Cell. Mol. Life Sci. (2009) 66:2913-2932
DOI 10.1007/s00018-009-0080-9

Cellular and Molecular Life Sciences

RESEARCH ARTICLE

A small GTPase, human Rab32, is required for the formation
of autophagic vacuoles under basal conditions

Yuko Hirota - Yoshitaka Tanaka

Received: 24 February 2009 /Revised: 16 June 2009/ Accepted: 18 June 2009/ Published online: 11 July 2009

© Birkhduser Verlag, Basel/Switzerland 2009

Abstract Here we show that a small GTPase, Rab32, is a
novel protein required for the formation of autophagic
vacuoles. We found that the wild-type or GTP-bound form
of human Rab32 expressed in HeLa and COS cells is
predominantly localized to the endoplasmic reticulum
(ER), and overexpression induces the formation of auto-
phagic vacuoles containing an autophagosome marker
protein LC3, the ER-resident protein calnexin and endo-
somal/lysosomal membrane protein LAMP-2, even under
nutrient-rich conditions. The recruitment of Rab32 to the
ER membrane was necessary for autophagic vacuole for-
mation, suggesting involvement of the ER as a source of
autophagosome membranes. In contrast, the expression of
the inactive form of, or siRNA-specific for, Rab32 caused
the formation of p62/SQSTM1 and ubiquitinated protein-
accumulating aggresome-like structures and significantly
prevented constitutive autophagy. We postulate that Rab32
facilitates the formation of autophagic vacuoles whose
membranes are derived from the ER and regulates the
clearance of aggregated proteins by autophagy.
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Introduction

Autophagy is a degradation pathway that delivers cyto-
plasmic materials to lysosomes via doubled-membrane
organelles termed autophagosomes [1, 2]. Although
autophagy can be induced by nutrient deprivation or the
absence of growth factors, it also occurs at basal levels in
most tissues and contributes to the routine turnover of
cytoplasmic components [3-5]. In addition, autophagy is
directly or indirectly involved in eliminating aberrant
protein aggregates, protecting against tumors and defend-
ing against pathogen invasion [6-8]. The autophagic
process is initiated when a cup-shaped double membrane
structure, termed an isolation membrane or phagophore,
engulfs a portion of cytoplasmic materials, including
organelles and protein aggregates [9]. The isolation mem-
brane gradually elongates with curvature and finally
become enclosed to form an autophagosome [10]. Sub-
sequent fusion of autophagosomes with acid hydrolase-rich
lysosomes degrades the sequestered materials. So far, many
mammalian homologues of yeast ATG (autophagy-related)
genes have been identified and characterized, demonstrat-
ing that the molecular mechanisms of autophagy have been
conserved from yeasts to mammals [11].

Rab GTPases represent a large family of small
GTP-binding proteins that comprises more than 60 known
members [12]. In mammalian cells, it is well established
that different Rab proteins localize on distinct membrane-
bound compartments, where they regulate multiple steps in
membrane traffic, including vesicle budding, fusion and
movement through cycling between an inactive GDP-
bound form and an active GTP-bound form. Akin to the
involvement of Rab proteins in the vesicle transport pro-
cesses, it has been reported that Rab7 and Rab24 function
in the autophagic pathway [13-15]. Rab24, which is
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localized in the ER, cis-Golgi and the ER-Golgi interme-
diate compartment, is translocated to large autophagic
vacuoles under starvation conditions, suggesting the
involvement of this protein in autophagy [15]. Although
Rab7, a late endosome-specific Rab protein, is implicated
in late endocytic transport and lysosome biogenesis [16],
two lines of evidence have revealed that Rab7 is required
for the progression of autophagy [13] and for the final
maturation step in fusion between late autophagic vacuoles
and lysosomes [14].

Rab32 contains amino-acid sequences that are shared
with only a small number of other Rab proteins. Most
conspicuously, threonine in the WDTAGQE sequence,
conserved in almost all Rab proteins, is replaced by iso-
leucine. This WDIAGQE sequence in Rab32 is also found
in Rab38 [17], Rab29 [18] and Rab7L1/29 [19], among
mammalian Rab proteins identified to date, and is also
present in RabE from the slime mold Dictyostelium dis-
coideum [20]. Recently, it has been reported that mouse
Rab38 and Rab32 act in a functionally redundant way in
regulating skin melanocyte pigmentation and control post-
Golgi trafficking of tyrosinase and tyrosinase-related pro-
tein 1, thereby suggesting critical roles for melanosome
maturation [21]. Most recently, it has been shown that, in
Xenopus melanophores, Rab32 is involved in the regulation
of melanosome transport by cAMP-dependent protein
kinase A [22]. Although Rab32 is expressed in most human
tissues [23], little is known about the physiological roles of
Rab32 in tissues and cells other than melanocytes. In this
paper, using HeLLa and COS cells exogenously expressing
human Rab32, we show that Rab32 is required for the
formation of autophagic vacuoles and the regulation of the
clearance of aggregated proteins by autophagy.

Materials and methods
Cell culture and transfection

HeLa cells and COS-1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum (FBS). Cells were transfected for
48 h using Fugene 6 (Roche Applied Science, Mannheim,
Germany) according to the manufacturer’s instructions. For
starvation, cells were incubated in Krebs-Henseleit buffer
(Sigma-Aldrich, St Louis, MO) at 37°C for 2 h.

DNA constructs

The cDNA for human wild-type Rab32 was obtained
from Open Biosystems (Huntsville, AL). Rab32Q85L,
Rab32T39N and Rab32N143I in vector pcDNA3.1/Hygro
(—) (Invitrogen, Groningen, The Netherlands) were made

by PCR-mediated site-directed mutagenesis using
Rab32WT in pcDNA3.1 as a template. Briefly, the fol-
lowing primer combinations were used: (Q85L) PCR
reaction (1) Rab32 forward primer 5'-AGTGGATCCATG
GCGGGCGGAGGAGCC-3/, Q85L reverse primer 5'-
AAATCGCTCCAGCCCCGCGATGTC-3’; PCR reaction
(2) Q85L site forward primer 5-GACATCGCGGGGCT
GGAGCGATTT-3' and Rab32 reverse primer 5'-CTTGGT
ACCTCAGCAACACTGGGATTTGTT-3'. (T39N) PCR
reaction (1) Rab32 forward primer: described above, T39N
reverse primer 5'-CTTGATGATGCTGTTCTTGCCCAC
GCC-3’; PCR reaction (2) T39N forward primer 5'-GGCG
TGGGCAAGAACAGCATCATCAAG-3' and Rab32 reverse
primer: described above. (N143I) PCR reaction (1) Rab32
forward primer: described above, N143I reverse primer
5'-CTGGTCACATTTGATAGCCAAGAG-3'; PCR reaction
(2) N1431 forward primer 5'-CTCTTGGCTATCAAATG
TGACCAG-3'and Rab32 reverse primer: described above.
The reaction products forming (1) and (2) were used as a
template in the final PCR reaction, which was amplified
using Rab32 forward primer and reverse primer to generate
full-length Rab32Q85L, Rab32T39N and Rab32N143IL
These were cloned into pcDNA3.1, and digested with
BamHI and Kpnl. Rab32WT, Rab32Q85L, Rab32T39N
and Rab32N1431 were cloned in frame with GFP into
Kpnl/BamHI sites of pEGFP-C1 (Clontech, Palo Alto,
CA). For the expression of GST fusion proteins, pGST-
Rab32 and pGST-LC3 were obtained by subcloning Rab32
and LC3 cDNAs into the EcoRI/Sall sites of pGEX-KG.
FLAG-tagged ubiquitin was kindly provided by Tomoki
Chiba [24].

siRNA-mediated silencing of Rab32

HeLa cells were transfected with Oligofectamine (Invitro-
gen, Carlsbad, CA), in the presence of 10 nM of siRNA
specific for human Rab32. The oligonucleotide sequences
used for siRNA interference with Rab32 expression cor-
responded to nucleotides 517-537 (siRNA-1: 5'-CAUU
UGAGGCAGUCUUAAAAU-3') and 483-503 (siRNA-2:
5'-GCUUUUGUAGUCUUUGAUAUA-3'). Control siRNA
was constructed with a similar insert where the 21-nucle-
otide sequence had no homology to any known human
gene sequence.

Antibodies

Purified protein Rab32 was generated by cleaving a GST-
Rab32 fusion protein with thrombin protease and injected
into rabbits to raise anti-Rab32 rabbit polyclonal antibody.
An antibody against recombinant Rab32 was purified on an
immobilized Rab32-CNBr-activated Sepharose column.
Antiserum against GST-LC3 was also raised in rabbits, and
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Fig. 1 Intracellular location of
Rab32. a HeLa cells transfected
with (lower panels) or without
(upper panels) pcDNA3.1-
Rab32WT (pcDNARab32WT)
were fractionated by Percoll
density gradient centrifugation
into 16 fractions. Each fraction
was subjected to SDS-PAGE
and analyzed by Western blot
analysis with affinity-purified
rabbit anti-Rab32 antibody,
mouse anti-calnexin antibody
(ER marker) and mouse anti-
Hsp60 antibody (mitochondria
marker). b, ¢ COS-1 cells co-
transfected pcDNARab32WT
(b) or pcDNARab32Q85L (c)
and ER-cherry were incubated
in 100 mM Hepes-KOH (pH
7.2) (—: upper) or 0.013%
digitonin/100 mM Hepes-KOH
(pH 7.2) (+: lower) for 2 min at
room temperature prior to
fixation. Cells were fixed and
processed for
immunofluorescence using
affinity-purified rabbit anti-
Rab32 antibody and mouse anti-
GM130 antibody. Merged
images were generated by
combining Rab32 (green),
GM130 (cyan) and ER-cherry
(red). The panels at the bottom
of (b) and (c) show an enlarged
view of the boxed regions. Bars
are 10 um
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Fig. 2 Rab32-associated ER membranes are involved in the genera-
tion of autophagosomal membrane structures. (A, B) COS-1 cells were
transiently transfected with GFP-Rab32WT (A) or GFP-Rab32T39 N
(B) for 48 h. Fixed cells were stained with affinity-purified rabbit anti-
LC3, and mouse anti-LAMP-2 (a), or mouse anti-calnexin (b)
antibodies. Boxed regions are shown on the right. Bars are 10 pm.
(C) GFP-Rab32dCC-transfected COS-1 cells were incubated in normal
medium (a) or Krebs-Henseleit buffer (b) for 2 h. After fixation, cells
were stained with affinity-purified rabbit anti-LC3 and mouse anti-p62
antibodies. Bars are 10 pm. (D) Untransfected COS-1 cells or GFP-
Rab32dCC-transfected COS-1 cells were incubated with normal
medium (starvation: —) (white bars) or Krebs-Henseleit buffer
(starvation: +) (black bars) for 2 h. Cells with LC3 dots of more
than 20 were defined as cells with LC3 dots, because about 10-20 LC3
dots were occasionally visible even in control cells. At least 200 cells
expressing each GFP-Rab32 construct were counted at respective
experiments and the percentage of cells exhibiting LC3 dots (i.e.,
autophagic vacuoles) in each GFP-Rab32 construct is quantified as the
mean = SEM (n = 3 separate experiments)

anti-GST-LC3 antibody was affinity purified on an
immobilized LC3-CNBr-activated Sepharose column.
Mouse monoclonal antibodies (mAb) to calnexin, p62 and
GM130 were obtained from BD Biosciences (Palo Alto,
CA). Mouse monoclonal antibody to Hsp60 was obtained
from StressGen Biotechnologies Corp. (Victoria, Canada).
FK2 mouse monoclonal antibody was from Nippon Biotest
Laboratories (Tokyo, Japan). Anti-Hsc70 mAb was from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-
FLAG M2 mAb and anti-c-myc mAb were purchased from
Sigma-Aldrich and Roche Diagnostics (Mannheim,
Germany), respectively. The secondary antibodies used
were goat anti-rabbit Alexa488 and goat anti-mouse
Alexa488 (Molecular Probes, Eugene, OR), goat anti-
mouse Cy3, goat anti-rabbit Cy3 and goat anti-mouse Cy5
(Jackson ImmunoResearch Laboratories, West Grove, PA).

Percoll density gradients

Rab32WT-transfected or untransfected HeLa cells were
grown on 60-mm dishes for 48 h. Cells were washed with
ice-cold PBS and then suspended in 1 x SHE, which con-
tained 0.25 M sucrose, 10 mM Hepes-KOH, pH 7.2, | mM
EDTA, plus a protease inhibitor cocktail. Cell suspension
was homogenized by 25 passages through a 23-G needle
connected to a 1-ml syringe, and then centrifuged at 500x g
to obtain a post-nuclear supernatant (PNS). The PNS was
overlaid onto a solution of 27% Percoll in 1 x SHE and
centrifuged at 20,000 x g for 2 h in a HITACHI RP65T rotor
at 4°C. The gradients were divided into 16 fractions of § ml
by downward displacement.

Western blotting

Cells were extracted using RIPA buffer (20 mM Tris—HCI,
pH 7.5,0.15 M NaCl, 0.5% Triton X-100, 0.1% SDS, 1 mM

EDTA, 10 mM NaF and 1 mM Na3;VOQ,) and sonicated. The
lysates were subjected to SDS-PAGE, and proteins were
transferred to a polyvinylidene fluoride membrane (Milli-
pore Corp., Temecula, CA) using a semi-dry blotting
system. The membranes were blocked with 5% skimmed
milk powder, 0.1% Triton X-100,20 mM Tris—HCI, pH 7.5,
0.15 M NaCl (blocking buffer) and incubated with the pri-
mary antibody (1:2,000) in blocking buffer at 4°C overnight
followed by incubation with horseradish peroxidase-con-
jugated goat anti-rabbit IgG (1:10,000) (Amersham
Biosciences, San Francisco, CA). Blots were analyzed using
the ECL detection system (Amersham Biosciences), and
signals were visualized using Fuji LAS1000.

Immunofluorescence microscopy

Immunofluorescence was carried out as described previ-
ously [25]. Cells cultured on coverslips were rinsed with
phosphate-buffered saline (PBS) and fixed immediately
with 4% paraformaldehyde in PBS, pH 7.4, for 30 min
at room temperature, or with cold methanol for 20 min at
—20°C (for vimentin staining). Cells were quenched with
50 mM NH4CI in PBS for 15 min, blocked and perme-
abilized with 0.05% saponin and 1% bovine serum albumin
(BSA) in PBS for 30 min. Cells were then incubated for
1 h with the primary antibody in blocking solution. The
primary antibodies were diluted as follows: anti-Rab32
antibody (0.1 pg/ml), anti-GM130 antibody (1:300), anti-
FK2 antibody (1:300), anti-Hsc70 antibody (1:100), anti-
myc antibody (1:300) and anti-62 antibody (1:300). Cells
were washed with PBS and incubated for 30 min with
secondary antibodies diluted in blocking solution. For
immunostaining of endogenous LC3 in COS-1 cells, cells
were stained with the purified anti-GST-LC3 antibody, as
previously described [26]. Briefly, cells were washed with
PBS and fixed in 4% paraformaldehyde in PBS for 30 min
at room temperature. After fixation, the cells were perme-
abilized with 50 pg/ml digitonin in PBS for 5 min,
quenched with 50 mM NH4CI in PBS for 10 min and
incubated in blocking buffer (2% goat serum/1% BSA in
PBS) for 30 min. Cells were then incubated with the pri-
mary antibody in blocking buffer for 1 h, washed with
PBS, incubated with the secondary antibody in blocking
buffer for 30 min at room temperature and washed with
PBS. Finally, cells were mounted in Mowiol (Calbiochem,
La Jolla, CA). The cells were observed on a Zeiss confocal
microscope (LSM 510 META). The images were pro-
cessed using Adobe Photoshop CS.

Cotransfection-coimmunoprecipitation

COS-1 cells were transfected by coprecipitates of calcium
phosphate with appropriate combinations of pcDNARab32
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plasmids and FLAG-ubiquitin plasmid. Forty-eight hours
after transfection, cells were lysed in RIPA buffer [20 mM
Tris—HCI, pH 7.5, 0.15 M NaCl, 0.5% Triton X-100, 0.1%
SDS, 1 mM EDTA, 10 mM NaF, 1 mM NazVO, and
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan)]
and sonicated. Supernatants obtained after centrifugation of
cell lysates (13,000xg for 10 min at 4°C) were incubated
with protein A-Sepharose preadsorbed with anti-Myc
monoclonal antibody (Sigma-Aldrich) or anti-Rab32 anti-
body (previously described) overnight at 4°C. The
precipitates were washed seven times with 0.1% Triton
X-100 in PBS, followed by SDS-PAGE and Western
blotting.

Analysis of soluble and insoluble Rab32

Triton X-100 soluble and insoluble fractions were prepared
as described previously [27, 28]. Briefly, COS-1 cells were
transfected using Fugene 6 with pcRab32 plasmids. Forty-
eight hours after transfection, cells were washed with ice-
cold PBS, and lysed for 30 min on ice with 300 pl 1%
Triton X-100 in PBS supplemented with protease inhibitor
cocktail and 166 pM MG132. Cell lysates were transferred
to 1.5-ml tubes and homogenized on ice by five passages
through a 23-G needle connected to a 1-ml syringe. Then,
200 Wl of cell lysates was centrifuged at 17,500xg for
15 min at 4°C. The resulting supernatants were saved as
Triton X-100-soluble fractions (S), and the pellets were
solubilized in 50 pl 10 mM Tris—HCI, pH 7.5 and 1% SDS
plus protease inhibitor cocktail for 5 min at room temper-
ature. Subsequently, 150 pul of RIPA buffer II (50 mM
Tris—HCI, pH 8.0, 0.15 M NaCl, 1 mM EDTA, 1% NP-40,
0.1% SDS and 0.05% sodium deoxycholate) was added,
and the pellets were then sonicated (I). Equivalent amounts
of proteins among different S and I fractions were resolved
using SDS-PAGE. Proteins were extracted from cells as
previously described [29]. Transfected cells with pcDNA-
Rab32 for 48 h on a coverslip were incubated with 6.7 pg/
ml of Cy3-conjugated transferrin in serum-free medium for
15 min at 37°C, washed in ice-cold PBS and then treated
with 1% Triton X-100-containing buffer (100 mM Hepes-
KOH, pH 7.2) for 20 min at 4°C. Cells were rinsed in ice-
cold PBS and fixed with 4% paraformaldehyde.

Assay of proteasome activity

Essentially according to a previously described method
[30], harvested cells were lysed with proteasome buffer
(10 mM Tris—HCI, pH 7.5, 1 mM EDTA, 2 mM ATP, 20%
glycerol, 4 mM DTT and 0.5% Triton X-100), sonicated
and then centrifuged at 13,000x g at 4°C for 10 min. The
resulting supernatants (20 pg of protein) were incubated
with proteasome activity assay buffer [100 mM Tris—HCI,

pH 7.5, 1 mM ATP, 10 mM MgCl,, 1 mM DTT, and
100 pM Suc-Leu-Leu-Val-Tyl-4-methylcoumaryl-7-amide
(Suc-LLVY-MCA) (Peptide Institute Inc., Osaka, Japan)]
(total volume of reaction mixture: 100 ul) for 1 h at 37°C.
The reactions were stopped by adding 1 ml of 5% SDS.
Proteasome activity was determined by measuring the
fluorescence intensity (excitation, 380 nm; emission,
460 nm) of 7-amino-4-methylcoumarin, one of the reaction
products, with fluorescence spectrophotometry (Hitachi
F-2500; Hitachi Instruments, Tokyo, Japan).

Inhibitor treatment

Bafilomycin A; and chloroquine were purchased from
Sigma-Aldrich and were used at a concentration of 100 nM
for 1 h and 20 uM for 24 h, respectively, at 37°C. Rapa-
mycin was obtained from Calbiochem and was used at a
concentration of 0.2 uM for 24 h.

Results
Rab32 localizes to the ER

To determine the intracellular localization of Rab32,
untransfected HeLa cells or HeLa cells transfected with a
construct encoding Rab32 wild-type (WT) were fraction-
ated by Percoll density gradient centrifugation and analyzed
by Western blotting. As shown in Fig. 1a, both endogenous
Rab32 and exogenously expressed Rab32WT were pre-
dominantly recovered in fractions enriched with an ER
marker protein, calnexin, but not with a mitochondria
marker, Hsp60. Antibodies against human Rab32 produced
in this study were able to detect endogenous Rab32
expression in HeLa cells by Western blotting, but not by
indirect immunofluorescence; therefore, intracellular
localization of Rab32 in immunofluorescence microscopy
was examined by the exogenous expression system in COS
cells. When Rab32WT was transiently expressed in COS
cells, the majority was found exclusively in reticular struc-
tures scattered throughout the cytoplasm and juxtanuclear
region, where calnexin and a cis-Golgi marker, GM130,
respectively, were located (Fig. 1b), whereas Rab32 was
not colocalized with a late endosome/lysosome marker,
LAMP-2 and an early endosome marker, EEA1 (data not
shown). Furthermore, in contrast to expressed mCherry,
which localizes to the cytoplasm (Fig. S1), most of the
Rab32WT remained in reticular structures and the perinu-
clear region even after depleting the cytosol by treatment of
living cells with digitonin prior to fixation (Fig. 1b). These
results apparently indicate that Rab32 primarily localizes to
the ER/Golgi, but not to endosomes and lysosomes. Similar
intracellular localization was observed in cells in which a
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GTP-bound form of Rab32, Rab32Q85L, was transiently
expressed in COS cells (Fig. Ic).

Rab32-associated ER membranes are involved in the
generation of autophagosomal membrane structures

Notably, in cells overexpressing Rab32WT and
Rab32Q85L, numerous large spherical structures were

occasionally observed in the perinuclear region. These
large spherical structures were stained with an antibody
against LC3, which is a specific marker of autophagosomes
[31], as well as anti-calnexin antibody [Fig. 2a (b) and S2B
(b)]. Furthermore, some of these vesicles colocalized with
LAMP-2 [Fig. 2A (a) and S2B (a)], thereby suggesting that
Rab32WT- and Rab32Q85L-induced spherical structures
represent autophagic vacuole-like compartments. These
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Fig. 3 Rab32T39 N was ubiquitinated and recovered in the Triton
X-100-insoluble fraction. a COS-1 cells were transfected with
pcDNARab32WT, pcDNARab32Q85L, pcDNARab32T39 N or
pcDNARab32N1431. Forty-eight hours after transfection, cells were
lysed for 30 min on ice with 1% Triton X-100 in PBS supplemented
with protease inhibitor cocktail and 166 utM MGI132, and homo-
genized. After centrifugation, the resulting supernatants were saved as
Triton X-100-soluble fractions (S), and the pellets were solubilized in
SDS-containing buffer as Triton X-100-insoluble fractions (I).
Equivalent amounts of proteins among different S and I fractions
were resolved using SDS-PAGE and analyzed for the solubility of
Rab32 by Western blotting. Blots were probed with affinity-purified
rabbit anti-Rab32 (upper), rabbit anti-caveolin (middle) and mouse

anti-f-actin (lower) antibodies. b COS-1 cells were co-transfected
with each pcDNARab32WT or mutant Rab32 (Rab32QS85L,
Rab32T39 N or Rab32N143]) plasmids and FLAG-ubiquitin plasmid.
Forty-eight hours after transfection, cells were lysed. Supernatants
obtained after centrifugation of cell lysates were incubated with
protein A-Sepharose preadsorbed with anti-Rab32 antibody. The
beads were washed, and bound proteins were subjected to SDS-PAGE
and analyzed by Western blotting using affinity-purified rabbit anti-
Rab32 and mouse anti-FLAG antibodies. Arrow indicates immuno-
precipitated Rab32 proteins. Rab32Q85L migrates slower than other
Rab32 proteins on SDS-PAGE. Whereas the biochemical cause of
this altered migration is not known, such a situation is similar to that
reported in HeLa cells adenovirally infected with HA-rab7Q67L [71]
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large spherical structures were observed in 54.1% of
Rab32WT-expressing cells and 53.8% of Rab32QS85L-
expressing cells. By contrast, Rab32T39 N (GDP-bound
form)- and Rab32N1431 (GTP/GDP-free form)-over-
expressing cells showed no obvious change in the
distribution patterns of calnexin and LAMP-2 and little
punctate LC3 staining (Fig. 2B and S2C). Furthermore,
endosomal marker protein EEA1 did not localize to
Rab32-positive structures irrespective to GTP- or GDP-
bound form (Fig. S3). It is conceivable, therefore, that the
GTP-bound form of Rab32 is involved in the formation of
autophagic vacuole-like structures containing the ER
membrane. In addition to Rab32 activity, the recruitment
of Rab32 to the ER membrane was necessary for the
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Fig. 4 Formation of aggresome-like structures in Rab32T39
N-expressing cells is not caused by proteasome impairment. a The
rate of Suc-LLVY-AMC degradation was measured in lysates of
COS-1 cells transfected with pcDNA (mock), pcDNARab32WT,
pcDNARab32Q85L, pcDNARab32T39 N or pcDNARab32N143I for
48 h. MG132 was used to ensure the specificity of the assays. Relative
proteasome activity was expressed in comparison with non-transfected
control cells (100% control activity). Fluorescence was determined as
described in Materials and Methods using fluorescence spectropho-
tometry (Ex380/Em460). Data are the means £ SD of six individual
experiments. b Western blotting of lysates from pcDNARab32WT-,
pcDNARab32Q85L-, pcDNARab32T39 N- or pcDNARab32N1431-
transfected COS-1 cells to determine the expression levels of Rab32 in
a proteasome activity assay (a); 20 pug of each lysate, equal to the
amount used in the proteasome activity assay, was resolved by SDS-
PAGE and analyzed by Western blotting with affinity-purified rabbit
anti-Rab32 and mouse f-tubulin antibodies

Fig. 5 Autophagy is impaired by the expression of Rab32T39 N.
(A—C) Untransfected COS-1 cells (A), GFP-Rab32WT- (B) or GFP-
Rab32T39 N- (C) transfected COS-1 cells were incubated with
normal medium (a), Krebs-Henseleit buffer (b) or 100 nM bafilomy-
cin A;-containing normal medium (c) for 2 h. After fixation, cells
were stained with affinity-purified rabbit anti-LC3 and mouse
anti-p62 antibodies. Merged images were generated by combining
GFP-Rab32 (green), LC3 (red) and p62 (cyan). Bars are 10 pm.
D Untransfected COS-1 cells or COS-1 cells transfected with the
indicated plasmids were incubated with normal medium (starvation:
—) (white bars) or Krebs-Henseleit buffer (starvation: +) (black bars)
for 2 h. Cells with LC3 dots of more than 20 were defined as cells
with LC3 dots, because about 10-20 LC3 dots were occasionally
visible even in control cells. At least 200 cells expressing each GFP-
Rab32 construct were counted at respective experiments and the
percentage of cells exhibiting LC3 dots (i.e., autophagic vacuoles) in
each GFP-Rab32-expressing cell is quantified as the mean &= SEM
(n = 3 separate experiments)

formation of autophagic vacuoles, because the expression
of a mutant Rab32 deleted two cysteine residues
(Rab32dCC) present in the carboxyl-terminal domain,
which are essential for the association with membranes
[22], did not cause the formation of autophagic vacuole-
like structures (Fig. 2c) as observed in Rab32WT overex-
pression cells (Fig. 2a). The expression of the Rab32dCC
mutant also suppressed the formation of LC3 dots induced
by starvation (Fig. 2D). Taken together, these results
suggest that Rab32 activity and ER localization are
required for the formation of autophagic vacuoles. A pre-
vious report indicated that human Rab32 expressed in COS
cells localizes to mitochondria as an A-kinase anchoring
protein (AKAP), and the expression of its GDP-bound
form causes the fragmentation of mitochondria [32].
However, we could not confirm these results because in
addition to the failure of colocalization between Rab32WT
and MitoTracker, there was no effect of Rab32T39 N and
Rab32N143I on the morphology of mitochondria (Fig.
S4A). Furthermore, since the knockdown of Rab32 by the
expression of Rab32-specific siRNA did not influence the
morphology of mitochondria (Fig. S4B), it is suggested
that Rab32 does not participate in the dynamics of
mitochondria.

Expression of Rab32T39 N or Rab32N143I forms
ubiquitinated protein-containing aggresome-like
structures

Interestingly, the expression of Rab32T39 N or
Rab32N1431 caused the formation of large dot-like or
chain-like structures in the perinuclear region (Fig. 2B
and S2C). These structures quite closely resembled
aggresome-like structures, which are observed when a
de-ubiquitinating enzyme (UCH-L1) or presenilin-binding
protein-expressing cells were treated with a proteasome
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inhibitor, MG132 [33, 34]. To investigate whether dot-like
and/or chain-like structures appearing in cells expressing
Rab32T39 N or Rab32N143I had the characteristics of
aggresomes, we examined the colocalization between
Rab32T39 N or Rab32N143] and several proteins that are
shown to localize to aggresomes, such as ubiquitinated
proteins, molecular chaperone Hsc70 and a-synuclein [33,
35, 36]. As shown in Fig. S5A-C, the expression of
Rab32T39 N or Rab32N143I resulted in the redistribution
of ubiquitinated proteins, Hsc70 and a-synuclein, into dot-
like or chain-like structures, from their cytoplasmic dis-
tribution, as seen in cells expressing Rab32WT or
Rab32Q85L. It has been further shown that aggresomes
form at the microtubule-organizing center and are accom-
panied by the disruption of vimentin intermediate filaments
[37]. Cells expressing Rab32T39 N- or Rab32N143I-
positive aggresome-like structures, however, did not show
a significant rearrangement of vimentin or y-tubulin (Fig.
S5D and E), suggesting that these structures are distinct
from classical aggresomes. We conclude that the formation
of aggresome-like structures induced by the expression of
Rab32T39 N or Rab32N143]I is not due to a secondary
effect by the overexpression of mutant proteins, because
such aggresome-like structures were not observed by the
overexpression of dominant negative forms of both Rab5
and Rab7 (data not shown).

It is well known that proteins deposited within aggre-
somes are largely detergent insoluble [38]. We found that
dot-like and chain-like structures induced by the expression
of Rab32T39 N or Rab32N1431 were resistant to the
treatment of cells with Triton X-100 prior to fixation, in
confocal laser microscopy, while under the same condi-
tions internalized Alexa488-labeled transferrin mostly
disappeared by Triton X-100 extraction of living cells (Fig.
S5F). Western blot analyses revealed that 85-90% of
Rab32T39 N or Rab32N143I was recovered in the Triton
X-100-insoluble fraction, but 40-50% of each Rab32WT or
Rab32Q85L was detected in the Triton X-100-insoluble
fraction (Fig. 3a). The treatment of Rab32T39 N- and
Rab32N143I-expressing cells with MG132 led to a slight
increase in the rate of both mutants in the Triton X-100-
insoluble fraction (data not shown), suggesting that part of
Rab32T39 N and Rab32N143I may be degraded by pro-
teasomes. These results further led us to speculate that
Rab32T39 N and Rab32N143I are ubiquitinated. We then
co-expressed wild-type Rab32 or mutant forms of Rab32
and FLAG-tagged ubiquitin. With this procedure, both
Rab32T39 N and Rab32N143I, but not Rab32WT and
Rab32Q85L, were detected as smear bands with high
molecular weight (Fig. 3b), suggesting that both
Rab32T39 N and Rab32N1431 were polyubiquitinated.
These results may suggest, therefore, that both
Rab32T39 N and Rab32N143I decreased their solubility

by being ubiquitinated, leading to the formation of aggre-
some-like structures. This is the first example showing that
Rab protein is ubiquitinated. It cannot be ruled out, how-
ever, that Rab32T39 N and Rab32N143I are not directly
ubiquitinated but rather associated with an ubiquitinated
protein.

Autophagy is impaired by the expression
of Rab32T39 N and Rab32N1431

Ubiquitin-proteasome and autophagy-lysosome pathways
are the two main routes of protein and organelle clearance
in eukaryotic cells [39]. It is conceivable, therefore, that the
redistribution of ubiquitinated proteins, Hsc70 and «-syn-
uclein into aggresome-like structure, in both Rab32T39
N- and Rab32N143I-expressing cells, was caused by a
defect in the activity of the proteasome degradation path-
way and/or autophagic degradation pathway. Therefore, we
first investigated whether the formation of aggresome-like
structures in Rab32T39 N- and Rab32N143I-expressing
cells was caused by the impairment of proteasome activi-
ties. When MG132 was used to ensure the specificity of the
assays, the activity of proteasome was hardly detected
(Fig. 4a). In contrast, there was no significant decrease of
proteasome activity in Rab32T39 N- and Rab32N1431I-
expressing cells as compared to Rab32WT- and
Rab32Q85L-expressing cells or untransfected cells, indi-
cating that the accumulation of ubiquitinated proteins in
Rab32T39 N- and Rab32N143I-expressing cells is not
ascribed to the impairment of proteasome activity. This
conclusion is also supported by the result that MG132
inhibited the degradation of Rab32T39 N and Rab32N1431
(data not shown).

Next, we examined the activity of the autophagy-
lysosome pathway in Rab32T39 N- and Rab32N1431I-
expressing cells by monitoring the disappearance or aggre-
gation of p62/SQSTM1 (sequestosome 1), as well as the
formation of LC3-positive structures. p62 is an ubiquitin-
and LC3-binding protein [40, 41], and is required for the
formation and degradation of ubiquitin-related protein
aggregation by autophagy [42]. Because p62 itself is also
degraded by autophagy, even at the basal level, deficiency in
autophagy results in the accumulation of p62 [43]. As seen in
untransfected, Rab32WT- and Rab32Q85L-transfected
cells, the induction of autophagy by amino acid starvation led
to not only a significant increase in the number of, and
fluorescence intensity of LC3-positive dot-like structures
(presumably representing autophagosomes), but also the
disappearance of diffuse cytoplasmic staining of p62
[Fig. 5A (b), B (b), D, and S6A (b)], indicating the auto-
phagic degradation of p62. Although autophagy is essential
for cell survival under starvation conditions, it also has a
crucial role in protein degradation under basal constitutive
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Fig. 6 Treatment of rapamycin does not induce autophagy in
Rab32T39 N-expressing  cells. GFP-Rab32WT- (a), GFP-
Rab32Q85L- (b), GFP-Rab32T39 N- (c¢), GFP-Rab32N143I- (d)
transfected or untransfected (e) COS-1 cells were incubated with
normal medium (—) or 0.2 UM rapamycin-containing normal medium
(4+) for 24 h. After incubation, cells were fixed and stained with
affinity-purified rabbit anti-LC3 and mouse anti-p62 antibodies.
Merged images were shown by combining GFP-Rab32 (green),
LC3 (red) and p62 (cyan). Bars are 10 um. e Untransfected COS-1
cells were incubated with 0.2 uM rapamycin-containing normal
medium. After fixation, cells were stained with affinity-purified rabbit
anti-LC3 and mouse anti-p62 antibodies. Merged images were
generated by combining LC3 (red) and p62 (cyan). Bars are 10 pm.
f Untransfected COS-1 cells or COS-1 cells transfected with the
indicated plasmids were incubated with normal medium (normal)
(White bars) or 0.2 uM rapamycin-containing normal medium
(rapamycin) (black bars) for 24 h. Cells with LC3 dots of more than
20 were defined as cells with LC3 dots, because about 10-20 LC3
dots were occasionally visible even in control cells. At least 100 cells
expressing each GFP-Rab32 construct were counted at respective
experiments, and the percentage of cells exhibiting LC3 dots (i.e.,
autophagic vacuoles) in each GFP-Rab32-expressing cell is quantified
as the mean = SEM (n = 3 separate experiments)

(D)

(E)

Fig. 6 continued

conditions [3-5, 43, 44]. Bafilomycin A;, an H"-ATPase
inhibitor [45], blocks autophagosome-lysosome fusion [46],
therefore causing the accumulation of not only LC3-positive
autophagosomes, but also proteins that are degraded by an
autophagic process. LC3 itself is also rapidly degraded by the
fusion of autophagosomes with lysosomes [47], which are
inhibited by bafilomycin A, [48]. Indeed, the treatment of
untransfected cells, Rab32WT- and Rab32Q85L-transfected
cells, with bafilomycin A, significantly inhibited the fusion
of autophagosomes with lysosomes, which proceeds under
constitutive conditions, as judged from the accumulation of
both LC3 and p62 [Fig. 5A (c), B (c¢), and S6A (c)]. Inter-
estingly, autophagy was not induced by nutrient deprivation
in Rab32T39 N- and Rab32N143I-expressing cells [Fig. 5C
(b), D, and S6B (b)]. Rather, the expression of either
Rab32T39 N or Rab32N143I induced the massive accu-
mulation of p62 in both Rab32T39 N- and Rab32N1431-
positive aggresome-like structures even when cells were
cultured with normal medium. Furthermore, cells expressing
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Fig. 7 Treatment of chloroquine does not induce autophagy
in Rab32T39 N-expressing cells. GFP-Rab32WT- (A), GFP-
Rab32T39 N- (B) transfected or untransfected (C) COS-1 cells were
incubated with normal medium (a) or 20 pM chloroquine-containing
normal medium (b) for 1 h. After incubation, cells were fixed and
stained with affinity-purified rabbit anti-LC3 (red) and mouse anti-
p62 (cyan) antibodies. Merged images were generated by combining
Rab32 (green), LC3 (red) and p62 (cyan). The panels at the bottom of
A-b show an enlarged view of the boxed regions. Bars are 10 pm.
D Untransfected COS-1 cells or COS-1 cells transfected with the
indicated plasmids were incubated with normal medium (normal)
(white bars) or 20 uM chloroquine-containing normal medium (CQ)
(black bars) for 1 h. Cells with LC3 dots of more than 20 were
defined as cells with LC3 dots, because about 10-20 LC3 dots were
occasionally visible even in control cells. At least 100 cells
expressing each GFP-Rab32 construct were counted at respective
experiments, and the percentage of cells exhibiting LC3 dots (i.e.,
autophagic vacuoles) in each GFP-Rab32-expressing cell is quantified
as the mean = SEM (n = 3 separate experiments)

Rab32T39 N or Rab32N143I did not exhibit LC3-positive
dot-like structures when treated with bafilomycin A, com-
pared with untransfected neighboring cells [Fig. 5C (c), and
S6B (c)], thereby suggesting that the expression of
Rab32T39 N or Rab32N143I impaired not only starvation-
induced, but also basal constitutive autophagy. This
assumption was also supported by the accumulation of p62 in
Rab32T39 N- and Rab32N143I-expressing cells, although
we cannot rule out the possibility that the accumulation of
p62 in Rab32T39 N- and Rab32N143I-expressing cells was
caused by the sequestration of p62 within aggresome-like
structures.

Treatment of rapamycin and chloroquine could not
induce the formation of autophagosomes
in Rab32T39 N- and Rab32N143I-expressing cells

Rapamycin enhances autophagy by inhibiting the mam-
malian target of rapamycin (mTOR), which negatively
regulates this pathway [49, 50]. We then tested whether
autophagy could be induced in Rab32T39 N- and
Rab32N143I-expressing cells by rapamycin treatment.
Rapamycin increased LC3-positive punctate structures
in cells expressing Rab32WT or Rab32Q85L, as well as
in untransfected cells (Fig. 6a, b and e). In contrast, in
Rab32T39 N- and Rab32N143I-expressing cells, most LC3
signals remain to be distributed throughout the cytoplasm
(Fig. 6¢ and d), suggesting that rapamycin could not induce
the formation of autophagosomes in Rab32T39 N- and
Rab32N143I-expressing cells (Fig. 6f). These results may
imply that autophagic vacuole formation in Rab32T39
N- and Rab32N143I-expressing cells was inhibited down-
stream of the mTOR-dependent autophagic pathway or
another pathway. In addition, autophagy can also be
induced by treatment with chloroquine [51], which increa-
ses both mRNA and protein levels of LC3 [52]. In fact,

chloroquine treatment led to a significant increase in the
number of LC3-positive punctate structures in non-trans-
fected cells (Fig. 7C and D). By contrast, in Rab32T39
N- and Rab32N143I-expressing cells, most LC3 was dis-
tributed throughout the cytoplasm, and few LC3-positive
punctate structures were observed (Fig. 7B, D, and S7B).
Similar results were obtained with other stimuli of
autophagy, such as thapsigargin, ionomycin and ATP [53]
(data not shown). Together, these results apparently suggest
that the expression of Rab32T39 N or Rab32N1431 ham-
pers the formation of autophagic vacuoles by impairing the
recruitment of LC3 to, or the generation of, the autophag-
osomal membrane.

Suppression of Rab32 expression interferes with basal
autophagy

To examine whether Rab32 participates in autophagosome
formation, we performed a knockdown experiment using
Rab32-specific siRNA. During autophagosome formation,
the cytosolic form of LC3 (LC3-I) is conjugated with
phosphatidylethanolamine to its C-terminal Gly, producing
an autophagosomal membrane-bound form, LC3-II [47].
Although the processing of LC3-I to LC3-II reflects the
formation of autophagosomes, LC3-II is rapidly degraded
by lysosomal proteases after the fusion of autophagosomes
with endosomes/lysosomes. We then measured the effect
of the knockdown of Rab32 expression on autophagic
activity by monitoring the amount of LC3-II in the pres-
ence and absence of lysosomal enzyme inhibitors, E64d
and pepstatin A, using Western blot analysis or the for-
mation of LC3-positive vesicular structures using
immunofluorescence microscopy. As shown in Fig. 8a,
transfection of Rab32-specific siRNA was found to sig-
nificantly deplete endogenous Rab32 in HeLa cells by
Western blot analyses. In cells transfected with control
siRNA, amino acid starvation induced autophagy, as
judged by the significant decrease of LC3-II and p62 and
inhibition of LC3-II and p62 degradation by the supple-
ment of protease inhibitors (Fig. 8a—c).

Rab32 knockdown resulted in the starvation-induced
degradation of LC3-II and p62, which is sensitive to pro-
tease inhibitors treatment, with comparable levels to control
siRNA-transfected cells. By contrast, the constitutive deg-
radation of LC3-II and p62 was significantly impaired by
the knockdown of Rab32 compared with control siRNA-
treated cells (P < 0.05) (“normal” in Fig. 8a—c). These
results suggest, therefore, that Rab32 expression may be
required for constitutive, but not starvation-induced,
autophagy. Notably, Rab32 knockdown caused the
appearance of p62-positive large dot-like structures, where
LC3 was also colocalized, even under nutrient-rich condi-
tions (Fig. 8d). These dot-like structures morphologically
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resembled aggresomes rather than autophagosomes, which
are frequently observed as ring-like structures, as seen in
cells transfected with control siRNA (Fig. 8d, magnifica-
tions). Indeed, they were also stained with anti-FK2
antibody, which recognizes ubiquitinated proteins (Fig. S8),
and were not significantly increased by starvation (Fig. 8d).

We next examined whether these p62-positive large dot-
like structures were aggresome-like compartments. As
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shown in Fig. 8¢, LC3- and p62-positive large dot-like
structures in Rab32 siRNA-treated cells were resistant to the
treatment of cells with Triton X-100 prior to fixation. Wes-
tern blot analysis revealed that in Rab32 siRNA-treated cells,
about 40% of total amount of p62 was collected into the
Triton X-100-insoluble fraction, and that the total amount of
p62 in Rab32 siRNA-treated cells was increased to about
1.4-fold of that in control cells (P < 0.05) (Fig. 8fand g). In
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Fig. 8 Suppression of Rab32 expression interferes with autophagy.
(A-C) HeLa cells were transfected twice with 10 nM of control or
Rab32-specific siRNAs at 24-h intervals, and finally kept for 2 h
either in normal medium or Krebs-Henseleit buffer (starvation) with
(black bars) or without (gray bars) 10 pg/ml E64d and 10 pg/ml
pepstatin A. Each cell lysate was subjected to SDS-PAGE and
immunoblot analysis to detect endogenous Rab32, p62, LC3 and
p-actin (A). Densitometry analysis was performed by normalizing
with f-actin levels, using Image J software (NIH) relative to LC3-II
(B) or p62 (C) of control siRNA-transfected cells incubated with
normal medium, respectively. Data are the means + SD of five
separate experiments, and significance was determined using Stu-
dent’s r-test. Asterisks indicate significant difference between the
values (P < 0.05). D HelLa cells transfected twice with 10 nM of each
control or Rab32-specific siRNA at 24-h intervals. Cells were
incubated with normal medium (normal) or Krebs-Henseleit buffer
(starvation) for 2 h. After fixation, cells were stained with anti-p62
(green) and anti-LC3 (red) antibodies. E HeLa cells transfected twice
with 10 nM of each control or Rab32-specific siRNA at 24-h intervals
were incubated with normal medium [starvation (—)], Krebs-Hense-
leit buffer [starvation (+)] and then incubated with 1% Triton X-100
in PBS for 30 min on ice prior to fixation. Fixed cells were stained
with mouse anti-p62 (green) and rabbit anti-LC3 (red) antibodies. (F)
HeLa cells transfected twice with 10 nM of each control or Rab32-
specific siRNA at 24-h intervals were lysed for 30 min on ice with 1%
Triton X-100 in PBS and homogenized. After centrifugation, the
resulting supernatants were saved as Triton X-100-soluble fractions
(S), and the pellets were solubilized in SDS-containing buffer as
Triton X-100-insoluble fractions (I). Equivalent amounts of proteins
among different S and I fractions were resolved using SDS-PAGE and
analyzed for Rab32 solubility by Western blotting. Blots were probed
with mouse anti-p62 and mouse anti-f-actin antibodies. (G) Densi-
tometry analysis was performed by normalizing with f-actin levels,
using Image J software (NIH), relative to p62 in the soluble fraction
(gray) and insoluble fraction (black), respectively. Error bars indicate
SD of data from three separate experiments, and significance was
determined using Student’s ¢ test. Asterisks indicate significant
difference between the values (P < 0.05)

Rab32 siRNA-treated cells, however, we could not detect
Triton X-100-insoluble LC3. Together, these results indicate
that the impairment of autophagosome formation by the
depletion of Rab32 enhances the formation of aggresomes, in
agreement with the results obtained in both Rab32T39
N- and Rab32N143I-expressing cells. We used two kinds of
siRNA (siRNA-1 and siRNA-2; see Materials and Methods)
for suppression of Rab32 expression and obtained the same
results with both siRNAs (data not shown).

Discussion

There is a long-standing debate concerning from where the
autophagosomal membrane is derived. So far, two possi-
bilities have been proposed: it arises from pre-existing
organelles, such as the ER or Golgi, or from de novo for-
mation [reviewed by Juhasz and Neufeld [54] and
references therein]. In this report, we have presented evi-
dence that human Rab32 is predominantly localized to the
ER membrane and regulates the formation of autophagic

vacuoles, in a nucleotide binding-state-dependent manner.
In this case, the formation of autophagic vacuoles appar-
ently depended on the expression levels of Rab32:
overexpression of Rab32WT or Rab32Q85L triggered
autophagic vacuole formation even in normal culture
medium, suggesting that autophagy was activated by
Rab32. Notably, Rab32WT- and Rab32Q85L-induced
LC3-positive large spherical vesicles contain the ER-resi-
dent protein calnexin. Together with the failure of
autophagic vacuole formation by the expression of mem-
brane association-deficient mutant (Rab32dCC), we
conclude that targeting the Rab32 active form to the ER is
prerequisite for the formation of autophagic vacuoles.
Alternatively, the active form of Rab32 attached to the ER
membrane may be involved in the expansion and comple-
tion of autophagosomes by promoting the addition of
ER-derived vesicles to a nascent autophagosome
membrane.

Rab32 functions as a regulator of melanosomal protein
trafficking from the TGN to melanosomes and melanocyte
pigmentation, although it is not directly involved in the
formation of melanosome [21]. A recent study has further
indicated that Xenopus Rab32 is required for melanosome
transport as an A-kinase anchoring protein (AKAP) by
recruiting cAMP-dependent protein kinase A (PKA) on
melanosome membranes [22]. It is noteworthy here that the
PKA signaling pathway is also involved in the regulation
of autophagy [55-58]. In this context, it is suggested that
RIx, which regulates the phosphorylation and activity of
mTOR kinase, associates with mTOR on Rab7- and LC3-
positive membranes, and promotes the maturation of
autophagosomes [59]. Interaction between Rab32 and Rl
however, remains to be elucidated.

Conversely, the expressions of Rab32T39 N and
Rab32N1431 caused the formation of aggresome-like
structures and impaired the formation of LC3-positive
autophagic vacuoles even under autophagy-stimulated
conditions, such as starvation, rapamycin or chloroquine
treatment. This suggests that both Rab32T39 N and
Rab32N1431 function as dominant negative mutants by
sequestering factors involved in the relative early stage of
autophagic vacuole formation. Since in addition to the
absence of direct interaction between Rab32 and LC3 (data
not shown), LC3 in both Rab32T39 N- and Rab32N1431-
expressing cells was diffusely distributed throughout the
cytoplasm without being sequestrated into aggresome-like
structures, it is conceivable that Rab32 participates in
autophagosome biogenesis at an early stage; therefore, the
molecular mechanism underlying the formation of auto-
phagic vacuoles by Rab32 clearly differs from that by Rab7
and Rab24, which are involved in a relatively late matu-
ration step, i.e., fusion of late autophagic vacuoles and
lysosomes [13—15]. It is noteworthy that the expression of
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mutant Rab24 (Rab24D123]) triggers the accumulation of
intracellular inclusion [60, 61], suggesting that Rab24 may
participate in autophagic degradation of misfolded cellular
proteins.

Aggregation-prone proteins cause many late-onset
neurodegenerative diseases [39]. Although many proteins
that cause proteinopathies are partly dependent on the
ubiquitin-proteasome pathway for their clearance [62, 63],
treatment with inhibitors of the autophagy-lysosome path-
way or genetic interference that perturbs this pathway also
causes the accumulation of aggregated-prone proteins
[64-69]. Furthermore, inhibition of autophagy by gene
knockout of Atg7 or Atg5 has been shown to cause the
accumulation of ubiquitin-positive aggregates in liver
hepatocytes or in neural cells, respectively [3, 4]. There-
fore, it is now considered that loss of basal autophagy leads
to the pathogenesis of neurodegenerative disorders even in
disease-associated mutant proteins [3, 5].

Consistent with this notion, our results also show that the
knockdown of Rab32 by the expression of Rab32-specific
siRNA leads to the formation of aggresome-like structures
containing ubiquitinated proteins and p62 under normal
growth conditions. Notably, LC3 was also recruited into
p62-positive aggresome-like structures by the knockdown
of Rab32, which was not inhibited by 3-methyladenine
(data not shown). These results can further account for the
loss of basal autophagic activity in Rab32 siRNA-treated
cells and suggest that LC3 and p62-positive dots induced by
Rab32 knockdown are derived from aggresomes, but not
autophagic vacuoles. Thus, these results imply the physio-
logical importance of Rab32 in the cellular clearance of
aggregated proteins by basal constitutive autophagy. By
contrast, in cells suppressed Rab32 expression, amino acid
starvation significantly decreased the amount of LC3-II,
suggesting that Rab32 does not contribute to starvation-
induced autophagy. This was in contrast to the expressions
of Rab32T39 N and Rab32N143I, which inhibited not only
constitutive autophagy, but also starvation-induced
autophagy. One possible explanation for this difference is
that the factors required for starvation-induced autophagy
were trapped within aggresome-like structures formed by
the expression of Rab32T39 N and Rab32N143I. This
hypothesis might be supported by more extensive aggre-
gated structures in Rab32T39 N- and Rab32N1431-
expressing cells than those in Rab32 siRNA-treated cells.
Nevertheless, in contrast to cells transfected with control
siRNA upon amino acid starvation, p62 degradation was not
significantly induced in Rab32 siRNA-treated cells. More-
over, in this case, part of LC3 appeared in p62-positive
aggresome-like dots. Recently, it has been shown that LC3
could be an aggregation-prone protein and is incorporated
into aggregates in an autophagy-independent manner [70].
Therefore, although we cannot eliminate the possibility that

LC3- and p62-positive dots observed in Rab32 siRNA-
treated cells represent autophagy-independent aggresome-
like induced structures, as previously described [70], a
reasonable explanation is that Rab32 may be specifically
required for the autophagic degradation of p62. This
hypothesis could account for the elevated levels of p62 in
Rab32 siRNA-treated cells. We cannot rule out the possi-
bility, however, that Rab32 participates in autophagy-
independent p62 degradation.

The effect of Rab32 on the regulation of autophagy may
have important implications for opening up an interesting
avenue to explore the origin of autophagosome membranes
as well as the molecular mechanism of autophagy.
Therefore, the identification of effector molecules and/or
interacting proteins should help to shed light on the molec-
ular mechanisms by which Rab32 regulates autophagy.
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