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Autophagy is a conserved process that enables catabolic and degradative pathways. Rab family proteins, which are active in the
GTP-bound form, regulate the transport and fusion of autophagosomes. However, it remains unclear how each cycle of Rab acti-
vation and inactivation is precisely regulated. Here, we show that leucine-rich repeat kinase 1 (LRRK1) regulates autophagic flux
by controlling Rab7 activity in autolysosome formation. Upon induction of autophagy, LRRK1 was recruited via an association
with VAMP7 to the autolysosome, where it activated the Rab7 GTPase-activating protein (GAP) TBC1D2, thereby switching off
Rab7 signaling. Consistent with this model, LRRK1 deletion caused mice to be vulnerable to starvation and disrupted autolyso-
some formation, as evidenced by the accumulation of enlarged autolysosomes with undegraded LC3-II and persistently high
levels of Rab7-GTP. This defect in autophagic flux was partially rescued by a mutant form of TBC1D2 with elevated Rab7-GAP
activity. Thus, the spatiotemporal regulation of Rab7 activity during tunicamycin-induced autophagy is regulated by LRRK1.

Autophagy is a conserved catabolic process in eukaryotic cells
that is critical for a wide range of physiological processes, such

as embryonic development and establishment of self-tolerance in
the immune system (1). Autophagy is impaired in many human
diseases, including Parkinson’s disease, Crohn’s disease, and can-
cers (2). A complex network of core components (autophagy-
related or Atg proteins) regulates the initiation and maturation of
autophagosomes by recruiting proteins required for membrane
elongation, movement, and fusion with a number of vesicular
compartments. One of the core proteins, Atg8/LC3 (microtubule-
associated light chain 3), is converted to the lipidated form (LC3-
II) when autophagy is induced; this modification is essential for
expansion and fusion of membranes to form autophagosomes,
which are characterized by a double-membrane vesicular struc-
ture (3, 4). Ultimately, autophagosome contents are degraded
upon fusion with lysosomes (autolysosomes) (4, 5).

Although membrane fusion is required at multiple steps within
autophagic flux, the underlying mechanisms are not well under-
stood. Upon initiation of autophagy, the isolation membrane
grows and seals itself to form an autophagosome; this process is
independent of the SNARE proteins involved in conventional
membrane fusion (3). Once the autophagosome has formed, fu-
sion with the vacuole proceeds essentially identically to endocytic
fusion in a reaction involving SNARE proteins, Rab GTPase, and
the homotypic vacuole fusion and protein sorting (HOPS) com-
plex (6). SNARE proteins such as TI-VAMP/VAMP7, Rab7, and
the HOPS complex have been implicated in late endosome-lyso-
some fusion (7, 8).

The Roco family of proteins is characterized by two conserved
domains: a Ras-like GTPase domain (Roc) and a C-terminal do-
main (COR) (9). Vertebrate genomes contain four ROCO
genes: LRRK1, LRRK2, DAPK1 (death-associated kinase 1),
and MFHAS1 (malignant fibrous histiocytoma amplified se-
quence 1). Mutations in LRRK2 are associated with both familial
and sporadic Parkinson’s disease, a progressive neurodegenera-
tive disorder with limited therapeutic options. Via interactions
with multiple molecules, leucine-rich repeat kinase 2 (LRRK2)
functions in apoptosis (10), protein synthesis (11, 12), and cyto-

skeletal dynamics (13–15). Recently, several reports have demon-
strated that LRRK2 controls autophagy (16–20). Owing to this
diversity of function, despite intense interest and extensive study,
the mechanisms by which LRRK2 mutations cause neurodegen-
eration remain unclear. Given the high degree of sequence sim-
ilarity between LRRK1 and LRRK2, it is plausible that LRRK1 has
analogous functional properties. However, Parkinson’s disease-
related mutations in LRRK1 have not been identified (21). The
expression of LRRK1 and LRRK2 differs among organs; LRRK2 is
highly expressed in the brain, kidneys, and immune cells, whereas
LRRK1 is nearly absent from these organs. Moreover, Lrrk2�/�

mice exhibit accumulation and aggregation of �-synuclein and
apoptotic cells in the kidney (20). In order to shed more light on
the roles of the LRRK proteins, deficiency of each LRRK-encoding
gene should be studied individually in murine models.

To investigate LRRK1 function in vivo, we generated LRRK1-
deficient mice. These mice exhibited vulnerability to starvation,
indicative of impaired of autophagy. Upon induction of au-
tophagy, Lrrk1 deletion induced accumulation of enlarged autoly-
sosomes with (i) increased LC3-II due to a defect in lysosomal
degradation during autophagy and (i) reduced conversion of
Rab7-GTP to GDP due to a reduction in the Rab7 GTPase-acti-
vating protein (GAP) activity of TBC1D2. These results suggested
that LRRK1 promotes Rab7 inactivation during autophagy. In
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contrast to the functional role of LRRK1 in autophagic flux,
LRRK2 deletion or Parkinson’s disease-related mutation disrupts
the conversion of LC3-I to LC3-II (16, 18, 19); moreover, patho-
genic LRRK2 decreases Rab7 activity, thereby delaying epidermal
growth factor receptor degradation (22) and intraneuronal pro-
tein sorting (23). Thus, LRRK2 probably promotes Rab7 activa-
tion during autophagy. Taken together, these observations sug-
gest that LRRK1 and LRRK2 cooperatively promote the Rab7
activation-and-inactivation cycle during autophagy.

MATERIALS AND METHODS
Generation of Lrrk1�/� mice. Generation of Lrrk1 knockout mice was
performed in collaboration with UNITECH (Chiba, Japan). A FRT-neo-
mycin-FRT-LoxP validated cassette was inserted downstream of exon 5,
and a LoxP site was inserted upstream of exon 4 (see Fig. S1A to C in the
supplemental material). Following homologous recombination in em-
bryonic stem (ES) cells, ES cell injection into blastocytes, and generation
of chimeras, the Neo cassette was deleted by breeding chimeras with
C57BL/6J mice expressing Flp recombinase. Heterozygous floxed mice
were bred with C57BL/6J mice expressing Cre recombinase under the
control of the CAG promoter. Offspring were subsequently bred with each
other to generate Cre� Lrrk1flox/flox (Lrrk1�/�) and Cre� Lrrk1flox/flox con-
trols (Lrrk1�/�). We used constitutive Lrrk1�/� animals where the
knockout allele had been backcrossed in C57BL/6J mice for five genera-
tions. All experiments were approved by our institution’s animal care and
use committee.

Isolation of MEFs from mouse embryos. Lrrk1�/� and mutant
mouse embryo fibroblasts (MEFs) were prepared and cultured as de-
scribed previously (24). Autophagy was induced by treatment with tuni-
camycin (1 �g/ml) for 2 h in full-nutrient Dulbecco’s modified Eagle’s
medium (DMEM). Alternatively, cells were starved for 2 h in glucose-free
DMEM containing 2-deoxy-D-glucose (20 �M).

Generation of expression vectors and site-directed mutagenesis.
cDNAs encoding mouse ARHGAP22, LRRK1, Rab7, TBC1D2, and
VAMP7 were synthesized by PCR and ligated into pc3XFLAG-CMV-14
(Sigma-Aldrich), pcDNA3.1/V5-His (Invitrogen Life Technologies),
pCMV-HA (Clontech Laboratories), or pCMV-Myc (Clontech Laborato-
ries). LRRK1 deletion constructs LRRK1-D1 (amino acids [aa] 1 to 630),
LRRK1-D2 (aa 1 to 1230), LRRK1-D3 (aa 601 to 2019), and LRRK1-D4
(aa 1224 to 2019) were synthesized by PCR and ligated into FLAG-CMV-3
or -4 (Sigma-Aldrich). TBC1D2 deletion constructs �PH-TBC (aa 1 to
165) and �TBC-TBC (aa 166 to 922) were synthesized by PCR and ligated
into pCMV-HA and pCMV-Myc. Previous studies showed that muta-
tions within the activation segment of the kinase domain of Lrrk2 resulted
in a loss (mutation of D1994 to A) of Lrrk2 kinase activity (25, 26). A
sequence comparison revealed that residue D1386 in Lrrk1 corresponds
to D1994 in Lrrk2 (see Fig. S1D in the supplemental material), and thus,
mutation of D1386 to A was performed to create kinase-dead
LRRK1(D1386A) (see Fig. S1E). Mutation of T22 to N or Q67 to L in Rab7
(Rab7T22N or Rab7Q67L) was performed to create constitutively active
Rab7 and dominant negative Rab7, respectively (see Fig. S1F) (27). Each
mutation was created with the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). To visualize transfected MEFs in live-
imaging experiments, the constructs were ligated into pEGFP-N1 or
pDsRed-monomer (Clontech Laboratories).

RNAi. The pcDNA6.2-GW-miR plasmid (Clontech Laboratories) was
modified by deleting the gene for green fluorescent protein (GFP) by
using the flanking DraI sites. To increase RNA interference (RNAi) effi-
ciency, short hairpin RNA (shRNA) oligonucleotides specific for two tar-
get sequences of mouse AHRGAP22, TBC1D2, and VAMP7 (see Table S1
in the supplemental material) were designed and ligated into the modified
pcDNA6.2-GW-miR expression vector. Cultured cells were transfected
with shRNA vectors by Nucleofector technology (Amaxa Biosystems, Co-
logne, Germany). Transfected cells were identified by their red color un-

der fluorescence microscopy. The efficiency of knockdown was verified by
Western blot assay.

Antibodies, immunoprecipitation, and immunoblotting. The anti-
bodies used in this study included anti-ARHGAP22 (Abcam), anti-LC3
(MBL), anti-LRRK1 (Abgent), anti-p62 (Abcam), anti-Rab7 (Abcam),
anti-TBC1D2 (Abcam), anti-VAMP7 (Abcam), anti-FLAG (Sigma-Al-
drich), antihemagglutinin (anti-HA; Sigma-Aldrich), and anti-Myc
(MBL) antibodies. Transfected cells were incubated for 2 days, harvested,
and then lysed in lysis buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl,
0.1% SDS) for immunoblotting or in TNE buffer (50 mM Tris-HCl, 150
mM NaCl, 5 mM EDTA, 1% NP-40, 0.25% Na-deoxycholate, 1 mM NaF)
for immunoprecipitation and immunoblotting. Immunoprecipitation
and immunoblot analyses were performed by using standard protocols.

Rab7 activation assay. Rab7-GTP levels were determined with a Rab7
activation assay kit (Abcam). Briefly, cells were incubated with tunicamy-
cin (1 �g/ml) or with glucose-free DMEM containing 2-deoxy-D-glucose
(20 �M) for 2 h, and lysates were immunoprecipitated with the anti-
Rab7-GTP monoclonal antibodies bound to protein A/G-agarose. The
precipitated Rab7-GTP was detected by immunoblotting with a rabbit
anti-Rab7 polyclonal antibody. The level of Rab7-GTP was expressed as a
percentage of the total level of endogenous Rab7. Control values were
arbitrarily assigned a value of 1.

Rac1 activation assay. Rac1-GTP levels were determined with the
Rac1 activation assay kit (Upstate). Briefly, cells were incubated with tu-
nicamycin (1 �g/ml) or with glucose-free DMEM containing 2-deoxy-D-
glucose (20 �M) for 2 h, and lysates were incubated with the PAK-1
protein binding domain (PBD) bound to glutathione-agarose to pull
down Rac1-GTP, which was detected by immunoblotting with an anti-
Rac1 monoclonal antibody. The level of Rac1-GTP was expressed as a
percentage of the total level of endogenous Rac1. Control values were
arbitrarily assigned a value of 1.

Cathepsin assay. Cathepsins D and E cleave the fluorogenic cathepsin
D/E substrate (Enzo), resulting in enhanced fluorescence. Cells (1 � 106/
well) were collected and lysed in buffer (50 mM sodium acetate [pH 4.0],
0.1% Triton X-100). After centrifugation (7,000 rpm for 10 min), super-
natants were supplemented with fluorogenic cathepsin D/E substrate (fi-
nal concentration, 20 �M) and incubated at 40°C for 10 min; the reactions
were stopped by the addition of 5% trichloroacetic acid. Enzyme activity
was determined by measuring fluorescence (excitation wavelengths, 320
to 340 nm; emission wavelengths, 393 to 420 nm).

Hexosaminidase assay. Hexosaminidase hydrolyzes 4-nitrophenyl-
N-acetyl-�-D-glucosaminide (Sigma), thereby producing 4-nitrophenol,
which can be detected spectrophotometrically at 405 nm to determine
enzyme activity. Cells (1 � 105/well) were collected and lysed in buffer
(0.1 M citrate [pH 4.5], 0.1% Triton X-100). After centrifugation (7,000
rpm for 10 min), supernatants were supplemented with p-nitrophenyl-N-
acetyl-�-D-glucosaminide (final concentration, 1 mM) and incubated at
37°C for 1 h; the reactions were stopped by the addition of 200 mM borate
buffer (pH 9.8). Enzyme activity was determined by measuring absor-
bance at 405 nm.

Fluid-phase endocytosis assay by fluorescent dextran uptake. Fluo-
rescent dextran is taken up by vesicles that are part of the endocytic path-
way, which is composed of endosomes and lysosomes. The morphological
change in endosomes was examined with fluorescein isothiocyanate
(FITC)-dextran (Molecular Probes). Cells plated on glass bottom dishes
were incubated with FITC-dextran (5 mg/ml) for 2.5 h. Endosomes were
visualized with a laser scanning confocal microscope (LSM 5 EXCITER
[ver. 4.2]; Zeiss, Thornwood, NY). The acidification of lysosomes was
examined with LysoSensor yellow/blue dextran (Molecular Probes),
which exhibits a pH-dependent increase in fluorescence intensity upon
acidification. Cells plated on the glass bottom dish were incubated with
LysoSensor yellow/blue dextran (5 mg/ml) for 2.5 h. LysoSensor is a UV-
excited fluorophore with emission maxima at 450 and 530 nm that are
proportional to the pH. A higher 530/450-nm ratio correlates with a lower
pH (see Fig. S5 in the supplemental material). The labeled cells were
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observed with a laser scanning confocal microscope with excitation at 360
nm, a 450-nm emission filter, and a 515-nm long-pass emission filter.

LipidTOX neutral lipid staining. The intracellular accumulation of
neutral lipids was stained with HCS LipidTOX red (Molecular Probes).
Cells plated on the glass bottom dish were starved for 4 h and incubated
with HCS LipidTOX red for last 30 min. Lipid droplets were visualized by
fluorescence microscopy.

Yeast two-hybrid library screening. Saccharomyces cerevisiae strain
AH109 was transformed with bait plasmid pGBDU-C1 encoding the N
terminus (aa 1 to 615) or the C terminus (aa 1224 to 2019) of LRRK1 and
screened against a mouse brain cDNA Matchmaker library (BD Biosci-
ences). Interacting proteins were identified by plasmid sequencing and
BLAST searching. In order to confirm the interaction with the identified
prey DNA, the indicated region of LRRK1 and the prey DNA were cloned
into the GAL4 DNA binding domain and GAL4 DNA activation domain
plasmids, respectively. The resultant plasmids were transformed into
yeast strain PJ69-4A, and the interaction between the two proteins was
tested in the yeast two-hybrid system. Interactions of binding and activa-
tion domain fusion proteins were scored on the basis of yeast growth.

Protein-protein interaction analysis by fluorescence microscopy.
The CoralHue Fluo-chase kit was purchased from Amalgaam (Medical &
Biological Laboratories). This reporter system is based on fusion proteins
of fragments of monomeric coral fluorescent reporter protein (mono-
meric Kusabira-Green [mKG]). In this system, one protein of interest is
fused to the N-terminal fragment of divided mKG and the other protein of
interest is fused to the C-terminal fragment of divided mKG. In cells
transfected with the two constructs, close positioning or association of the
two proteins results in detectable green fluorescence. VAMP7 (aa 1 to 180)
was fused with the N-terminal fragment of mKG (mKG-N), and
LRRK1-D1 (aa 1 to 630) was fused with the C-terminal fragment of mKG
(mKG-C). MEFs were transfected with a pair of mKG constructs by elec-
troporation. Twenty-four hours after transfection, transfected cells were
observed with a laser scanning confocal microscope with excitation at 494
nm and a 506-nm emission filter.

Live-cell imaging. Cells transfected with chromophore-fused con-
structs were treated with tunicamycin (1 �g/ml) or glucose-free DMEM
containing D-glucose (20 �M) for 2 h, and lysosomes were visualized with
LysoTracker (Molecular Probes). Cells were imaged with an LSM 5
EXCITER (ver. 4.2) inverted confocal microscope (Carl Zeiss MicroIm-
aging). For colocalization analysis, Pearson’s coefficients were calculated
with the Imaris software. All colocalization calculations were performed
on more than 50 cells from at least three independent experiments.

Electron microscopy. Livers were removed and incubated overnight
in 0.1 M phosphate buffer containing 3.5% glutaraldehyde. The tissue was
then incubated in 2% osmium tetroxide, stained with 2% uranyl acetate,
and embedded in Spurr’s resin. Ultrathin sections were collected in Form-
var-coated slot grids and stained with lead citrate. Micrographs were ob-
tained at �5,000 or �12,000 magnification.

RESULTS
The phenotype of LRRK1-deficient mice. To examine the
LRRK1-deficient phenotype, we bred Lrrk1flox/flox mice with a line
of transgenic mice that express the Cre recombinase under the
control of the CAG promoter in oocytes (see Fig. S1 in the supple-
mental material). Lrrk1�/� mice, obtained by breeding Lrrk1�/�

mice, were born at Mendelian frequency. Although homozygous
mice appeared normal at birth and had no apparent developmen-
tal defects by histological analysis, half of the Lrrk1�/� mice died
within 1 day after birth in multiple cohorts for several years (Fig.
1A). We speculated that Lrrk1�/� mice could survive in utero by
virtue of nutrients supplied through the placenta but could not
survive when that supply terminated after birth. Most Lrrk1�/�

neonates were found with milk in their stomachs, excluding the
possibility that they had a suckling defect. We tested the survival

time of Lrrk1�/� neonates under starvation conditions. Lrrk1�/�

and heterozygous mice died at 28.7 	 3.7 h, whereas Lrrk1�/�

mice died at 19.6 	 2.1 h (P 
 0.01) (Fig. 1B). Electron micro-
graphs of livers from Lrrk1�/� mice revealed the presence of au-
tophagosomes following 1 day of starvation (Fig. 1C, arrowhead),
whereas livers from Lrrk1�/� mice contained large amounts of
glycogen granules following feeding (Fig. 1C, asterisk) and their
lysosomes were swollen with amorphous membranous materials
(Fig. 1C, arrows). These results suggested that Lrrk1 deletion
caused lysosomal dysfunction.

In mammals, a critical source of energy immediately after birth
is provided by autophagy, which is necessary for the turnover of
cellular components, particularly in response to starvation (28,
29). Upon starvation, LC3 is upregulated, recruited to the au-
tophagosome, and degraded in the lysosome (30), while p62, a
ubiquitin-binding protein, binds to LC3 and is degraded in the
lysosome (31). Thus, levels of LC3-II and p62 can be used as mark-
ers to study autophagic flux. We examined the induction of au-
tophagy by detecting the conversion of endogenous LC3-I to
LC3-II and p62 levels (Fig. 1D and E). The amounts of LC3-II and
p62 in liver homogenates from Lrrk1�/� mice transiently in-
creased on the day of birth, suggesting that massive autophagy was
induced in these mice under physiological conditions, probably in
response to nutrient limitation. In contrast, in the liver homoge-
nate of Lrrk1�/� mice, the levels of LC3-II and p62 increased after
birth and remained high for up to 9 h. These findings suggested
that Lrrk1�/� mice have defects in autophagic flux, which may
make them vulnerable to starvation.

Next, we analyzed autophagosome formation in MEFs pre-
pared from Lrrk1�/� and Lrrk1�/� mouse embryos. We treated
these MEFs with starvation (glucose-free medium containing D-
glucose [20 �M]) or tunicamycin (1 �g/ml), an inhibitor of acyl-
glucosamine phosphotransferase that induces the endoplasmic
reticulum (ER) stress response and autophagy (Fig. 1F and G) (32,
33). Under the control condition, Lrrk1�/� MEFs contained
higher levels of LC3-II and p62 than did Lrrk1�/� MEFs, suggest-
ing that autophagosome formation was elevated in the Lrrk1�/�

MEFs. In response to tunicamycin treatment, Lrrk1�/� MEFs
contained higher levels of LC3-II and p62, whereas Lrrk1�/�

MEFs exhibited no further increase in their LC3-II and p62 levels.
In response to starvation, the short incubation (15 to 30 min) with
glucose-free medium containing D-glucose increased LC3-II,
while the longer incubation (�1 h) used in this study decreased
LC3-II in MEFs (data not shown). Lrrk1�/� MEFs contained
higher levels of LC3-II and p62 than did Lrrk1�/� MEFs. These
results suggested that Lrrk1 deletion blocks autophagosome mat-
uration, including autophagosome-lysosome fusion or lysosomal
degradation. To determine whether loss of LRRK1 enhances au-
tophagosome synthesis, we blocked LC3-II and p62 autophago-
some degradation with bafilomycin A1, a lysosomal proton pump
inhibitor (34). Upon treatment with bafilomycin A1, Lrrk1�/�

MEFs exhibited no further increase in LC3-II levels relative to
Lrrk1�/� cells. Thus, Lrrk1 deletion may impair autophagosome
maturation rather than increase autophagosome synthesis.

Autophagosome degradation is impaired in Lrrk1�/� cells.
To test the possibility that autophagosome degradation is blocked
in Lrrk1�/� MEFs, we used a tandem-tagged GFP-mCherry-LC3
probe, which can dissect whether an autophagosome has fused
with a lysosome on the basis of the distinct chemical properties of
the GFP and mCherry fluorophores (35). Under nonlysosomal
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and nearly neutral pH conditions, both GFP and mCherry retain
their fluorescence. However, the low pH in the lumen of the lyso-
some quenches the signal from GFP but not that of mCherry.
Upon starvation and tunicamycin treatment of cells expressing
this probe, GFP- and mCherry-positive autophagosomes formed
and surrounded the lysosome; loss of the GFP signal (while the
mCherry signal was retained) took place within 60 min (Fig. 2A).
In Lrrk1�/� MEFs, both treatments produced enlarged structures
that retained the GFP signal, which was contained in the
lysosome. The introduction of LRRK1 but not kinase-dead
LRRK1(D1386A) into Lrrk1�/� MEFs rescued the morphological
changes (Fig. 2B). These results suggested that Lrrk1 deletion
blocks autophagosome-lysosome fusion and that kinase activity of
LRRK1 is required for this process. Next, we estimated the pH of
lysosomes with LysoSensor blue/yellow dextran, which has pH-

sensitive emission peaks (Fig. 2C) (36). In Lrrk1�/� MEFs treated
with LysoSensor-dextran for 3 h, endosomes containing Lyso-
Sensor-dextran were at lower pH under physiological conditions,
whereas in Lrrk1�/� MEFs treated with LysoSensor-dextran, en-
dosomal pH was closer to neutral (Fig. 2C). Lrrk1�/� MEFs also
exhibited enlarged vesicles containing FITC-dextran (Fig. 2D and
E). These results indicated that autophagosome degradation is
impaired in Lrrk1�/� MEFs, resulting in the enlargement of un-
degraded contents.

In addition to the autophagosome degradation, lysosomes are
involved in lipid catabolism and proteolysis. To study the role of
LRRK1 in lipid catabolism, we treated MEFs with a fluorescently
labeled phospholipid (LipidTOX red). Upon starvation,
Lrrk1�/� MEFs exhibited considerable accumulation of Lipid-
TOX Red in endocytic vesicles (Fig. 2F and G), indicating that

FIG 1 Autophagy is impaired in Lrrk1�/� mice. (A and B) Kaplan-Meier curves of survival of newborn mice. Neonates were monitored in a humidified chamber with
(A) and without (B) feeding. (C) Electron micrographs of liver samples from Lrrk1�/� and Lrrk1�/� mice fed ad libitum or fasted for 1 day. Magnified images of the
boxed areas are shown on the right. The arrowhead indicates an autophagosome, and arrows indicate enlarged lysosomes containing amorphous materials. The asterisk
indicates glycogen granules. Scale bars, 1�m. (D) Immunoblotting of LC3 and p62. Liver homogenates were prepared from neonates at 0, 3, and 6 h after birth. (E) Levels
of LC3 and p62 were corrected for actin levels. Error bars represent standard deviations from three independent experiments. One-way analysis of variance with Tukey’s
post hoc test: *, P 
 0.05 compared to control Lrrk1�/� mice at 0 h. (F) Immunoblotting of LC3 and p62. Lrrk1�/� and Lrrk1�/� MEFs were treated with the control
(Cont) or tunicamycin (Tunica; 1 �g/ml) or starvation (Starv) in the presence or absence of bafilomycin (Bafil) A1 (400 nM), and endogenous LC3 and p62 levels were
measured by blot analysis. (G) Values were normalized against actin levels. The error bars represent standard deviations from three independent experiments. One-way
analysis of variance with Tukey’s post hoc test: *, P 
 0.05 compared to control Lrrk1�/� MEFs in the absence of bafilomycin.
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these cells had defects in lipid catabolism. In addition, we mea-
sured the total enzymatic activity of lysosomal enzymes with fluo-
rogenic substrates for cathepsin D/E and �-hexosaminidase. En-
zyme activities were lower in Lrrk1�/� MEFs than in Lrrk1�/�

MEFs (Fig. 2H and I). These results suggested that Lrrk1�/� MEFs
contain defects in the sorting of lysosomal enzyme-containing
endosomes to lysosomes from the Golgi apparatus or defects in
enzyme-containing endosome-lysosome fusion.

FIG 2 Autolysosome formation is impaired in Lrrk1�/� MEFs. (A) Lrrk1�/� and Lrrk1�/� MEFs expressing GFP/mCherry-LC3 were treated under control
(Cont), tunicamycin (Tunica), or starvation (Starv) conditions for 4 h and stained with LysoTracker for the last 30 min. Merged images of MEFs (top) and
magnified images of the boxed areas (bottom) are shown. Scale bars, 10 �m; arrowheads, fusion of LC3-positive vesicles with lysosomes was blocked in MEFs
transfected with VAMP7 shRNA. (B) Percentages of cells harboring punctate or accumulated GFP/mCherry-LC3 in Lrrk1�/� and Lrrk1�/� MEFs expressing
LRRK1 with or without mutations. LC3 morphology was classified as follows: punctate, many discrete GFP/mCherry-LC3 dots, crescent-shaped, or circular
signals on or near lysosomes; accumulated, at least one large GFP/mCherry-LC3 clump (�2 �m) on or near lysosomes. The error bars represent standard
deviations from three independent experiments. Over 50 cells were counted in each experiment. One-way analysis of variance with Tukey’s post hoc test: *, P 

0.005 compared to control Lrrk1�/� MEFs. (C) Lrrk1�/� and Lrrk1�/� MEFs were incubated with LysoSensor yellow/blue dextran for 3 h. Dual emission was
measured at 450 and 530 nm for LysoSensor yellow/blue-labeled cells. The 530/450-nm fluorescence ratio was calculated, and the pH was obtained from a pH
calibration curve. (D) Lrrk1�/� and Lrrk1�/� MEFs were incubated with FITC-dextran for 2.5 h under starvation conditions and stained with LysoTracker for
last 30 min. Merged images of MEFs and magnified images of the boxed areas (insets) are shown. Scale bars, 10 �m. (E) Percentages of cells harboring punctate
or accumulated FITC-dextran are shown. Dextran morphology was classified as follows: punctate, many discrete dextran dots; accumulated, at least one large
(�2-�m) dextran clump. The error bars represent standard deviations from three independent experiments. Over 50 cells were counted in each experiment.
One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.05 compared to Lrrk1�/� MEFs. (F) Lrrk1�/� and Lrrk1�/� MEFs under starvation conditions
were stained with LipidTOX red and LysoTracker for 30 min. Merged images of MEFs and magnified images of the boxed areas (insets) are shown. Scale bars, 10
�m. (G) Percentages of cells harboring punctate or accumulated lipid droplets stained with LipidTOX. LipidTOX morphology was classified as follows: punctate,
many discrete lipid dots; accumulated, at least one large (�2-�m) LipidTOX clump. The error bars represent standard deviations from three independent
experiments. Over 50 cells were counted in each experiment. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.005 compared to Lrrk1�/� MEFs.
(H) Cathepsin D/E activity in Lrrk1�/� and Lrrk1�/� MEFs under control conditions were evaluated. Values are expressed in relative fluorescence units (RFU)
per 106 cells. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.05 compared to control Lrrk1�/� MEFs. (I) Hexosaminidase activity in Lrrk1�/�

and Lrrk1�/� MEFs under control conditions were evaluated. Values are expressed in absorbance units (AU) per 106 cells. One-way analysis of variance with
Tukey’s post hoc test: *, P 
 0.05 compared to control Lrrk1�/� MEFs.
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LRRK1 is recruited to lysosomes by VAMP7. To explore the
potential role of LRRK1 in endosome-lysosome fusion, we exam-
ined the intracellular localization of this protein (Fig. 3A and B).
In Lrrk1�/� MEFs under physiological conditions, LRRK1 was
distributed diffusely throughout the cytoplasm. Upon tunicamy-
cin treatment, however, LRRK1 accumulated in autophagosomes
labeled with LC3, suggesting that LRRK1 was recruited into au-
tophagosomes during autophagy. We sought to determine which

region of LRRK1 is responsible for the recruitment of LRRK1 to
endosomal structures by monitoring the localization of various
deletion mutant forms of LRRK1 in transfected MEFs (Fig. 3C to
F). LRRK1-D1 and LRRK1-D2 were localized in lysosomes,
whereas LRRK1-D3 and LRRK1-D4 were not (Fig. 3D and E).
Thus, the N-terminal region of LRRK1, which contains ankyrin
repeats and leucine-rich repeats, was required for the localization
of LRRK1 to the lysosome. The ankyrin repeats and leucine-rich

FIG 3 LRRK1 interacts with VAMP7. (A) LRRK1�/� MEFs expressing GFP-LC3 and LRRK1-Red were subjected to control (Cont) or tunicamycin (Tunica)
treatment for 4 h and then stained with LysoTracker for the last 30 min. Merged images of MEFs (top) and magnified images of the boxed areas (bottom) are
shown. Scale bars, 10 �m. (B) Immunofluorescence colocalization of GFP-LC3 and LRRK1-Red expressed in Lrrk1�/� MEFs. The colocalization of two proteins
was analyzed by Pearson and Spearman correlation coefficients. The error bars represent standard deviations from three independent experiments. Over 50 cells
were counted in each experiment. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.005 compared to control Lrrk1�/� MEFs. (C) Diagram
showing full-length and truncated LRRK1 proteins. Amino acids are noted at the top. AK&LR, ankyrin-repeat and leucine-rich repeat; COR, C terminus of Ras
of complex proteins (Roc) domain; kinase, Ser/Thr kinase domain. (D) Lrrk1�/� MEFs expressing different mutant forms of LRRK1-GFP and VAMP7-Red were
stained with LysoTracker for 30 min. Merged images of MEFs (top) and magnified images of the boxed areas (bottom) are shown. Scale bars, 10 �m. (E, F)
Immunofluorescence colocalization of different mutant forms of LRRK1-GFP and lysosomes in LRRK1�/� MEFs (E) and different mutant forms of LRRK1-GFP
and VAMP7-Red in Lrrk1�/� MEFs (F). The colocalization of two proteins was analyzed by Pearson and Spearman correlation coefficients. The error bars
represent standard deviations from three independent experiments. Over 50 cells were counted in each experiment. One-way analysis of variance with Tukey’s
post hoc test: *, P 
 0.005 compared to the colocalization of LRRK1 and lysosome (E) or that of LRRK1 and VAMP7. (G) Assays of binding between different
mutant LRRK1 proteins and VAMP7. Different mutant LRRK1-FLAG proteins and VAMP7-HA were transfected into HEK293 cells, and lysates were immu-
noprecipitated (IP) with antibodies against the proteins indicated at the top. Precipitated proteins were subjected to SDS-PAGE, and the blots were stained with
antibodies against the target proteins indicated to the right.
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repeats are involved in protein-protein interactions (37, 38), sug-
gesting that the N-terminal region of LRRK1 is recruited to the
lysosome by interacting molecules. Yeast two-hybrid screening
with the N-terminal region of LRRK1 such as LRRK1-D1 identi-
fied VAMP7 as a molecule that interacts with this region. VAMP7
is one of the vesicular SNAREs, proteins that catalyze the fusion of
two membranes of intracellular organelles (39, 40). By binding to
cargo-specific proteins, VAMP7 localizes in the late endosome
and lysosome in most cell types, and it is involved in endosomal
trafficking from the late endosome to the lysosome or the Golgi
apparatus. In MEFs expressing VAMP7 and mutant LRRK1,
VAMP7 colocalized with LRRK1, LRRK1-D1, and LRRK1-D2 but
not LRRK1-D3 or LRRK1-D4 (Fig. 3D and E). Coimmunopre-
cipitation and immunoblotting experiments confirmed that the
N-terminal region of LRRK1 associated with VAMP7 (Fig. 3G).

In MEFs expressing LRRK1 and VAMP7, tunicamycin treat-
ment induced LRRK1 accumulation at VAMP7-positive vesicles
fused with VAMP7-positive lysosomes (Fig. 4A and B). Coimmu-
noprecipitation and immunoblotting experiments showed the as-
sociation between endogenous LRRK1 and VAMP7, the intensity
of which increased after tunicamycin treatment and decreased in
the presence of LRRK1-D1 (Fig. 4C). We further analyzed the
interaction between LRRK1 and VAMP7 by using a complemen-
tation reporter system with a coral fluorescent reporter protein
(mKG) (41) (Fig. 4D). In MEFs transfected with the N-terminal
region of LRRK1 fused to one portion of divided mKG and
VAMP7 fused with the other portion, tunicamycin treatment re-
sulted in a GFP signal. These results indicated that tunicamycin-
induced autophagy induced the association between LRRK1 and
VAMP7. On the other hand, MEFs expressing VAMP7 shRNA
exhibited a less intimate association of LRRK1 with LC3 during
tunicamycin-induced autophagy (Fig. 4E to G). Notably, the fu-
sion of LC3-positive vesicles with lysosomes was also blocked in
MEFs transfected with VAMP7 shRNA (Fig. 4F, arrowhead), con-
sistent with the evidence that VAMP7 is required for endosome-
lysosome fusion. Furthermore, overexpression of N-terminal
LRRK1 (LRRK1-D1), exerting the dominant negative effect on the
interaction between LRRK1 and VAMP7 (Fig. 4C), increased the
enlarged LC3-positive vesicles in both Lrrk1�/� and Lrrk1�/�

MEFs (data not shown). Thus, the recruitment of LRRK1 to lyso-
somes through VAMP7 is required for tunicamycin-induced au-
tophagy.

LRRK1 regulates TBC1D2, a Rab7 GAP, and ARHGAP22, a
Rac1 GAP. Next, we asked how LRRK1 regulates autophagosome-
lysosome fusion. Rab7 is required for normal progression of au-
tophagic flux (7, 42, 43). Hence, we monitored Rab7-GTP levels in
Lrrk1�/� MEFs under starvation conditions or tunicamycin treat-
ment (Fig. 5A and B). Lrrk1�/� MEFs exhibited elevated levels of
Rab7-GTP following tunicamycin treatment, indicating that Rab7
activation allows autophagosome-lysosome fusion. In contrast,
Lrrk1�/� MEFs had higher levels of Rab7-GTP under control con-
ditions and further elevated Rab7-GTP levels under tunicamycin
treatment. The introduction of LRRK1 but not kinase-dead
LRRK1(D1386A) into Lrrk1�/� MEFs rescued the higher levels of
Rab7-GTP. These results suggested that Rab7 inactivation, a step
required for the release of Rab7 from donor vesicles and lysosome
fusion, is mediated by LRRK1 through its kinase activity.

A recent report showed that Rac1 is inactivated during au-
tophagy (44). Lrrk1�/� MEFs had reduced levels of Rac1-GTP
under tunicamycin treatment (Fig. 5C and D), whereas Lrrk1�/�

MEFs had higher Rac1-GTP levels than under control conditions
or tunicamycin treatment. The introduction of LRRK1 but not
kinase-dead LRRK1(D1386A) into Lrrk1�/� MEFs rescued the
higher levels of Rac1-GTP. These results suggested that Rac1-
GTP/GDP cycling during tunicamycin-induced autophagy is me-
diated by LRRK1 through its kinase activity. Thus, Lrrk1 deletion
reduced the GAP activity for both Rab7 and Rac1 in MEFs.

Sequence analysis revealed that the GAP consensus motif is
absent from LRRK1 (45). Therefore, we hypothesized that LRRK1
regulates GAP activity via unknown molecules. Yeast two-hybrid
screening with the C-terminal region such as LRRK1-D4, contain-
ing the kinase domain of LRRK1, identified TBC/RabGAP
(TBC1D2) and ARHGAP22 as molecules that interact with this
region. TBC1D2 and ARHGAP22 have similar domain structures;
each contains a pleckstrin homology (PH) domain and a GAP
domain, followed by a coiled-coil domain. ARHGAP22 inacti-
vates Rac1 (46); TBC1D2 specifically inactivates Rab7 (44, 47) and
is also an effector of Rac1 (47). Coimmunoprecipitation and im-
munoblotting experiments with transfected cells confirmed that
the C-terminal region of LRRK1 (LRRK1-D4) associated with
TBC1D2 and ARHGAP22 (Fig. 5E). Coimmunoprecipitation and
immunoblotting experiments with MEFs showed the association
between endogenous LRRK1 and TBC1D2 or ARHGAP22, the
intensity of which increased after tunicamycin treatment and de-
creased in the presence of LRRK1-D4 (Fig. 5F and G). These re-
sults indicated that tunicamycin-mediated autophagy increased
the association between LRRK1 and TBC1D2 or ARHGAP22. To
determine whether a defect in autophagosome-lysosome fusion is
caused by dysfunction of TBC1D2 or ARHGAP22, we subjected
MEFs lacking TBC1D2 or ARHGAP22 to tunicamycin treatment
(Fig. 5H to J). MEFs transfected with TBC1D2 shRNA contained
higher LC3 levels, whereas MEFs transfected with ARHGAP22
shRNA exhibited no detectable changes in LC3 compared with
Lrrk1�/� MEFs (Fig. 5H and I).

Lrrk1�/� MEFs transfected with TBC1D2 shRNA contained
enlarged autophagosomes, whereas Lrrk1�/� MEFs transfected
with ARHGAP22 shRNA exhibited no detectable changes in au-
tophagosomes (Fig. 6A and B). Furthermore, the overexpression
of C-terminal LRRK1 (LRRK1-D4), showing the dominant nega-
tive effect on the interaction between LRRK1 and TBC1D2 (Fig.
5F), increased the enlarged LC3-positive vesicles in both Lrrk1�/�

MEFs and Lrrk1�/� MEFs (data not shown). Thus, TBC1D2 could
be a major player in autophagosome-lysosome fusion, although
ARHGAP22 might regulate the autophagic pathway by inactivat-
ing Rac1. To investigate this possibility, we examined the au-
tophagic pathway in MEFs transfected with GFP/mCherry-LC3
and mutant Rab7 (Fig. 6C to E). Lrrk1�/� MEFs expressing dom-
inant negative Rab7T22N contained enlarged LC3-positive vesi-
cles that were not colocalized with lysosomes (arrowheads), sug-
gesting that Rab7T22N blocked autophagosome-lysosome fusion,
leading to the accumulation of unfused autophagosomes. In con-
trast, Lrrk1�/� MEFs expressing constitutively active Rab7Q67L
contained enlarged LC3-positive vesicles that were colocalized
with lysosomes (arrows), suggesting that Rab7Q67L blocked the
autophagosome degradation process after fusion, leading to the
accumulation of undegraded autophagosomes. Thus, overactiva-
tion of Rab7 disturbed autophagosome-lysosome fusion, result-
ing in changes similar to those observed in Lrrk1�/� MEFs. Next,
we studied whether the tunicamycin-induced morphological
changes in Lrrk1�/� MEFs are due to the excess of Rab7 activity. In
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response to tunicamycin, Lrrk1�/� MEFs expressing Rab7T22N
or Rab7 shRNA contained smaller LC3-positive vesicles that were
not colocalized with lysosomes (arrowheads), suggesting that sup-
pression of Rab7 activity partially rescues the enlarged LC3-posi-
tive vesicles. These findings agree with previous findings that the

decreased autophagic pathway is correlated with reductions in the
Rab7-GAP activity of TBC1D2 (44). Collectively, these data sug-
gest that TBC1D2-mediated Rab7 inactivation is involved in
LRRK1-mediated endosome-lysosome fusion during tunicamy-
cin-induced autophagy.

FIG 4 LRRK1 is recruited to lysosomes by VAMP7. (A) Lrrk1�/� MEFs expressing LRRK1-GFP and VAMP7-Red were treated with the control (Cont) or
tunicamycin (Tunica) for 4 h and stained with LysoTracker for last 30 min. Merged images of MEFs (top) and magnified images of the boxed areas (bottom) are
shown. Scale bars, 10 �m. (B) Immunofluorescence colocalization of mutant forms of LRRK1-GFP and VAMP7-Red expressed in Lrrk1�/� MEFs. The
colocalization of two proteins was analyzed by Pearson and Spearman correlation coefficients. The error bars represent standard deviations from three
independent experiments. Over 50 cells were counted in each experiment. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.005 compared to
control Lrrk1�/� MEFs. (C) Binding assay to detect the association between endogenous LRRK1 and VAMP7. MEFs were treated with tunicamycin or transfected
with LRRK1-D1 or LRRK1-D4 and lysed. Lysates were immunoprecipitated (IP) with anti-VAMP7 antibodies. Precipitated proteins were subjected to SDS-
PAGE, and the blots were stained with anti-LRRK1 antibodies or anti-VAMP7 antibodies. (D) Detection of protein-protein interactions with the mKG reporter
system in transfected Lrrk1�/� MEFs. Cells expressed mKG-C fused to the N terminus of LRRK1-D1 and mKG-N fused to VAMP7. Transfected cells exhibited
faint mKG fluorescence under control conditions but increased fluorescence under tunicamycin treatment (Tunica), reflecting the tunicamycin-induced
interaction between VAMP7 and LRRK1-D1. (E) Expression of endogenous VAMP7 in MEFs. MEFs were transfected with an shRNA vector containing a
scrambled oligonucleotide (control shRNA) or an shRNA vector containing oligonucleotides against different sequences of VAMP7 [VAMP7(1) or VAMP7(2)
shRNA]. Transfected cells were lysed. Lysates were subjected to SDS-PAGE, and the blots were immunoblotted with anti-VAMP7 antibodies. (F) Lrrk1�/� MEFs
expressing GFP/mCherry-LC3 and LRRK1-Red were transfected with control, VAMP7(1), or VAMP7(2) shRNA. Cells were treated with the control (Cont) or
tunicamycin (Tunica) for 4 h and stained with LysoTracker for last 30 min. Merged images of MEFs (top) and magnified images of the boxed areas (bottom) are
shown. Scale bars, 10 �m; arrowheads indicate the LRRK1-positive vesicles not fused with lysosomes. (G) Immunofluorescence colocalization of GFP-LC3 and
LRRK1-Red expressed in Lrrk1�/� MEFs. The colocalization of two proteins was analyzed by Pearson and Spearman correlation coefficients. The error bars
represent standard deviations from three independent experiments. Over 50 cells were counted in each experiment. One-way analysis of variance with Tukey’s
post hoc test: *, P 
 0.005 compared to control Lrrk1�/� MEFs transfected with control shRNA.
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LRRK1 regulates autophagy by activating TBC1D GAP activ-
ity. The intramolecular association between the PH and GAP do-
mains suppresses the GAP activity of Ras/p120 GAP (48).
TBC1D2 has structural features in common with p120 GAP, sug-
gesting that the Rab7-GAP activity of TBC1D2 is regulated by
intramolecular association between the PH and TBC (Tre-2/
Bub2/Cdc16) domains. To investigate this possibility, we gener-

ated TBC1D2 deletion constructs lacking the PH domain (�PH-
TBC) and the TBC domain (�TBC-TBC) and transfected them
into Lrrk1�/� MEFs (Fig. 7A). Coimmunoprecipitation and im-
munoblotting revealed that the PH domain bound to the TBC
domain in the absence of LRRK1 but less strongly in the presence
of LRRK1 (Fig. 7B), suggesting that association between the PH
domain and the TBC domain occurs but is suppressed by LRRK1.

FIG 5 LRRK1 regulates Rab7 and Rac1 activities through TBC1D2 and AHRGAP22. (A) Lrrk1�/� and Lrrk1�/� MEFs with or without wild-type or kinase-dead
LRRK1 [LRRK1(D1368A)] were treated under control (Cont), tunicamycin (Tunica), or starvation (Starv) conditions for 2 h. Lysates were processed for
detection of Rab7-GTP with an anti-Rab7-GTP antibody. Total Rab7 was detected with an anti-Rab7 antibody. (B) Values were normalized against Rab7 levels.
The error bars represent standard deviations from three independent experiments. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.05 compared
to control Lrrk1�/� MEFs. (C) Lrrk1�/� and Lrrk1�/� MEFs with or without wild-type or kinase-dead LRRK1 [LRRK1(D1368A)] were treated under control,
tunicamycin, or starvation conditions for 2 h. Lysates were processed for detection of Rac1-GTP with the PAK-1 PBD. Total Rac1 was detected with an anti-Rac1
antibody. (D) Values were normalized against Rac1 levels. The error bars represent standard deviations from three independent experiments. One-way analysis
of variance with Tukey’s post hoc test: *, P 
 0.05 compared to control Lrrk1�/� MEFs. (E) Binding assays to detect interactions between LRRK1-D4 and TBC1D2
or ARHGAP22. LRRK1-D4 and TBC1D2 or ARHGAP22 were transfected into HEK293 cells, and lysates were immunoprecipitated (IP) with anti-FLAG
antibodies. Precipitated proteins were subjected to SDS-PAGE, and the blots were stained with anti-FLAG or anti-Myc antibodies. (F) Binding assays to detect
interactions between endogenous LRRK1 and TBC1D2. MEFs were treated with tunicamycin or transfected with LRRK1-D4 or LRRK1-D1 and lysed. Lysates
were immunoprecipitated with anti-TBC1D2 antibodies. Precipitated proteins were subjected to SDS-PAGE, and the blots were stained with anti-LRRK1 or
anti-TBC1D2 antibodies. (F) Binding assays to detect interactions between endogenous LRRK1 and ARHGAP22. MEFs were treated with tunicamycin or
transfected with LRRK1-D4 or LRRK1-D1 and lysed. Lysates were immunoprecipitated with anti-ARHGAP22 antibodies. Precipitated proteins were subjected
to SDS-PAGE, and the blots were stained with anti-LRRK1 or anti-ARHGAP22 antibodies. (H) Expression of endogenous TBC1D2 or AHRGAP22 in MEFs.
MEFs were transfected with an shRNA vector containing a scrambled oligonucleotide (control shRNA) or an shRNA vector containing an oligonucleotide against
TBC1D2 (TBC1D2 shRNA) or ARHGAP22 (ARHGAP22 shRNA). Transfected cells were lysed. Lysates were subjected to SDS-PAGE, and the blots were
immunoblotted with anti-TBC1D2 or anti-ARHGAP antibodies. (I) Immunoblotting of LC3. Lrrk1�/� MEFs transfected with control, TBC1D2, or AHRGAP22
shRNA were treated with the control or tunicamycin, and endogenous LC3 levels were measured by blot analysis. (J) Values were normalized against actin levels.
The error bars represent standard deviations from three independent experiments. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.005 compared
to control Lrrk1�/� MEFs.
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In addition, MEFs expressing �PH-TBC exhibited reduced Rab7-
GTP levels under control conditions and tunicamycin treatment
(Fig. 7C and D), suggesting that the TBC domain enhanced the
protein’s Rab7-GAP activity, whereas MEFs expressing �TBC-
TBC exhibited elevated Rab7-GTP levels, suggesting that the PH
domain blocked the Rab7-GAP activity of endogenous TBC1D2.
Consistent with these results, the introduction of �PH-TBC into
Lrrk1�/� MEFs decreased elevated Rab7-GTP levels, whereas that
of �TBC-TBC enhanced Rab7-GTP levels (Fig. 7C and D). Thus,

one model of the mode of TBC1D2 action is that in the absence of
LRRK1, the PH domain can interact with the TBC domain, lead-
ing to the inhibition of GAP activity; in contrast, in the presence of
LRRK1, the PH domain is detached from the TBC domain, lead-
ing to GAP activation. Such a model implies that LRRK1 may
cause a switch in GAP activity by regulating intramolecular con-
tact between the PH and TBC domains of TBC1D2 (Fig. 7E).

In the context of Rab7 regulation, �PH-TBC functions as a
constitutively active form of TBC1D2 and �TBC-TBC functions

FIG 6 LRRK1 regulates autophagosome-lysosome fusion through TBC1D2-mediated Rab7. (A) Lrrk1�/� MEFs expressing GFP/mCherry-LC3 were transfected
with an shRNA vector targeting TBC1D2 (TBC1D2 shRNA) or ARHGAP22 (ARHGAP22 shRNA). Cells were treated with the control (Cont) or tunicamycin
(Tunica) for 4 h and stained with LysoTracker for the last 30 min. Merged images of MEFs (top) and magnified images of the boxed areas (bottom) are shown.
Scale bars, 10 �m. (B) Percentages of cells harboring punctate or accumulated GFP/mCherry-LC3 are shown. Criteria for LC3 morphology are outlined in Fig.
2A. The error bars represent standard deviations from three independent experiments. Over 50 cells were counted in each experiment. One-way analysis of
variance with Tukey’s post hoc test: *, P 
 0.005 compared to Lrrk1�/� MEFs transfected with control shRNA. (C) Lrrk1�/� or Lrrk1�/� MEFs expressing
different mutant Rab7 proteins or shRNA were stained with LysoTracker for 30 min. (D) Merged images of MEFs (top) and magnified images of the boxed areas
(bottom) are shown. Scale bars, 10 �m. (C and D) Arrows indicate LC3-positive vesicles fused with lysosomes, and arrowheads indicate LC3-positive vesicles not
fused with lysosomes. (E) Percentages of cells harboring punctate or accumulated GFP/mCherry-LC3 are shown. Criteria for LC3 morphology are outlined in
Fig. 2A. The error bars represent standard deviations from three independent experiments. Over 50 cells were counted in each experiment. One-way analysis of
variance with Tukey’s post hoc test: *, P 
 0.005 compared to Lrrk1�/� MEFs transfected with control shRNA.
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as a dominant negative form. To test the possibility that LRRK1-
mediated autophagic flux is regulated by the Rab7-GAP activity of
TBC1D2, we subjected MEFs expressing truncated TBC to tuni-
camycin treatment. The LC3-II levels in Lrrk1�/� MEFs were aug-
mented by overexpression of �TBC-TBC (Fig. 8A and B), whereas
in Lrrk1�/� MEFs, the LC3-II levels were suppressed by overex-
pression of �PH-TBC but augmented by overexpression of
�TBC-TBC (Fig. 8C and D). On the other hand, the LC3-II levels
in both Lrrk1�/� and Lrrk1�/� MEFs were increased by Rab7
shRNA. Thus, the GTP/GDP cycling of Rab7 by LRRK1-depen-
dent TBC1D2 GAP activity is required for autophagic flux. When
MEFs expressing mutant TBC1D2 were transfected with GFP-
mCherry-LC3, overexpression of �TBC-TBC increased the en-
larged LC3-positive vesicles in Lrrk1�/� MEFs (Fig. 8E and F),
whereas overexpression of �PH-TBC reduced the number of en-
larged LC3-positive vesicles in Lrrk1�/� MEFs (Fig. 8E and F).
Thus, LRRK1-mediated autophagic flux depended on the Rab7-
GAP activity of TBC1D2. Together with the findings that LRRK1

suppressed the interaction between the PH and TBC domains,
leading to Rab7-GAP activation, these observations led us to con-
clude that LRRK1 regulates the Rab7-GAP activity crucial for au-
tophagic flux by dissociating the inhibitory PH domain from the
catalytic TBC domain of TBC1D2.

DISCUSSION

Autophagy requires integration with intracellular trafficking and
cytoskeletal remodeling. Multiple Rab proteins regulate different
steps of autophagosome biogenesis, and each cycle of Rab activa-
tion and inactivation is precisely controlled. Both positive (gua-
nine nucleotide exchange factors or GEFs) and negative (GAPs)
regulators of Rab proteins define the timing, duration, and spec-
ificity of Rab signaling in each intracellular compartment (49).
Rab7 promotes membrane fusion between the late endosome
and lysosome, as well as between autophagosomes and lyso-
somes (6, 7).

In this study, we found that LRRK1 promotes Rab7 inactiva-

FIG 7 LRRK1 regulates the intramolecular interaction of TBC1D2. (A) Diagram showing full-length and truncated TBC1D2. Amino acids are noted at the top.
(B) Binding assays to detect interactions between various TBC1D2 domains and the PH domain. Various mutant TBC1D2-Myc proteins and �TBC-TBC-HA
were transfected into HEK293 cells, and lysates were immunoprecipitated (IP) with an antibody against the HA epitope. Precipitated proteins were subjected to
SDS-PAGE, and the blots were stained with an antibody against HA or Myc epitopes, as indicated to the right. The ratio of bound/total protein is shown at the
bottom. The error bars represent standard deviations from three independent experiments. Paired t test: *, P 
 0.005 between the pairs indicated. (C) Lrrk1�/�

or Lrrk1�/� MEFs were transfected with mutant TBC constructs. Cells were treated with the control (Cont) or tunicamycin (Tunica) for 2 h. Lysates were
processed to detect Rab7-GTP with an anti-Rab7-GTP antibody. Total Rab7 was detected with an anti-Rab7 antibody. (D) Levels of Rab7-GTP were calculated
relative to levels of total Rab7. The error bars represent standard deviations from three independent experiments. One-way analysis of variance with Tukey’s post
hoc test: *, P 
 0.05 compared to Lrrk1�/� MEFs transfected with control shRNA. (E) Working model of LRRK1 function in autophagosome-lysosome fusion.
Upon autophagy, LRRK1 binds to the autophagosome through VAMP7 and is transferred to the lysosome. LRRK1 localization at autolysosomes enables the
activation of the Rab7-GAP activity of TBC1D2 via interaction with the PH domain and reconfiguration of the TBC domain.
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tion during lysosomal fusion by activating a Rab7 GAP, TBC1D2.
The disrupted Rab7 inactivation in Lrrk1�/� cells has several
physiological implications. The primary defect is reduced delivery
of endocytic and autophagic components to lysosomes, leading to
a reduced capacity to degrade lipids and proteins. Consequently,
digestion and autophagy are compromised and the cell is unable
to use its own cytoplasm to provide nutrients. Indeed, Lrrk1�/�

mice have much more difficulty surviving starvation after birth.
Our biochemical analysis of Lrrk1�/� mice also identified reduced
clearance of autophagy-induced LC3-II, resulting from a defect in
autophagosome-lysosome fusion, and lower activity of lysosomal
enzymes, due to defects in lysosomal enzyme-containing endo-

some-lysosome fusion, which is proposed to be controlled by
Rab7 (6, 7).

One mechanism of Rab7 inactivation by LRRK1 requires the
strategic localization of LRRK1 to lysosomes, enabling LRRK1 to
associate with TBC1D2. Screening for molecules that interact with
the N-terminal region of LRRK1, which is responsible for the pro-
tein’s lysosomal localization, identified the SNARE VAMP7. A
fluorescent-reporter assay confirmed the colocalization of LRRK1
and VAMP7 in lysosomes during tunicamycin-induced au-
tophagy. Indeed, LRRK1 lacking the VAMP7-interacting N-ter-
minal region does not localize to the lysosome, whereas VAMP7
deletion by shRNA prevents LRRK1 from localizing to the lyso-

FIG 8 Constitutively active mutant TBC1D2 rescues the LC3 morphology in Lrrk1�/� MEFs. (A) Immunoblotting of LC3. Lrrk1�/� MEFs were transfected with
mutant TBC constructs or Rab7 shRNA. Cells were treated with the control (Cont) or tunicamycin (Tunica), and endogenous LC3 levels were measured by blot
analysis. (B) Values were normalized against actin levels. The error bars represent standard deviations from three independent experiments. One-way analysis of
variance with Tukey’s post hoc test: *, P 
 0.05 compared to control Lrrk1�/� MEFs. (C) Immunoblotting of LC3. Lrrk1�/� MEFs transfected with mutant TBC
constructs or Rab7 shRNA were treated with the control or tunicamycin, and endogenous LC3 levels were measured by blot analysis. (D) Values were normalized
against actin levels. The error bars represent standard deviations from three independent experiments. One-way analysis of variance with Tukey’s post hoc test:
*, P 
 0.05 compared to control Lrrk1�/� MEFs. (E) Lrrk1�/� and Lrrk1�/� MEFs expressing GFP/mCherry-LC3 transfected with mutant TBC constructs were
treated with the control or tunicamycin for 4 h and stained with LysoTracker for last 30 min. Merged images of MEFs (top) and magnified images of the boxed
areas (bottom) are shown. Scale bars, 10 �m. (F) Percentages of cells harboring punctate or accumulated GFP/mCherry-LC3 are shown. Criteria for LC3
morphology are outlined in Fig. 2A. The error bars represent standard deviations from three independent experiments. Over 50 cells were counted in each
experiment. One-way analysis of variance with Tukey’s post hoc test: *, P 
 0.005 compared to Lrrk1�/� (top) or Lrrk1�/� (bottom) MEFs transfected with
TBC1D2.
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some. Together with the correct localization of VAMP7 in
Lrrk1�/� cells, the recruitment of LRRK1 depends on the sorting
of VAMP7 in endosomal trafficking. There are 36 SNAREs in hu-
mans, each of which must be sorted to its own specific target
membrane (39, 40). VAMP7 is sorted to the late endosome/lyso-
some via direct binding to a clathrin adaptor protein, AP3 (50), or
Hrb, an ArfGAP (51). All lysosomal fusion events require VAMP7
(40). Thus, it is plausible that VAMP7 can drive the recruitment of
LRRK1 to lysosomes during tunicamycin-induced autophagy.

The second mechanism of Rab7 inactivation by LRRK1 re-
quires the activation of TBC1D2. Rab7 is required for autophagic
flux (7, 42, 43). LRRK1 deletion induced accumulation of au-
tophagosomes, concomitant with high levels of Rab7-GTP. Either
dominant negative Rab7T22N or constitutively active Rab7Q67L
induced enlarged autolysosomes, suggesting that Rab7-GTP/GDP
cycling is essential for autophagic flux. Furthermore, �PH-TBC,
which promoted Rab7GTP/GDP conversion, effectively de-
creased the amount of LC3-II to control levels and inhibited the
formation of enlarged autophagosomes during tunicamycin-in-
duced autophagy in Lrrk1�/� MEFs. Thus, defects in autophagic
flux in Lrrk1�/� MEFs could be due to reduced Rab7 inactivation.

Various TBC-containing Rab GAPs interact with LC3 and may
integrate autophagy with intracellular trafficking (52, 53).
TBC1D2, which localizes in the endosome and autophagosome
via an interaction with LC3, specifically inactivates Rab7 (44, 47).
This interaction with LC3 is competitively blocked by Rac1-GTP,
which is inactivated during tunicamycin-induced autophagy (44).
Lrrk1�/� MEFs contained higher levels of Rac1, as well as Rab7,
during tunicamycin-induced autophagy (Fig. 5A and B), suggest-
ing inactivation of ARHGAP22, another LRRK1-interacting mol-
ecule, in these cells. Thus, high Rab7-GTP levels could result from
the Rac1-GTP-mediated block of TBC1D2-LC3 interaction.
However, ARHGAP22 deletion had no detectable effects on LC3
levels or autolysosome morphology (Fig. 5D and E). Alternatively,
intramolecular folding between the PH domain and the GAP do-
main may regulate the GAP activity in p120 GAP (48). Indeed, the
PH domain bound to the GAP domain and increased the level of
Rab7-GTP because of the suppression of Rab7 GAP, and this sup-
pression was alleviated by the overexpression of LRRK1. Accord-
ingly, we propose a model in which LRRK1 regulates Rab7 GAP of
TBC1D2. In this model, the PH domain of TBC1D2 binds to the
catalytic TBC domain, keeping the protein folded upon itself.
LRRK1 binding to the PH domain displaces the PH domain from
the TBC domain, exposing the catalytic region of the TBC domain
and allowing it to interact with Rab7.

Together, these data support a model that serves as the mech-
anism of sustained autophagic flux. The autophagosome initially
moves and fuses with the lysosome via the HOPS complex in con-
junction with Rab7-GTP (7, 8). Concomitantly, LRRK1 is re-
cruited to the autophagosome via direct binding to VAMP7, an
interaction that enables LRRK1 to bind TBC1D2 and activates its
Rab7-GAP activity. LRRK1-positive autolysosomes then convert
Rab7-GTP to Rab7-GDP, resulting in the dissociation of the
HOPS complex from autolysosomes. The effective conversion of
Rab7-GTP/GDP recycles Rab7-GDP to the Rab7 activation step
for reuse in the autophagosome-lysosome fusions. Of note, the
LRRK1 homologue LRRK2, a protein related to Parkinson’s dis-
ease, is involved in autophagy (16, 18, 19) and Rab7 cycling (22,
23, 54). In contrast to the role of LRRK1 in autophagosome bio-
genesis, deletion or pathogenic mutation of LRRK2 causes a defect

in autophagosome maturation, as revealed by the reduced conver-
sion of LC3-I to LC3-II during autophagy (16, 18, 19). This defect
could be explained by disrupted Rab7 activation (22, 23, 54). Al-
though the molecular mechanism by which Rab7-GTP is induced
in the late endosome remains controversial (55–57), it is clear that
LRRK2 binds to Rab7L1-GTP and that the defect in endolyso-
somal and Golgi apparatus sorting caused by pathogenic LRRK2 is
rescued by constitutively active Rab7L1 (23, 54). Thus, LRRK2 is
involved in Rab7 activation during autophagy.

Together, these data indicate that LRRK1 and LRRK2 regulate
the respective steps of Rab7 activation-inactivation cycling in or-
der to promote autophagic flux. Phylogenetic analysis showed
that LRRK2 originated from a gene duplication and that Drosoph-
ila contains a single LRRK-encoding gene (58). The Drosophila
LRRK protein is structurally much more similar to LRRK1 than to
LRRK2. Indeed, a mutant form of Drosophila LRRK analogous to
the pathogenic LRRK2(G2019S) allele promoted rather than in-
hibited Rab7-dependent lysosome perinuclear clustering in Dro-
sophila cells (59). The enhanced effect of pathogenic Drosophila
LRRK on Rab7 activity is consistent with that of LRRK1 observed
in this study. Thus, Drosophila LRRK is genetically closer to mam-
malian LRRK1 and may not be a good model for understanding
human LRRK2 function. Under pathological conditions caused
by LRRK2 mutation, such as Parkinson’s disease, a functional de-
fect in Rab7 activation could be compensated for by LRRK1. These
data should facilitate the development of novel therapies against
LRRK2-related Parkinson’s disease
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