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nism is completely unknown.

down resulted in inhibition of neurite morphogenesis.
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(Background: Small GTPase Rab17 regulates dendritic morphogenesis of hippocampal neurons, but its activation mecha-
Results: Expression of Rabex-5 in mouse hippocampal neurons promoted dendritic localization of Rab17, and Rabex-5 knock-

Conclusion: Rabex-5 regulates neurite morphogenesis by activating Rab5 and Rab17.
Significance: Our findings revealed a crucial role of Rabex-5 and its targets in neuronal development.
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Small GTPase Rab17 has recently been shown to regulate den-
dritic morphogenesis of mouse hippocampal neurons; however,
the exact molecular mechanism of Rab17-mediated dendrito-
genesis remained to be determined, because no guanine nucle-
otide exchange factor (GEF) for Rab17 had been identified. In
this study we screened for the Rab17-GEF by performing yeast
two-hybrid assays with a GDP-locked Rab17 mutant as bait and
found that Rabex-5 and ALS2, both of which were originally
described as Rab5-GEFs, interact with Rab17. We also found
that expression of Rabex-5, but not of ALS2, promotes translo-
cation of Rab17 from the cell body to the dendrites of developing
mouse hippocampal neurons. The shRNA-mediated knock-
down of Rabex-5 or its known downstream target Rab5 in hip-
pocampal neurons inhibited morphogenesis of both axons and
dendrites, whereas knockdown of Rab17 affected dendrite mor-
phogenesis alone. Based on these findings, we propose that
Rabex-5 regulates neurite morphogenesis of hippocampal neu-
rons by activating at least two downstream targets, Rab5, which
is localized in both axons and dendrites, and Rab17, which is
localized in dendrites alone.

Rab-type small GTPases are conserved membrane traffick-
ing proteins in all eukaryotes, and they mediate various steps in
membrane trafficking, including vesicle budding, vesicle move-
ment, vesicle docking to specific membranes, and vesicle fusion
(1, 2). Rabs function as a molecular switch by cycling between
two nucleotide-bound states, a GDP-bound inactive state and a
GTP-bound active state. In general, Rabs are activated by spe-
cific guanine nucleotide exchange factors (GEFs), which pro-
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mote the release of GDP from Rab and binding of GTP to Rab
(3), and the activated Rabs are then inactivated by GTPase-
activating proteins (GAPs) or spontaneously inactivated by
their intrinsic GTPase activity, either of which terminates
the cycle (3, 4). Therefore, the identification and character-
ization of these Rab regulators, especially of GEFs, is crucial
to understanding the spatiotemporal regulation of Rab
GTPase activation.

A variety of putative Rab-GEFs have been identified during
the past decade, and they have largely been classified into four
groups based on the similarities between their putative Rab-
GEF domains or their structures (3), i.e. DENN (differentially
expressed in normal and neoplastic cells) domains (5), Sec2
domains (6, 7), VPS9 (vacuolar protein sorting 9) domains (8),
and multimeric GEFs, including a TRAPP complex (9), Hps1-
Hps4 (10), and Mon1-Ccz1 (11). The DENN domain-contain-
ing proteins constitute the largest group of these putative Rab-
GEFs, and the in vitro targets of most of them have recently
been identified. For example, DENN/MADD/Rab3-GEP exhib-
its GEF activity toward Rab3 and Rab27 (12, 13), DENND1/
connecdenn/RME-4 toward Rab35 (14, 15), DENND?2 toward
Rab9 (16), and DENND4 toward Rab10 (16, 17). One of the
other three groups, the VPS9 domain-containing proteins, acti-
vate Rab5/Ypt51p subfamily GTPases (8, 18), whereas the Sec2
domain-containing proteins, Sec2p and Rabin8, activate Sec4p
and Rab8, respectively (6, 7). Despite the increasing numbers of
Rab-GEFs that have been identified, specific GEFs for about
half of the mammalian Rabs remain unknown.

Rab17 is one of the Rab isoforms whose specific and physio-
logical GEFs have not been identified. Rab17 was originally
described as an epithelial cell-specific Rab that regulates polar-
ized trafficking (19, 20), but the results of our previous study
indicated that Rab17 is also expressed in mouse brain and that it
regulates dendrite morphogenesis and postsynaptic develop-
ment of hippocampal neurons (21). Because Rab17 is the only

tive active/negative; DENN, differentially expressed in normal and neo-
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dendrite-specific Rab protein, unraveling the activation mech-
anism of Rab17 is crucial to a better understanding the molec-
ular mechanism of dendrite outgrowth and branching. In this
study we screened for Rab17-GEFs by using a GDP-locked
Rab17 mutant as bait and identified Rabex-5 (22) and ALS2
(amyotrophic lateral sclerosis 2) (23), both of which were orig-
inally described as Rab5-GEFs, as putative Rab17-GEFs. We
found that Rabex-5, but not ALS2, is required for stage-depen-
dent movement of Rab17 protein from the cell body to the
dendrites of mouse hippocampal neurons. We also showed that
knockdown of Rabex-5 inhibited morphogenesis of both axons
and dendrites in developing neurons. We discuss the possible
functions of Rabex-5 in neurite morphogenesis of hippocampal
neurons based on our findings.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies used in this study were
obtained commercially: anti-c-Myc (9E10) mouse monoclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
actin mouse monoclonal antibody (ABM, Richmond, Canada),
anti-neurofilament-H mouse monoclonal antibody (American
Research Products, Belmont, MA), anti-MAP?2 chick polyclonal
antibody (Millipore Corp., Billerica, MA), anti-GFP rabbit poly-
clonal antibody (MBL, Nagoya, Japan), horseradish peroxidase
(HRP)-conjugated anti-FLAG tag (M2) mouse monoclonal
antibody and M2-conjugated agarose beads (Sigma), HRP-con-
jugated anti-T7 tag antibody (Novagen, Darmstadt, Germany),
and Alexa-Fluor 488/594/633-conjugated anti-mouse/rabbit/
chick IgG goat antibody (Invitrogen). Anti-Rab17 rabbit poly-
clonal antibody and anti-GFP guinea pig polyclonal antibody
were prepared as described previously (21). Anti-Rabex-5 rab-
bit polyclonal antibody was raised against glutathione S-trans-
ferase (GST)-Rabex5-C (amino acid residues (aa) 208 —491)
and affinity purified by exposure to antigen-bound Affi-Gel 10
beads (Bio-Rad) as described previously (24).

Plasmid Construction—cDNAs encoding the human DENN
domain-containing proteins, mouse VPS9 domain-containing
proteins, and mouse Sec2 domain-containing proteins were
amplified from Marathon-Ready adult human or mouse brain
and/or testis cDNA (Clontech-Takara Bio Inc., Shiga, Japan) by
performing PCR with the following specific oligonucleotides as
described previously (25): DENN/MADD/Rab3-GEP (aa
1-570), DENND1A (aa 1-380), DENNDI1B (aa 5-410),
DENNDIC (aa 1-424), DENND2A (aa 551-1009), DENND2B
(aa 669-1237), DENND2C (aa 392-881), DENN2D (aa
1-471), DENND3 (aa 24—435), DENND4A (aa 139-660),
DENND4B (aa 99-650), DENND4C (aa 1-420), DENND5A
(aa 1-599), DENND5B (aa 18—-600), DENNDG6A (aa 1-605),
DENND6B (aa 1-585), Sbfl/MTMR5 (aa 1-467), Sbf2/
MTMR13 (aa 1-585), Varp (aa 1-450), Rabex-5 (aa 208 —491),
Gapex-5 (aa 1281-1437), Rinl (aa 446-763), Rin2 (aa 593—
858), Rin3 (aa 713-980), ALS2 (aa 1485-1651), ALS2-cl (aa
764-947), RINL (aa 314—-563), Rabin3 (aa 1-428), and GRAB
(aa 1-384). The sequences of the oligonucleotides used are
available from the authors on request. Purified PCR products
were directly inserted into the pGEM-T Easy vector (Promega,
Madison, WI) and verified with an automated sequencer. The
c¢DNAs were excised from the pGEM-T Easy vector with appro-
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priate restriction enzymes and then subcloned into the
pGAD-C1 vector (26). pGBD-C1 vector harboring constitutive
negative (CN or GDP-fixed) or constitutive active (CA, GTP-
fixed) mutants of Rab1—43 lacking the C-terminal geranylgera-
nylation site was prepared as described previously (27). cDNAs
encoding mouse Rabex-5 (aa 1-491), Rabex-5-C (aa 208 —491),
ALS2 (aa 1-1651), and ALS2-C (aa 1485-1651) were similarly
produced by conventional PCR techniques (see Fig. 1D). A
Rabex-5 mutant carrying an Asp-to-Ala mutation at amino acid
positions 313 (D313A) and an ALS2 mutant (D1593A) were
prepared by using conventional PCR techniques and mutagenic
oligonucleotides as described previously (28) (see Fig. 1D). The
cDNA of each of the Rabex-5 (or ALS2) constructs was sub-
cloned into the pGAD-C1 vector, pEF-T7 vector (25), pEF-Myc
vector (21), pEGFP-C1 vector (Clontech-Takara Bio Inc.),
and/or pGEX-4T-3 vector (GE Healthcare). The pSilencer-
EGFP vector (21) or pSilencer 2.1-U6 neo (Ambion, Austin,
TX) encoding a mouse Rabex-5-shRNA (short hairpin RNA)
(19-base target site 5-GTTCAAGACATTGTTGAGA-3'),
Rab5A-shRNA (19-base target site 5'-GCACAGTCCTATG-
CAGATG-3'), Rab5B/C-shRNA (19-base target site 5'-GTTT-
GAGATCTGGGACACA-3'), Rab21-shRNA (19-base target
site 5'-TTTACTACCGAGATTCGAA-3’), and ALS2-shRNA
(21-base target site 5'-GAACTCTTGCAAGATTTGTCA-3')
was constructed as described previously (21).

pEGFP-C1-Rabex-5°% (an shRNA-resistant Rabex-5 mu-
tant) and pEGFP-C1-Rabex-5°*-D313A were produced by
using the same method as described previously (21) and the
following mutagenic oligonucleotides (substituted nucleotides
are shown in italics): Rabex-5-SR-5' primer, 5'-CGGGATTG-
CCAAGGAGGTACAGGATATAGTAGAAAAATACCCAC-
TGGAG-3’, and Rabex-5-SR-3’ primer, 5'-CTCCAGTGG-
GTATTTTTCTACTATATCCTGTACCTCCTTGGCAATC-
CCG-3'. pEF-FLAG-Rabl7, pEF-Myc-Rabl7, pEF-Myc-
Rab17-Q77L, pEGFP-C1-Rab17, pEGFP-C1-Rab17-Q77L,
pmCherry-C1-Rab17, and pSilencer-EGFP-Rab17 were pre-
pared as described previously (21). pEF-FLAG-Rab5A, pEF-
FLAG-Rab5B, pEF-FLAG-Rab5C, and pEF-FLAG-Rab21 were
also prepared as described previously (29, 30). The cDNAs of
Rab5A, Rab17, and Rab21 were subcloned into the pMyc vector
(31). pmStrawberry-C1 was also prepared as described previ-
ously (32).

Yeast Two-hybrid Assays—The yeast strain, medium, culture
conditions, and transformation protocol used are described in
James et al. (26). The materials used for the two-hybrid assay in
this study were: yeast strain pJ69-4A, a synthetic complete
medium lacking leucine and tryptophan (SC-LW medium:
0.67% yeast nitrogen base without amino acids, 2% glucose, 2%
Bacto agar, 0.02% adenine, 0.01% uracil, 0.01% histidine, 0.015%
lysine, and 0.01% methionine), and a synthetic complete
medium lacking adenine, histidine, leucine, and tryptophan
(SC-AHLW) as the selection medium.

Hippocampal Neuron Culture and Transfection—Mouse
hippocampal neuronal cultures were prepared essentially as
described previously (33). In brief, hippocampi were dissected
from embryonic day 16.5 mice and dissociated with 0.25% tryp-
sin (Invitrogen). The cells were plated at a density of 3—6 X 10*
cells/ml onto coverglasses in a 6-well plate or glass-bottom
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FIGURE 1. Identification of Rabex-5 and ALS2 as putative Rab17-GEFs. A, screening of Rab-GEFs by yeast two-hybrid assays with the GDP-locked CN form
of Rab17 as bait is shown. Yeast cells containing pGBD plasmid expressing Rab17(CN) and pGAD-C1 plasmid expressing each of the DENN, VPS9, or Sec2
domain-containing proteins were streaked on SC-LW (top panels) and SC-AHLW (selection medium; bottom panels) and incubated at 30 °C for 1 day and for 1
week, respectively. Note that only two of the 29 putative Rab-GEFs tested, Rabex-5 (lane 20) and ALS2 (lane 25), bound Rab17(CN). Band C, Rabex-5 (B) and ALS2
(Q) interact with Rab17 in the presence of 1 mm GDP. The T7-tagged VPS9 domain of Rabex-5 (Rabex-5-C) or VPS9 domain of ALS2 (ALS2-C) and FLAG-tagged
Rab17 were co-expressed in COS-7 cells, and they were analyzed for associations by coimmunoprecipitation assays with anti-FLAG tag antibody-conjugated
agarose beads. Input means '/so volume of the reaction mixture used for immunoprecipitation (top panels). Immunoprecipitated (/P) FLAG-Rab17 (bottom
panels) and coimmunoprecipitated T7-Rabex-5-C or T7-ALS2-C (middle panels) were detected with HRP-conjugated anti-FLAG tag antibody and HRP-conju-
gated anti-T7 tag antibody, respectively. The positions of the molecular mass markers (in kilodaltons) are shown on the left. D, shown is a schematic represen-
tation of the Rabex-5 constructs and ALS2 constructs used in this study. Rabex-5 (aa 1-491) contains a zinc finger domain (ZnF), VPS9 domain, and coiled-coiled
domain (CC). Rabex-5-C (aa 208-491) contains the VPS9 domain and CC domain. ALS2 (aa 1-1651) contains a RCC1 domain, DH domain, PH domain, MORN
motifs | and II, and VPS9 domain (see Ref. 38). ALS2-C (aa 1485-1651) contains only the VPS9 domain. GEF activity-deficient VPS9 mutants, Rabex-5-D313A and
ALS2-D1593A, are shown.

dishes (35-mm dish, MatTek Corp., Ashland, MA) coated with
poly-L-lysine hydrobromide (Nacalai Tesque, Kyoto, Japan).
The cells were maintained in MEM containing B27® supple-
ments, 1% fetal bovine serum, and 0.5 mm glutamine (Invitro-
gen). Plasmid DNAs were transfected into neurons at 2—4 days
invitro (DIV) by using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Other Cell Cultures and Transfections—COS-7 cells and
Neuro2A cells were cultured in Dulbecco’s modified Eagle’s
medium (Wako Pure Chemical Industries, Osaka, Japan) sup-
plemented with 10% fetal bovine serum, 50 units/ml penicillin,
and 50 units/ml streptomycin. The cells were plated onto a
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6-well plate. Plasmid DNAs were transfected into COS-7 cells
and Neuro2A cells by using Lipofectamine Plus (Invitrogen)
and Lipofectamine 2000, respectively, each according to the
manufacturer’s instructions.

Immunocytochemistry—Neurons were fixed for 10 min at
room temperature with 4% paraformaldehyde (Wako Pure
Chemicals Industries) and 4% sucrose in 0.1 M sodium phos-
phate buffer. After permeabilizing the cells with 0.1% Triton
X-100 for 1 min, they were blocked with the blocking buffer
(10% fetal bovine serum in phosphate-buffered saline) for 1 h.
The cells were then immunostained for 1 h with anti-MAP2
chick antibody (1/1000 dilution), anti-neurofilament-H mouse
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FIGURE 2. The constitutive active mutant of Rab17 preferentially localized in the dendrites of hippocampal neurons. A and B, shown are typical images
of Rab17-expressing neurons and Rab17-Q77L-expressing neurons. At 4 DIV hippocampal neurons were transfected with vectors encoding EGFP and Myc-
tagged Rab17 (A) or Myc-tagged Rab17-Q77L (B), and at 7 DIV the neurons were fixed and subjected to immunocytochemistry with antibodies against GFP
(green), Myc (black), and MAP2 (a dendrite marker; red). The arrows and arrowheads point to axons and dendrites, respectively. The bottom three panels (a- c) are
magnified views of the boxed areas in the top right panels. Bars, 10 um. C, shown is quantification of the proportions of Myc-Rab 17 (n = 20) and Myc-Rab17-Q77L
(n = 20) in the dendrites shown in A and B. The proportion (%) of dendrite-localized Myc-Rab17 was calculated by dividing the dendrite-specific Myc-Rab17
fluorescence intensity by the total Myc-Rab17 fluorescence intensity. Note that active Rab17 was preferentially localized in the dendrites. **, p < 0.0025.

antibody (1/500 dilution), anti-Tau mouse antibody (1/100
dilution), anti-Myc mouse antibody (1/500 dilution), anti-
Rab17 rabbit antibody (1/500 dilution), anti-GFP rabbit anti-
body (1/1000 dilution), and/or anti-GFP guinea pig antibody
(1/1000 dilution), after which they were incubated for 1 h at
room temperature with Alexa-Fluor 488/594/633-labeled sec-
ondary IgG (1/5000 dilution). The cells were examined for
fluorescence with a confocal laser-scanning microscope (Fluo-
view 1000, Olympus, Tokyo, Japan), and the images were pro-
cessed with Adobe Photoshop software (CS4). Fluorescent
intensity was quantified with Image] software (Version 1.42q;
National Institutes of Health).

Quantification of Rab Proteins Translocated into the Axon or
Dendrites of Hippocampal Neurons—T o quantify the signals of
each Rab protein in the entire neuron (cell body, dendrites, and
axon) or just the axon region or dendrite region, image thresh-
olds were set to exclude pixels that did not fall over the cell
body, the axon, or the dendrites, and after subtracting the back-
ground intensity values from each image before quantification,
the integrated fluorescence intensity of Rab proteins in the
entire neuron or just the axon (or dendrite) region was
obtained. The proportion (%) of each Rab protein in the axon
(or the dendrites) was calculated by dividing the fluorescence
intensity of the axon (or dendrite) region by the fluorescence
intensity of the entire neuron (i.e. total fluorescence intensity).

Morphometric Analyses of the Neurites of Hippocampal
Neurons—Neurites were morphometrically analyzed as de-
scribed previously with slight modifications (21). Hippocampal
neurons were fixed and then subjected to immunocytochemis-
try with antibodies against GFP, MAP2, and neurofilament-H
(or Tau). All quantitative analyses were carried out based on
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immunostaining of the morphometric marker GFP. Dendrites
and axons were identified based on the presence of a dendrite-
specific marker (MAP2) and an axon-specific marker (neuro-
filament-H or Tau), respectively. Total dendrite length, total
dendrite branch tip numbers, total axon length, and total axon
branch tip numbers were determined manually by using the
Neuron] (Version 1.1.0) (34) plug-in to the Image] software
program.

Statistical Analyses—The results shown in Figs. 2C, 3F, 4D, 5
(Fand 1), 6 (B-F, H, and ]), 7(C and D), and 8 (E-H) are pre-
sented as the means and S.E. Values were compared by means
of Student’s unpaired ¢ test. A p value of <0.05 was considered
statistically significant. All statistical analyses were performed
on data from three independent experiments, and the data from
a representative experiment are shown here.

RESULTS

Screening for Rab17-GEFs by Yeast Two-hybrid Assays with a
GDP-locked Rab17 Mutant as Bait—To identify a Rab17-GEF
molecule(s) that functions in neurons, we focused on previous
reports showing that Rab-GEFs often physically interact with
their substrate GDP-Rabs, e.g. DENND1/RME-4 interacts with
Rab35 (14), ALS2 with Rab5 (23), Rinl with Rab5 (35), Varp
with Rab21 (36), and Rabin8 with Rab8 (7). We, therefore, per-
formed yeast two-hybrid assays to test for possible interactions
between putative GEF domains and a GDP-locked, constitutive
negative (CN) form of Rab17 (Rab17-T33N). As shown in Fig.
1A, we screened 18 DENN domains (DENN, DENND1A-C,
DENND2A-D, DENND3, DENND4A-C, DENND5A-B,
DENND6A-B, and Sbf1-2), 9 VPS9 domains (Varp, Rabex-5,
Gapex-5, Rinl-3, ALS2, ALS-cl, and RINL), and 2 Sec2
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FIGURE 3. The VPS9 domain of Rabex-5, but not of ALS2, promoted translocation of recombinant Rab17 to the dendrites of hippocampal neurons.
A-E, shown are typical images of mCherry-Rab17 in Rabex-5-C-coexpressing or EGFP-ALCS-2-C-coexpressing neurons. At 4 DIV hippocampal neurons were
transfected with vectors encoding mCherry-tagged Rab17 and EGFP (A), EGFP-Rabex-5-C (B), EGFP-Rabex-5-C-D313A (C), EGFP-ALS2-C (D), or EGFP-ALS2-C-
D1593A (E), and at 7 DIV the neurons were fixed and subjected to immunocytochemistry with antibodies against GFP (green), Rab17 (black), and MAP2 (a
dendrite marker; red). The arrows and arrowheads point to axons and dendrites, respectively. The bottom three panels (a-c) are magnified views of the boxed
areas in the top right panels. Bars, 10 um. F, shown is quantification of the proportion of mCherry-Rab17 in the dendrites in the presence of EGFP (n =
20), EGFP-Rabex-5-C (n = 20), EGFP-Rabex-5-C-D313A (n = 10), EGFP-ALS2-C (n = 10), or EGFP-ALS2-C-D1593A (n = 10) shown in A-E. The proportion
(%) of dendrite-localized mCherry-Rab17 was calculated by dividing the dendrite-specific mCherry-Rab17 fluorescence intensity by the total mCherry-
Rab17 fluorescence intensity. Note that EGFP-Rabex-5-C, but not ALS2-C, promoted translocation of mCherry-Rab17 from the cell body to the dendrites.

** p < 0.0025.

domains (Rabin3 and GRAB) by yeast two-hybrid assays and
succeeded in identifying two candidates, Rabex-5 and ALS2
(Fig. 1, A, lanes 20 and 25, and D), as Rab17-GEFs. It should be
noted that Rabex-5 has recently been reported to exhibit
Rab17-GEF activity in vitro (16), thereby validating our screen-
ing procedure. The interaction between GDP-Rab17 and the
VPS9 domain of Rabex-5 (Rabex-5-C) or ALS2 (ALS2-C) was
confirmed by co-immunoprecipitation assays in COS-7 cells
(Fig. 1, Band C). We, therefore, selected Rabex-5 and ALS2 for
subsequent analysis as candidates for the Rab17-GEF(s) in
mouse hippocampal neurons.

pCEEYS
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The VPS9 Domain of Rabex-5, but Not of ALS2, Activates
Rabl7 in Hippocampal Neurons—We next investigated
whether these candidate proteins actually act as a Rab17 acti-
vator in cultured mouse hippocampal neurons. We focused on
the stage-dependent difference in Rab17 localization in hip-
pocampal neurons as a means of monitoring activation of
Rab17. We previously showed that Rab17 was detected only in
the cell body at an early stage (3 DIV, 6.0 = 1.7% of Rab17; 7
DIV, 6.4 * 2.3% of Rab17 in the dendrites) but that some of the
Rab17 had translocated from the cell body to the dendrites at a
later stage (11 DIV, 11.6 * 1.2% of Rab17 in the dendrites) (21).
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We hypothesized that the differences in the localization of
Rab17 during neuronal development are attributable to the dif-
ference in ratio of GTP-Rab17 to GDP-Rab17. If activation of
Rab17, i.e. an increase in GTP-Rab17, is required for Rab17 to
translocate to dendrites, a constitutive active form of Rab17
(Rab17-Q77L) should be preferentially localized in the den-
drites rather than in the cell body. As expected, at 7 DIV the
wild-type Rab17 was found to be mainly localized in the cell
body, and only a small portion of Rab17 was detected in the
dendrites (31.3 = 1.9% of Myc-Rab17 was in the dendrites, and
this value was higher than the proportion of endogenous Rab17
in the dendrites described above; the discrepancy may be
caused by the lower expression level of endogenous Rab17 and
by the low quality of our anti-Rab17 antibody, which does not
sufficiently detect the low level expression of endogenous
Rab17 protein in the dendrites) (Fig. 24 and C). By contrast, a
large proportion of the Rab17-Q77L was localized in the den-
drites (65.9 = 1.6% of Rab17-Q77L was in the dendrites) (Fig. 2,
Band C). Interestingly, however, a small proportion of the Myc-
Rab17-Q77L signals was also detected in the axon, in contrast
to the lack of wild-type Myc-Rab17 signals in the axon (Fig. 2, A
and B, panels b, left). These results strongly supported our
hypothesis that Rab17 is translocated from the cell body to the
dendrites in a GTP-dependent manner.

If Rabex-5 and ALS2 actually have the ability to activate
Rab17 in neurons, forced overexpression of their GEF domains,
i.e. enhanced GFP (EGFP)-tagged Rabex-5-C and ALS-2-C, in
hippocampal neurons should promote translocation of Rab17
from the cell body to the dendrites. As expected, at 7 DIV the
proportion of dendrite-localized Rab17 was significantly higher
in the EGFP-Rabex-5-C-expressing neurons than it was in the
control neurons (52.3 £ 2.9% of mCherry-Rab17 in the den-
drites of the Rabex-5-C-expressing neurons versus 30.0 = 1.9%
of mCherry-Rab17 in the dendrites of control neurons) (Fig. 3,
A, B, and F). Interestingly, some mCherry-Rab17 signals were
also detected in the axon of Rabex-5-C-expressing cells (Fig. 3B,
panel b, left), the same as in the Rab17-Q77L-expressing cells
(Fig. 2B, panel b, left). This Rabex-5-C-dependent translocation
of Rab17 to dendrites must have been caused by the GEF activ-
ity of the VPS9 domain of Rabex-5, because a GEF activity-
deficient mutant of Rabex-5-C-D313A (18) had no effect on the
Rab17 distribution (21.8 = 2.5% of mCherry-Rab17 in the den-
drites of Rabex-5-C-D313A-expressing neurons) (Fig. 3, C and
F). By contrast, neither the wild-type ALS-2-C nor a GEF activ-
ity-deficient mutant of ALS-2-C-D1593A altered the Rabl7
distribution (Fig. 3, D—F). These results indicated that the VPS9
domain of Rabex-5, but not of ALS2, has the ability to activate
Rab17 in hippocampal neurons.

To further confirm that endogenous Rab17 protein is also
activated by Rabex-5, we overexpressed full-length Rabex-5 in
hippocampal neurons and evaluated its effect on the subcellular
localization of endogenous Rabl7 protein by immunocyto-
chemistry with the anti-Rab17-specific antibody. The results
showed that at 12 DIV the proportion of endogenous Rab17
protein localized in the dendrites was 11.8 == 1.9% in the control
EGFP-expressing cells (Fig. 4, A and D) and significantly higher
(21.8 = 2.5%) in the Rabex-5-expressing neurons (Fig. 4, B and
D). Interestingly, in contrast to the mCherry-Rab17- and
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FIGURE 4. Rabex-5 promotes translocation of endogenous Rab17 to the
dendrites of hippocampal neurons. A-C, shown are typical images of
endogenous Rab17 protein in Rabex-5-expressing or EGFP-Rabex-5-D313A-
expressing neurons. At 4 DIV hippocampal neurons were transfected with a
vector encoding EGFP (A), EGFP-Rabex-5 (B), or EGFP-Rabex-5-D313A (C), and
at 12 DIV the neurons were fixed and subjected to immunocytochemistry
with antibodies against GFP (green), Rab17 (black), and MAP2 (red). The
arrows and arrowheads point to axons and dendrites, respectively. The bot-
tom three panels (a-c) are magnified views of the boxed areas in the top
right panels. Bars, 10 um. D, shown is quantification of the proportion of
endogenous Rab17 protein in the dendrites in the presence of EGFP (n = 20),
EGFP-Rabex-5 (n = 20), or EGFP-Rabex-5-D313A (n = 12) shown in A-C. The
proportion (%) of Rab17 in the dendrites was calculated by dividing the den-
drite-specific Rab17 fluorescence intensity by the total Rab17 fluorescence
intensity. Note that EGFP-Rabex-5, but not its GEF activity-deficient mutant
(D313A), promoted translocation of Rab17 from the cell body to the den-
drites. *, p < 0.025.

EGFP-Rabex-5-C-expressing cells (Fig. 3B, panel b, left), no
endogenous Rab17 signals were observed in the axon of EGFP-
Rabex-5-expressing cells (Fig. 4B, panel b, left).
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transfection the cells were lysed and subjected to immunoblot analysis with anti-GFP antibody (upper panel) and anti-actin antibody (lower panel). C, Neuro2A
cells were transfected with a vector encoding control-shRNA (lane 1) or Rabex-5-shRNA (lane 2). Two days after transfection the cells were lysed and subjected
toimmunoblot analysis with anti-Rabex-5 antibody (upper panel) and anti-actin antibody (lower panel). The asterisk indicates nonspecific bands. Note that the
level of expression of endogenous Rabex-5 in Neuro2A cells was reduced in the presence of Rabex-5-shRNA. D, shown is a comparison of the protein expression
level of EGFP-Rabex-5°% and endogenous Rabex-5 in Neuro2A cells. Neuro2A cells were transfected with pEGFP-C1-Rabex-5°" (lane 2) or nothing (lane 7). Two
days after transfection the cells were lysed and subjected to immunoblot analysis with anti-Rabex-5 antibody. The positions of the molecular mass markers (in
kilodaltons) are shown on the left. Note that the expression level of EGFP-Rabex-5°F is approximately 5 times higher than that of endogenous Rabex-5 in
Neuro2A cells. E and F, shown are typical images of EGFP-Rabex-5-expressing neurons in the presence and absence of Rabex-5-shRNA. At 3 DIV hippocampal
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were fixed and subjected to immunocytochemistry with antibodies against GFP (green). Bar, 10 um. F, shown is quantification of the EGFP-Rabex-5 of the
control-shRNA-transfected neurons (n = 20) or Rabex-5-shRNA-transfected neurons (n = 20) shown in E. a.u., arbitrary units. G and H, shown are typical images
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shRNA (H), and at 14 DIV the neurons were fixed and subjected to immunocytochemistry with antibodies against GFP (green), Rab17 (black), and MAP2 (blue).
The arrows and arrowheads point to axons and dendrites, respectively. The bottom three panels (a-c) are magnified views of the boxed areas in the top right
panels. Bars, 10 um. I, shown is quantification of the proportion of Rab17 in the dendrites of control-shRNA-transfected neurons (n = 20) and Rabex-5-shRNA-
transfected neurons (n = 20) shown in G and H. The proportion (%) of Rab17 in the dendrites was calculated by dividing the dendrite-specific Rab17
fluorescence intensity by the total Rab17 fluorescence intensity. Note that translocation of Rab17 to the dendrites was significantly reduced after knockdown
of Rabex-5. **, p < 0.0025.
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Rabex-5 Is Required for Translocation of Rab17 to the Den-
drites of Hippocampal Neurons—To determine whether
endogenous Rabex-5 protein also regulates the dendritic
localization of Rab17 in hippocampal neurons, we evaluated
the impact of knockdown of endogenous Rabex-5. First, we
investigated whether Rabex-5 is actually expressed in cul-
tured mouse hippocampal neurons by immunoblotting with
a specific antibody against Rabex-5. As shown in Fig. 54,
endogenous Rabex-5 protein was easily detected in cultured
hippocampal neurons, and the level of Rabex-5 protein
seemed to peak at 7-14 DIV. We then knocked down
Rabex-5 with a specific shRNA, Rabex-5-shRNA (Fig. 5, B

neurofilament-H/MAP2

and C), which dramatically decreased the protein expression
level of EGFP-Rabex-5 (77.2 = 3.0% reduction in compari-
son with the control) in hippocampal neurons (Fig. 5, E and
F). We found that Rabex-5 knockdown resulted in a marked
reduction in the proportion of Rab17 that had been translo-
cated to the dendrites of the hippocampal neurons at 14 DIV
(22.9 = 1.9% of endogenous Rab17 in the dendrites of the
control neurons versus 15.3 * 2.2% of endogenous Rab17 in
the dendrites of the Rabex-5 knockdown neurons) (Fig. 5,
G-I). These results enabled us to conclude that Rabex-5 is
required for the translocation of Rab17 to the dendrites of
hippocampal neurons.
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Rabex-5 Regulates Dendrite and Axon Morphogenesis of Hip-
pocampal Neurons—Because we previously showed that Rab17
specifically regulates dendrite morphogenesis of hippocampal
neurons, we proceeded to investigate the involvement of
Rabex-5 in neurite morphogenesis of hippocampal neurons. In
contrast to the knockdown of Rab17, however, Rabex-5 knock-
down resulted in a marked reduction in the total dendrite
length, total axon length, and number of axon branches (to
72.3 *= 8.3, 61.8 £ 5.7, and 76.9 = 7.7%, respectively, of the
control), but it had no effect on the number of dendrite
branches (Fig. 6, A-E). These effects could not have been
caused by an off-target effect of sShARNA, because the reduction
in the total dendrite length in Rabex-5 knockdown neurons (to
69.0 = 5.7% of the control) was completely rescued by re-ex-
pression of shRNA-resistant Rabex-5°® (Fig. 5, B and D) (to
129.5 = 10.1% of the control neurons) but not of a GEF activity-
deficient Rabex-5°%-D313A mutant (Fig. 6F). Moreover, we
found that the reduction in total dendrite length of the Rabex-5
knockdown neurons was partially rescued by co-expression of
Rab17-Q77L, i.e. forced activation of Rab17 (to 89.0 * 5.9% of
the control) (Fig. 6F), indicating that Rabex-5 contributes to
Rab17-mediated dendrite outgrowth.

Because knockdown of Rabex-5 did not affect the number of
dendrite branches, we next investigated the possible involve-
ment of ALS2, another GDP-Rab17-binding protein (Fig. 1), in
dendrite branching by knocking down its expression with a spe-
cific shRNA (Fig. 6, G-I). Although the ALS2-shRNA we pre-
pared dramatically decreased the protein expression level of
EGFP-ALS2 in the hippocampal neurons (80.7 = 1.5% reduc-
tion in comparison with the control) (Fig. 6H), neither knock-
down of ALS2 alone nor double knockdown of Rabex-5 and
ALS2 affected the number of dendrite branches of hippocampal
neurons (Fig. 6/). The same results were obtained with two
independently prepared ALS2-shRNAs (data not shown).
Based on these findings, ALS2 is unlikely to regulate Rab17-
mediated dendrite branching.

Rabex-5 Is Also Required for the Neuritic Localization of Rab5
and Rab21 in Hippocampal Neurons—Different contributions
of Rabex-5 and Rab17 to neurite morphogenesis (i.e. Rabex-5 to
dendrite outgrowth and axon morphogenesis and Rabl7 to
dendrite morphogenesis) suggests that Rabex-5 activates other
Rab family proteins besides Rab17 during the course of neurite

Rabex-5 Activates Rab17 in Hippocampal Neurons

morphogenesis. To pursue this possibility, we performed yeast
two-hybrid assays with a panel of 60 different CA (GTP-locked)
and CN (GDP-locked) Rabs to identify additional target Rabs of
Rabex-5 (36). The results of the Rab-family-wide analysis
showed that Rabex-5 specifically interacted with the CN forms
of Rab5A/B/C, Rab17, and Rab21 (Fig. 7A), which was consist-
ent with the known GEF activity of Rabex-5 in vitro (16, 18). In
addition, the D313A mutation of Rabex-5 completely abro-
gated the binding of Rabex-5 to Rab5A, Rab17, and Rab21 in
yeast two-hybrid assays (Fig. 7B). Next, we investigated
whether Rabex-5 also regulates the localization of Rab5 and
Rab21, in addition to the localization of Rab17, in hippocampal
neurons. The results showed that Rabex-5 knockdown resulted
in a marked reduction in the proportions of Myc-tagged Rab5A,
Rab17, and Rab21 that had been translocated to the dendrites
(Myc-Rab5A, 34.7 = 5.2% reduction; Myc-Rab17, 57.6 = 4.6%
reduction; Myc-Rab21, 49.8 = 5.1% reduction in comparison
with the control) (Fig. 7C) and to the axon (Myc-Rab5A, 55.5 =
8.8% reduction; Myc-Rab21, 84.2 * 1.6% reduction in compar-
ison with the control) (Fig. 7D). These results indicated that
Rabex-5 also functions as an upstream regulator of Rab5 and
Rab21.

Rab5 and Rabl7 Regulate Neurite Morphogenesis of Hip-
pocampal Neurons Differently—Last, we investigated the in-
volvement of Rab5A/B/C and Rab21, other putative downstream
targets of Rabex-5, in neurite morphogenesis of hippocampal
neurons by using specific shRNAs (Fig. 8, A-D). Consistent
with our previous finding (21), knockdown of Rab17 resulted in
a marked reduction in both total dendrite length and the num-
ber of dendrite branches (to 39.7 = 4.4 and 47.4 = 3.1%, respec-
tively, of the control) (Fig. 8, E and F), but total axon length and
the number of axon branches were unaffected (Fig. 8, G and H).
By contrast, knockdown of all three Rab5 isoforms (Rab5A/
B/C) resulted in a marked reduction in total dendrite length, the
number of dendrite branches, total axon length, and the num-
ber of axon branches (to 53.7 = 7.0,49.7 = 5.2, 41.8 * 5.0, and
64.3 * 6.0%, respectively, of the control) (Fig. 8, E-H). Interest-
ingly, however, knockdown of Rab21 did not reduce total neu-
rite length or the total number of neurite branches (Fig. 8, E-H).
The same results were obtained when we used another site of
Rab21-shRNA (data not shown). These results indicated that
Rab5 and Rab17, but not Rab21, are likely to function as down-

FIGURE 6. Rabex-5 regulates axon and dendrite morphogenesis in hippocampal neurons. A, shown are typical images of Rabex-5 knockdown neurons. At
4 DIV hippocampal neurons were transfected with a vector encoding EGFP and control-shRNA (upper panels) or Rabex-5-shRNA (lower panels), and at 11 DIV the
neurons were fixed and subjected to immunocytochemistry with antibodies against GFP, neurofilament-H (an axon marker; red), and MAP2 (blue). The arrows
and arrowheads point to axons and dendrites, respectively. Bar, 50 um. B-E, shown is quantification of the total dendrite length (B), total dendrite branching
tip numbers (C), total axon length (D), and total axon branching tip numbers (E) of the control neurons (n = 20), and Rabex-5 knockdown neurons (n = 20). Note
that the total dendrite length, total axon length, and total axon branching tip numbers of the Rabex-5 knockdown neurons were significantly lower than in the
control cells. **, p < 0.0025. F, shown is quantification of the total dendrite length of the control neurons (n = 32), Rabex-5 knockdown neurons (n = 35),
EGFP-Rabex-5°R-expressing Rabex-5 knockdown neurons (n = 32), EGFP-Rabex-5-D313A>*-expressing Rabex-5 knockdown neurons (n = 34), and EGFP-
Rab17-Q77L-expressing Rabex-5 knockdown neurons (n = 35). Note that the reduction in total dendrite length of the Rabex-5 knockdown neurons was
rescued by re-expression of Rabex-5°F or by expression of Rab17-Q77L. **, p < 0.0025; *, p < 0.025. G, shown are typical images of EGFP-ALS2-expressing
neurons in the presence and absence of ALS2-shRNA. At 3 DIV hippocampal neurons were transfected with a vector encoding control-shRNA or ALS2-shRNA
together with EGFP-ALS2 and mStrawberry, and at 5 DIV the neurons were fixed and subjected to immunocytochemistry with antibodies against GFP (green).
Bar, 10 um. H, shown is quantification of the EGFP-ALS2 of control-shRNA-transfected neurons (n = 20) and Rabex-5-shRNA-transfected neurons (n = 20)
shown in G. a.u., arbitrary units. |, COS7 cells were transfected with a vector encoding EGFP-ALS2 together with control-shRNA or ALS2-shRNA. Two days after
transfection the cells were lysed and subjected to immunoblot analysis with anti-GFP antibody (upper panel) and anti-actin antibody (lower panel). The
positions of the molecular mass markers (in kilodaltons) are shown on the /eft. J, shown is quantification of the total dendrite branching tip numbers of the
control neurons (n = 20), ALS2 knockdown neurons (n = 20), Rabex-5 knockdown neurons (n = 20), and Rabex-5 and ALS2 double-knockdown neurons (n =
20). Note that the total dendrite branching tip numbers of neither the ALS2 knockdown neurons nor the Rabex-5 and ALS2 double-knockdown neurons were
altered in comparison with the control neurons.
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Note the specific interactions between Rabex-5-C and the CN (GDP-fixed)
form of Rab5A, Rab5B, Rab5C, Rab17, and Rab21. B, yeast cells containing
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stream targets of Rabex-5 during neurite morphogenesis of hip-
pocampal neurons.

DISCUSSION

We previously showed that Rab17 regulates dendrite mor-
phogenesis and postsynaptic development of hippocampal
neurons (21). However, the spatiotemporal regulation of Rab17
activation remained completely unknown, because no Rab17-
GEF that functions in hippocampal neurons had been identi-
fied. In the present study we succeeded in identifying Rabex-5
and ALS2 as candidate Rab17-GEFs by means of yeast two-
hybrid assays (Fig. 1A4). Several lines of evidence indicated that
Rabex-5, but not ALS2, is likely to function as a Rab17-GEF in
mouse hippocampal neurons: (i) overexpression of the GEF
domain of Rabex-5, but not of ALS2, in hippocampal neurons
promoted the dendritic localization of Rab17 (Figs. 3 and 4), (ii)
knockdown of endogenous Rabex-5, but not of ALS2, in hip-
pocampal neurons decreased the dendritic localization of
Rab17 (Fig. 5, H and 1), (iii) the total dendrite length of Rabex-5
knockdown neurons was partially restored by forced activation
of Rab17, i.e. expression of Rab17-Q77L (Fig. 6F). Based on our
findings together with the previous report that Rabex-5 exhib-
ited Rab17-GEF activity in vitro (16), we concluded that
Rabex-5 is an upstream activator of Rab17 in mouse hippocam-
pal neurons.

However, Rabex-5 cannot be the sole Rab17-GEF in hip-
pocampal neurons because the phenotypes of Rabex-5 knock-
down neurons and Rab17 knockdown neurons differed with
respect to dendrite branching (Figs. 6C and 8F), although both
exhibited reduced total dendrite length (Figs. 68 and 8E). We
speculate that Rab17 is differently activated by two GEFs, i.e. by
Rabex-5 and by an as yet unidentified GEF, in the following
manner; activation of Rab17 by Rabex-5 specifically regulates
dendrite outgrowth, whereas activation of Rab17 by the as yet
unidentified GEF promotes dendrite branching. One plausible
candidate for the unidentified GEF is ALS2, which also binds
the GDP-locked Rab17 (Fig. 1). However, the GEF domain of
ALS2 was unable to promote dendritic localization of Rab17 in
hippocampal neurons (Fig. 3, D and E), and knockdown of
ALS2 alone (or double knockdown of ALS2 and Rabex-5) in
hippocampal neurons had no effect on the number of their
dendrite branches (Fig. 6]), indicating that ALS2 is not involved
in the dendrite branching step in hippocampal neurons.
Although ALS2 does not contribute to dendrite outgrowth or

pGBD plasmid expressing GDP-locked CN forms of Rab5A, Rab17, and Rab21
and pGAD plasmid expressing the VPS9 domain of Rabex-5 or of Rabex-5-
D313A were streaked on an SC-LW plate (upper panels) or SC-AHLW plate
(lower panels) and incubated at 30 °C. Note that the GEF activity-deficient
Rabex5-D313A mutant completely abrogated the interaction with Rab5A,
Rab17, and Rab21. C and D, shown is quantification of the proportions of
Myc-Rab5A, Myc-Rab17, and Myc-Rab21 in the dendrites (C) and axon (D) of
control shRNA-transfected neurons (n = 20) and Rabex-5-shRNA-transfected
neurons (n = 20). At 4 DIV hippocampal neurons were transfected with a
vector encoding control shRNA or Rabex-5-shRNA together with Myc-Rab5A,
Myc-Rab17, or Myc-Rab21, and at 11 DIV the neurons were fixed and sub-
jected to immunocytochemistry with antibodies against GFP, Myc, and
MAP2. The proportions (%) of Myc-Rab5A, Myc-Rab17, and Myc-Rab21 in the
axon and dendrites were calculated by dividing the axon- or dendrite-specific
Myc-Rabs fluorescence intensity by the total Myc-Rabs fluorescence intensity.
Note that translocation of Myc-Rab5A and Myc-Rab21 to the axon and den-
drites was significantly reduced after knockdown of Rabex-5. **, p < 0.0025.
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reduction of EGFP-Rab5A; Rab5B/C-shRNA, 69.0 = 9.5% reduction of EGFP-Rab5B and 84.4 = 2.7% reduction of EGFP-Rab5C; Rab17-shRNA, 78.8 = 7.8%
reduction of EGFP-Rab17; Rab21-shRNA, 91.2 * 2.1% reduction of EGFP-Rab21 in comparison with the control shRNA). E-H, shown is quantification of the total
dendrite length (E), total dendrite branching tip numbers (F), total axon length (G), and total axon branching tip numbers (H) of the control neurons (n = 21),
Rab17 knockdown neurons (n = 20), Rab5A/B/C knockdown neurons (n = 21), and Rab21-knockdown neurons (n = 21). At 4 DIV hippocampal neurons were
transfected with a vector encoding EGFP and control-shRNA, Rab17-shRNA, Rab5A-shRNA/Rab5B/C-shRNA, or Rab21-shRNA, and at 11 DIV the neurons were
fixed and subjected to immunocytochemistry with antibodies against GFP, neurofilament-H, and MAP2. Note that the dendrite length and branching tip
numbers of the Rab17 knockdown neurons were significantly lower than in the control cells, whereas the length and branching tip numbers of both the axon

and dendrites of the Rab5A/B/C knockdown neurons were significantly lower than in the control cells. **, p < 0.0025; *, p < 0.025.

branching, it is still possible that ALS2 activates Rab17 at the
spine, because Rab17 is required for postsynaptic development
(21), and ALS2 has been reported to localize at the spine (37). At
any rate, further extensive studies are necessary to determine
whether ALS2 possesses in vitro Rab17-GEF activity and func-
tions as a Rab17-GEF in hippocampal neurons. Because ALS2
was originally identified from ALS patients and hereditary spas-
tic paraplegia (HPS) motor neuron disease patients (38 —40), it
will also be interesting to investigate the relationship between
Rab17 and these diseases in motor neurons in the future.

Our findings also indicated that Rab17 is not the sole target of
Rabex-5, because defects in axon morphogenesis were ob-
served in Rabex-5 knockdown neurons alone (Figs. 6, D and E,
and 8, G and H). Although several in vitro target Rabs of
Rabex-5, Rab5, Rab17, Rab21, and Rab22, have been reported
(16, 18,41) and at least three of them interacted with Rabex-5 in
yeast two-hybrid assays (Fig. 7, A and B), the observation that
the defects in axon morphogenesis of Rabex-5 knockdown neu-
rons were phenocopied by Rab5A/B/C knockdown in the pres-
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ent study (Figs. 6, D and E, and 8, G and H) indicated that Rab5
is the most likely target of Rabex-5 during axon morphogenesis
of hippocampal neurons. However, activation of Rab5 (and also
Rab17) at the dendrite branching step is unlikely to be mediated
by Rabex-5, because Rabex-5 is not involved in dendrite
branching (Fig. 6C). Another type of Rab5-GEF, e.g. Rin (35), or
Gapex-5/RME-6 (42) may be involved in this process.
Although involvement of two other target Rabs, Rab21 and
Rab22, in neurite outgrowth of PC12 cells has been reported
(41, 43), knockdown of neither Rab21 nor Rab22A/B with spe-
cific shRNAs had virtually any effect on neurite morphogenesis
under our experimental conditions (Fig. 8, E-H).* The lack of
effect of our Rab21-shRNA is unlikely to be caused by insuffi-
cient knockdown of Rab21, because the same shRNA strongly
inhibited forskolin-induced dendrite formation of melano-
cytes (44). In contrast to our finding, however, it has been

%Y. Mori and M. Fukuda, unpublished observations.
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reported that knockdown of Varp, a Rab21-specific GEF
(45), in hippocampal neurons reduced total axon length at 4
DIV (43). This discrepancy may be attributable to the differ-
ence in assay protocols, 4 DIV in Ref. 43 and 11 DIV in this
study. We speculate that Rab21 and Varp function at an early
stage of axon outgrowth.

In summary, we demonstrated that Rabex-5 functions as a
Rab17-GEF that regulates Rab17 localization. We also showed
that Rabex-5 and Rab5 are required for both axon morphogen-
esis and dendrite morphogenesis. Based on our findings, we
propose that Rabex-5 activates at least two distinct Rabs, Rab5
and Rab17, and that the activated Rabs cooperatively mediate
dendritic morphogenesis of hippocampal neurons.
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