-
cipitated, active cytoheisn-2 was increased by 3.69 £ 1.95-fold,
8.15 £ 4.19-fold, and 10.3 + 4.22-fold at 1, 2, and 3 d, respec-
tively. The expression levels of cytohesin-2 were comparable dur
ing differentiation (Figure S5, A and B).

We confirmed the role of cytohesin-2 in ofigodendrocyte differ
entiation. Treatment with SecinH3 inhibited both oligodendrocyte
differentiation (Figure 56, A and B; 0.341 £ 0.0771% in the presence
of SecinH3 compared with 31.9 + 0.0203% in the control) and MBP
expression (Figure S6C). ‘We further examined the effect of SecinH3
on myelin formation in cocultures. We observed that SecinH3 mark-
edly inhibited both the formation of MBP-positive myelin seaments
{Figure 8, A and B; 3.00 £ 2.66 in the SecinH3 compared with
120 + 13.8 in the control) and MBP expression (Figure 8C), consis-
tent with the results from FBD-102b cells.

Volume 25 May 1, 2014

Finally, we tried to analyze a complex involving signaling mole-
cules described above. We performed a coimmunoprecipitation as-
say using an anti-cytohesin-2 antibody before and after the induc-
tion of differentiation in FBD-102b cells (Figure S7). 'While Rab35
activity was down-regulated following differentiation (Figure 2A),
the levels of coimmunoprecipitated Rab35 proteins were compara-
ble before and after differentiation: however, the levels of Rab35
proteins increased following differentiation. It is likely that Rab35
levels in the complex may have been relatively decreased. The find-
ings that Arfé levels in the immunoprecipitates increased following
differentiation correlate with the data that A6 activity is up-regu-
lated following differentiation (Figure 64). ACAP2 levels in the cyta-
hesin-2 immunoprecipitates were unchanged betfore and after dif-
ferentiation. These results again seem to support our idea that Arfé
regulation by Rab35/ACAP2 and cytohesin-2 is involved in oligo-
dendrocyte differentiation and myelination.

Myelination of axons by oligodendrocytes is a highly regulated pro-
cess that requires coordination of dynamic cellular events, ncluding
cytoskeletal rearrangements, protein and lipid synthesis, and intrac-
ellular trafficking of membranes (Miller, 2002; Bradll and Lassman,
2010; Nave, 2010; Simons and Lyons, 2013). Cytoskeletal changes
are essential for the structural and functional organization of myelin
sheaths, but the intracellular signaling mechanisms involved in their
regulation are Jargely unknown. In this paper, we show that signaling
through Rab35 negatively requlates oligodendrocyte differentiation
and myelination. Using lysates of the neonatal rat brain, in which
oligodendrocyte lineage cells are present as OPCs before differen-
tiation, we have identified Arfé-specific GAP ACAPZ as a Rab35-
binding protein. Indeed, as OPCs differentiate to oligodendrocytes,
the: activities of ACAPZ and Rak35 become down-regulated. Con-
versely, following differentiation, the activities of cytohesin-2 and
Arté are up-regulated (Figure 8D}, Because ACAP2 is the GAP pro-
tein that switches off Arfé, Arfé itself has been expected to be the
positive regulator in oligodendrocyte differentiation and myelina-
tion, consistent with the finding that Arfé knockdown as well as cy-
tohesin-2 inhibition inhibits these processes. Thus Rab35 and ACAP2
negatively requlate differentiation and myelination by down-regu-
lating Arfé, which is up-regulated by cytohesin-2. The signaling unit
presented here is a unique small GTPase network posttively or neg-
atively controlling oligedendrocyte differentiation and myelination.
In PC12 cells, Rab35 promotes neurite outgrowth {Kobayashi and
Fukuda, 2012). The difference in the effects of Rab35 on differentia-
tion may be due to the variation and/or the number of the binding
effectors in cell types. This is reminiscent of signaling through RhoA
small GTPase. In neurons, RhoA inhibits axonal growth {(Nikolic,
2002), whereas RhoA promeotes myelination processes in Schwann
cells (Melendez-Vasquez et al., 2004}, Further studies will allow us to
clarify the unique roles of Rab35 in various cell types.

Potential regulatory mechanism of Rab35

in oligodendrocytes

Rab family members, including Rab35, are thought to be regulated
by their respective specific GEFs (Stenmark, 2009; Pfeffer, 2013).
Increasing evidence shows that proteins containing previously func-
tion-unknown domains called DENN (differentially expressed in
neoplastic versus normal cells) are GEFs for Rabs (Yoshimura et al.,
2010). twasfirst establishedthat DENND1A{also called connecdenn 1)
functions as a GEF for Rab35. DENND 1A is well characterized to play
a key role in the recycling of the major histocampatibility
complex class | in lymphocyte early endosomal compartments
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4B-responsible gene product MTMR13
are often detected in its DENN domain
{Azzedine et al, 2003: Senderek et al,
2003). MTMR13's DENN domain displays
GEF activity for Rab21 {Jean et al., 2012). It
remains to be precisely determined whether
these genes’ mutations result in loss of fune-
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tion or gain of function in humans, but these
findings do point out the importance of the

regulation of the Rab members’ activities by
their GEFs in proper myelination by periph-
eral myelin-forming Schwann cells. Further

shRab35

studies may allow us to learn whether any
DENN  domain-containing GEF or Rab
member may negatively or positively control
myelination processes.
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On the other hand, three TBC1D10 fam-
ity membkers (TBC1D104, TBCID10B. and
TBC1D10C) are characterized as Rab35-spe-
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cific GAPs that switch off Rab35 activity and
o likely function in oligodendrocytes (Hsu
S et al., 2010). Proteolipid protein 1{PLP1), the

major protein in myeln in the CNS, is local-
ized to multivesicular bodies, which then
fuse with plasma membranes. This fusion
participates in PLPT secretion to the extracel-
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Rab35/ACAP2/Arf6 is required for myelin formation. (A} Primary OPCs infected with
an shRNA for control, Rab35, ACAP2, or Arfé were cocultured with DRG neurons for 4 wk and
stained with an anti-MBP antibody (red) and DAPI (blue). Representative images are shown.
Scale bar: 50 pm. (B) The percentages of the MBP-positive myelin segments were determined
(n=7 fields in three experiments). Data were evaluated with one-way ANOVA (*, p < 0.01).
{C-E} Coculture lysates were immunoblotted with an antibody against MBP or B-actin.

{Allaire et al, 20108 In recycling, DENND1A, acting together with
a clathrin adaptor protein, 1s recruited to clathnn-coated vesicles,
wehare DENND1A can activate Rab35 (Marat and McPherson, 2010).
It 15 ikely that DENND1B (also called connecdenn2) is also a GEF for
Rab35 and may play a role in endosomal recycling (Marat and
MecPherson, 2010). DENND1C {also celled connecdenn3) plays a role
in localizing Rab35 to filamentous actin bundles, where DENND1C
can activate Rab35 (Marat et al, 2012). DENND1A, DENNDI1B,
ancd DENND1C are abundantly expressed in the brain (Marat and
McPherson, 2010). They may cooperatively or independently act as
GEFs to activate oligodendrocyte Rab35 before differentiation.

Itis worth noting that disease-associated mutations in the periph-
aral demyelinating newopathy Charcot-Marie-Tooth disease type
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lular space as exosome-containing vesicles.
Three TBC1D10 family members and Rab35
regulate the release of PLP1-containing exo-
somes on plasma membranes in the oligo-
dendroglial cell line Cli-neu. In its GTP-bind-
ing form, Rab35 can increase the density of
vesicles on plasma membranes and control
the docking and tethering of the vesicles
with plasma membranes. Thus TBC1D10
members serve as Rab35%s negative regula-
tors in releasing PLP1-containing exosomes.
Atlthough the role of PLP1-containing exo-
some formation In oligodendrocytes 1s not
precisely understood, it is possible that these
GAPs may act upstreamn of oligodendrocyte
Rab35 to switch off its activity following
differentiation.

~4— Total 3-actin

Potential regulation of
oligodendrocyte signaling by Rab35

It is clear that Rab35 and ACAP2 nega-
tively regulate oligodendrocyte different-
ation and myelination, but partners other
than ACAPZ may interact with Rab35 before differentiation. Rab35
is knoan to interact with tvo actin cytoskeleton-associating pro-
teins, molecule interacting with casb 1 (MICALTY and MICAL-like
protein 1 (Fukuda et al., 2008; Rahajeng et al., 2012). MICAL fam-
ily proteins are thought to provide a link to actin cytoskeletal dy-
namics and vesicle trafficking (Sharma et al., 2009; Hung er al,,
2010). As seen in a detailed immunchistochemical analysis, ex-
pression levels of MICAL family proteins are elevated in oligoden-
drocytes at the injury site after spinal cord injury (Pasterkamp
et al., 2006). These findings suggest the role of MICAL family pro-
tens in initiating remyehination. MICAL family proteins may act in
parallel with ACAP2, acting downstream of oligodendrocyte
Rab35.
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Cytohesin-2 is required for myelin formation. (A) Primary
OPCs were cocultured with DRG neurons with or without 10 yM
SecinH3 for 3 wk and stained with an anti-MBP antibody (red) and DAP
{blue). Representative images are shown. Scale bar: 50 pym. (B) The
percentages of the MBP-positive myelin segments were determined
{n=7 fields in three experiments). (C) Cocultures were lysed and
immunoblotted with an antibody against MBP or B-actin. Data were
evaluated with the Student’s t test (*, p < 0.01). (D) Schematic diagram
describing the proposed regulatory mechanism of differentiation.

Potential role of Arfé in oligodendrocytes

We find that Arfé itself positively requlates oligodendrocyte differ-
entiation and myelination. Arfé regulates actin cytoskeletal protein
dynamics through activation of the Arfé effectors known as the
phosphatidylinositol-4-phosphate-5-kinases and phospholipase D
isoenzymes (D'Souza-Schorey and Chavrier, 2006; Kahn et al., 2004).
In addition, Arfé has the ability to stimulate indirectly the activity of
Racl, which is directly linked to controlling cell marphological
changes through actin cytoskeletal rearrangements (D'Souza-
Schorey and Chavrier, 2006; Kahn et al., 2006). Rac1 is known to
play a key role in actin cytoskeletal rearrangements required for oli-
godendrocyte myelination (Liang et al., 2004; Thurnherr et al., 2006;
Bacon et al., 2007). The mechanism by which Arfé activates Ract is
proposed to occur through the Rac1-GEF Dock180 and the engulf-
ment and cell motility complex (Santy et al. 2005; White et al., 2010).
Arfé also hinds to c-Jun N-terminal kinase~interacting protemn 3 {(JIP3)
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and JIP4. JIP3 and JIP4 form a complex with kinesin-1 and dynactin
to control the microtubule-dependent pre

es (Montagnac et al.,
2009). Because cytoskeletal rearrangements are essential for myeli-
nation processes, it 1s possible that Arfé effectors act together in oli-
godendrocyte momhological changes.

We previously reported that cytohesin-1 is a GEF for Arfé to
promote myelination by Schwann cells (Yamauchi et al., 2012;
Miyamoto et al., 2013a; Torii et al., 2013). In this study, we find that
cytohesin-2 is involved in oligedendrocyte differentiation and myeli-
nation, although it is possible that GEFs other than cytohesin family
members activate Arfé. We demonstrate that a previously unknown
signaling pathway through small GTPases positively or negatively
regulates oligodendrocyte differentiation and myelination. These
findings may indicate that a unique small GTPase network deter-
mines when oligodendrocytes differentiate for myelination. Further
studies on the signaling mechanism through Rab35 and A6 in this
line may promote our understanding of when and how small
GTPases regulate myelination processes. They may also shed light
on the complicated regulation of the small GTPase network by GEFs
and GAPs, which work antagonistically in cells. Detailed studies on
signaling networks may help to elucidate a paradigm for remyelina-
tion and also nerve regeneration.

Antibodies

The following antibodies were purchased: anti-Rab35 from the Pro-
teintech Group {Chicago, 1U): anti-MBP from Covance (Princeton,
NJ) or Merck Millipore (Billerica, MA); anti-fi-actin from BD Biosci-
ences PharMingen (Franklin Lakes, NJ); anti-Arf6 and anti-cyto-
hesin-2 from Santa Cruz Biotechnology (Santa Cruz, CA); anti-ACAP2
from Abcam (Cambridge, UK); anti-green fluorescent protein (anti-
GFP) from MBL (Nagoya, Japan); anti-ZsGreen from Clontech Takara
Bio {(Kyoto, Japan); anti-FLAG from Sigma-Aldrich {St. Louis, MO);
anti-myc from Nacalai Tesque (Kyote, Japan) or MBL; horseradish
peroxidase—conjugated anti-mouse, anti-rabbit, or anti-goat immu-
noglobulin G secondary antibodies from GE Healthcare (Little Chal-
tont, Buckinghamshire, UK); and fluorescence-labeled secondary
antibodies from Thermo Fisher Scientific (Waltham, MA).

Plasmids

All sequences were confirmed using automatic sequencers (Life
Technologies, Carlshad, CA). The coding region of human Rab35
protein was amplified by reverse transcription (RT3-PCR from ¢DNA
of human embryonic kidney epithelial-like 293T cells and ligated
into the mammalian expression vector plag-GFPC vector {Clontech
Takara Bio). The construct of the full-length Rab35 harboring the
Glu-67-to-Leu {Q67L) was created from pTag-GFPC-Rab35 by Pfu-
based PCR using the QuikChange Site-Directed Mutagenesis kit
(Stratagiene, La Jolla, CA). The region encoding mouse full-length
ACAP2 was amplified by RT-PCR from cDNA of mouse 3T3-L1 cells
and ligated into the pCMV vector containing the myc epitope at
the 3’ position. The constructs of the full-length ACAP2 harboring
the siACAP2#2- resistant sequence (replacement of GAGGCTG-
CAAACATTCTCA with GAGGCTGCAAACATCTTGA) was pro-
duced from pCMV-ACAPZ-myc and then ligated into plRES2-
ZsGreenl vector (Clontech Takara Bio). The region encoding Arfé
{amino acid residues 13-175) was amplified from total RNA of hu-
man brain as previously described (Yamauchi et al, 2012) and
was ligated into pIRES2-ZsGreen1. The coding region of the RBD
of RUN and RUSC2 was amplified from KIAAD375 (Kazusa DNA
Research Institute, Chiba, Japan) and inserted into the Escherichia

coli GSTtag expression vector pET42a. The pET42A-Rah35Q67L
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was created from pTag-GFPC-Rab35Q67L. The pET42a-Arfé
{armine acid residues 13-175) and pET42a-ArfeGTP-binding domain
(ABD) of GGA3 plasmids were constructad as previously described
{Yamauchi et al., 2009, 2012; Torii et al., 2010

siRNAs

The sIRNA duplexes were synthesized by Eurcgentec {Seraing,
Belgum). The nucleotide target sequences were 5-AAGMUCGG-
ACUGUGGAGAUC-T (siRak35%1) and 5-AAGCUGCAGAUCU-
GGGACACG-Y  (siRab3522) for mouse  Rab35, 5-AAGC-
UUGUGAAACUGUGUAUC-3" (IACAPZET) and 5-AAGAGGCU-
GUAAACAUUCUCA-3 {siACAP2#Z) for mouse ACAPZ, and
5-AACGUGUGGGAUGUGGGCGGC-3 (siArfd) for mouse Arfé
{Yamauchi et al, 2009). The target sequence of the control
Photinus pyralis luciferase was 5-AAGCCAUUCUAUCCUCUA-
GAG-Z'. The huciferase sRNA target sequence does not have
homology to any other mammalian gene sequences.

Preparation of plasmids encoding sequences for shRNAs
The oligonucleotides (Fasmac, Kanagawa, Japan) used for duplex
production were Rab35 (starting from nucleotidle 300 of rat Rab35)
sense oligonuclestide: 5-GATCCGCGATGGCTTCATGAAATCTTC
ALGAGAGATT TCATGAAGCCATCGCTTTTTIACGCGTG-3 Rab35
antisense oligonucleotide: 5-AATTCACGCGTAAALMAGCGATGG
CTTCATGAAATCTCTCTTGAAGATTTCATGAAGCCATCGCG-3;
ACAP2 (starting from nucleotide 459 of rat ACAP2) sense oligonu-
cleotide: 5-GATCCGAGGCTGCAMCATTCTCATTCAAGAGATGA
GAATGTTTGCAGCCTCTTITIITACGCGTG-3, ACAPZ antisense
ohgonuclestide: 5-AMTTCACGCGTAAAAAAGAGGCTGCAAACAT
TCTCATCTCTTGAATGAGAATGTTTGCAGCCTCG-3, Arfé (start-
ing from nuclectide 174 of rat Arfé) sense oligonuclectide: 5-GATC-
COTTCAACGTGTGGGATGTGTTCAAGAGACACATCCCA-
CACGTTGAACTTTTTITACGCGTG-37 and A antisense oligonu-
cleotide: B-SATTCACGCGTAAALAAGTTCAACGTGTGGGATGTG
TCTCTTGAACACATCCCACACGTTGAACG-3. The contral lu-
ciferase sense oligonucleotide: 5-GQATCCOGGCCATTCTATCCTCTA
GAGTTCAAGAGACTCTAGAGGATAGAATGGCCTTTTTTA-
GATCTC-2" luciferase antisense oligonucleotide: 5-AATTCAGATC
TAAAALAGGCCATTCTATCCTCTAGAGTCTCTTGAACTCT-
AGAGGATAGAATGGCCG-3. The annealad duplexes wers ligated
ity PSIREN-RetroQ-ZsGraent {Clontach Takara Bio), the vector for
producing retravirus.

Cell line culture and transfection

The 2937 cells were cultured in DMEM containing 10% heat-inacti-
vated FBS, 50 Winl penicillin, and 50 pg/mi streptomycin at 37°C in
a humidhfied atmosphere containing 5% COs2. Plasmid DNAs were
transfected into 2937 cells with the Calaum Phosphate Transfection
kit {Clontech Takara Bio). Mouse oligodendroglial FBD-102b cells
were maintained i a 1:1 mixture of DMEM and F-12 medium con-
taining heat-inactivated FBS at 10%, 50 Ufml penicilling 50 pg/mi
strepromycin, and 1% GlutaMAX {Horuchi and Tomooka, 2006;
Mivamoto et al, 2007). For differentiating FBD-102b cells, cells
were plated on poly-t-lysine (PLU~coated dishes in a 11 mixture of
DMEM and F-12 medium containing 1% N-2 supplement, 0.1% ti-
adothyroning (T3), and 0.1% thyroxine (T4} in the presence or ab-
sence of 10 uM SecinH3 (Merck Millipore, Darmstadt, Germany) for
3 d. Secin-H2 is a specific nhibitor of cytohesins. Plasmid DNAs
anclior siRMNAs were transfected into FBD-102b cells with the
Lipofectamine 2000 reagent {Life Technologies). The culture me-
diurn was replaced with the differentiation medium 6 h after trans-
fection. For confirmation of cell viability under these experimental
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cenditions, FBD-102k cells wers stained with 0.4% typan blus.
Attached cells incorparating trypan blue made up < 5% of the cells
3 d after transfection. To quantify cell differentiation in detail,
we divided FBD-102b cells into three categories {Sperber and
McMorris, 2001; Miyamoto et al., 2007% stage 1 (two or fewer
primary processes longer than a cell body): stage 2 {three or four
primary procasses); stage 3 (five or more primary processes).

Retrovirus production

The retroviral expression vectors p¥SW-G and pGP were cotrans-
fected into G3Thi cells with the Calciur Phosphate Transfection kit
Teo days after transfection, the culture supernatants were centri-
fuged at 10,000 rpm for 8 h to concentrate the recombinant retrovi-
ruses {(Miyamaoto et al,, 2008). The vis pellets were suspended in
culture medium and used to infect purified OPCs.

Primary oligodendrocyte culture

OPCs wers isclated from embryonic day 16 (E16) Sprague Dawley
(SD) rats as previously described (Mivamoto et al, 2008). Brisfly,
cerebral cortices were dissected, dissociated with 0.25% trypsin,
trivurated, and passed through mesh with 70-pm pores. Cells were
collected; resuspended in MEM containing 10% FBS, 50 W/ml peni-
cillin, and 50 pg/ml streptomycin; and seeded on PLL-coated dishes.
After two passages, the cells were cultured on noncoated Petn
dishes (Barlowxorld Scientific, Stone, Staffordshire, UK), On the sec-
ond day of culture, the medium was changed to DMEM-based se-
rum-free medium with growth factors and N-2 supplement. The
cells were culured for an additonal 2 d, then used as OPCs. For
differentiating OPCs, the cells were continuously cultured with a dif-
ferentiation medium with 20 ng/ml T3 and 20 ngé/ml T4 in the pres-
ence or absence of 10 pM SecinH3 for 3 d. For confirmation of cell
viability under these experimental conditions, OPCs were stained
with 0.A4% trypan blue, Trypan blue-incorporating cells numbered
fewer than 5% in each experiment.

Oligodendrocyte-DRG neuronal cocultures

DRG neurons were isolated from E15 5D rat spinal cord regions
as previously described (Chan et al., 2004; Yamauchi et al,, 2012;
Miyamoto et al., 2013b) and then dissociated and plated onto col-
lagen l-coated coverslips. Nonneuronal cells were eliminated by
cycling them three times with medium contaming S-flucrodeoxyuri-
dine and undine. Myelinating cocultures were established by
seeding ~200,000 purfied OPCs, each infected with an shRNA,
onto purified DRG neurons according to the protocel of Chan et al.
(2004). Cocultures were maintained in the presence or absence of
10 p SecinH3 for 3-4 wk, and the medium was replaced with fresh
madium every 3 . For statistical analysis, the myelin segrments
{6 fields/coverslip) wers countad.

immunoprecipitation and immunobletting

Cells or homogenized tissues were lysed in lysis buffer (50 mM
HEPES-NaOH, pH 7.5, 20 mM MgCly, 150 mM NaCl, 1 mM dithio-
threitol [DTT], 1 mM phenylmethane sulfanylfluoride [PMSF], T pgiml
leupeptin, 1 mM EDTA, 1 mM NagvOy, 10 mM NaF, 0.5% NP-40,
1% 3-{{3-cholamidopropyldimethylammonivm)-1-propanesulfonate
[CHAPS], and 0.3% SDS) and centrifuged as previously described
{Yamauchi et al,, 2012; Miyarnoto et al,, 2013b). The supernatants
were mined with protein G resin that was preadsorbed with an anti-
cytohesin-2 antibody. The immunoprecipitates or proteins in the
lysates were denatured and then separated on SDS-polyacrylamide
gels. The electrophoretically separated proteins were transferred to
polyvinylidene diffuoride (PYDF) membranes, blocked with the
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Blacking One kit (Nacalai Tesque}, and immunoblotted first with pri-
mary antibodies and then with peroxidase-conjugated secondary
antibodies. The bound antibodies were detected using the Chemi-
Lumi One L kit {(Nacalai Tesque). The band images were captured
with a GT-7300U scanner (Epson, Tokyo, Japan) and analyzed with
Imagel software. At least three separate experiments were carried
out under each condition, and a representative blot is shown in each
of the figures.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA; Miyamoto et al,
2007). Cocultures were fixed first with 4% PFA and then with 100%
cold methanol (Yamauchi et al., 2012). The fixed cultures were per
meabilized with phosphate-buffered  saline containing  0.1%
Tween-20 or 0.3% Triton X-100, blocked with the Blocking One kit,
and then incubated first with primary antibodies and then with fluo-
rescence-labeled secondary antibodies. The coverslips or dishes
were mounted with the Vectashield reagent containing 47,6-ciamid-
ino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).
The flucrescence images were captured with the fluorescence mi-
croscope system (DMI4000B; Leica, Wetzlar, Germany) and analyzed
with AF&000 software (Leica).

Recombinant proteins

GSTtagged Arfé, Rab35Q67L, RUSC2-RBD, and GGA3-ABD were
purified using E. coli BL21 (DE3) plysS (Clontech Takara Bio} as pre-
viously described (Yamauchi et al., 2005, 2009, 2012; Torii et al.,
2010). Briefly, the transformed E. coli cells were treated with 0.4 pM
isopropyl-1-thio-f-p-galactopyranoside at 30°C for 2.5 h and har-
vested by centrifugation. A cell-free extract was made using
500 pg/ml lysozyme and 100 pg/ml DNasel in extraction buffer
(50 mM Tris-HCI, pH 7.5, 5 mM MgClz, 150 mM NaCl, 1 mM DTT,
1 mM PMSF, 1 ug/mi leupeptin, 1 mM EDTA, and 0.5% Nonidet
P-401. All purification steps were performed at 4°C. The lysates were
centrifuged, and the supernatants were mixed with glutathione-
resin (GE Healthcare). Bound proteins were washed with extraction
buffer, eluted with extraction buffer {without 0.5% Nonidet P-40)
containing 20 mM glutathione, and dialyzed against extraction buf-
fer without detergent.

Identification of Rab35-binding proteins

Cytoplasmic lysates from a rat brain harvested on postnatal day 1
were loaded onto glutathione-resins preabsorbed with GST alone
or GST-Hused Rab35Q67L. The column was washed three times #ith
buffer A (20 mM Tris-HCl, pH 7.4, 5 mM MgCly, 1 mM DTT, 1 miv
EDTA, 10 mM PMSF, and 10 pg/mi leupeptin), and the bound pro-
teins were eluted three times by the addition of buffer A containing
10 mM glutathione (Arimura et al., 2009). The first elute was sub-
jected to SDS-PAGE, and the proteins were detected with Coo-
massie brilliant blue solution. Stained protein bands were excised
and enzymatically digested in-gel as previously described (Yamauchi
et al., 2012). The resultant peptides were analyzed with an Ettan
MALDI-TOF Pro mass spectrometer (GE Healthcare) and a Mascot
database (Matrix Science, Boston, MA).

Affinity precipitation of active small GTPases

For detection of active GTP-bound Rab35 and Arfé in the cell
lysates, affinity precipitation was performed using 20 pg GSTragaed
RUSC2's RBD (Fukuda et al., 2011) and GSTtagged GGA3's ABD
(Yamauchi et al., 2009; Torii et al, 2010}, respectively. Each of the
affinity-precipitated small GTPases was detected through immuno-
blotting with an antibody against Rab35 or Arfé.
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Affinity precipitation of active ACAP2

For detection of active ACAP2 in the cell lysates, affinity precipita-
tion was performed using 20 ug GSTtagged, GTPYS-bound Arfé.
Active ACAP2 preferentially interacts with GTP-bound Arfé (Jackson
et al, 2000). The affinity-precipitated active ACAP2 was detected
through immunoblotting with an antibody against ACAPZ.

Detection of active cytohesin-2

For detection of active cytohesin-2 in the cell lysates, we performed
affinity-precipitation with 20 pug GSTtagged guanine nucleotide-
free Arfé (Yamauchi et al., 2009, 2012: Torii et al., 2010). Catalytically
active GEFs preferentially interact with nucleotide-free GTPases
{Cohen st al., 2007). The affinity-precipitated active cytohesin-2 was
detected through immuneblotting with an antibody against
cytohesin-2.

Statistical analysis

Yalues shown represent the mean + 5D from separate experiments.
Comparisons between two experimental groups were made using
Student's ttest (*, p < 0.011. A one-way analysis of variance (ANOWVA)
was followed by a Fisher's protected least significant difference test
as a post hoc comparison (*, p < 0.01; **, p < Q.05).
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