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LRRK2 (PARKS) is the most common genetic determinant of Parkinson’s disease (PD), with dominant muta-
tions in LRRK2 causing inherited PD and sequence variation at the LRRK2 locus associated with increased
risk for sporadic PD. Although LRRK2 has been implicated in diverse cellular processes encompassing
almost all cellular compartments, the precise functions of LRRK2 remain unclear. Here, we show that the
Drosophila homolog of LRRK2 (Lrrk) localizes to the membranes of late endosomes and lysosomes, physic-
ally interacts with the crucial mediator of late endosomal transport Rab7 and negatively regulates rab7-de-
pendent perinuclear localization of lysosomes. We also show that a mutant form of /rrk analogous to the
pathogenic LRRK2%2°1%S ajlele behaves oppositely to wild-type Irrk in that it promotes rather than inhibits
rab7-dependent perinuclear lysosome clustering, with these effects of mutant /rrk on lysosome position re-
quiring both microtubules and dynein. These data suggest that LRRK2 normally functions in Rab7-dependent
lysosomal positioning, and that this function is disrupted by the most common PD-causing LRRK2 mutation,

linking endolysosomal dysfunction to the pathogenesis of LRRK2-mediated PD.

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurode-
generative disorder, and has no cure. Dominant mutations in
Leucine-rich repeat kinase 2 (LRRK2) cause an inherited
form of PD (1,2), and genome-wide association studies have
identified variants at the LRRK2 locus as having increased
risk for sporadic PD (3,4). In certain populations, LRRK?2
mutations are found in up to 40% of PD patients (5),
making LRRK?2 the most common genetic determinant of PD
identified to date (6,7). Studies of LRRK?2 therefore offer tre-
mendous potential to elucidate the mechanisms of PD, and
to identify novel therapies for the disease.

LRRK? encodes a large protein of the ROCO family (8),
characterized by leucine-rich repeats (LRR), a Roc GTPase
domain and a kinase domain (9). LRRK?2 has been implicated
in diverse cellular processes encompassing nearly all cellular
compartments, including mitochondrial function (10), regula-
tion of transcription (11) and translation (12,13), Golgi
protein sorting (14), apoptosis (15) and dynamics of actin

(16,17) and microtubules (18—-20). There is equally little con-
sensus regarding the subcellular localization of LRRK?2, as it
has been variably reported to localize to mitochondria
(21-24), the endoplasmic reticulum (23,25), Golgi (22-24)
and microtubule structures (18,23); however, most authors
are in agreement that LRRK2 associates with intracellular
membranes (22-24,26,27). Interestingly, LRRK2 has also
been found to localize to vesicles in the endolysosomal
pathway (22,24,26,28,29), and there is some evidence impli-
cating LRRK2 in intracellular membrane transport and lyso-
somal function. Most notably, LRRK2 physically interacts
with the early endosomal GTPase Rab5 (28), and knockdown
of LRRK?2 in cultured neurons alters synaptic vesicle endo-
cytosis (28,30) and the kinetics and distribution of presynaptic
vesicles (30). Expression of a fragment of human LRRK?2 in
yeast impairs trafficking to the yeast lysosome (31), and over-
expression of a pathogenic mutant form of LRRK? in cultured
neurons causes defects in neurite morphology associated with
the formation of lysosome inclusions (32). Moreover, LRRK2
knockout mice show accumulation of lipofuscin in the kidney,
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Figure 1. Lrrk is required in follicle cells for proper female fertility. (A) Schematic depicting domain organization of Drosophila Lrrk and location of PiggyBac

insertion in the Jrr£k*>¢%°

allele and G-to-S substitution in i77k“S. Above is an alignment of the amino acid sequences of human LRRK2 (top) and Drosophila Lrrk

(bottom) in the region of the GS mutation (marked with an asterisk). LRR, leucine-rich repeats; Roc, GTPase domain; Cor, C-terminal of Roc domain. (B)
k%% homozygous flies produce no detectable /rrk transcript by RT—PCR. (C) Fertility is reduced in rrk°****° homozygous mutants, and the phenotype
is partially rescued by a Myc-tagged genomic rescue transsgene (pllrrk-myc]). (D) Fertility is fully restored to rrk°>**”Pf null mutant flies by follicle cell-specific

expression of either wild-type Irrk (fe>Irrk™ ") or IrrkSS (fo> IrrkSS).

suggestive of lysosome dysfunction (33). While these data hint
at a possible role for LRRK2 in regulating endolysosomal
membrane transport, an in vivo cell biological analysis is
needed to characterize the precise cellular functions of
LRRK2.

Drosophila melanogaster is a valuable model system for the
study of genes associated with neurodegenerative diseases, in-
cluding PD (34—-36). The Drosophila genome encodes a single
homolog that shares the domain structure of human LRRK2
(12,37,38), and residues affected by PD-causing mutations in
LRRK2 are conserved in Drosophila Lrrk (12). Overexpres-
sion of either human LRRK2 or Drosophila lrrk in flies
causes similar phenotypes (13,39), including degeneration of
dopaminergic neurons (12,40,41), suggesting that the two pro-
teins are functionally conserved. While endogenous /rrk
appears to be dispensable for the survival of dopaminergic
neurons in Drosophila (12,37,38), lrrk null mutants show
two major phenotypes at the organismal level: altered morph-
ology of the neuromuscular junction (NMJ) (39), and impaired
female fertility (12,37), the latter of which has not been
explored. A role for /rrk in the regulation of protein translation
(12,13) has also been described.

Drosophila oogenesis is an ideal cell biological system. The
large size and ease of visualization of cells in the Drosophila
ovary allows for the examination of subcellular structures with
a resolution difficult to accomplish in neurons. Thus, we
exploited the role of /rrk in female fertility as a model
system in which to explore the cell biological functions of
Lrrk in vivo by addressing three questions: what is the local-
ization of Lrrk in vivo? Does the subcellular localization of
the protein define the compartment in which Lrrk functions?
Does a pathogenic mutation alter the functions of the protein
at this site? Using this approach, we have identified a role
for Irrk at late endosomes and lysosomes as a regulator of

rab7-dependent lysosome transport and positioning, with this
function intrinsically altered by introducing the most
common PD-associated mutation into /rrk. These data point
to differential roles for endogenous and pathogenic forms of
Irrk in rab7-dependent lysosomal positioning.

RESULTS

Irrk is required in follicle cells to ensure proper female
fertility

Irrk??*%%7 is a null allele resulting from a PiggyBac transpos-

able element insertion in the /rrk coding region (Fig. 1A),
and produces no detectable transcript (Fig. 1B) (12). Flies
homozy%ous for Irrk®®%°  or trans-heterozygous for
Irrke®3%%% over a chromosomal deficiency removing the lrrk
genomic region are viable, but show a dramatic reduction in
female fertility (Fig. 1C and D) (12,37). We generated a
genomic rescue transgene expressing a Myc-tagged version
of Irrk under the endogenous promoter. Anti-Myc western
blot from flies carrying this transgene revealed a single band
at the expected size (data not shown), and a single copy of
this transgene was able to significantly rescue the female fer-
tility defect of Irrk®%? flies (Fig. 1C).

Developing Drosophila egg chambers consist of the germ-
line oocyte, its clonally related germline nurse cells and the
somatic follicle cells, which form an epithelial monolayer sur-
rounding the oocyte (42). Flies carrying a single copy of the
Irrk-myc  genomic rescue transgene displayed striking
Lrrk-myc signal in follicle cells but not in germline cells,
and this was restricted to stages 11—13 of the 14 stages of
egg chamber development (Fig. 2A). To confirm that /rrk is
autonomously required in follicle cells to ensure fertility, we
generated UAS-lrrk (hereafter Irrk™") and expressed it
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Figure 2. Lrrk localizes to late endosomes and lysosomes in follicle cells. (A) Anti-Myc staining of egg chambers from flies carrying a single copy of the C-
terminally Myc-tagged /rrk genomic rescue transgene. Lrrk-Myc was not detected in egg chambers prior to stage 11 (A), and persisted through stages 12 (A”) and
13 (A”"). Lrrk-Myc staining reveals a patchy distribution, with expression in subsets of follicle cells (including main body and stretched follicle cells), but not in
germline cells. (B) Schematic depicting the endolysosomal pathway and proteins labeling specific compartments. (C—J) Images of single main body follicle cells
with Lrrk-Myc staining in red and costaining for various cellular compartments in green. Nuclei are outlined by dashed gray lines, and insets depict enlargements
of the boxed regions. Lirk localizes to discrete cytosolic puncta that often appear as halos surrounding a non-stained central region, indicative of an association
with vesicle membranes. These large Lrrk-positive halos colocalize with the late endosomal markers Rab7 (C) and Rab9:GFP (D). The large Lrrk-positive struc-
tures also contain Lamp1:GFP (E). Note that while Rab7 and Rab9:GFP label late endosome membranes, Lamp1:GFP accumulates in the lumena of late endo-
somes and lysosomes. Small Lrrk-positive puncta occasionally colocalize with the early endosomal marker Hrs (F). In contrast, there is little colocalization
between Lrrk and Rab5 (G) or Rabl1 (H), although these markers often appear adjacent to the Lrrk-positive vesicles. There is no significant colocalization
between Lrrk and the mitochondrial marker mitoGFP (I) or the Golgi marker Grasp65:GFP (J). Scale bars represent 5 pm.

under the control of a follicle cell-specific Gal4 driver in
Irrk null mutants. Indeed, targeted expression of Irrk™"
specifically in follicle cells fully restored fertility to
kP8I flies (Fig. 1D).

Lrrk localizes specifically to the membranes of late
endosomes and lysosomes

We decided to exploit the attributes of follicle cells as a cell
biological system to explore the in vivo functions of Lrrk,
starting by determining its in vivo subcellular localization.
Using flies carrying the /rrk-myc genomic rescue transgene,
we found that Lrrk localized predominantly to discrete
halo-shaped cytoplasmic structures (Fig. 2C). Double labeling
with markers of membrane-bound compartments revealed
striking colocalization between Lrrk and the late endosomal

and lysosomal markers Rab7 (43) (Fig. 2C), Rab9 (44)
(Fig. 2D) and Lampl1 (45,46) (Fig. 2E). Lrrk rarely colocalized
with the early/sorting endosomal marker Hrs (43,47) (Fig. 2F),
and did not colocalize with the early endsomal marker Rab5
(48-50) (Fig. 2G). These early endosomal markers,
however, were sometimes seen adjacent to the larger
Lrrk-positive structures (Fig. 2F and G). Lrrk also failed to
colocalize with markers of recycling endosomes (51,52)
(Fig. 2H), mitochondria (53) (Fig. 2I) or the Golgi (54)
(Fig. 2J). Thus, in vivo, Lrrk localizes specifically to the mem-
branes of late endosomes and lysosomes.

Abnormal Rab7-positive compartment in /rrk null mutants

The localization of Lrrk to endolysosomal membranes sug-
gested a role in membrane transport. Thus, we examined a
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Figure 3. Altered Rab7-positive late endosomal compartments in /rrk loss-of-function mutants. (A—J) Examination of a battery of endolysosomal markers in
wild-type (A, C, E, G, 1) and /rrk null mutant (B, D, F, H, J) follicle cells reveals no distinguishable difference between the early endosomal markers Rab5
(A versus B) or Hrs (C versus D), or the lysosomal markers Lysotracker (G versus H) or Lampl:GFP (I versus J). A small portion of /rrk mutant follicle
cells, however, did display dramatically expanded Rab7-positive late endosomes (marked with arrowheads in F) that were never observed in stage-matched wild-
type follicle cells (E). (K and L) After a 30 min chase, fluorescently labeled dextran was taken up into wild-type follicle cells and trafficked predominantly to
Rab7-positive late endosomes (K). In /rrk mutant follicle cells (L), some enlarged Rab7-positive structures accumulated massive amounts of dextran, while
others were devoid of the tracer. Follicle cell nuclei are outlined with dashed gray lines in (A-J). Scale bars represent 5 pm.

battery of endolysosomal markers in wild-type and Irrk null
mutant follicle cells to identify potential morphology defects
in specific endosomal compartments that might reflect such
a role. The distribution of the early endosomal markers
Rab5 (Fig. 3A versus B) and Hrs (Fig. 3C versus D) were in-
distinguishable between wild-type and /rrk null mutants, as
was that of the lysosomal markers Lysotracker (Fig. 3G
versus H) and Lamp1:GFP (Fig. 31 versus J). In contrast, strik-
ing defects were observed in the Rab7-positive late endosomal
compartment. Consistently, ~15% of /rrk mutant follicle cells
displayed dramatically enlarged Rab7-positive structures
(Fig. 3F), which were never observed in stage-matched wild-
type cells (Fig. 3E). That no similarly enlarged structures
are observed in /rrk null mutants when stained with the acido-
philic dye Lysotracker (Fig. 3H) suggests that these aberrant
Rab7-positive structures are not acidified. This could be due
to a direct failure of acidification, or an indirect consequence
of a block in the maturation of these late endosomal structures
before acidification has begun.

To confirm that these enlarged Rab7-positive structures
indeed represented late endosomes, we performed endocytic
tracer uptake experiments. Live egg chambers were pulse
incubated with Texas Red-dextran, which is internalized into
cells via endocytosis, and then examined at various time
points as the dextran was trafficked through endocytic com-
partments. After a 30 min chase, dextran was primarily

found within Rab7-positive endosomes in wild-type cells
(Fig. 3K). The enlarged Rab7-positive structures in /rrk
mutant cells, however, displayed marked heterogeneity with
some of these structures accumulating massive amounts of
dextran while others were devoid of the tracer (Fig. 3L). Col-
lectively, these results suggest that /rrk loss-of-function alters
the morphology of the Rab7 compartment and affects traffick-
ing to these structures. It is unclear whether these aberrant
structures are the cause of the reduced fertility in /lrrk
mutant females given that they are seen in a minority of
cells. However, it is important to note that even during stage
12, when Lrrk expression in follicle cells is at its highest, it
is expressed in only a subset of cells and there is marked
cell—cell variation in the level of Lrrk expression (Fig. 2A).
This may indicate that Lrrk expression is activated only in fol-
licle cells that have achieved a particular developmental state.
In any case, the fact that all follicle cells do not show abnor-
malities in the Rab7 compartment is consistent with the
finding that all follicle cells do not appear to be expressing
Irrk simultaneously.

Irrk genetically and physically interacts with rab7

The striking colocalization of Lrrk with Rab7 combined with
the late endosome defects observed in /rrk mutants suggested a
role for lrrk in rab7-dependent processes. A crucial function of
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Figure 4. Irrk and rab7 genetically interact. (A—F) Lysotracker staining of follicle cells from stage 12 egg chambers. In wild-type follicle cells (A), most
Lysotracker-positive vesicles are individual and distributed throughout the cytosol, although small clusters are often seen. Neither /rrk loss-of-function (B),
nor overexpression of wild-type lrrk (C) significantly alters lysosome distribution. Expression of constitutively active rab72%’" (D) results in an increase in
the formation of Lysotracker-positive clusters, and these tend to localize to the peri-nuclear region. /rrk loss-of-function significantly enhances lysosome cluster-
ing in follicle cells expressing rab7<%"" (E), while overexpression of wild-type lrrk significantly reduces rab7%%""-induced lysosome clustering (F). Follicle cell
nuclei are outlined with dashed gray lines in all Lysotracker images. (G) Quantification of lysosome clustering in the genotypes depicted in (A)—(F). Scale bars

represent 5 pm.

rab7 is to promote the perinuclear localization of lysosomes
(55) by driving their transport along microtubules (56—58).
This perinuclear localization of lysosomes is vital for multiple
cellular functions, including the regulation of autophagy (59).
In mammalian cells, expression of a constitutively active form
of Rab7 results in the formation of large perinuclear lysosome
clusters, while dominant-negative Rab7 disperses lysosomes
throughout the cytosol (55). Whether this occurs in Drosophila
has not been reported. In wild-type follicle cells, ~40% of the
total lysosome bulk localized to clusters, defined as having a
cross-sectional area >1 pm (Fig. 4A and G). Expression of
constitutively active rab7 (rab7“*) caused a 35% increase in
lysosome clustering, with these clusters primarily perinuclear
(Fig. 4D versus A and G). In contrast, expression of dominant-
negative rab7 (rab7°™) caused a striking 46% decrease in the
fraction of clustered lysosomes, and resulted in more even dis-
persal of lysosomes throughout the cytoplasm (Fig. 6C versus
A and G).

Using this assay of perinuclear lysosome localization, we
tested for genetic interactions between /rrk and rab7. As
noted above, [rrk loss-of-function alone had no effect on the
morphology or distribution of lysosomes (Fig. 4B and G),
nor did overexpression of /rrk"™ ' alone (Fig. 4C and G). Inter-
estingly, however, expression of rab7“* in the Irrk null
mutant background resulted in a 36% increase in perinuclear
lysosome clustering compared with expression of rab7* in
the wild-type background (Fig. 4E versus D and Q).
Conversely, overexpression of rab7“* along with Irrk™"
resulted in a significant 56% reduction in lysosome clustering
compared with rab7“* alone (Fig. 4F versus D and G). These
results are consistent with a role of lrrk as a negative regulator
of rab7-mediated perinuclear clustering and localization of
lysosomes.

We next sought to determine whether Lrrk might interact
physically with Rab7 by performing co-immunoprecipitation
experiments on lysates from transiently transfected insect
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Figure 5. Expression of /r7kSS drives perinuclear positioning and clustering of lysosomes. (A—C) Lysotracker staining of follicle cells from stage 12 egg cham-
bers. In wild-type follicle cells (A), most Lysotracker-positive vesicles are individual and distributed throughout the cytosol, although small clusters are often
seen. Expression of r7k°S (B) in follicle cells causes almost all Lysotracker-positive structures to collapse into one to four compact perinuclear clusters, while
equivalent overexpression of rrk™ T (C) results in no significant changes in the distribution of Lysotracker-positive structures relative to the wild-type. (D) Quan-
tification of lysosome clustering from the genotypes depicted in (A)—(C). (E and F) Lysotracker staining of wild-type (E) and lr7k“S-expressing (F) follicle cells
also expressing the lysosomal marker Lamp1:GFP. Lamp1:GFP-positive vesicles are clustered in ir7k%S-expressing cells (F'), colocalizing with Lysotracker (F”).
Note that Lamp1:GFP accumulates to a much higher degree in lrrkSS-expressing cells (F') versus wild-type (E') in images taken with equivalent microscope
settings, suggesting that expression of /rrkSS stabilizes Lamp1:GFP. (G—J) Labeling of early endosomes with the marker Hrs (G and H) and late endosomes
with the marker Rab7 (I and J) reveals no significant difference between wild-type (G and I) and /r7kSS-expressing cells (H and ), demonstrating that the cluster-
ing effect of IrrkS is specific to lysosomes. Follicle cell nuclei are outlined with dashed gray lines in all images. Scale bar in (A) represents 5 wm in (A)—(F);

scale bar in (G) represents 5 wm in (G)—(J).

cells. Mammalian LRRK2 has previously been reported to
bind to the early endosomal GTPase Rab5 (28), so we
included Rab$5 in our experiments as a positive control. We
found that Drosophila Lrrk immunoprecipitated with both
Rab5 and Rab7, but not GFP alone (Fig. 7A), suggesting
that Lrrk physically interacts with both Rab5 and Rab7.

Expression of Irrk®S results in perinuclear lysosome
clustering similar to activated rab7

Next, we sought to determine whether PD-causing mutations
in [lrrk affect rab7-dependent lysosome positioning. We
chose the G2019S mutation, as it is the most common patho-
genic LRRK?2 mutation (60,61). This mutation is located in the
activation loop of the kinase domain and causes an increase in
LRRK2 kinase activity (16,21,32,62,63). We generated flies
expressin§ a form of Lrrk bearing the equivalent mutation
(Lrrk G115 hereafter Lirk®S) (Fig. 1A). Expression of
IrrkSS in follicle cells restored fertility to vk null mutants
as effectively as expression of lrrk™ " (Fig. 1D), indicating
that Lrrk“S retains at least some of the functions of the wild-
type protein.

Next we examined lysosome positioning in flies overexpres-
sing IrrkSS in follicle cells. Strikingly, we found that, as with
constitutively active rab7 (Fig. 4D), IrrkS®S expression resulted
in a dramatic 65% increase in perinuclear lysosome clustering
compared with the wild-type (Fig. 5B versus A and D).
Similar to expression of rab7<®, Irrk®S expression did not
appear to alter the total number of lysosomes per cell, as at
higher magnification lysosome clusters were clearly composed
of numerous individual lysosomes (data not shown). Lysosome
clustering was also apparent in Irrk“S-expressing cells using the
marker Lamp1:GFP (Fig. 5E versus F’), which colocalized with
Lysotracker in [rrk®S-expressing cells (Fig. 5F”). It is important
to note that Lampl:GFP is normally rapidly degraded upon
reaching the lysosome (46), which can be appreciated by the
low degree of colocalization between Lamp1:GFP and Lyso-
tracker in wild-type cells (Fig. SE”). In contrast, Lamp1:GFP
almost  exclusively colocalized with  Lysotracker in
IrrkSS-expressing cells (Fig. 5F”), in which it also accumulated
to a much higher degree (Fig. 5F) relative to the wild-type
(Fig. 5E/). This suggests that [rrkS expression may also result
in impairment in the degradative activities of the lysosome.
Notably, the effects of 7k on vesicle positioning were
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Figure 6. The GS mutation abrogates the ability of /rrk to inhibit rab7-induced lysosome clustering. (A—F) Lysotracker staining of follicle cells from stage 12
egg chambers of the indicated genotypes. Expression of constitutively active Rab7 (rab72%"", B) causes perinuclear clustering of Lysotracker-positive structures
similar to that seen with expression of /7SS (D), while expression of 7ab72%"" and IrkSS together (E) causes a phenotype that is not significantly different from

expression of lrrkS

alone. Expression of dominant-negative Rab7 (rab7">*, C) causes lysosome dispersal. Expression of rab7">*N along with Irr

k95 signifi-

cantly reduces the /r7kS-induced lysosome clustering. (G) Quantification of lysosome clustering in the indicated genotypes. Follicle cell nuclei are outlined with

dashed gray lines in all Lysotracker images. Scale bars represent 5 pm.

specific to lysosomes as there was no difference between wild-
type and lrrkGS-expressing cells with regard to the distribution
of Hrs (Fig. 5G versus H), which labels early endosomes, nor
with Rab7 itself (Fig. 51 versus J), which labels late endosomes.
Moreover, as shown above, no changes in lysosome clustering
were observed with equivalent expression of wild-type /rrk
(Fig. 5C and D). Taken together, these results suggest that
Lrrk®S, but not Lrrk™™, specifically affects lysosome position
by driving their perinuclear transport, and may also impair the
functional activities of the lysosome.

The GS mutation abrogates the ability of /rrk to inhibit
rab7-induced lysosome clustering

Next, we probed whether the altered function of IrkSS
extends to its genetic relationship with rab7. As reported
above, lrrk negatively regulates rab7 such that expression
of wild-type [Irrk suppresses the perinuclear lysosome

clustering caused by rab7“*. In contrast, we found that
expressing IrrkSS along with rab7“* results in a degree of
lysosome clustering that is identical to that caused by ex-
pression of 7k alone (Fig. 6E versus D and G). This
is consistent with the hypothesis that the GS mutation
might abrogate the ability of Lrrk to negatively regulate
Rab7, although it does not rule out the possibility that
Lrrk® might simultaneously inhibit Rab7 activity while
promoting lysosome clustering via a distinct mechanism.
To distinguish between these possibilities, we asked
whether expression of rab7°™N was able to suppress
IrrkSS-induced lysosome clustering. Indeed, we found that
IrrkSS-induced clustering of lysosomes was significantly
reduced by 41% when rab7°N was also expressed
(Fig. 6F versus D and G). Thus, the clustering of lysosomes
driven by Ik is at least partially rab7-dependent. Col-
lectively, these data indicate that the GS mutation alters
the genetic relationship between /rrk and rab7. Whereas
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Figure 7. The GS mutation alters the characteristics of physical binding between Lrrk and Rab7 forms. (A) In lysates from cultured Drosophila S2 cells trans-
fected with the depicted constructs, Lrrk™ " immunoprecipitates with both Rab7-GFP and Rab5-GFP, but not with GFP alone. The GS mutation reduces the
physical interaction between Lrrk and Rab7, but does not affect binding to Rab5. (B) Whereas Lirk™ T preferentially immunoprecipitates with the GTP-binding
deficient dominant-negative version of Rab7, Lirk® binds to Rab7°™ and Rab7“* equally.

wild-type Irrk negatively regulates rab7, Irrk“S promotes
rab7-dependent effects on lysosome position.

The GS mutation alters the physical interaction between
Lrrk and Rab7

Given that the GS mutation strikingly alters the genetic rela-
tionship between Lrrk and Rab7, we next wished to probe
whether the GS mutation also alters the physical interaction
between the two proteins. Interestingly, we found that
LrrkS shows reduced binding to Rab7 when compared with
Lrrk™" (Fig. 7A). This was s]igeciﬁc to the interaction
between Lrrk and Rab7, as Lrrk™ " and Lirk®S show equiva-
lent binding to Rab5 (Fig. 7A). To gain further insight into
this differential interaction, we explored the physical binding
of Lrrk™ " and Lrrk®® with mutant forms of Rab7. Strikingly,
we found that Lrrk"™ " shows a markedly stronger binding with
the GTP-binding deficient dominant-negative form of Rab7
compared with the constitutively active form of Rab7 that is
deficient in GTP hydrolysis (Fig. 7B). In contrast, Lrrk%S
appears to bind equally well with both mutant forms of
Rab7 (Fig. 7B). Thus, the GS mutation alters both the
genetic and physical interactions between Lrrk and Rab7, sug-
gesting that differential binding with Rab7 may be the basis
for the differences in the functions of Lrrk™' and Lrrk®®
with respect to Rab7.

Irrk©S-driven perinuclear clustering of lysosomes is
dependent on dynein-dependent microtubule transport

Through multiple binding partners, Rab7“* drives perinuclear
clustering of lysosomes by recruiting the dynein—dynactin

motor complex to lysosome membranes, thereby promoting
microtubule  minus-end  directed motility  (56-58).
Interestingly, LRRK2 has been shown to bind to and
phosphorylate tubulin (18,19), and to modulate microtubule
dynamics both in vitro and in vivo (20,39,41). Thus, we
hypothesized that the effects of r7k“S on lysosome position
might also be microtubule- and dynein-dependent. Consistent
with this notion, we found that treatment of lrrk“S-expressing
follicle cells with the microtubule destabilizing agent nocoda-
zole resulted in a dramatic shift in the localization of lysosome
clusters from the perinuclear region to the cell periphery
(Fig. 8D versus C). That cluster formation itself is not affected
by nocodazole suggests that either cluster formation is inde-
pendent of perinuclear localization, or that once formed, the
maintenance of lysosome clusters no longer requires microtu-
bules due to membrane tethering events. In support of the
latter hypothesis, we found that the loss of a single copy of
the gene encoding Dynein heavy chain significantly reduced
cluster formation in [rrk”-expressing cells by 20%
(Fig. 8F versus C and G), and also reduced the size of those
clusters that were present (Fig. 8F versus C and H). Thus,
both clustering and perinuclear localization of lysosomes
induced by Irrk“S-expression are dependent on dynein-
dependent microtubule transport.

DISCUSSION

Here, we use Drosophila as an in vivo system to dissect the
cell biological functions of Irrk by exploring the previously
uncharacterized role of /rrk in oogenesis. Our studies point
to a crucial role for Irrk in regulating rab7-dependent lyso-
somal positioning, and identify alterations in rab7-dependent
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Figure 8. Perinuclear clustering of Lysotracker-positive structures in lrrk“S-expressing follicle cells is microtubule- and dynein-dependent. (A—F) Lysotracker
staining of follicle cells. Treatment with the microtubule destabilizing agent nocodazole results in clearing of Lysotracker-positive structures from the perinuclear
area in both wild-type (B versus A) and lr7k%S-expressing cells (D versus C), indicating that the localization of lysosomes to the perinuclear region under normal
conditions, and the increased transport of these structures to the perinuclear region upon /rrk“S expression, both require microtubules. Single copy dynein heavy-
chain loss-of-function (Dhc64C'Y/+, E) does not significantly alter lysosome position on its own, but partially blocks the increased perinuclear localization and
clustering of lysosomes seen with kS expression (F). (G) Quantification of Lysotracker-positive clusters in the indicated genotypes (A, C, E, F) reveals a
significant reduction in clustering in lrrkS-expressing follicle cells with single copy dynein heavy-chain loss-of-function. (H) Those clusters that are present
in IrrkSS-expressing follicle cells with single copy dynein heavy-chain loss-of-function are significantly smaller than those in lrrk“S-expressing cells alone.
The dashed gray line in (H) indicates the size threshold above which a particle is categorized as a cluster. Follicle cell nuclei are outlined with dashed gray

lines in all Lysotracker images. Scale bars represent 5 pm.

lysosomal positioning and lysosome function as potential
pathogenic mechanisms in LRRK2-mediated PD. Interestingly,
lysosome dysfunction has been demonstrated in PD patient
brains (64,65), and two strong genetic risk factors for PD,
mutations in B-glucocerebrosidase (66,67) and ATPI13A2
(68), are associated with lysosomal dysfunction, suggesting
an important role for lysosome dysfunction in the pathogenesis
of PD.

Mammalian LRRK2 has previously been found to localize
to Rab5-positive early endosomes and to physically interact
with Rab5, with knockdown of LRRK2 causing impairments
in Rab5-dependent synaptic vesicle endocytosis (28).
However, an interaction between LRRK2 and Rab7 had not
been previously reported. We likewise detect a physical inter-
action between Drosophila Lirk and Rab5, however we do not
see localization of Lrrk to early endosomes, nor do we see evi-
dence of early endosomal defects with genetic manipulation of
lrrk. Rather, we have found that Lrrk binds to Rab7, and

localizes predominately to Rab7-positive late endosomes and
lysosomes. Furthermore, we see alterations in the morphology
and distribution of late endosomal and lysosomal compart-
ments associated with either loss of /rrk function or with ex-
pression of Irrk“S. While we cannot rule out the possibility
that Lrrk also has early endosomal functions, our data
clearly point to Rab7-positive late endosomes as a major site
of Lirk function in Drosophila. Tt is important to point out
that lysosome dysfunction has been reported with genetic ma-
nipulation of LRRK?2 in mammalian systems, as overexpres-
sion of mutant forms of LRRK?2 in cultured neurons results
in neurite morphology defects associated with the formation
of lysosome inclusions (32), and LRRK?2 knockout mice accu-
mulate lipofuscin in the kidney, suggestive of lysosome dys-
function (33). Thus, the role of /rrk in regulating lysosomal
processes is likely conserved in mammals. Further work is
required to clarify whether LRRK?2 has distinct functions at
early endosomes and lysosomes.



Figure 9. Schematic depicting the effects of wild-type lrrk and lrrkSS on rab7-
dependent lysosome positioning. (A) Via multiple binding partners, Rab7
recruits the dynein—dynactin complex to lysosome membranes, thereby pro-
moting their microtubule minus-end-directed motility. The net result is
increased localization and clustering of lysosomes in the perinuclear region.
Wild-type /rrk negatively regulates this function of rab7. (B) In contrast,

IrrkSS actually promotes rab7-dependent perinuclear lysosome positioning

in a microtubule- and dynein-dependent manner, resulting in increased local-
ization and clustering of lysosomes in the perinuclear region.

What is the relationship between Lrrk and Rab7? We report
that /rrk loss-of-function enhances while /rrk overexpression
suppresses the increased perinuclear positioning of lysosomes
due to rab7“* expression, consistent with the role for lrrk as a
negative regulator of rab7 (Fig. 9A). However, we see no sig-
nificant effect on lysosome position with either /rrk loss- or
gain-of-function alone. Thus, uncovering the role of /rrk as a
negative regulator of rab7 activity in this assay requires a sen-
sitized genetic background in which rab7 activity is augmen-
ted. This suggests that the significance of lrrk’s role as a
negative regulator of rab7 may vary with rab7 activity, such
as during periods of high flux through late endosomes. Inter-
estingly, we have found that wild-type Lirk preferentially
binds to dominant-negative Rab7. While more work is
required to dissect the molecular basis of the Lrrk/Rab7 inter-
action, it is tempting to speculate based on these data that Lrrk
might exert its negative regulation of Rab7 by preferentially
stabilizing its inactive GDP-bound form.

Activated Rab7 induces perinuclear lysosome clustering by
recruiting its binding partner Rab7-interacting lysosomal
protein (RILP) to the vesicle membrane (57), which in turn
recruits the dynein motor via an interaction between RILP
and the dynactin/p150glued subunit (56), with the help of an
additional Rab7-binding partner oxysterol binding protein-
related protein 1 (58). The net result is increased localization
of the dynein motor to lysosome membranes, and therefore
increased transport of lysosomes toward microtubule minus
ends in the perinuclear region. We have shown that the peri-
nuclear clustering of lysosomes mediated by Lrrk®S also
requires dynein- and microtubule-based transport, suggesting
a similar mechanism. Moreover, Lrrk%-induced lysosome
clustering is inhibited by expression of dominant-negative
Rab7, suggesting that Lrrk®S may in fact induce lysosome
clustering by acting through Rab7.

In addition to its effects on lysosome positioning, Rab7
plays a crucial role in regulating the maturation of late endo-
somes to lysosomes. This point is underscored by the fact that
the dispersed lysosomes in the context of dominant-negative
Rab7 expression are inaccessible to endocytosed substrates
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(55). Among other Rab7 functions that are crucial for late
endosome to lysosome maturation, Rab7 mediates membrane
tethering and fusion events between late endosomes and lyso-
somes via its interaction with the homotypic fusion and
vacuole protein sorting complex (69). Our experiments
suggest that in addition to promoting microtubule-based peri-
nuclear transport, Lirk®S also promotes lysosome membrane
tethering, as lysosomes remain clustered in the context of
Lrrk®S expression even when microtubules are destabilized.
These data suggest that Lrrk®S may also promote other
Rab7 functions in addition to perinuclear positioning.
Whether endogenous Lirk likewise acts as a general regulator
of Rab7 activity, or rather plays a specific role in regulating
Rab7-dependent lysosome positioning, remains to be seen.
However, it is interesting to note that [k null mutants accu-
mulate enlarged Rab7-positive late endosomes that aberrantly
accumulate an endocytic tracer, suggesting that [rrk
loss-of-function may also disrupt aspects of Rab7-dependent
late endosome to lysosome maturation.

Irrk and its mouse homolog play important roles in neuronal
process morphology (32,39,70), and the Caenorhabditis
elegans Irrk mutant causes defects in axonal-dendritic polarity
(14). In Drosophila, Irrk mutants show defects in the NMJ,
which are due in part to defects in microtubule dynamics
(39). Moreover, expression of human LRRK2°® in Drosophila
dopaminergic neurons causes dendrite degeneration associated
with fragmentation of the microtubule network and mislocali-
zation of the microtubule-associated protein Tau (41). LRRK2
has been shown to bind to tubulin iz vitro (18,19), and our data
demonstrate that microtubules are required for the effects of
IrrkSS on lysosome positioning. Taken together, our findings
raise the intriguing possibility that lrrk/LRRK2 might regulate
neurite  morphology and/or polarity through effects on
microtubule-based transport of lysosomes and/or other vesicu-
lar compartments in the endolysosomal pathway. Interestingly,
Rab7 has well-characterized roles in vesicle trafficking in
neurons and the regulation of neuronal process morphology.
Knockdown of rab7 in mouse cortical neurons impairs neur-
onal migration and neurite morphology (71), and rab7-
dependent vesicle trafficking has been shown to be required
for the intracellular transport of neuritogenic growth factors
and their receptors (72,73). Interestingly, dominant mutations
in rab7 cause an inherited form of neuropathy (74), and ex-
pression of these dominant mutant forms of rab7 in cultured
mammalian neurons impair neurite outgrowth (75). Thus, we
hypothesize that LRRK?2 and rab7 may cooperate in the main-
tenance of neuritic processes by linking effects on microtubule
dynamics to the trafficking of endolysosomal structures.

A key goal in the search for novel therapies for PD is the
development of compounds that target mutant LRRK2
alleles. Such an approach requires an understanding of the
mechanisms by which the mutant protein exerts toxicity. A
point mutation can reduce or abolish the endogenous functions
of the protein (hypomorph/amporh), inhibit the endogenous
functions of the remaining wild-type copy (dominant-
negative) or exert gain-of-function effects that reflect either
an increase in the normal functions of the protein (hyper-
morph) or novel functions not shared with the wild-type
protein (neomorph). /rrk“S retains at least some endogenous
functions of wild-type Ilrrk, as evidenced by the ability of



1360 Human Molecular Genetics, 2012, Vol. 21, No. 6

Irrk S to restore female fertility in /r7k null mutants. However,
the GS mutation apgears to cause at least partial loss of /rrk
functions since /rrk“S, unlike k™", is unable to antagonize
the activitg of rab7 in regulating lysosome positioning. In
fact, IrrkS> causes a phenotype consistent with rab7 activa-
tion, thus behaving precisely opposite to k"™ " with respect
to the genetic relationship with rab7 (Fig. 9A versus B).
However, this is not a dominant-negative effect of lrrkGS, as
Irrk loss-of-function on its own has no effect on lysosome dis-
tribution. Thus, we conclude that the GS mutation causes both
partial loss-of-function and neomorphic effects with respect to
rab7. Interestingly, this altered functional relationship is
accompanied by altered binding to Rab7, in which Lrrk™",
but not Lrrk“S, binds preferentially to the inactive form of
Rab7. These data suggest the possibility that this differential
binding may at least partially explain the different genetic
relationsl\l)éfgs that Lrrk™" and Lrrk® have with Rab7
(i.e. Lrrk™ T negatively regulates Rab7, while Lrrk“® promotes
Rab7-dependent functions). One intriguing hypothesis that
this result suggests is that Lrrk"' may preferentially
stabilize the inactive form of Rab7 by direct binding, but
that Lrrk®® may lack this ability. These results have
important implications for the development of PD therapies
targeting this allele.

MATERIALS AND METHODS
Drosophila genetics and stocks

The follicle cell-specific driver CY2-GAL4 was a gift from
Celeste Berg, and UAS-Lampl:GFP from Helmut Kramer.
The lrrk®*%% allele was obtained from the Harvard Drosoph-
ila stock center. UAS-Rab transgenic flies have been previous-
ly published (76), and were obtained from the Bloomington
Drosophila Stock Center. Rab7“* is Rab7?¢’" and Rab7°™
is Rab7™*N. All other lines, including the lrrk deficiency,
Df(3R)BSC141, are from the Bloomington Drosophila Stock
Center. For experiments involving transgenic flies, multiple
lines were generated (Rainbow Transgenic Flies) and tested
for each transgene. Drosophila strains were maintained in a
25°C humidified incubator. Two copies of the CY2-GAL4
driver were used for all follicle cell experiments aside from
fertility rescue experiments.

Molecular biology

For UAS-lrrk, an Nhel—Kpnl fragment of the lrrk genomic
DNA (BACR26M03) was cloned into pUASt. For the
CaSpeR-Irrk genomic rescue, EcoRI-Sall fragments of the
Irrk genomic DNA were cloned into the CaSpeR4 vector.
For CaSpeR-lrrk-9myc, nine copies of myc were fused in
frame just upstream of the lrrk stop codon by polymerase
chain reaction (PCR). All cloned PCR products were
confirmed by sequencing. pMT-lrrk-9myc was generated
by subcloning Irrk-9myc into the pMT vector, and
PMT-lrrkSS-9myc by subcloning the Sacl fragment from
UAS-lr7kSS into pMT-lrrk-9mye. UAS-Irrk® was generated
by mutating G1914 to S via site-specific mutagenesis.

Lysotracker staining and tracer uptake assay

For Lysotracker staining, ovaries were dissected and incubated
for 15 min in 100 nm Lysotracker red DND-99 (Molecular
Probes), washed briefly, then mounted and imaged immediate-
ly, all in Schneider’s Drosophila Medium (Gibco). For noco-
dazole experiments, freshly dissected egg chambers were
incubated for 1h in 50 mM nocodazole (Sigma) plus 0.2%
dimethyl sulfamethoxazole (DMSOQO), or DMSO alone as a
vehicle, in Schneider’s Drosophila Medium prior to Lyso-
tracker staining. For dextran uptake assays, freshly dissected
egg chambers were incubated in 0.5 mm Texas Red-dextran
(3000 MW, Invitrogen) in Schneider’s Drosophila Medium
(Gibco) for 15 min, washed and then incubated for 30 min at
25°C prior to fixation in 4% paraformaldehyde. All follicle
cell images shown are from stage 12 egg chambers unless
otherwise stated.

Quantification of lysosome clustering

Follicle cell lysosome clusters were defined from confocal
images of Lysotracker-stained stage 12 egg chambers as any
particle larger than 1.0 wm? in cross-sectional area using the
Analyze Particles function in ImageJ software (NIH), while in-
dividual lysosomes were defined as particles 0.2—0.9 um? in
area. These parameters correlated with categorization based
on qualitative visual analysis with greater than 99% concord-
ance. The total cross-sectional area of Lysotracker-positive
signal residing in a cluster was then divided by the total area
residing in clusters plus individual lysosomes for all main
body follicle cells visualized in a 63 x field from a single egg
chamber, typically encompassing 30—35 cells. This figure
was then averaged over a total of at least six individual stage
12 egg chambers per genotype. For determination of average
cluster size, the same procedure was followed, and the
average cluster size as measured by the Analyze Particles func-
tion in ImageJ was determined for each egg chamber and then
averaged over multiple egg chambers per genotype as above.
The two-tailed Student’s z-test was used to determine statistical
significance. Error bars represent standard error of the mean.

Immunofluorescence and confocal microscopy

Freshly eclosed females were maintained on wet yeast paste
for 24 h prior to ovary dissection, and individual stage 11—
13 egg chambers were hand dissected following fixation. All
tissues were fixed in either 3.7% formaldehyde or 4% parafor-
maldehyde in phosphate buffered saline (PBS). PBS 4 0.1%
Triton X-100 + 2% bovine serum albumin was used for block-
ing and antibody incubations. The following primary anti-
bodies were used for immunocytochemistry: mouse anti-Myc
(DSHB, 9E10, 1:10), rabbit anti-Rab7 (a generous gift from
Yashodhan Chinchore and Patrick Dolph, 1:100) and guinea
pig anti-Hrs (a gift from Hugo Bellen, 1:100). Images were
obtained with a Zeiss LSM5 confocal microscope.

Female fertility tests

Single 0—3-day-old females were placed in a vial supplemen-
ted with dry yeast along with three sibling males and



maintained at 25°C. After 4 days, the flies were removed and
progeny were allowed to develop at 25°C for an additional 13
days, at which time the number of adult progeny per vial was
counted. The two-tailed Student’s 7-test was used to determine
statistical significance. Error bars represent standard error of
the mean.

S2 cell culture and transfection

S2 cells were cultured in Schneider’s Drosophila Medium
(Gibco) + 10% fetal bovine serum (Invitrogen) 4+ 1% penicil-
lin/streptomycin (Invitrogen). For immunoprecipitations, cells
were plated on 10 cm dishes at a density of 9 x 10°. Transfec-
tions were performed 24 h later using the Qiagen Effectene kit
according to the manufacturer’s recommendations.
pPMT-lrrk-9myc was transfected along with pAC-Gal4 and
pUASp-Rab:YFP constructs (obtained from Matthew Scott)
as indicated. pMT-lrrk-9myc expression was induced by
adding 0.5 mm copper sulfate 24 h after transfection, and
cells were harvested 24 h later.

Lysate preparation, immunoprecipitation and western
blotting

Cells were lysed in 800 ml of radioimmunoprecipitation assay
buffer (Upstate) containing protease inhibitor cocktail
(Roche), and immunoprecipitations performed using Invitro-
gen Dynabeads according to the manufacturer’s instructions.
A rabbit anti-GFP antibody (Invitrogen) was used for immu-
noprecipitation. Bound proteins were eluted at 72°C for
10 min in 1 x sodium dodecyl sulfate sample buffer containing
5% 2-mercaptoethanol, and were resolved on a 6 or 10% poly-
acrylamide gel. Proteins were transferred to an Immobilon
membrane (Millipore), and labeled with mouse anti-Myc
(Millipore, 1:1000), mouse anti-GFP (Roche, 1:5000) or
rabbit anti-actin (Sigma, 1:2000) and goat anti-mouse or anti-
rabbit horseradish peroxidase. Blots were developed using
SuperSignal West Pico Chemiluminescent Substrate (Pierce).
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