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BRIEF REPORT

Rab35 is translocated from Arf6-positive
perinuclear recycling endosomes to neurite tips
during neurite outgrowth
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Small GTPase Rab35 is a key regulator of neurite outgrowth, and its activation dramatically enhances nerve growth
factor (NGF)-induced neurite outgrowth. We recently reported finding that Rab35 and its effector molecules recruit
EHD1, a facilitator of vesicle formation, to Arf6-positive perinuclear recycling endosomes (hereafter simply referred to
as recycling endosomes) in response to NGF stimulation. Although Rab35 is likely to promote the formation of transport
vesicles from recycling endosomes that contributes to neurite outgrowth, the destination of the vesicles during neurite
outgrowth remains unknown. Here we report finding that Rab35 is translocated from recycling endosomes to neurite
tips in a late phase of NGF stimulation. We found that Rab35 immunofluorescence signals accumulated at recycling
endosomes during the first 6 h, i.e., the early phase of NGF stimulation and then translocated to neurite tips during the
late phase of NGF stimulation (i.e., > 6 h to < 36 h after NGF stimulation). These findings suggest that Rab35 regulates
membrane trafficking from recycling endosomes to neurite tips during neurite outgrowth.

Rab family small GTPases are conserved intracellular
molecular switches that regulate membrane trafficking, in
which proteins and lipids are transported from one organelle
to another organelle by vesicles.!* It is widely known that Rabs
impact a variety of cellular processes, including cell division,
signal transduction, and neuronal functions, by regulating

>6 In mammals, the Rab family consists

membrane trafficking.
of approximately 60 members, and each member is thought to
localize at certain organelles in an isoform-specific manner.
Rabs cycle between a GTP-bound active form and a GDP-bound
inactive form, and active Rabs promote membrane trafficking
by recruiting isoform-specific effector molecules to organelles,®’
where the active Rabs are present. Because of the large number
of Rab isoforms, however, the precise properties of each Rab,
e.g., its effector molecules and membrane trafficking route
(point of departure and destination) that it governs, are not fully
understood.

We and others have previously demonstrated finding that one
of the Rab family proteins, Rab35, affects neurite outgrowth of
neuronal cells; activation of Rab35 dramatically promotes nerve
growth factor (NGF)-induced neurite outgrowth of PC12 cells,
while inactivation of Rab35 inhibits it.”!" Rab35 accumulates at
Arf6-positive recycling endosomes in the early phase of NGF
stimulation (i.e., 1-6 h after NGF stimulation).'*'® After arriving
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at the recycling endosomes Rab35 simultaneously recruits
two distinct effector molecules, centaurin-B2/ACAP2 and
MICAL-L1, and they induce association of EHDI, a dynamin-
like protein that facilitates vesicle formation, with the same
compartment.™'® These previous findings strongly suggested
that Rab35 mediates membrane trafficking that starts at Arf6-
positive recycling endosomes and promotes neurite outgrowth,
but the destination of the Rab35-dependent membrane
trafficking during neurite outgrowth remained unknown. In this
study we analyzed the intracellular localization of Rab35 during
NGF-induced neurite outgrowth more precisely in an attempt
to identify the route of Rab35-dependent membrane trafficking.

First, we performed immunofluorescence analyses of Rab35
during neurite outgrowth. Consistent with the findings in our
previous report, when PCI12 cells were stimulated with NGF,
Rab35 accumulated in the perinuclear compartment (i.e., at
Arf6-positive perinuclear recycling endosomes) during the
first 6 h of stimulation (Fig. 1B, arrows in bottom panels).
Interestingly, however, after NGF stimulation for 36 h Rab35
immunofluorescence signals were also observed in neurite tips
(Fig. 1B, arrowheads in the upper far right panel; almost all of
the cells [92.0 + 2.0%] exhibited the neurite tip localization of
Rab35). By contrast, the immunofluorescence signals of Arf6,
a perinuclear recycling endosomal protein, remained in the
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Figure 1. Rab35 is translocated to neurite tips in the late phase of NGF
stimulation. (A) A schematic representation of the two different focal
planes that were used to capture recycling endosomes and neurite tips.
The nucleus plane generally contains recycling endosomes, and the
neurite plane generally contains neurite tips. (B) After NGF stimulation
for 0 h (no NGF stimulation), 1 h, 6 h, and 36 h, PC12 cells were fixed and
stained with anti-Rab35 antibody and DAPI. Fluorescence images of
Rab35 (neurite planes) superimposed on bright-field images are shown
at the top. The panels at the bottom are magnified views of the corre-
sponding boxed areas of the nucleus plane in the panels directly above.
Scale bars, 20 wm.

perinuclear area even after NGF stimulation for 36 h, and, in
contrast to Rab35, no Arf6-positive signals were observed in the
neurite tips, indicating that recycling endosomes themselves are
not transported to neurites (Fig. 2; only a few cells [2.0 + 3.5%]
exhibited the weak neurite tip localization of Arf6). Therefore,
the change in the distribution of the Rab35 immunofluorescence
signals is likely to be attributable to translocation of the
Rab35-positive vesicles that had been generated from recycling
endosomes.

To investigate whether Rab35-positive vesicles are actually
translocated to neurite tips, we performed live cell imaging of
Rab35 in PC12 cells under a confocal laser-scanning microscope
by using an EGFP-tagged constitutively active mutant of Rab35
(EGFP-Rab35-Q67L) that dramatically promotes NGF-induced
neurite outgrowth. The images showed that many Rab35-
positive vesicles moved from the perinuclear area to the neurite
(Fig. 3 and Movie S1). We therefore concluded that Rab35 is
translocated from Arf6-positive recycling endosomes to neurite
tips during neurite outgrowth (Fig. 4).

In addition to regulating neurite outgrowth, Rab35 has been
reported to regulate various other cellular and intracellular
processes, including cytokinesis, cell migration, adherens junction
formation, GLUT4 trafficking, and exosome secretion.”
Because of the increasing evidence of its significance, considerable
attention has recently been directed toward Rab35,” but the
precise properties of Rab35-dependent membrane trafficking,
including where it starts and where it ends, are not fully
understood. In the present study, we discovered that Rab35 is
dramatically translocated from recycling endosomes to neurite
tips during neurite outgrowth, suggesting that neurite tips are
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Figure 2. Arf6 is localized at perinuclear recycling endosomes even in
the late phase of NGF stimulation. After NGF stimulation for 6 h and 36 h,
PC12 cells were fixed and stained with anti-Arfé antibody and DAPI.
Fluorescence images of Arfé (neurite planes) superimposed on bright-
field images are shown at the top. The panels at the bottom are
magnified views of the corresponding boxed areas of the nucleus plane
in the panels directly above. Scale bars, 20 pum.
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the final destination of Rab35-dependent membrane trafficking.
Since it has been proposed that supplying proteins and lipids
to neurite tips is required for neurite outgrowth,®®?' Rab35
presumably functions as the molecular switch that regulates the
supply process. Future investigation of the involvement of Rab35
in the trafficking of specific proteins and lipids (e.g., neuronal cell
adhesion molecules) to neurites will be necessary to determine
whether it actually does so.

The findings in our study give rise to another important
question. How are Rab35-positive vesicles specifically targeted
to neurites instead of the entire plasma membrane? The same
question might be asked in regard to various other Rab35-
dependent cellular processes, i.e., cytokinesis, cell migration,
and adherens junction formation, because they often accompany
polarized trafficking. Although the molecular mechanism that
connects Rab35 and polarized trafficking is currently unknown,
elucidation of the nexus downstream of Rab35, including the
discovery of a missing link(s) between Rab35 and polarized
trafficking, will be necessary to answer this question.

Materials and Methods

Antibodies and plasmids

Anti-Rab35 antibody was prepared as described previously."
Anti-Arf6  mouse antibody  (Santa
Biotechnology, Inc) was obtained commercially. The Alexa

monoclonal Cruz

488/594-conjugated secondary antibodies were from Invitrogen

Corp. The pEGFP-C1 vector (Clontech-Takara Bio Inc)
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Figure 3. Rab35-positive vesicles move toward or into neurites. Living
PC12 cells expressing EGFP-Rab35-Q67L were transferred to a live cell
imaging chamber, and fluorescence images were captured. The fluores-
cence image of EGFP-Rab35-Q67L at 0 s is shown on the left. The time-
lapse images of the boxed areas captured at 2 s intervals are shown on
the right. Scale bars, 10 pm.

EGFP-Rab35-Q67L

harboring mouse Rab35-QG67L (a constitutively active mutant of
Rab35) cDNA was prepared as described previously.?

Cell culture and transfection

PC12 cell culture and plasmid transfection were performed
essentially as described previously.'?

Immunofluorescence analyses and live cell imaging

Immunofluorescence analyses were performed essentially
as described previously.'? Because of the difference between
the spatial distribution of the recycling endosomes and neurite
tips within NGF-stimulated PC12 cells (Fig. 1A), it is virtually
impossible to detect both structures in a single focal plane by
confocal microscopy. To overcome this problem, we captured two
different focal planes, a “nucleus plane” that passed through the
middle of the nucleus and a “neurite plane” that passed through
an entire neurite, and displayed fluorescence images of recycling
endosomes in the nucleus plane and fluorescence images of
neurite tips in the neurite plane separately (Fig. 1; Fig. 2). The
number of cells that exhibited neurite tip localization of Rab35
(or Arf6) was manually counted under a confocal fluorescence
microscope (FV1000, Olympus, Tokyo, Japan), and the results
are reported as means + SD from three independent experiments
(n = 50 for each experiment). To perform the live cell imaging,
PC12 cells were seeded in 35 mm glass-bottom dishes (MatTek
Corp) coated with 100 pg/mL poly-L-lysine (Sigma-Aldrich
Corp) in 2 mL of Dulbecco’s modified Eagle’s medium (Wako
Pure Chemical Industries, Ltd) supplemented with 10% fetal
bovine serum (Sigma-Aldrich Corp.) and 10% horse serum
(GIBCO). At 60 h after transfection with pEGFP-C1-Rab35-
QG67L, the glass-bottom dishes were transferred to a live cell
imaging chamber attached to a confocal time-lapse microscope
(FV500, Olympus), which maintains the temperature at 37 °C
and the CO, concentration at 5%. The fluorescence images of
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Figure 4. A model of the role of Rab35 during NGF-induced neurite out-
growth of PC12 cells. In response to NGF stimulation, Rab35 accumulates
at Arfé-positive recycling endosomes.'?!? Rab35 then recruits two dis-
tinct effector molecules, centaurin-B2 and MICAL-L1, to the same com-
partment, and they recruit EHD1, a facilitator of vesicle formation during
the early phase of NGF stimulation (i.e., 1-6 h after NGF stimulation).'
The Rab35-positive vesicles are subsequently translocated to the neurite
tips during the late phase of NGF stimulation (i.e., > 6 h to < 36 h after
NGF stimulation), and presumably supply the proteins and lipids to neu-
rite tips that enable neurite outgrowth.

EGFP-Rab35-Q67L in living PC12 cells were captured at 2 s

intervals over a period of 1 min.
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