Human Molecular Genetics, 2012, Vol. 21, No. 9
doi:10.1093/hmg/dds003
Advance Access published on January 6, 2012

1931-1944

LRRK2 regulates mitochondrial dynamics
and function through direct interaction with DLP1
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The leucine-rich repeat kinase 2 (LRRK2) mutations are the most common cause of autosomal-dominant
Parkinson disease (PD). Mitochondrial dysfunction represents a critical event in the pathogenesis of PD.
We demonstrated that wild-type (WT) LRRK2 expression caused mitochondrial fragmentation along with
increased mitochondrial dynamin-like protein (DLP1, also known as DRP1), a fission protein, which was
further exacerbated by expression of PD-associated mutants (R1441C or G2019S) in both SH-SY5Y and differ-
entiated primary cortical neurons. We also found that LRRK2 interacted with DLP1, and LRRK2—-DLP1 inter-
action was enhanced by PD-associated mutations that probably results in increased mitochondrial DLP1
levels. Co-expression of dominant-negative DLP1 K38A or WT Mfn2 blocked LRRK2-induced mitochondrial
fragmentation, mitochondrial dysfunction and neuronal toxicity. Importantly, mitochondrial fragmentation
and dysfunction were not observed in cells expressing either GTP-binding deficient mutant LRRK2 K1347A
or kinase-dead mutant D1994A which has minimal interaction with DLP1 and did not increase the mitochon-
drial DLP1 level. We concluded that LRRK2 regulates mitochondrial dynamics by increasing mitochondrial
DLP1 through its direct interaction with DLP1, and LRRK2 kinase activity plays a critical role in this process.

INTRODUCTION

Leucine-rich repeat kinase 2 (LRRK?2) is a large multi-domain

PD including PINK1, Parkin and DJ-1 are localized to, and
involved in the function of mitochondria (5). Mitochondrial

protein kinase that can be found in the cytoplasm as well as
associated with the mitochondrial membrane (1). Its normal
function is unclear, yet pathogenic mutations in LRRK2
have been identified in both autosomal-dominant familial Par-
kinson disease (PD) and sporadic PD (2,3). The LRRK2 muta-
tions are considered the most common cause of
autosomal-dominant PD (4). Since most patients with
LRRK2 mutations exhibit clinical symptoms typical of idio-
pathic or sporadic PD (2,3), an understanding of LRRK2
pathogenesis will probably provide new insights into the
pathogenesis of disease.

Compelling evidence suggests that mitochondrial dysfunc-
tion could represent a critical event in the pathogenesis of
PD (5,6). Several recently identified genes present in familial

function is highly dependent on its continual fission and
fusion dynamics which is regulated by several proteins, i.e.
Fisl and dynamin-like protein 1 (DLP1, also referred to as
Drpl, DVLP, dimple, HdynlV and DNM1L) for fission and
OPAL1, Mifnl and Mfn2 for fusion (6). Increasing evidence
supports the important role of mitochondrial fission/fusion dy-
namics in the pathogenesis of neurodegenerative disease (7,8).
Interestingly, most recent studies demonstrate that
a-synuclein, PINK1, Parkin and DJ-1 are involved in the regu-
lation of mitochondrial dynamics (9—15). Excessive mito-
chondrial fission might be mediating neurotoxicity induced
by complex I inhibition in toxin models of PD (16), suggesting
that altered mitochondrial fission/fusion dynamics is probably
a common pathogenic pathway of PD.
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LRRK?2 is present in mitochondria (17,18), predominantly
in the outer membrane, indicating a possible mitochondria-
centered mechanism of LRRK2 action. Indeed, LRRK2
plays an important role in modulating the response to mito-
chondrial inhibition (19). Recent studies reported a genetic
interaction between LRRK2 and PINKI1/Parkin (20,21), and
PINK1 deficiency-induced mitochondrial morphological ab-
normalities can be prevented by Irk-1 (C. elegans LRRK2
homolog) deficiency (22). Furthermore, primary human fibro-
blasts derived from PD patients carrying LRRK2 G2019S
mutant demonstrated impaired mitochondria function and
morphology (23), further indicating that the mitochondrial
dynamic changes might underlie the phenotype presentations
in LRRK2-associated PD patients. Therefore, in this study,
we investigated the involvement of LRRK2 in the regulation
of mitochondrial dynamic and function and the underlying
mechanism(s).

RESULTS
Effect of LRRK2 on mitochondrial morphology

To investigate the effects of PD-associated LRRK2 mutations
on mitochondrial dynamics, we established a panel of human
dopaminergic neuroblastoma SH-SYS5Y clonal lines that
stably overexpress myc-tagged wild-type LRRK2 (WT
cells), PD-associated mutant LRRK2 R1441C (R1441C
cells) or G2019S (G2019S cells). Three independent clonal
lines of these LRRK?2 variants with equal transgene expression
were selected. Overexpression of LRRK?2 in these cell lines
was confirmed by immunoblot (Fig. 1A). No significant
changes in basal levels of cell death were noted in any of
these cell lines compared with non-transfected control cells
or empty-vector transfected cells (not shown). To visualize
mitochondria, these stable cell lines were transiently trans-
fected with mito-DsRed2. After 2 days, cells were fixed,
stained and imaged by laser confocal microscopy. As reported
previously (16), in most (>95%) control cells and vector cells,
mitochondria showed tubular and filamentous morphology
with a mean aspect ratio (a ratio between the major and the
minor axes of the ellipse equivalent to the mitochondria as
an index for mitochondrial morphology) of 3.1 + 0.2 and
3.2 £+ 0.1, respectively (Fig. 1B—D). Overexpression of WT
LRRK2 significantly increased the percentage of cells with
fragmented mitochondria as evidenced by the appearance of
small round structures and significantly decreased the mean
aspect ratio of 2.3 +£0.1. Mitochondria fragmentation
became more severe in PD-associated LRRK2 G2019S or
R1441C cells where 31.2 + 1.9% (G2019S cells) or 37.4 +
2.3% cells (R1441C cells) demonstrated fragmented mito-
chondria with a mean aspect ratio of 1.9 + 0.1 (G2019S
cells) or 1.4 £+ 0.1 (R1441C cells), respectively (Fig. 1B—D).

Consistent with our confocal microscopic results, electron
microscopic analysis of mitochondria revealed abundant
long and thin mitochondrial tubules with intact cristae in the
control cells and vector cells (Fig. 2A). In contrast, round
and significantly shorter and smaller mitochondria dominated
in the WT and PD-associated G2019S and R1441C LRRK2
cells (Fig. 2A and B). Abnormal mitochondria with damaged

cristae or with multilamellar onion-like structure were also
found in these cell lines (Fig. 2A).

LRRK2-induced mitochondrial fragmentation requires
kinase activity

G2019S and R1441C mutations stimulate kinase activity, and
it is suggested that kinase activity plays a critical role in the
pathogenic action of LRRK2 (24—26). To investigate the con-
tribution of kinase activity to LRRK2-induced mitochondrial
fragmentation, we generated SH-SYS5Y clonal lines that
stably overexpress myc-tagged GTP-binding deficient mutant
LRRK2 K1347A or kinase-dead mutant LRRK2 D1994A,
both of which completely inhibit kinase activity. Three inde-
pendent clonal lines overexpressing each of these LRRK?2 var-
iants with equal transgene expression comparable with the
G2019S and R1441C cells were selected (Fig. 1A). No signifi-
cant changes in basal levels of cell death were noted in any of
these cell lines (not shown). Interestingly, similar to control
and vector cells, confocal microscopy revealed filamentous
and tubular mitochondria in the majority of cells in both
K1347A cells and D1994A cells with a mean aspect ratio of
32+ 0.17 and 3.4 + 0.21, respectively (Fig. 1B—D). Electron
microscopy and quantification confirmed thin and long mito-
chondrial tubules were abundant in K1347A cells and
D1994A cells, essentially similar to controls (Fig. 2A and B).

LRRK2 slows mitochondrial fusion

To explore the role of LRRK?2 in regulating mitochondrial dy-
namics, we measured the effect of LRRK2 overexpression on
mitochondrial fusion events by using a photo-convertible
fluorescence protein, Mito-Dendra2, which can be irreversibly
converted from a green (non-activated) to a red fluorescent
state (activated) upon laser activation, as described before
(27). Briefly, stable SH-SYS5Y cells seeded on glass-bottomed
culture dishes were transfected with Mito-Dendra2. Two days
after transfection, cells were imaged in a well-equipped live
imaging station with controlled CO,, humidity and tempera-
ture using lower power laser. The positively transfected cells
were identified by the presence of bright green signal
(Fig. 3A, Pre). Several positively transfected cells with
similar shape were chosen and laser activation was applied
to a defined region of interest (ROI) of the same size in
these cells to allow full photo-conversion, from green to red,
of all the mitochondria within the ROI. Thereafter, we were
able to track for 60 min the rate of lateral diffusion and the
merger of photo-converted red mitochondrial fluorescence
with non-activated green signals of the neighboring mitochon-
dria which resulted in a yellow signal as an overall index for
fusion events (Fig. 3B). It took 13.2 + 2.3 min for all the
red mitochondria to become yellow in control cells
(Fig. 3B). It took longer in WT LRRK2 cells (27.3 +
4.3 min) and even longer in PD-associated LRRK2 R1441C
(36.3 £ 54 min) or G2019S (38.2 + 6.1 min) cells. There
was no significant change in mitochondrial fusion observed
in vector, K1347A, or D1994A cells compared with control
cells (Fig. 3B).
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Figure 1. Effect of LRRK2 on mitochondrial morphology. (A) Representative immunoblot shows LRRK2 levels in human dopaminergic neuroblastoma
SH-SYSY clonal lines that stably overexpress WT or mutant LRRK2. An aliquot of 20 pg/lane was loaded and tubulin used as an internal loading control.
(B) SH-SYSY cells were transfected with mito-DsRed2 to label mitochondria, fixed 2 days after transfection, immunostained with tubulin and evaluated. Rep-
resentative pictures of positively transfected cells are shown. Green, tubulin; red, mito-DsRed2; blue, DAPi. Insets show enlargements of boxed areas. (C and D)
Quantification of mitochondrial morphology revealed a significant decrease in the aspect ratio (C), and increase in the percentage of cells displaying fragmented
mitochondria (D) compared with controls. For each cell line, at least 500 cells were analyzed in each experiment and experiments were repeated three times

(*P < 0.001, Student’s z-test).

LRRK2 increases mitochondrial recruitment of DLP1

We next investigated the effect of LRRK2 on the expression
levels of mitochondrial fission (i.e. DLP1 and Fisl) and
fusion proteins (i.e. OPA1l, Mfnl, and Mfn2) in these cell
lines. Compared with control cells or vector cells, a slight
but significant increase in DLP1 and Fisl levels was noted
in R1441C and G2019S cells, while OPA1, Mfnl and Mfn2
levels remained unchanged (Fig. 4A and B). Overexpression
of WT, K1347A or D1994A LRRK2 had no effect on the ex-
pression of mitochondrial fission and fusion proteins (Fig. 4A
and B).

DLP1 recruitment to mitochondria represents a critical step
for mitochondrial fission (28). Immunofluorescence revealed
that DLP1 only sparsely co-localized with mitochondria in
control cells or vector cells (Fig. 4C and D). Overexpression
of WT, G2019S or R1441C LRRK2 significantly increased
the levels of DLP1 co-localizing with mitochondria (Fig. 4C
and D). Notably, overexpression of K1347A or DI1994A
LRRK2 had no effect on mitochondrial recruitment of DLP1
(Fig. 4C and D). This is also confirmed by immunoblot ana-
lysis of DLP1 levels in the subcellular mitochondrial fraction

(Fig. 4E). The purity of mitochondrial fraction preparation was
confirmed by the lack of GAPDH and calnexin immunoreac-
tivity. Immunoblot and quantitative analyses revealed that
mitochondrial DLP1 was increased significantly in WT
LRRK2 cells and was further increased in G2019S or
R1441C cells compared with control or vector cells
(Fig. 4E). Mitochondrial DLP1 levels remained unchanged
in K1347A or D1994A cells (Fig. 4E). Correlation analysis
revealed that the levels of mitochondrial DLP1 were negative-
ly correlated with mitochondria length (P < 0.001) and posi-
tively correlated with the percentage of cells displaying
abnormal mitochondrial morphology (P < 0.001) (not
shown), suggesting that mitochondrial DLP1 underlies mito-
chondria fragmentation observed in WT and PD-associated
mutant LRRK?2 cells.

LRRK2 interacts with DLP1

Significant myc-immunoreactivity is noted in the mitochon-
drial fraction (Fig. 4E), suggesting the presence of LRRK2 in
mitochondrial fraction, which is consistent with prior studies
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Figure 2. Electron microscopy analysis of mitochondrial morphology. (A) Representative EM micrographs of vector, LRRK2 WT, K1347A, D1994A, R1441C
and G2019S cells are shown. Arrows mark mitochondria with abnormal multilamellar onion-like structures that are only found in WT, R1441C and G2019S
LRRK2 cells. (B) Quantitative analysis of mitochondrial morphology (width, length and number) in these cells based on EM micrographs. At least 500 mito-

chondria were analyzed in each cell line.

(17,18). We hypothesize that LRRK2 expression causes
increased mitochondrial DLP1 recruitment through direct
interaction. To test this hypothesis, a co-immunoprecipitation
(co-IP) was performed using WT LRRK2 cell lysate as
described before (29). Immunoprecipitation of DLP1 with
anti-DLP1 antibody in radioimmunoprecipitation assay
(RIPA) buffer using protein-G magnetic beads could co-IP
LRRK2 as detected by anti-LRRK2 antibody (Fig. 5A). Simi-
larly, IP of LRRK2 with anti-LRRK2 could also co-IP DLP1
(Fig. 5B), suggesting that LRRK?2 interacts with DLP1. As a
negative control, non-specific mouse or rabbit immunoglobulin
G (IgG) isotope control antibodies could not co-IP either
LRRK2 or DLP1 under identical conditions. Further, using
subcellular mitochondrial fraction prepared from WT cells,
IP of DLPI with anti-DLP1 antibody could co-IP LRRK2 in
mitochondrial fraction (Fig. 5C), which suggests that DLP1—
LRRK2 interaction occurs at mitochondrial membrane. We
further compared LRRK2—-DLP1 interaction in cell lysates
prepared from different LRRK2 cells and found significantly
increased levels of LRRK2 co-immunoprecipitated with
DLP1 in R1441C and G2019S cells but significantly decreased
the levels in K1347A and D1994A cells compared with WT
LRRK2 cells (Fig. 5D and E).

LRRK2-induced mitochondria fragmentation could be
completely restored by dominant-negative DLP1

To test whether DLP1 is causally involved in LRRK2-induced
mitochondrial fragmentation, we transfected LRRK2 cells with
a dominant-negative DLP1 mutant, DLP1 K38A, and gener-
ated double-transgenic stable clonal cell lines. Overexpression

of DLP1 K38A was verified by immunoblot (Fig. 6A). No sig-
nificant changes in basal-level cell death in these double-
transgenic lines were noted (not shown). Mitochondria morph-
ology was visualized by mito-DsRed2 signal using confocal
microscopy (Fig. 6B). Consistent with previous study (27),
dominant-negative DLP1 K38A overexpression in vector
cells caused obvious mitochondrial elongation as indicated
by significant increase in the mitochondrial aspect ratio to
5.5 £+ 0.3 (Fig. 6C). Importantly, DLP1 K38A overexpression
in WT, R1441C and G2019S cells significantly increased the
mitochondria aspect ratio to 4.1 + 0.2, 3.2 + 0.2 and 3.4 +
0.2, respectively (Fig. 6C), which are more comparable with
that of control or of vector cells. Indeed, DLP1 K38A overex-
pression also restored the percentage of cells with fragmented
mitochondria to the level comparable with control cells, sug-
gesting the complete restoration of mitochondria morphologic-
al abnormality (Fig. 6D).

LRRK2-induced mitochondrial dysfunction and cell
vulnerability to stress could be rescued by
dominant-negative DLP1

Because changes in mitochondrial morphology could affect
mitochondrial function (27), we measured intracellular levels
of reactive oxygen species (ROS), mitochondria membrane po-
tential (MMP) and ATP in stable LRRK2 cell lines (Fig. 7A—
C). Compared with control or vector cells, the ROS levels
were significantly elevated in WT LRRK2 cells and more so
in R1441C and G2019S cells (Fig. 7A) while they remained un-
changed in K1347A and D1994A cells. Likewise, ATP and
MMP were reduced in WT LRRK2 cells and more so in
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Figure 3. LRRK2 slows mitochondrial fusion. (A) SH-SYS5Y cells were transfected with mito-Dendra2 to label mitochondria. Before photo-conversion (Pre),
Dendra2 emits green fluorescence. At time 0, laser activation is applied to ROI (square box) to allow full photo-conversion, from green to red, of all of the
mitochondria within the ROI. Thereafter, the lateral diffusion and merger of all the photo-converted red mitochondrial fluorescence with non-activated green
signals of the neighboring mitochondria was monitored for 60 min. Scale bar: 20 wm. (B) Quantitative analysis of time needed for the red signal to be completely
co-localized with green signal in control, vector, LRRK2 WT, K1347A, D1994A, R1441C and G2019S cells. For each cell line, at least 10 cells were analyzed in
each experiment and experiments were repeated three times (*P < 0.05, Student’s #-test).

R1441C and G2019S cells (Fig. 7B and C) while they remain
unchanged in K1347A and D1994A cells. Interestingly, along
with the blockage of mitochondrial fragmentation by overex-
pression of DLP1 K38A, ROS, ATP and MMP levels in WT
LRRK2/DLP1 K38A, R1441C/DLP1 K38A and G2019S/
DLP1 K38A double-transgenic clonal lines were restored to
the level comparable with that of control cells or vector cells
(Fig. 7A—C), suggesting that LRRK2-induced mitochondria
dysfunction was dependent on mitochondria fragmentation.
Overexpression of WT or PD-associated LRRK2 mutants
was reported to render neurons vulnerable to oxidative stress
and PD-specific toxins (24). We found that although 24 h treat-
ment with 0.5 mm H,0, did not induce cell death as measured
by lactate dehydrogenase (LDH) release assay in control or
vector cells, it induced significant cell death in 28% WT
LRRK2 cells, 78% R1441C cells and 60% G2019S cells
(Fig. 7D). Similarly, 24h treatment of 0.5mm 1--
methyl-4-phenylpyridinium (MPP™) did not induce cell death

in control or vector cells but caused significant cell death in
38% WT LRRK2 cells, 78% R1441C cells and 70% G2019S
cells (Fig. 7E). Notably, H,O,- and MPP"-induced cell death
was completely prevented in WT LRRK2/DLP1 K38A,
R1441C/DLP1 K38A and G2019S/DLP1 K38A double-
transgenic clonal lines, suggesting that inhibition of
LRRK2-induced mitochondrial fragmentation almost com-
pletely prevented LRRK2-induced vulnerability to stress.

LRRK2-induced mitochondrial fragmentation in primary
neurons

To determine whether PD-associated mutant LRRK2 has
similar effect on mitochondria in well-differentiated neuronal
cells, rat E18 primary cortical neurons [days in vitro (DIV) =
7] were transiently co-transfected with myc-tagged LRRK2
(WT, KI1347A, DI1994A, R1441C or G2019S) and
mito-DsRed?2 at a ratio of 9:1. Two to 3 days after transfection,
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Figure 4. LRRK?2 increased mitochondrial recruitment of DLP1. Representative immunoblot (A) and quantification analysis (B) of the expression levels of mito-
chondria fission and fusion proteins in SH-SYS5Y cells demonstrated slight but significant increase in DLP1 and Fisl in R1441C and G2019S cells compared with
controls. There was no change in other mitochondria fission and fusion proteins and mitochondrial marker protein COX IV. Equal protein amounts (10 j.g) were
loaded and tubulin was used as an internal loading control. (C) Representative confocal pictures with line scan (yellow line) of DAPI (blue), DLP1 (green) and
mitochondria (red) in SH-SY5Y cell lines demonstrated increased mitochondrial co-localization of DLP1 with mitochondria in WT, R1141C and G2019S cells
but not in K1347A and D1994A cells. Boxed areas enlarged immediately below images. (D) Quantification of the immunoreactivity of DLP1 localized to mito-
chondria. The relative mito-DLP1 level was defined as the relative ratio (control is set as 1) between the intensity of green signal that co-localizes with red signal
and the intensity of total red signal. At least 20 cells were analyzed in each experiment (*P < 0.05, when compared with the control cells; Student’s #-test).
(E) Representative immunoblot and quantification of the relative level of DLP1 in the mitochondria fraction from SH-SYSY cell lines. myc-immunoreactivity
(LRRK2 expression) is also noted in the mitochondrial fraction. The presence of COX IV and absence of GAPDH (cytosolic marker) and calnexin (ER marker)
confirm the purity of the mitochondrial fraction preparations. All experiments were repeated three times (*P < 0.05, when compared with the control cells;

Student’s #-test).

neurons were fixed, stained and imaged by laser confocal
microscopy. Positively co-transfected cells were selected by
the presence of both myc-staining and DsRed2 fluorescence.
No difference in viability of control and transfected cells
was noted 2 days after transfection. However, while vector-
transfected neurons maintained 94 + 1.5% viability 3 days
after transfection, consistent with previous study (24), exogen-
ous expression of WT LRRK?2 for 3 days caused significantly
reduced viability to 79 + 3.7%, while PD-associated LRRK2
mutants R1441C and G2019S expression resulted in further
decrease of neuronal viability after 3 days to 47 + 4.8 and
54 + 3.6%, respectively (Fig. 8A). GTP-binding-deficient
mutant LRRK2 K1347A and kinase-dead mutant LRRK2
D1994A had no effect on neuronal viability 3 days post-
transfection. Therefore, to rule out the effect of neuronal
death, mitochondria morphology was investigated in neurons
2 days post-transfection. At this time, >90% of control or
empty-vector-transfected neurons demonstrated heterogeneous
but predominantly tubular mitochondrial morphology with a
mean mitochondrial aspect ratio of 2.6 + 0.2 (Fig. 8B and

C). Expression of WT LRRK2 caused significantly decreased
mean mitochondria aspect ratio (1.8 + 0.1), and significantly
increased percentage of neurons with fragmented mitochon-
dria (26 + 2.0%). The mean mitochondria aspect ratio was
further decreased to 1.3 + 0.1 and 1.4 + 0.06 in neurons
expressing R1441C or G2019S LRRK2, respectively
(Fig. 8C), and the percentage of neurons with fragmented
mitochondria was also further increased (Fig. 8D). Expression
of K1347A or D1994A LRRK2 had no effect on mitochon-
drial morphology (Fig. 8B—D).

To determine the causal involvement of mitochondrial fission
in LRRK2-induced abnormalities in primary neurons, rat
primary E18 cortical neurons (DIV = 7) were co-transfected
with myc-tagged LRRK2, GFP-tagged DLP1 K38A and
mito-DsRed?2 at a ratio of 9:1:1. Cell viability was determined
3 days after transfection. GFP-DLP1 K38A co-expression com-
pletely blocked cell death in WT LRRK2-transfected cells and
also significantly alleviated cell death in R1441C or G2019S
LRRK2-transfected neurons, while coexpression with GFP
alone had no effect (Fig. 9A). Mitochondrial morphology was
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Figure 5. LRRK?2 interacts with DLP1. (A and B) Co-immunoprecipitation (co-IP) assay in WT LRRK2 SH-SYSY cells. Cells were lysed by RIPA buffer and
immunoprecipitated (IP) with indicated antibodies and analyzed by immunoblot (IB). Bottom panels show re-probing of upper blots. HC denotes heavy chain.
(C) co-IP assay in subcellular mitochondrial fraction prepared from WT SH-SYSY cells. Mouse mAb IgG isotope control (A and C) or rabbit mAb IgG isotope
control (B) was also used as a non-specific negative control (Control IgG). (D and E) Representative co-IP assay and quantification in LRRK2 cells demonstrated
significantly increased levels of LRRK2 co-precipitated with DLP1 in R1441C and G2019S cells but significantly decreased levels of LRRK2 co-IP with DLP1
in K1347A and D1994A cells comparing with WT LRRK2 cells. All experiments were repeated three times (*P < 0.05, when compared with WT cells; Stu-

dent’s t-test).

determined 2 days after transfection. Co-expression of DLP1
K38A completely blocked WT LRRK2-induced decreased
mitochondrial aspect ratio and increased percentage of
neurons with fragmented mitochondria and also significantly
alleviated changes in these parameters in R1441C or G2019S
LRRK2-transfected neurons (Fig. 9B—D). These data suggest
that the decrease in mitochondrial fission could rescue
LRRK2-induced abnormalities in primary neurons.

Since we also demonstrated that reduced fusion is involved
in LRRK2-induced mitochondrial fragmentation (Fig. 3), we
further tested whether increased fusion could rescue
LRRK2-induced abnormalities in primary neurons. Rat
primary E18 cortical neurons (DIV = 7) were co-transfected
with myc-tagged LRRK2, flag-tagged Mfn2 and mito-DsRed2
at a ratio of 9:1:1. Cell viability was measured 3 days after
transfection (Fig. 10A) while mitochondrial morphology was
determined 2 days after transfection (Fig. 10B and D).
Indeed, co-expression of Mfn2 significantly prevented WT,
R1441C or G2019S LRRK2-induced cell death (Fig. 10A),
decreased mitochondrial aspect ratio (Fig. 10C) and increased
percentage of neurons with fragmented mitochondria
(Fig. 10D). These studies suggest that enhanced fusion could
also alleviate LRRK2-induced abnormalities, thus further con-
firming the causal involvement of mitochondrial fragmentation
in mediating toxic effects of LRRK2.

DISCUSSION

In this study, we investigated the effect of LRRK2 expression
on mitochondria dynamics, mitochondrial and neuronal

functions in SH-SYS5Y neuronal cells and primary cortical
neurons and reported several major findings: (i) WT LRRK2
expression caused mitochondrial fragmentation that was
further exacerbated in neurons expressing PD-associated
LRRK2 R1441C or G2019S mutants. Mitochondrial fragmen-
tation was almost completely blocked in neurons expressing
GTP-binding deficient mutant K1347A or kinase dead
mutant D1994A; (i) LRRK2-induced mitochondrial fragmen-
tation mediates LRRK2-induced mitochondrial dysfunction
and neuronal toxicity; (iii) LRRK2 expression slowed down
the mitochondrial fusion process; (iv) LRRK2 caused
increased mitochondrial DLP1 recruitment; (v) LRRK2 direct-
ly interacted with DLP1 and (vi) LRRK2-induced mitochon-
drial fragmentation could be blocked by DLP1 K38A or WT
Mifn2. Collectively, these results suggest that LRRK2 regu-
lates mitochondrial dynamics through the fission/fusion
pathway in neurons and support the notion that defects in
the regulation of mitochondrial fission/fusion probably con-
tribute to the pathogenesis of PD.

LRRK2-induced mitochondrial fragmentation could be due
to enhanced fission, reduced fusion or both. By using the
photo-convertible fluorescent labeling, we were able to dem-
onstrate that a reduced fusion is involved. Indeed, enhanced
mitochondrial fusion by overexpressing Mfn2 could alleviate
LRRK2-induced mitochondrial fragmentation and toxicity.
Along this line, it is of interest to note that alterations in the
inner structure of mitochondria as observed in
LRRK2-expressing cells (i.e. multilamellar onion-like struc-
ture) usually involve mitochondrial fusion proteins (30—32).
However, we found no change in the expression in any of
the fusion proteins in LRRK2-expressing cells and
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Figure 6. LRRK2 induced mitochondria fragmentation could be completely restored by dominant-negative DLP1. (A) Representative immunoblot confirmed the
overexpression of DLP1 K38A in double-transgenic stable clonal cell lines. Equal protein amounts (10 wg) were loaded and tubulin was used as an internal
loading control. (B) Representative pictures show that overexpression of DLP1 K38A mutant restores LRRK2-induced mitochondria fragmentation in double-
transgenic cell lines. Green, tubulin; red, mito-DsRed2; blue, DAPi. Insets represent boxed areas. Quantification of mitochondria morphology showed a signifi-
cant increase in the aspect ratio (C) and a decrease in the percentage of cells displaying fragmented mitochondria (D) in LRRK2 WT, R1441C and G2019S cells
also expressing DLP1 K38A. For each cell line, at least 500 cells were analyzed in each experiment and experiments were repeated three times (*£ < 0.05, when

compared with the control cells; Student’s #-test).

mechanism(s) underlying reduced fusion remains to be deter-
mined. On the other hand, we found increased DLP1 and Fisl
expression in neurons expressing PD-associated LRRK2
mutants. More importantly, increased mitochondrial DLP1 re-
cruitment positively correlated with increased fragmentation
in these cells, suggesting that the fission process is likely
also affected. Indeed, our study revealed a direct interaction
between LRRK2 and DLPI1, implicating that LRRK2 may
be specifically involved in the regulation of DLP1-dependent
mitochondrial fission. Importantly, we demonstrated that
PD-associated R1441C and G2019S LRRK2 have stronger
interaction that correlates with increased mitochondrial
DLP1 recruitment, a critical step during mitochondrial
fission. Given that LRRK2 is present in mitochondrial outer
membrane and that LRRK2—-DLP1 interaction occurs in the
mitochondrial fraction, our data suggest that PD-associated
LRRK2 mutants probably enhance mitochondrial fission by
increasing mitochondrial DLP1 recruitment through increased
interaction with DLP1. It is of interest to note that DLP1 also
interacts with AP in brains from Alzheimer disease patients
and mutant huntingtin in brains from Huntington disease
patients, which may also play a crucial role in mediating ex-
cessive mitochondrial fragmentation identified in these neuro-
degenerative diseases (33—-35).

Most of the PD-associated mutations including the R1441C
and G2019S mutations increase kinase activity, and both the

kinase and GTPase activities of LRRK?2 are required for indu-
cing cell death, suggesting a critical role of the enzymatic ac-
tivities of LRRK2 in the pathogenesis of PD (24,36). In this
study, we found that mitochondrial fragmentation and dys-
function (increased ROS and reduced MMP and ATP)
induced by overexpression of LRRK2 (WT or PD-associated
mutants) is absent in neurons expressing
GTP-binding-deficient mutant K1347A or kinase dead
mutant D1994A where kinase activity is completely inhibited,
suggesting that kinase activity is also important for
LRRK2-induced abnormal mitochondrial dynamics and mito-
chondrial dysfunction. Indeed, our observations suggest that
LRRK?2 kinase activity may play an important role in the
LRRK2-DLP1 interaction and/or mitochondrial DLP1 trans-
location since R1441C and G2019S with enhanced kinase ac-
tivity had much stronger interaction with DLP1 and increased
mitochondrial DLP1 recruitment while enzymatic dead
K1347A and D1994A had minimal interaction with DLP1
and no effect on mitochondrial DLPI recruitment. On the
one hand, mitochondrial translocation of DLP1 is regulated
by phosphorylation (37), and one possibility is that LRRK2
can regulate DLP1 translocation through phosphorylation.
However, we failed to detect significant changes in the
levels of DLP1 phosphorylated at Ser616 and Ser637, the
two known sites involved in mitochondrial DLP1 translocation
reported thus far (37), between neurons expressing enzyme-
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Figure 7. LRRK2-induced mitochondrial dysfunction and cell vulnerability to stress could be rescued by dominant-negative DLP1. SH-SY5Y cells were seeded
on 96-well plates, and the intracellular levels of reactive oxygen species (ROS) (A), mitochondrial membrane potential (MMP) (B) and ATP (C) were measured.
SH-SYS5Y cells seeded on 96-well plates were treated with 0.5 mm H,O, (D) or 0.5 mm MPP ™ (E) for 24 h. Cell death was measured by LDH release assay. All
experiments were repeated three times (asterisk represents P < 0.05 when compared with the control neurons and hash symbol represents P < 0.05 when com-

pared with neurons with only LRRK2 overexpression; Student’s z-test).

dead or PD-associated LRRK2 mutants (not shown), suggest-
ing that these two sites were not involved. Nevertheless, we
could not rule out the possibility that other potential phosphor-
ylation sites at DLP1 may be involved. On the other hand,
because LRRK2 kinase domain can phosphorylate the
GTP-binding Ras of complex proteins domain and modulate
GTPase activity (38) and thus potentially the overall LRRK2
conformation and function, it remains to be determined
whether LRRK2 kinase activity affects LRRK2—-DLP1 inter-
action through autophosphorylation or through DLP1 phos-
phorylation at other potential sites.

We observed that PD-associated LRRK2 mutants cause an
increased mitochondrial fragmentation in neurons. However,
a prior study demonstrated an increased mitochondrial elong-
ation and interconnectivity in fibroblasts from skin biopsy

taken from PD patients with the G2019S LRRK2 mutation
(23). The discrepancy may be due to cell-type difference
since other studies on PD or Alzheimer disease also noted
the difference between fibroblasts and neurons. For example,
mitochondria of fibroblasts from patients carrying Parkin
mutations demonstrated more branching networks (39) while
Parkin-deficiency causes mitochondrial fragmentation in neur-
onal cells (40). Similarly, elongated mitochondria were
observed in fibroblasts from AD patients (41) whereas frag-
mented mitochondria were found in AD brain and cell
models (29).

It is known that mitochondria function is highly dependent
on mitochondrial morphology (42,43). In this regard, we found
that co-expression of dominant-negative DLP1 K38A restored
mitochondrial morphology, and also almost completely
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Figure 8. LRRK2-induced mitochondrial fragmentation in primary neurons. Rat E18 primary cortical neurons (DIV = 7) were transiently co-transfected with
myc-tagged LRRK2 (WT, K1347A, D1994A, R1441C or G2019S) and mito-DsRed2 at a ratio of 9:1. Two or three days after transfection, neurons were fixed,
stained and imaged by laser confocal microscopy. (A) Quantification of neuronal viability in positively transfected neurons 3 days after transfection. (B—D)
Mitochondrial morphology was evaluated 2 days after transfection. Representative images (B) and quantification of mitochondria morphology (C and D) in
primary neurons transfected with indicated plasmids. Boxed areas enlarged immediately below. At least 20 cells were analyzed in each experiment and experi-
ments were repeated three times (*P < 0.001, when compared with the control neurons; Student’s #-test).

rescued mitochondrial functional parameters such as ROS pro-
duction, MMP and ATP levels in LRRK2-expressing cells,
suggesting that enhanced mitochondrial fragmentation contri-
butes to LRRK2-induced mitochondrial dysfunction. Overex-
pression of LRRK2, especially PD-associated LRRK2
mutants, leads to increased neuronal vulnerability or toxicity
which is also rescued by the co-expression of DLP1 K38A
or Mfn2 and blockage of mitochondrial fragmentation, sug-
gesting the pivotal role of mitochondria dynamics in
LRRK2-induced neuronal vulnerability or toxicity. These
studies also suggest that inhibition of mitochondrial fission
and/or enhancement of mitochondrial fusion could be benefi-
cial in LRRK2-affected models.

Recent studies demonstrated that abnormal mitochondrial
dynamics mediates toxic effects of complex I inhibitors such
as MPP and rotenone in toxin models of PD (16). Moreover,
a-synuclein, PINK1, Parkin and DJ-1 are all shown to affect
mitochondrial morphology (9—15). Interestingly, recent
studies also indicated a potential functional interaction
between LRRK2, PINK1/Parkin, a-synuclein and mitochon-
dria: Parkin overexpression protects against LRRK2 G2019S
mutant-induced and rotenone-enhanced dopaminergic neuro-
degeneration in the drosophila model (20); PINKI
deficiency-induced neuronal deficit including mitochondrial
abnormalities can be suppressed by Irk-1 (i.e. the C. elegans
homolog of LRRK2) deficiency and vice versa in a C.
elegans model (22). It remains to be determined whether
LRRK2 regulate mitochondrial dynamics through the same
pathways of a-synuclein and/or PINK1/Parkin.

MATERIALS AND METHODS
Cell culture and transfection

The human dopaminergic neuroblastoma SH-SYSY cells were
grown in Opti-MEM I medium (Invitrogen), supplemented
with 5 or 10% (v/v) fetal bovine serum and 1% penicillin—
streptomycin. Cells were transfected using Attractene
(QIAGEN) according to the manufacturer’s instructions.
Opti-MEM 1 culture medium containing 600 pwg/ml geneticin
(Invitrogen) and/or 300 pg/ml of hygromycin B (Calbiochem)
was used for stable cell line selection. The selective medium
was replaced every 3 days until the appearance of foci, each
apparently derive from a single stably transfected cell.
Stable cell lines were then picked and maintained with
300 pg/ml geneticin and/or 200 pwg/ml of hygromycin.
Primary neurons from EI18 rat cortex (BrainBits) were
seeded at 30000-40000 cells per well on eight-well
chamber slides coated with poly-p-lysine/laminin (BD) in neu-
robasal medium supplemented with 2% B27 (Invitrogen)/
0.5 mm glutamine. Half the culture medium was changed
every 3 days. All cultures were kept at 37°C in a humidified
5% CO,-containing atmosphere. More than 90% of the cells
were neurons after they were cultured for seven DIV, which
was verified by positive staining for the neuronal-specific
markers microtubule-associated protein-2 (MAP2, dendritic
marker) and Tau-1 (axonal marker). At DIV7, neurons
were transfected using Neurofect (Genlantis) according to
manufacturer’s protocol. For co-transfection, a 9:1 or 9:1:1
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Figure 9. Dominant-negative DLP1 rescued LRRK2-induced mitochondrial abnormalities in primary neurons. Rat E18 primary cortical neurons (DIV = 7) were
transiently co-transfected with myc-tagged LRRK2 (WT, R1441C or G2019S), GFP/GFP-tagged DLP1 K38A and mito-DsRed?2 at a ratio of 9:1:1. (A) Quan-
tification of neuronal viability in positive transfected neurons 3 days after transfection. Mitochondrial morphology was evaluated 2 days after transfection (B—D).
(B) Representative pictures show that co-overexpression of DLP1 K38A mutant prevents LRRK2-induced mitochondria fragmentation in rat E18 primary cor-
tical neurons 2 days after transfection. The boxed area was enlarged immediately below the picture. (C and D) Quantification of mitochondria morphology in
primary neurons transfected with indicated plasmids. At least 20 cells were analyzed in each experiment and experiments were repeated three times (asterisk
represents P < 0.05 when compared with the control neurons and hash symbol represents P < 0.05 when compared with neurons with only LRRK2 overexpres-

sion; Student’s 7-test).

ratio (LRRK2: mito-DsRed2 or
mito-DsRed2) was applied.

LRRK2:DLP1 K38A:

Expression vectors, antibodies, chemicals and
measurements

Mito-DsRed?2 construct (Clontech), GFP-tagged mutant DLP1
K38A constructs (from Dr. Yisang Yoon, University of
Rochester) and myc-tagged LRRK2 (Addgene, deposited by
Dr. Mark Cookson, National Institutes of Health) were
obtained. The expression plasmid for DLP1 K38A and Mfn2
were constructed based on the pCMV-Tag3 Vector (Strata-
gene). Mito-Dendra2 was used as described before (41).
Primary antibodies used included rabbit anti-LRRK2 mono-
clonal antibody (Epitomics, MIJFF3), mouse anti-DLP1/
OPA1 (BD), mouse anti-Mfnl (Novus Biologicals), mouse
anti-Mfn2/COX 1 (Sigma), rabbit anti-Fisl (Imgenex),
mouse anti-GAPDH (Chemicon), rabbit anti-a-tubulin (Epi-
tomics), rabbit anti-phospho-DLP1 (Ser616 or Ser637) (Cell
Signaling), mouse anti-a-tubulin/Myc/COX IV (Cell Signal-
ing) and anti-calnexin (Millipore). Rabbit mAb IgG isotype
control (DA1E) and mouse mAb IgGl isotype control
(G3A1) (Cell Signaling) were not directed against any

known antigen and were used for negative controls in immu-
noprecipitation experiments. 1-Methyl-4-phenylpyridinium/
N-aetyl-L-cysteine (Sigma) and H,0, (Sigma) were also
obtained.

Cell death and viability in SH-SYSY cells was measured by
Cytotoxicity Detection Kit (LDH; Roche) and Cell Prolifer-
ation Kit (MTT; Roche), respectively. ATP levels were mea-
sured by the ATP Colorimetric/Fluorometric Assay Kit
(Biovision). The ROS level and mitochondrial membrane po-
tential was measured as described before (27). Neuronal via-
bility propidium iodide assay in cultured primary neurons
was performed as described previously (44). Neurons with
propidium iodide-positive nuclei and/or obvious fragmented
nuclear/neurites were counted as non-viable neurons.
Neurons without propidium iodide-positive nuclei and clear
nuclear contour/neurites were also counted as viable neurons.

Western blot analysis, immunoprecipitation and
mitochondria isolation

Cells were lysed with 1 x Cell Lysis Buffer (Cell Signaling) or
RIPA buffer, plus 1 mm phenylmethylsulfonyl fluoride
(Sigma) and Protease Inhibitor Cocktail (Sigma). Equal
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Figure 10. Mfn2 overexpression rescued LRRK2-induced mitochondrial abnormalities in primary neurons. Rat E18 primary cortical neurons (DIV = 7) were
transiently co-transfected with myc-tagged LRRK2 (WT, R1441C or G2019S), Flag-tagged Mfn2 and mito-DsRed2 at a ratio of 9:1:1. (A) Quantification of
neuronal viability in positive transfected neurons 3 days after transfection. Mitochondrial morphology was evaluated 2 days after transfection (B—D). (B) Rep-
resentative pictures show that co-overexpression of Mfn2 prevents LRRK2-induced mitochondria fragmentation in rat E18 primary cortical neurons. The boxed
area was enlarged immediately below the picture. (C and D) Quantification of mitochondria morphology in primary neurons transfected with indicated plasmids.
At least 20 cells were analyzed in each experiment, and experiments were repeated three times (asterisk represents P < 0.05 when compared with the control
neurons and hash symbol represents when compared with neurons with only LRRK2 overexpression; Student’s -test).

amounts of total protein extract (5 or 20 pg) were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred to Immobilon-P (Millipore). Following block-
ing with 10% nonfat dry milk, primary and secondary anti-
bodies were applied as described previously (41), and the
blots were developed with Immobilon western Chemilumines-
cent HRP Substrate (Millipore). Immunoprecipitation was per-
formed with anti-DLP1/myc/LRRK2 antibodies in RIPA
buffer using Dynabeads® Protein G—IP Kit (Invitrogen) and
analyzed by western blot as described previously (29). Mito-
chondria were isolated from cells using a mitochondrial isola-
tion kit (Pierce) following the manufacturer’s protocol.
Isolated mitochondria were lysed with Cell Lysis Buffer
(Cell Signaling) or RIPA buffer, and then underwent direct
western blot analysis or immunoprecipitation.

Immunofluorescence, electron microscopy and time-lapse
imaging

For immunofluorescence, neuronal cells cultured on four- or
eight-well chamber slides were fixed and stained as described
previously (41). All fluorescence images were captured at
room temperature with a Zeiss LSM 510 inverted
laser-scanning confocal fluorescence microscope (controlled

through Zeiss LSM 510 confocal software, Zeiss) equipped
with an Alpha-Plan Fluor 100x NA 1.45 oil objective
(working distance: 0.11 mm; Zeiss) as described previously
(29). Confocal images of far-red fluorescence were collected
using 633 nm excitation light from a HeNe laser and a
650 nm long-pass filter; images of red fluorescence were col-
lected using 543 nm excitation light from an argon laser and a
560 nm long-pass filter; and green fluorescence images were
collected using 488 nm excitation light from an argon laser
and a 500—550 nm bandpass barrier filter. For electron micros-
copy analysis, cells cultured on the Aclar embedding film
(2 mil thickness, Electron Microscopy Sciences) were fixed
in 2.5% glutaraldehyde and 4% sucrose in a 0.05 mol/l phos-
phate buffer, pH 7.4, and examined with a JEOL 1200EX elec-
tron microscope (Tokyo, Japan) as described previously (41).
For time-lapse imaging, neuronal cells were seeded in glass-
bottomed dishes (MatTek) and then transfected with LRRK?2
and mito-DsRed2. Forty-eight or 72 h after transfection,
cells were placed in a well-equipped environmental chamber
with controlled CO, content, humidity and temperature and
imaged at 37°C by the Zeiss LSM 510 inverted laser-scanning
confocal fluorescence microscope (controlled through Zeiss
LSM 510 confocal software, Zeiss) also with the Alpha-Plan
Fluor 100x NA 1.45 oil objective (working distance:



0.11 mm, Zeiss). During time-lapse imaging, frames were cap-
tured every 5 or 10 s for at least 1 h without phototoxicity or
photobleaching.

Image analysis

Image analysis was also performed with open-source
image-analysis programs WCIF ImageJ (developed by
W. Rasband). Mitochondria morphology was quantified as
described previously (45). Taken briefly, raw images were
background corrected, linearly contrast optimized, applied
with a 7 x 7 ‘top hat’ filter, subjected to a 3 x 3 median
filter and then thresholded to generate binary images. Most
mitochondria were well separated in binary images and large
clusters of mitochondria were excluded automatically. All
binary images were analyzed by Image J to provide informa-
tion of the mitochondria aspect ratio (ratio between major
and minor axes of an ellipse equivalent to the mitochondrion).
The researchers counting mitochondria abnormalities or cell
death were all blinded to the identity of the experiment.
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