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Abstract
Mutations in RAB18, a member of small G protein, cause Warburg micro syndrome (WARBM), whose clinical features
include vision impairment, postnatal microcephaly, and lower limb spasticity. Previously, our Rab18−/− mice exhibited
hind limb weakness and spasticity as well as signs of axonal degeneration in the spinal cord and lumbar spinal nerves.
However, the cellular and molecular function of RAB18 and its roles in the pathogenesis of WARBM are still not fully
understood. Using immunofluorescence staining and expression of Rab18 and organelle markers, we find that Rab18
associates with lysosomes and actively traffics along neurites in cultured neurons. Interestingly, Rab18−/− neurons
exhibit impaired lysosomal transport. Using autophagosome marker LC3-II, we show that Rab18 dysfunction leads to
aberrant autophagy activities in neurons. Electron microscopy further reveals accumulation of lipofuscin-like granules in
the dorsal root ganglion of Rab18−/− mice. Surprisingly, Rab18 colocalizes, cofractionates, and coprecipitates with the
lysosomal regulator Rab7, mutations of which cause Charcot-Marie-Tooth (CMT) neuropathy type 2B. Moreover, Rab7
is upregulated in Rab18-deficient neurons, suggesting a compensatory effect. Together, our results suggest that the
functions of RAB18 and RAB7 in lysosomal and autophagic activities may constitute an overlapping mechanism
underlying WARBM and CMT pathogenesis in the nervous system.
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Introduction

Warburg micro syndrome (WARBM) is an autosomal reces-
sive developmental and degenerative disorder characterized
by abnormalities in the brain, eye, and reproductive system
[1–3]. Neurological phenotypes include postnatal microceph-
aly, mental retardation, truncal hypotonia, epilepsy, and pro-
gressive limb spasticity. Magnetic resonant imaging (MRI)
studies further showed structural abnormalities in the central
nervous system, including bilateral polymicrogyria,
hypogenesis of the corpus callosum, and cerebellar vermis
hypoplasia [2–5]. To date, mutations in four genes have been
found to cause this devastating disorder: Rab3GAP1,
Rab3GAP2, Rab18, and TBC1D20 [6–9], all of which are
related to Rab proteins.

Rab proteins are small GTPases belonging to the Ras su-
perfamily and regulate vesicle transport processes in different
cell types. They recruit a number of effector proteins to assist
multiple steps of membrane trafficking, including budding,
uncoating, transport, tethering, and fusion [10]. Besides
WARBM, mutations in other RAB genes have been identified
to cause various neurological diseases, such as Charcot-
Marie-Tooth type 2B neuropathy (RAB7) [11, 12], Carpenter
syndrome (RAB23) [13–15], Griscelli syndrome (RAB27A)
[16–19], and X-linked mental retardation (RAB39B) [10, 20,
21].

Rab18 is widely expressed in most animal tissues [22, 23]
but exhibits distinct subcellular localizations and biological
functions in different cell types. For example, Rab18 was
found at lipid droplets in the adipocytes, fibroblasts, hepato-
cytes, and epithelial cells and was involved in lipogenesis and
lipolysis [24–32]. RAB18 was also critical for maintaining
normal ER structure and ER-Golgi trafficking, possibly regu-
lated by RAB3GAP1, GAB3GAP2, and TBC1D20, in vari-
ous non-neuronal cells [33–36]. In the endocrine, neuroendo-
crine, and pituitary melanotropic cells, Rab18 was localized at
the secretory granules, suggesting that Rab18 may be impor-
tant for the regulation of secretory activities [37, 38]. Rab18
has also been implicated in targeting viral particles and bacte-
ria to various cellular structures [39–43]. Lastly, RAB18 was
also found to modulate macroautophagy and proteostasis in
human fibroblasts in RAB3GAP1- and RAB3GAP2-
dependent manners [44], implicating a potential involvement
of autophagy in WARBM. However, most of these studies
were conducted in non-neuronal cells, and therefore, the neu-
ronal roles of RAB18 in WARBM remain largely unexplored.

To date, two Rab18 knockout mouse models generated by
gene targeting (Rab18Gt(EUCE0233a03)Hmgu) or ENU-
mutagenesis (Rab18−/−(ENU)) have been used to investigate
its role in the pathogenesis of WARBM [45, 46]. Both mouse
lines exhibited hind limb weakness and clasping/clenching
when hung by the tail. In addition, Rab18Gt(EUCE0233a03)Hmgu

mice also showed congenital nuclear cataracts and atonic

pupils [45] whereas Rab18− /− (ENU) mice exhibited
microphthalmia, microgenitalia, and hypoplastic corpus
callosum [46]. All these phenotypes recapitulated clinical rep-
resentations found inWARBM patients. However, the cellular
functions of RAB18 in neurons and their roles in causing
neural phenotypes in WARBM require further investigation.

In the current study, we use neuronal culture and Rab18
knockout mouse models to investigate cellular and molecular
functions of Rab18 in the nervous system. We find that Rab18
associates with lysosomes and facilitates lysosomal trafficking
and autophagy in neurons. Deficiency of Rab18 results in
defects in lysosomal transport and aberrant autophagy activi-
ties, which may cause axonal degeneration and contribute to
the symptoms in the nervous system observed in patients with
WARBM. Surprisingly, we also find that Rab18 and Rab7
interact on the lysosome and may compensate each other ge-
netically, implicating that WARBM and CMT neuropathy
may share overlapping mechanisms in their pathogenesis.

Materials and Methods

Cell Culture and Transient Transfection

PC12 and HEK293T cells (ATCC) were cultured in
DMEM/10% horse serum/5% fetal bovine serum/penicillin
streptomycin and DMEM/10% fetal bovine serum/penicillin
streptomycin (Invitrogen), respectively. All cells were plated
on 12-mm-diameter glass coverslips or glass-bottomed dishes
coated with poly-D-lysine (Sigma-Aldrich) and maintained at
37 °C in a humidified atmosphere with 5% CO2 until use.
PC12 cells were differentiated into neuronal-like cells by in-
cubating with 100 ng/ml nerve growth factor (NGF, Sigma-
Aldrich) for at least 3 days. Transient transfection was per-
formed using Lipofectamine® 3000 or LTX according to the
manufacturer’s instructions (Invitrogen).

Primary Cortical Neuron Culture and Lentivirus
Transduction

Cortical neurons were prepared from E18.5 Sprague-Dawley
rats or E16.5–18.5 embryos of Rab18+/+, Rab18+/−, and
Rab18−/− mice via papain-mediated dissociation (Sigma-
Aldrich) according to our previous report [47, 48]. Neurons
were cultured in NeuralQ Basal Medium/L-glutamine/2%
GS21/penicillin/streptomycin (MTI-GlobalStem). Lentivirus
carrying Rab18 shRNA or scramble sequence was transduced
into primary cortical neurons at DIV 3–4. Two of Rab18
shRNA used in this study were TRCN0000021981
( C G T G A A G T C G ATA G A A AT G A A ) a n d
TRCN0000177028 (GATGGAAATAAGGCTAAACTT).
Scramble sequence (CCTAAGGTTAAGTCGCCCTCG)
was used as negative control. All shRNA reagents and
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lentivirus particles were purchased from the National RNAi
Core Facility at Academia Sinica, Taiwan.

Western Blot Analysis

Total cell lysates from cultured PC12 cells or cortical neurons
were obtained by lysing cells in RIPA buffer (50 mM of Tris-
HCl pH 8.0, 150 mM of NaCl, 1% NP-40, 0.5% of sodium
deoxycholate, and 0.1% of SDS) supplemented with protease
inhibitor cocktail (Thermo Scientific) and phosphatase inhib-
itor (Roche). Protein concentrations were determined with
BCA protein assay (Thermo Scientific). Western blotting
was performed with primary antibodies: rabbit anti-Rab18
(Proteintech Group; diluted 1:100), mouse anti-Rab18
(Proteintech Group; diluted 1:1000), mouse anti-GAPDH
(GeneTex; diluted 1:5000), and mouse anti-α-tubulin
(Proteintech Group; diluted 1:5000). GAPDH and α-tubulin
were used as loading controls. The primary antibodies were
detected with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies: anti-mouse (GeneTex; diluted 1:10,000)
and anti-rabbit (Sigma-Aldrich; diluted 1:10,000). The signals
were developed with ECL reagent (Millipore) and detected by
Luminescence/Fluorescence Imaging System LAS-4000
(Fujifilm). The quantification of protein band intensities was
analyzed by ImageJ (NIH) software. To investigate the roles
of Rab18 in the lysosomal functions and autophagy, Rab7 and
LC3-II expression in Rab18 knockdown or knockout neurons
was determined by Western blotting as described. Rab7 anti-
body (Abcam; diluted 1:500) and LC3 antibody (Proteintech
Group; diluted 1:3000) were used; α-tubulin (Proteintech
Group; diluted 1:5000) was used as a loading control.

Live Cell Imaging and Analysis

For live cell imaging, cells were plated on 35-mm-diameter
glass-bottomed dishes. EGFP and mRFP-tagged proteins
were visualized 24 h after transfection. Time-lapse images
were acquired sequentially every second or every 2 s for
2 min at 37 °C by a fluorescent microscope (AxioObserver,
Carl Zeiss) with 100× oil immersion objective (1.4 NA) [49,
50]. To determine the velocity of lysosome transport in prima-
ry cortical neurons cultured from Rab18+/+ and Rab18−/−

mice, the rate of lysosomes was analyzed by Retrac software
(version 2.1.01). Single particle tracking was performed by
TrackMate, an open-source ImageJ, and Fuji plugin for auto-
mated or manual tracking of single particles.

Immunocytochemistry

Cells were fixed by 4% paraformaldehyde for 20 min at RT
and permeabilized by Triton X-100 for 30 min at RT.
Detection of Rab18 was performed using rabbit anti-Rab18
(Proteintech Group; diluted 1:50) and Alexa Fluor® 488 or

594 goat anti-rabbit antibodies (Invitrogen, 1:400). The cov-
ersl ips were mounted onto the glass sl ides with
VECTASHIELD® Mounting Media.

Organelle Labeling

EGFP-Sec61β, EGFP-Rab5, and EGFP-Rab3Awere used as
markers of ER, early, and late endosomes, respectively. These
plasmids were transfected into NGF-differentiated PC12 cells
for 48 h. For mitochondria labeling, 500 nM ofMitoTracker®
probe (Invitrogen) was used to treat cells for 30 min at 37 °C.
Cells were fixed and then immunostained with the Rab18
antibody as described in the BImmunocytochemistry^ section.
For lysosome labeling, cells were treated with 50 nM of
LysoTracker® probe (Invitrogen) for at least 15 min at
37 °C and observed using live cell imaging.

Confocal Microscopy

The coverslips were imaged with a Zeiss LSM 700 laser scan-
ning confocal microscope using a 100× oil immersion objec-
tive (1.4 NA). The excitation/emission wavelengths were 488/
507 nm (EGFP), 554/576 nm (MitoTracker® probe), 590/
617 nm (Alexa Fluor® 594), and 350/470 nm (DAPI). Z-se-
ries images were collected at 1-μm intervals. Maximum inten-
sity projections were performed by the ZEN software (Carl
Zeiss). Colocalization analysis was performed using
Colocalization Threshold plugin in FIJI/ImageJ software
(NIH) [51].

Immunoprecipitation

HEK293T cells were plated on 10-cm culture dishes and
cotransfected with EGFP-Rab18 or EGFP control together
with mRFP-Rab7. Twenty-four hours after transfection, the
cells were lysed in 0.1% Triton X-100 and 0.1% SDS supple-
mented with protease inhibitor cocktail (Sigma-Aldrich) on
ice for 30 min and then centrifuged in a tabletop centrifuge
(Eppendorf) at full speed for 30 min to obtain lysate. Equal
amount of lysate was incubated with GFP-Trap® beads ac-
cording to the manufacturer’s instructions (ChromoTek) to
isolate EGFP interacting proteins. Western blotting was per-
formed with primary antibodies: mouse anti-Rab7 (Abcam;
diluted 1:1000) and mouse anti-GFP (Invitrogen; diluted
1:1000). The primary antibodies were detected with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies: anti-
mouse (GeneTex; diluted 1:10,000).

Lysosome Purification

Lysosomal fractions were isolated from adult mouse brain
lysates by density gradient centrifugation according to the
manufacturer’s protocol (Sigma-Aldrich; LYSISO1). Briefly,
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mouse brain tissues were homogenized with sonication.
Differential centrifugation (1000×g for 10 min and
20,000×g for 20 min) was then used to obtain a crude lyso-
somal fraction (CLF), which still contained a mixture of light
mitochondria, lysosomes, peroxisomes, and ER. The CLF
was then diluted with 19% OptiPrep Density Gradient
Medium Solution, followed by gradient centrifugation
(150,000×g for 4 h). Further purification of the lysosomes
was achieved by addition of CaCl2 to a final concentration
of 8 mM, followed by low-speed centrifugation (5000×g for
15 min) to precipitate the rough ER and mitochondria.

Electron Microscopy

Electron microscopy was performed as previously described
[46]. Briefly, the spinal cord was dissected immersed in 2.5%
glutaraldehyde in 0.1M PB (pH 7.4) overnight. After washing
in the same buffer, the tissue was then post-fixed in 1% OsO4

for 2 h, dehydrated in a graded series of ethanol, infiltrated
with propylene oxide/Spurr’s resin, and polymerized at 70 °C
for 8 h. Ultrathin sections (60–70 nm thick), prepared with an
ultramicrotome (Leica Ultracut S), were collected on copper
grids and then stained with uranyl acetate and lead citrate. The
sections were observed and photographed with a JEM-
2000EXII transmission electron microscope.

Results

Association of Rab18 with Lysosomes in Neuronal
Cells

In order to elucidate potential cellular roles of Rab18, we first
examined subcellular distribution of Rab18 protein (Fig. 1).
Using immunofluorescence staining, Rab18 appeared as
vesicle-like puncta in cell soma and neurite-like processes in
neuron-like PC12 cells differentiated by NGF treatment (Fig.
1a). To detect Rab18 in primary neurons, we stained Rab18 in
cultured cortical neurons from wild-type and Rab18−/− mice
[46]. In wild-type neurons, Rab18 again appeared as puncta
structures throughout the cell body and neurites, whereas no
immunoreactivity was found in Rab18−/− neurons (Fig. 1b), in
which Rab18 protein expression was absent (Supplementary
Fig. 1).

As an attempt to examine the identities of these Rab18-
associated vesicles, we double stained PC12 cells with
Rab18 antibody and markers for various organelles, including
EGFP-Sec61β (endoplasmic reticulum (ER)), MitoTracker®
(mitochondria), and early endosomes (EGFP-Rab5). We
found that the majority of Rab18 protein was not colocalized
with ER, mitochondria, or early endosomes (Fig. 1c). We next
tested whether Rab18 can colocalize with lysosomes by ap-
plying the LysoTracker® probe to PC12 cells expressing

EGFP-Rab18. Using colocalization analysis, we found that
Rab18-associated vesicles is highly colocalized with lyso-
somes labeled with LysoTracker® in the cell body and
neurites of NGF-differentiated PC12 cells (Fig. 1c).

Decreased Lysosomal Transport in Rab18−/− Neurons

Since we found that Rab18 was largely associated with lyso-
somes, which are actively transported along neurites in

F ig . 1 Rab18 i s loca l i z ed to ly sosomes in neu rons . a
Immunofluorescence staining of Rab18 (red) PC12 cells. Rab18 proteins
exhibited punctate patterns and distributed at the cell soma and along
neurites. b Immunofluorescence staining of Rab18 (red) and neuronal
marker Tuj1 (green) in cultured neurons from wild-type and Rab18−/−

mice. Rab18 appeared as punctates in cells. c Costaining of Rab18 (red)
with various organelle markers. NGF-differentiated PC12 cells
transfected with EGFP-Sec61β (ER) and EGFP-Rab5 (early endosome)
plasmids or labeled by MitoTracker® (mitochondria) were immuno-
stained by the Rab18 antibody. Rab18 was not colocalized with ER,
mitochondria, and early endosomes in NGF-differentiated PC12 cells.
Differentiated PC12 cells expressing EGFP-Rab18 (green) were labeled
with LysoTracker® vital dye (red). Rab18 and lysosomes were largely
colocalized (appears yellow). The inset showed a (3-fold) zoomed-in
view of the box. Colocalization analysis was performed by plotting the
fluorescent signal of GFP and RFP of each pixel within the cells (right
panels). Fixed cells are counterstained with DAPI nuclear dye (blue).
Scale bars 5 μm
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neurons, we further investigated the dynamics of Rab18-
associated vesicles in living cells. Cultured mouse cortical
neurons and PC12 cells were transfected with EGFP-Rab18,
and the dynamics of EGFP-Rab18-associated vesicles were
recorded using time-lapse fluorescence microscopy. Indeed,
we found that most Rab18-associated vesicles actively traf-
ficked bi-directionally along the neurite in both primary neu-
rons (Fig. 2a–c; Supplementary Video 1) and PC12 cells
(Supplementary Fig. 2; Supplementary Video 2).

To test whether Rab18 plays a role in lysosomal transport,
we monitored lysosomal movements in cultured Rab18−/−

neurons (Fig. 2d–f). Cortical neurons were isolated from
E16.5–18.5 Rab18+/+ or Rab18−/− mouse embryos and cul-
tured for 8–10 days in vitro (DIV). Lysosomes were then
labeled with Lysotracker® and imaged by time-lapse fluores-
cence microscopy (Fig. 2d; Supplementary Videos 3 and 4).
We found that the lysosomes in Rab18−/− cortical neurons
moved at significantly slower rates in comparison with wild-
type neurons (Rab18−/− 0.14 ± 0.03 μm/s vs. Rab18+/+ 0.26
± 0.04 μm/s, n = 6 fields from 3 individual cultures in each
group, p < 0.05, Student’s t test; Fig. 2e, f) while the lysosomal
densities along neurites were comparable (Rab18−/− 0.20 ±

Fig. 2 Rab18 is involved in lysosomal trafficking. a Mouse cortical
neurons expressing EGFP-Rab18. Rab18 was distributed in vesicle-
like structures along the neurite. Scale bar 10 μm. The box indicated
the region for b and c. b Time-lapse imaging of vesicle transport.
Arrows indicated Rab18-associated vesicles moving along the
neurite. Time was indicated in minute:second. Scale bar 5 μm. c
The kymograph constructed from individual time-lapse images of
the region in b through time. x-axis: distance and y-axis: time.
Scale bars 5 μm and 30 s. d Lysosome transport in primary cortical
neurons. Lysosomes were traced and plotted by TrackMate. The

different color line corresponds to the instant velocity of each parti-
cles. Scale bar 10 μm. e The cumulative flow diagram demonstrated
the cumulative distribution of lysosome velocities. The lysosomes in
Rab18−/− cortical neurons had higher percentage in slow lysosomal
transport region. f The average velocity of lysosomal transport in
Rab18−/− cortical neurons is slower than that in Rab18+/+ cells (n =
6 fields from three cultures). *p < 0.05, Student’s t test. g Bar graph
shows the density of lysosomes along neurites in Rab18+/+ and
Rab18−/− neurons. Error bars represent mean ± SEM; n = 12 neurites
in each group
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0.02μm−1 vs. Rab18+/+ 0.21 ± 0.01 μm−1, p = 0.70, Student’s
t test, n = 12 in each group; Fig. 2g). These results implicated
that Rab18 is important for lysosome transport in neurons.

Altered Autophagy Activities in Rab18-Defficient
Neurons

The potential involvement of Rab18 in lysosomal func-
tions urged us to examine signs of lysosomal dysfunction
upon loss of Rab18 in vivo. We used electron microscopy
(EM) to image the CNS of Rab18−/− mouse in thin sec-
tions and found that, at 11 months of age, the dorsal root
ganglion (DRG) exhibited an accumulation of electron-
dense granules that assimilate the lipofuscin granules
(Fig. 3a); the pigment granules composed of lipid-
containing residues of lysosomal digestion [52, 53].
Previously, Rab18 has also been found to modulate
macroautophagy in fibroblasts [44]; therefore, we next
tested whether Rab18 plays a role in autophagy activities
in the nervous system (Fig. 3b, c). We first used mouse
neuronal culture infected with lentiviruses encoding two
different Rab18 short hairpin RNA (shRNA) sequences,
both of which effectively knocked down Rab18

expression by 80–90% (Supplementary Fig. 3) .
Autophagy activities were then examined by detecting
the autophagy marker LC3 (microtubule-associated pro-
tein 1A/1B-light chain 3), which is recruited to
autophagosomes in its cleaved form LC3-II. In cells ex-
pressing Rab18 shRNA, the level of LC3-II was increased
by ~ 1.35-fold (shRab18-1981 1.38 ± 0.31, shRab18-7028
1.31 ± 0.34, n = 3; Fig. 3b). To verify this finding, the
same experiment was performed in Rab18−/− neurons.
We observed an even more dramatic increase in LC3-II
in Rab18−/− neurons by ~ 2.3-fold (Rab18−/− 2.32 ± 0.54,
p < 0.05, one-way ANOVA, followed by Fisher’s least
significant difference (LSD) test, n = 3; Fig. 3c). These
results indicated an increase in autophagy activity and/or
an accumulation of autophagosome, suggesting abnormal
autophagy activities in Rab18-deficient neurons.

Molecular and Genetic Interactions Between Rab18
and Rab7

Previously, Rab7 was shown to associate with lysosomes
and participate in lysosome biogenesis, trafficking, and
autophagosome-lysosome fusion [54, 55]; therefore, we

Fig. 3 Aberrant autophagy
activities in Rab18 deficiency
neurons. a Electron micrographs
of DRG in Rab18−/− and wild-
type mice. DRG neurons in
Rab18−/− exhibited accumula-
tions of lipofuscin, compared to
wild-type littermates. L
lipofuscin-like granules, N nucle-
us. Scale bar 0.5 μm. b
Autophagy markers of LC3 levels
in cortical neurons. Cultured cor-
tical neurons were infected with
lentivirus expressing Rab18
shRNA for 5 days from DIV 3.
LC3-II protein level was analyzed
by Western blotting. Bar graph
shows increases of LC3-II level in
Rab18-KD neurons. Error bar
represent mean ± SEM; n = 3. c
LC3-II levels in cultured cortical
neurons from Rab18−/− and
Rab18+/− mouse embryos and its
littermates at DIV8. Bar graphs
show increases in LC3-II level
using Western blotting. Error bars
representmean ± SEM; *p < 0.05,
one-way ANOVA, followed by
Fisher’s least significant differ-
ence (LSD) test. n = 3
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postulated that Rab18 and Rab7 may have some connec-
tions in lysosomal functions. We first compared the dis-
tributions of Rab18 and Rab7 on lysosomes. Live primary
cortical neurons coexpressing EGFP-Rab18 and mRFP-
Rab7 were imaged by fluorescent microscopy. We found
that most of Rab18-associated vesicles colocalized with
Rab7 (Fig. 4a). Interestingly, using time-lapse recording,
vesicles associated with both Rab18 and Rab7 were
cotransported along neurites in primary neurons (Fig. 4b,
c; Supplementary Video 5), implicating potential

interactions between Rab18 and Rab7. Therefore, we per-
formed coimmunoprecipitation (co-IP) in HEK293T cells
cotransfected with EGFP-Rab18 and mRFP-Rab7.
Proteins were extracted, precipitated by GFP-Trap®, and
analyzed by western blot with Rab7 antibody (Fig. 4d).
We found that Rab18 coprecipitated with Rab7, indicating
molecular interaction between these two proteins. To ver-
ify the association of Rab18 with lysosomes and Rab7,
lysosomes were isolated from adult mouse brain lysates.
We found that both endogenous Rab18 and Rab7 were

Fig. 4 Cotransportation and interaction of Rab18 and Rab7 in neurons. a
EGFP-Rab18 and mRFP-Rab7 plasmids were cotransfected to eight to
ten DIV primary cortical neurons. The box indicated the region of b and c.
The right panel indicates colocalization analysis with GFP and RFP sig-
nals plotted for each pixel in the neurites. b Time-lapse imaging of EGFP-
Rab18 and mRFP-Rab7 along neurites. Arrow indicated the
colocalization of EGFP-Rab18 and mRFP-Rab7. Time was indicated in
minute:second. c The kymograph constructed from individual time-lapse
images of the region of b through time. x-axis: distance and y-axis: time.
Scale bar 5 μm and 20 s. Bottom panels: Kymographs for each channel
showed similar vesicle transport patterns. d EGFP-Rab18 and mRFP-

Rab7 constructs were doubly transfected into HEK293T cells followed
by immunoprecipitation (IP) using GFP-Trap® beads. Immunoblotting
(IB) was performed for Rab7 (upper row) first and then probe for GFP
(lower row). Rab7 was found to be in the EGFP-Rab18 IP lane, but not in
the EGFP control IP lane. This result demonstrates an interaction between
Rab18 and Rab7. Asterisk marks an unknown protein. e Rab18 and Rab7
were enriched in the lysosome fraction containing LAMP1. Lysosomes
from 2-month-old mouse brain were separated by density gradient cen-
trifugation (left) or further purification with CaCl2 (right). Enriched lyso-
somes were mainly concentrated in fraction 1 marked by LAMP1
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highly enriched in the vesicles with the lysosomal marker
LAMP1 (Fig. 4e), further supporting the association of
Rab18 with Rab7 on lysosomes.

To further explore possible functional relationship between
these Rab18 and Rab7, we investigated Rab7 expression in
cells deficient of Rab18. In cultured cortical neurons infected
with lentivirus expressing Rab18 shRNA for 5 days, Rab7
expression was elevated by 1.6–1.8-fold (shRab18-1981
1.63 ± 0.12%, shRab18-7028 1.84 ± 0.21, n = 5; Fig. 5a).
Similarly, in cortical neurons from Rab18−/− mouse brain,
the expression of Rab7 had a ~ 1.5-fold increase compared
to that in Rab18+/+ neurons (1.55 ± 0.16, n = 2; Fig. 5b).
These results suggested that the expression of Rab18 and
Rab7 may be compensatory for lysosomal activities.

Discussion

In this study, we show that Rab18 localizes on vesicles active-
ly traffic along the neurites in neuronal cells. We identify that
many of these vesicles are lysosomes. The rates of lysosomal
transport decrease in cultured neurons from Rab18−/− mice,
suggesting an important role of Rab18 in lysosomal transport.
Rab18 deficiency also causes aberrant lysosomal and autoph-
agy activities in vivo and in vitro. Interestingly, Rab18 colo-
calizes and cofractionates with Rab7 on lysosomes, and
coprecipitates with Rab7 in vitro. Expression of Rab7 is ele-
vated in Rab18 knockdown and knockout neurons, implicat-
ing a compensatory effect. Altogether, these findings suggest
that Rab18 and Rab7 proteins may cooperate in lysosome
functions and autophagy in neurons. These results also pro-
vide new insights into the etiology ofWARBM and a potential
link between WARBM and CMT neuropathy.

Potential Roles of Rab18 in Lysosomal Transport
and Autophagy

Our new finding that Rab18 is involved in lysosomal transport
and autophagy could be an important mechanism ofWARBM
pathogenesis. Lysosome plays an essential role in the degra-
dation of damaged organelles, misfolded proteins, and protein
aggregates. Impaired lysosomal functions and autophagy may
result in accumulation of neurotoxic proteins. These abnor-
mally accumulated proteins in the neurites may be implicated
in late-onset neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis
(ALS), and some types of lysosomal storage diseases
[56–60]. These late-onset axonal degenerative diseases pres-
ent many common characteristics: progressive pathology,
functional declines with age, and distal axonal degeneration
followed by neuronal loss [57], all of which were observed in
our Rab18−/− mice and WARBM patients.

Supporting our findings, several studies also reported po-
tential functions of Rab18 on lysosomal activities. Previously,
Rab18 has been found to colocalize with autophagosomes and
lysosomes in human breast adenocarcinoma cell line MCF-7
treated with nanoparticles [61]. A recent study also showed an
association of Rab18 with lysosomes and Rab7 in the devel-
oping cortical neurons [62]. In utero electroporation of Rab18
shRNA showed defects in neuronal migration, possibly due to
a dysregulation of N-cadherin degradation by lysosomal path-
way. More recently, RAB18 has been identified as a positive
regulator for macroautophagy and proteostasis in primary hu-
man fibroblasts [44]. RAB18 knockdown by shRNA resulted
in a decreased autophagic activity, while its overexpression
enhances the degradative pathway. These results are consis-
tent with the involvement of lysosomal dysfunctions in the
pathogenesis of WARBM.

Fig. 5 Increase in Rab7
expression in Rab18-deficient
neurons. a Rab7 protein expres-
sion was significantly elevated in
the Rab18 knockdown neurons
(shRab18-1981 and shRab18-
7028) compared to shCtrl. Error
bars represent SEM; n = 5.
**p < 0.01, one-way ANOVA,
followed by Fisher’s least signifi-
cant difference (LSD) test. bRab7
protein expression was gradually
elevated in Rab18+/− and Rab18−/
− neurons compared to wild-type
neuron. Error bars represent
SEM; n = 2
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Possible Common Causes Between WARBM
and CMT2B

Perhaps one of the most surprising findings in the current
study is that Rab18 is linked to Rab7 molecularly and genet-
ically. Rab7 is involved in membrane trafficking from early
endosomes to late endosomes and lysosomes [11, 54].
Recently, Rab7 has also been shown to be essential for the
fusion of autophagosomes with lysosomes [55]. In the current
study, Rab18 deficiency leads to an increase in Rab7 expres-
sion in the murine neurons. Although the mechanism remains
elusive, it is likely to be a compensatory effect, further
supporting their collaborative role in lysosomal functions.

Interestingly, mutations in human RAB7 result in
CMT2B, a type of sensory neuropathy caused by im-
paired retrograde transport. In the Rab18−/− mice, we ob-
served signs of sensory axonal degeneration in the gracile
fasciculus of the spinal cord and dorsal roots of lumbar
spinal nerves [46]. These pathological findings could be
the major cause of progressive visual loss and progressive
limb spasticity in WARBM patients. The phenotypic sim-
ilarities between Rab18 and Rab7 mutations strongly sug-
gest that Rab18 and Rab7 may share related functions in
the lysosomal/autophagy pathway. Thus lysosomal accu-
mulation and defects in autophagy may be common path-
ways that contribute to the neuropathic phenotypes in
both WARBM and CMT. Consistent with this idea, an
autosomal recessive disease of Black Russian Terriers,
previously described as a juvenile-onset, laryngeal paral-
ysis and polyneuropathy similar to CMT in humans [63],
has been found to result from a homozygous mutation of
RAB3GAP1, a causative gene for human WARBM [64].
These dogs exhibited phenotypes of human CMT and
WARBM patients, suggesting that these two disease share
many common phenotypes and causes.

In summary, Rab18 dysfunction results in abnormal lyso-
somal trafficking and autophagy activities in neurons, poten-
tially leading to axonal degeneration inWARBM. The genetic
and molecular interactions between Rab18 and Rab7 sug-
gested that WARBM and CMT may share overlapping mech-
anisms during disease progression.
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