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Genetic variation at the leucine-rich repeat kinase 2 (LRRK2) locus contributes to an
enhanced risk of familial and sporadic Parkinson’s disease. Previous data have demon-
strated that recruitment to various membranes of the endolysosomal system results in
LRRK?2 activation. However, the mechanism(s) underlying LRRK2 activation at endo-
lysosomal membranes and the cellular consequences of these events are still poorly
understood. Here, we directed LRRK2 to lysosomes and early endosomes, triggering
both LRRK2 autophosphorylation and phosphorylation of the direct LRRK2 substrates
Rab10 and Rab12. However, when directed to the lysosomal membrane, pRab10 was
restricted to perinuclear lysosomes, whereas pRab12 was visualized on both peripheral
and perinuclear LRRK2™ lysosomes, suggesting that lysosomal positioning provides
additional regulation of LRRK2-dependent Rab phosphorylation. Anterograde trans-
port of lysosomes to the cell periphery by increasing the expression of ARL8B and
SKIP or by knockdown of JIP4 blocked the recruitment and phosphorylation of Rab10
by LRRK2. The absence of pRabl0 from the lysosomal membrane prevented the
formation of a lysosomal tubulation and sorting process we previously named LYTL.
Conversely, overexpression of RILP resulted in lysosomal clustering within the perinu-
clear area and increased LRRK2-dependent Rab10 recruitment and phosphorylation.
The regulation of Rab10 phosphorylation in the perinuclear area depends on counter-
acting phosphatases, as the knockdown of phosphatase PPM1H significantly increased
pRab10 signal and lysosomal tubulation in the perinuclear region. Our findings suggest
that LRRK?2 can be activated at multiple cellular membranes, including lysosomes, and
that lysosomal positioning further provides the regulation of some Rab substrates likely
via differential phosphatase activity or effector protein presence in nearby cellular
compartments.

Parkinson's disease | JIP4 | kinase | LLOMe | LYTL

Coding mutations in the leucine-rich repeat kinase 2 (LRRK2) gene can cause familial
Parkinson’s disease (PD) (1, 2), and noncoding variants in the promoter of the same
gene act as risk factors for sporadic PD (3). LRRK2 encodes LRRK2, a large protein
consisting of dual enzymatic domains flanked by protein—protein interaction scaffold
domains (4). Known LRRK2 pathogenic mutations are located in the Ras-of-complex/
guanosine triphosphatase (ROC/GTPase), C-terminal of Roc, and kinase domains, and
produce a toxic hyperactive protein (5, 6).

LRRK2 phosphorylates itself at serine 1292 (7) as well as serine/threonine residues
in a conserved region of the switch II domain of a subset of Rab GTPases, leading to
differential interactions with effector proteins and thus linking LRRK2 to vesicle-
mediated transport (8, 9). Thus, LRRK2 has been nominated to play important roles
at various endomembranes (4, 10-12). We and others have previously shown that
membrane damage within the endolysosomal system results in LRRK2 activation as
measured by Rab phosphorylation (13—15). LRRK2-dependent Rab10 phosphorylation
at lysosomes results in the recruitment of c¢-Jun N-terminal kinase interacting protein 4
(JIP4), a motor adaptor protein, that initiates the formation of tubules from the lysoso-
mal surface (lysosomal tubulation/sorting driven by LRRK2 [LYTL]) (13). We have
shown that these tubules can resolve into vesicles that make contact with other lyso-
somes that are cathepsin B™ (CTSB*) (13). LYTL is likely a response to lysosomal
membrane damage in which cargo from these lysosomes is delivered to active lysosomes
for degradation. LRRK2 may also play an important role in the regulation of lysosomes
in vivo, as lysosomal proteins are dysregulated in LRRK2 knockout mice (16) or after
chronic LRRK2 kinase inhibition (17).

Although these prior data imply that LRRK2 is part of the cellular response to mem-
brane damage, the mechanism(s) by which LRRK2 becomes activated at membranes are
not fully understood. One study using a mitochondrially tagged Rab29 protein showed
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that directing LRRK2 to the mitochondrial membrane is suffi-
cient to induce its activation and downstream Rab10 phosphor-
ylation (18), suggesting that specific membrane identity is
unimportant in LRRK2 activation. We have recently confirmed
this finding at other membranes, in which directing LRRK2 to
early, late, and recycling endosomes, plasma membrane, Golgi,
and lysosomes was sufficient to activate LRRK2 kinase (19).
However, how Rab phosphorylation patterns vary across differ-
ent sub-cellular compartments remains to be defined.

Here, we designed two independent methods to deliver LRRK2
to ecarly endosomes and lysosomes to investigate membrane-
dependent patterns of direct LRRK2 substrates Rab10 and Rab12
at sites T73 and S106, respectively. We found that LRRK2
becomes kinase active at either membrane, as indicated by auto-
phosphorylation at site $1292 and was able to phosphorylate both
Rab substrates. However, only a subset of perinuclear LRRK2*
lysosomes could recruit pRab10, whereas pRab12 was shown at all
LRRK2" lysosomes throughout the cell. These patterns were not
observed when directing LRRK2 to early endosomes. After manip-
ulating the lysosomal positioning, we found that peripherally tar-
geted LRRK2" lysosomes were unable to recruit pRab10, and that
clustering lysosomes into the perinuclear area significantly increased
pRab10 signal and colocalization. Interestingly, pRab12 was not
sensitive to lysosomal position, suggesting that additional signaling
events may control the phosphorylation of specific Rabs on subsets
of lysosomes. To address a possible mechanism for this observa-
tion, we knocked down PPMIH (protein phosphatase, Mg2*/
Mn2*-dependent 1H), a phosphatase known to dephosphorylate
T73 Rabl0 (20). PPMIH knockdown resulted in a significant
increase in pRab10 presence as well as frequency of pRab10/JIP4*
lysosomal tubules within the perinuclear area. These findings sug-
gest that LRRK2-dependent recruitment and subsequent phos-
phorylation of Rab10 at lysosomes are in part affected by lysosome
position, and that PPMIH plays a role as a limiting factor in
pRab10-dependent tubulation at perinuclear lysosomes. As
expected, the presence of pRab10 in lysosomes is heavily correlated
with its effector JIP4. Therefore, by regulating the presence of
pRab10 and JIP4 in lysosomes, lysosomal positioning is also regu-
lating LYTL.

Results

LRRK2 Is Activated at Early Endosomal or Lysosomal Membranes
Using Two Orthogonal Methods of Relocalization. LRRK2 has
been reported to play a role in various compartments of the endo-
lysosomal system (12). To study the activation of LRRK2 in this
context, we designed two orthogonal methods to direct LRRK2
to lysosomal or early endosomal membranes. We chose these two
distinct membranes as they are spatially and functionally distinct
portions of the endolysosomal pathway. First, we used previously
defined traps that use FKBP and FKBP-rapamycin-binding (FRB)
rapamycin-binding domains from FK506 binding protein 12
(FKBP12) and mammalian target of rapamycin, respectively (21).
Briefly, in the presence of rapamycin, these domains form a heter-
odimer, and rapidly and irreversibly direct a target protein to a tar-
get membrane (21). We therefore tagged LRRK2 with the FKBP
sequence (3xFLAG-FKBP-LRRK?2) and fused the FRB sequence
to the lysosomal and early endosomal membrane markers
lysosomal-associated membrane protein 1 (LAMP1) and Rabs,
respectively, which we have previously characterized (19). Second,
we cloned two chimera-LRRK2 constructs by tagging the N
terminus of LRRK2 with a 39-amino acid (aa) transmembrane
sequence from LAMTORI for lysosomal targeting and
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FYVE-CC2 from hepatocyte growth factor (HRS) protein for
early endosome targeting (22, 23).

We confirmed the efficiency of the translocation of LRRK2 to
the lysosomal membrane using the LAMTORI(1-39 aa)-LRRK2
chimera (referred to as LYSO-LRRK2 to denote a lysosomal chi-
mera) in comparison to the FKBP/FRB lyso-trap. Cotransfection of
FKBP-LRRK2 and LAMP1-FRB-Cyan Fluorescent Protein (CFP)
constructs into HEK293FT cells resulted in strong colocalization of
LRRK2 to the LAMP1 construct in the presence of rapamycin
(Fig. 1A). Similarly, the LYSO-LRRK2 chimera colocalized with
endogenous LAMP1, LAMTORS4, and CTSD (Fig. 14 and S/
Appendix, Fig. S1 A-C). Having established correct localization of
our constructs, we next evaluated whether the direction of LRRK2
to lysosomes was sufficient to activate the kinase activity of LRRK2
in both systems. Cells transfected with the FKBP/FRB constructs
and treated with rapamycin showed enhanced LRRK2 activity
compared to untreated control cells, as measured by a significant
increase in the autophosphorylation of LRRK2 at site S1292 as
well as phosphorylation of T73 Rabl0 and S106 Rab12 (Fig. 1
B-F). A similar magnitude of LRRK2 activation was also seen with
the LYSO-LRRK?2 targeting construct compared to a LRRK2 con-
struct without an additional targeting modif that remains cytosolic
(referred to as NT-LRRK2 for “nontargeting”) (Fig. 1 B-F). To
control for rapamycin treatment, NT-LRRK2-transfected cells were
also treated with rapamycin, in which no significant difference in
phosphorylation was observed compared to untreated cells, con-
firming that rapamycin alone does not activate LRRK2 (Fig. 1
B-F). Thus, directing LRRK2 to lysosomes is sufficient to increase
kinase activity, even in the absence of lysosomal-damaging agents
previously described to activate LRRK2 on lysosomes (13-15).

We similarly directed LRRK2 to early endosomal membranes
using  FKBP-LRRK2 and near-infrared fluorescent protein
(iRFP)-FRB-Rab5 constructs and a C-terminal FYVE (Fabl,
YOTB, Vacl, and EEA1) and CC2 (coiled-coil-2)-LRRK2 chi-
mera (referred to as EE-LRRK2 to reflect an early endosomal
chimera). Both methods resulted in LRRK2 colocalization with
early endosome markers Rab5 and EEALI, respectively (Fig. 1F).
Endogenous vacuolar protein sorting 35 (VPS35) was also
stained as a secondary marker of early endosomes, and colo-
calization with the EE-LRRK2 chimera was quantified (57
Appendix, Fig. S1 D and F). The FYVE domain binds to phos-
phatidylinositol 3-phosphate (PI3P) on the surface of a subset
of endosomes, with particular accumulation on early endosomes
(24, 25). As expected, the overlap of EE-LRRK2 with the gen-
eral early endosome marker EEA1 and VPS35* endosomes (26)
resulted in strong correlations, with an estimated average of 0.
59 and 0.58 colocalization of total fluorescence in the region of
interest, respectively (S/ Appendix, Fig. S1F). Since PI3P can be
present on other endosomal populations, we further quantified
colocalization of EE-LRRK2 and endogenous Rab7, a marker
of late endosomes. On average, the estimated fraction of colo-
calized pixels over total fluorescence was 0.18 when measuring
EE-LRRK2 colocalization with Rab7, showing that EE-LRRK2
predominantly sequesters onto early endosomes, although there
is some overlap with late endosomes (SI Appendix, Fig. S1 E
and F). Cotransfection of FKBP/FRB-tagged plasmids signifi-
cantly increased $1292 LRRK2 autophosphorylation and phos-
phorylation of Rab10 and Rab12 when cells were treated with
rapamycin compared to untreated transfected cells (Fig. 1 G-)).
The EE-LRRK2 chimera activated LRRK2 similarly to the
rapamycin-treated FKBP/FRB method, whereas NT-LRRK2
expressing did not, even after rapamycin exposure (Fig. 1 H-)).

Collectively, these results indicate that directing LRRK2 to a
given membrane results in activation and phosphorylation of
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multiple Rab proteins, irrespective of membrane identity. Since
both methods of LRRK2 translocation were sufficient for
downstream phosphorylation of Rab GTPases, we chose to
move forward with the lysosome and early endosome chimeric
constructs so as to avoid unnecessary cotransfections and treat-
ments (e.g., rapamycin) for subsequent experiments.

LRRK2 and Phosphorylated Rab10 Colocalization Patterns
Differ at the Lysosomal and Early Endosomal Membranes.
We next examined the cellular distribution of two LRRK2 sub-
strates, pI'73 Rab10 and pS106 Rabl12, at endogenous levels
using immunostaining. When cells were transfected with
LYSO-LRRK2, we noted a significant increase in pT73 Rab10
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phosphorylation, Rab10 and Rab12 phosphor-
ylation under conditions of NT-LRRK2, or
e EE-trap-expressing cells with and without
rapamycin treatment or the EE-LRRK2 chi-
mera alone. (C-£, H-J) One-way ANOVA with
Tukey's post hoc; n = 3; SD bars shown; (C)
F(4, 10) = 19.67, (D) (4, 10) = 16.87, (E) F(4,
10) = 81.71, (H) A4, 10) = 25.86, (/) F(4, 10) =
25.22, and (/) A4, 10) = 16.00. ns = not
significant.

PS106/RAB12
(Arb. Un.)
s
£

staining that colocalized with endogenous LAMP2 compared to
cells transfected with NT-LRRK2 (Fig. 2 4 and B). In addi-
tion, when treated with MLi-2, a LRRK2-specific kinase inhibi-
tor, pRab10 signal was completely abolished (Fig. 2 4 and B).
Signal intensity of pS106 Rab12 was also significantly increased
when LRRK2 was directed to lysosomes via the LYSO-LRRK2
construct compared to NT-LRRK2, and MLi-2 significantly
decreased this signal (Fig. 2 C'and D).

When cells were transfected with the EE-LRRK2 construct,
phosphorylation of both Rab10 and Rab12 were significantly
increased and colocalized with endogenous EEA1 compared to
the transfection of the untagged LRRK2 construct, and the
addition of MLi-2 caused a significant reduction in signals for
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Fig. 2. Rab phosphorylation is LRRK2 dependent and pRab colocalization patterns differ between Rab10 and Rab12 at the lysosomal membrane. HEK293FT
cells were transfected with either NT-LRRK2 or LYSO-LRRK2 chimera, and pT73 Rab10 and pS106 Rab12 integrative densities were measured (A-D). MLi-2
treatment was compared to untreated cells expressing LYSO-LRRK2 (A-D). Scale bar, 10 pm. (E-/) Cells were transfected with either NT-LRRK2 or EE-LRRK2
chimera, and pT73 Rab10 and pS106 Rab12 integrative densities were measured (A-D). MLi-2 treatment was compared to untreated cells expressing
EE-LRRK2 (E-/). Scale bar, 10 pm. In all merged images, “n” denotes the nucleus. (B, D, F, and H) One-way ANOVA with Tukey's post hoc; (/) two-way ANOVA
with Tukey's post hoc; n = 3, n = 13 cells; SD bars shown; (B) A2, 32) = 33.11, (D) F(2, 32) = 34.92, (F) A2, 32) = 26.67, (H) A2, 32) = 52.36, and (/) chimera:

F(1, 36) = 93.49, P < 0.0001, Rab: A1, 36) = 73.37, P < 0.0001.

both pRabs (Fig. 2 £—H). These data suggest that Rab10 and
Rab12 are phosphorylated by LRRK2 chimeras and can be
recruited to and accumulated by these membranes where
LRRK2 kinase is active, likely due to a lack of removal by GDI
(Rab GDP dissociation inhibitor), as previously suggested (18).

Inspection of the same images suggested that not all
LRRK2" lysosomes were also pRab10™ (Fig. 2A4). Therefore,
we next measured LRRK2:pRab colocalization at LRRK2*
lysosomes and LRRK2™ early endosomes using Mander’s coefhi-
cient. Quantitatively, we found that only a small portion of
LRRK2" lysosomes colocalized to pT73 Rab10, whereas most
LRRK2" lysosomes showed colocalization with pS106 Rab12
(Fig. 21). We also observed that this cluster of pRabl0 lyso-
somes was situated in the perinuclear region, and not observed
at distal lysosomes (SI Appendix, Fig. S2A). When measuring
the signal intensity of pRabl0 against distance from the
nucleus, we observed that the majority of the pRab10 signal
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was situated at approximately 4 pm from the nucleus of cells
(81 Appendix, Fig. S2B). In addition, we stained HEK293FT
and U20S cells expressing LYSO-LRRK2 with pericentrin, a
marker for centrosomes located within the perinuclear region
of cells, and observed that pRab10™ lysosomes were most often
adjacent to pericentrin, further validating that the location of
this subset of lysosomes is perinuclear (S/ Appendix, Fig. S2 C
and D). Since HEK293FT cells have relatively small lysosomes,
we also used U20S cells expressing LYSO-LRRK2 to improve
our ability to analyze pRab10™ structures. Using superresolu-
tion microscopy, we were able to confirm the colocalization of
pRab10 with LYSO-LRRK2, as well as endogenous lysosomal
markers LAMP1, LAMP2, and a tagged version of TMEM192
(S Appendix, Fig. S2E). In addition, with LRRK2 localized to
lysosomes, spontaneous pRab10* tubules were observed (S/
Appendix, Fig. S2F). In contrast, nearly all of the LRRK2*
early endosomes colocalized with both pRab10 and pRabl2,
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suggesting that the differing patterns between LRRK2-
mediated phosphorylation of Rab10 and Rab12 at lysosomes is
indeed lysosomal specific (Fig. 21). Staining for total Rab10 on
cells transfected with LYSO-LRRK2 revealed a pattern similar
to that of pRab10, in which the total protein colocalized only
to a subset of perinuclear LRRK2* lysosomes (SI Appendisx,
Fig. S3 A and B). In addition, we stained for JIP4, a motor
adaptor protein recruited by pRabl0 to the lysosomal mem-
brane (13, 27) and found it to cluster with the subset of
LRRK2" lysosomes on cells expressing LYSO-LRRK2 com-
pared to NT-LRRK2 (87 Appendix, Fig. S3 C and D). Staining
of JIP4 in U20S cells also revealed JIP4* tubules similar to
those observed with pRab10 accumulation (87 Appendix, Fig.
S3E). These data suggest that while Rabl0 is retained at
LRRK2" lysosomes after phosphorylation, there are additional
conditions that determine the presence of Rab10 at only a sub-
set of lysosomes in the perinuclear region of the cell. To ensure
that LYSO-LRRK?2 itself did not affect lysosomal positioning,
we transfected cells with either NT-LRRK2 or LYSO-LRRK2
and measured the mean lysosomal distance to the nucleus via
endogenous LAMP2 staining (S/ Appendix, Fig. S3 F and G).
Our data show no significant difference between conditions,
suggesting that the cluster of pRab10™ lysosomes situated in
the perinuclear region are not caused by any alteration in lyso-
somes that have LYSO-LRRK?2 present.

Expression of Motor Proteins ARL8B and SKIP Promote
Dispersion of LRRK2* Lysosomes to the Cell Periphery. To
delineate the mechanism underlying the recruitment and phos-
phorylation of Rab10 to a subset of lysosomes, we took a spa-
tial approach by manipulating lysosomal positioning. The small
Arf-like GTPase ARL8B and kinesin-1 adaptor protein SKIP
have been shown to direct lysosomes to the cell periphery when
overexpressed (28, 29). Briefly, ARL8B binds to both the lyso-
somal membrane and SKIP, which contains two light-chain
kinesin-binding domains to promote anterograde movement
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Fig. 3. ARL8B- and SKIP-expressing cells pro-
mote lysosomal repositioning to the periphery
of cells. Representative schematic describing
lysosomal translocation to the cell periphery
via expression of ARL8B and SKIP proteins

f . along the plus end of microtubules (A). Airy-

[o) scan microscopy showing peripheral LYSO-

Ooo LRRK2 lysosomes, colocalizing with ARL8B and

% SKIP (B). Cell edges are outlined. Scale bars,

10 pm. LYSO-LRRK2 was transfected in cells

o Q% alone or cotransfected with ARL8B and SKIP
(0). Scale bars, 10 pm. Quantification of the

& ratio of peripheral to total LRRK2" lysosomes
such as those represented in (C) are shown in

(D). Peripheral fluorescence refers to the pres-

o) ence of LRRK2 within 2 pm from the cell verti-
T T ces. Horizontal lines indicate the mean + SD

- + from 3 independent experiments.

along microtubules (Fig. 34). Interestingly, we found consider-
able morphological changes to HEK293FT cells with the addi-
tion of the ARL8B and SKIP proteins (mCherry-ARL8B and
2xMyc-SKIP constructs), in which cells formed long processes
with a large accumulation of lysosomes situated at the tips (Fig.
3 Band (). When measuring the number of LRRK2" lyso-
somes at the periphery versus total lysosome count, a significant
increase was observed in the number of LRRK2* lysosomes sit-
uated at the periphery when expressing ARL8B and SKIP
together (Fig. 3 Cand D).

Phosphorylated Rab10 Does Not Colocalize to Peripheral
LRRK2* Lysosomes while Lysosomal Clustering toward the
Perinuclear Area Increases Colocalization. We next cotrans-
fected LYSO-LRRK2, ARL8B, and SKIP and stained for pT73
Rab10 to determine whether lysosomes situated at the periph-
ery would be able to phosphorylate and retain Rab10. Both
pRab10 levels and colocalization with LRRK2 were signifi-
cantly decreased when cells were transfected with ARL8B and
SKIP compared to cells transfected with LYSO-LRRK2 alone
(Fig. 4 A-C). This pattern was also observed when staining for
total Rab10 levels (SI Appendix, Fig. S3 H and ). Taken
together, these data show that lysosomes situated within the
perinuclear region have specific properties that allow recruit-
ment and phosphorylation of Rab10 by LRRK2 that are not
shared with peripheral lysosomes.

Previously, we have shown that the addition of the lysoso-
motropic agent L-leucyl-L-leucine methyl ester (LLOMe) indu-
ces LRRK2 localization to the lysosomal membrane and
recruitment of Rab10 to initiate a lysosomal tubulation process
(LYTL) via JIP4 (13). We thus conjectured that adding
LLOMEe to cells transfected with SKIP and ARL8B would push
Rab10 to LRRK2" lysosomes despite their location at the
periphery. However, acute treatment with LLOMe did not
affect the recruitment nor subsequent phosphorylation of
Rab10 in cells transfected with SKIP and ARL8B compared to
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Fig. 4. ARL8B- and SKIP-expressing cells prevent pRab10 colocalization on peripherally positioned LRRK2" lysosomes. Representative confocal microscopy
images show pT73 Rab10 signal, LYSO-LRRK2 with endogenous LAMP2 (Top), or ARL8B and SKIP (Bottom) (A). Integrative density and Mander’s correlation
coefficient were used to measure pRab10 staining intensity (B) and LRRK2:pRab10 colocalization (C). (D) Cells with and without ARL8B/SKIP transfection were
treated with 1 mM LLOMe for 2 h. Integrative density and Mander's correlation coefficient were used to measure pRab10 staining intensity (£) and
LRRK2:pRab10 colocalization (F). LYSO-LRRK2 expressing cells with and without ARL8B/SKIP cotransfection and LLOMe treatment were probed for $1292
LRRK2 and pT73 Rab10 for western blot densitometry analysis (G-/). In all merged images, “n” denotes the nucleus. (B, C, E, and F) Two-tailed unpaired t test;
n = 13 cells across 2 independent experiments; error bars represent SDs; (B) ***P = 0.0004, (C) **P = 0.0071, (E) ****P < 0.0001, and (F) ****P < 0.0001.
(H-J) One-way ANOVA with Tukey's post hoc; n = 3 to 4; SD bars shown. (H) A3, 12) = 59.39, (/) (3, 12) = 4.624, and (/) A3, 12) = 19.42. Scale bars, 10 pm.

ns = not significant.

cells expressing LYSO-LRRK2 alone (Fig. 4 D-F). Western
blot analysis supported these results further, in that LLOMe
treatment significantly increases phosphorylation of Rab10 in
cells transfected only with LYSO-LRRK?2, but this effect was
counteracted by cotransfection with ARL8B and SKIP (Fig. 4
G and H). Interestingly, we do not observe any impact of
LRRK2 autophosphorylation at S1292 upon treatment with
LLOMe (Fig. 4 G and 1), suggesting either that LLOMe indu-
ces LRRK2 in a manner that is distinct from LRRK2 mutations
that increase pS1292 or that LLOMe increases the proximity
between LRRK2 and Rabs to provide more opportunity for
LRRK2-dependent Rab phosphorylation without increasing
LRRK2 kinase activity itself (30). In addition, it should be
noted that LRRK2 transfection efficiency decreased when
cotransfected with SKIP and ARL8B plasmids (Fig. 4 G and ),
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although a potential effect of SKIP/ARL8B overexpression lead-
ing to degradation of LRRK2 cannot be ruled out.

When staining for pRab12 in cells transiently expressing
ARL8B and SKIP, we found strong colocalization between
pRab12 and LRRK2" peripheral lysosomes regardless of lysoso-
mal position, and acute treatment with LLOMe significantly
increased pRab12 in cells transfected with LYSO-LRRK?2 alone
or with ARL8B and SKIP (Fig. 5 A-D). Interestingly, pRab12
levels were slightly reduced in the ARL8B- and SKIP-
expressing cells treated with LLOMe compared to LLOMe
alone, suggesting that the accumulation of phosphorylated
Rabs in general may be the most optimal in the perinuclear
region. However, comparing the relatively stronger effect of
positioning on pRab10 levels (Fig. 4 G and H) with the smaller
effect for pRab12 levels (Fig. 5 C and D) suggests that there are
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Fig. 5. Phosphorylated Rab12 is found at peripheral lysosomes in cells transiently transfected with ARL8B and SKIP plasmids. A superresolution confocal
microscopy image shows pS106 Rab12 staining at LRRK2* lysosomes when ARL8B and SKIP are coexpressed (A). In the merged image, “n” denotes the
nucleus. Scale bar, 10 pm. Mander's coefficient was used to measure LRRK2:pRab12 colocalization in conditions in which ARL8B and SKIP are coexpressed
with LYSO-LRRK2 as well as when only LYSO-LRRK2 is expressed alone (B). Western blot analysis from densitometry measurements of Rab12 phosphoryla-
tion are shown (C and D). (B) Unpaired, two-tailed t test; n = 3, n = 12 cells each; SD error bars are shown; P = 0.6045. (D-F) One-way ANOVA with Tukey's

post hoc; n = 3; SD bars shown. (D) A3, 8) = 87.73.

differing mechanisms at play for the phosphorylation of Rab10
and Rab12 at damaged lysosomes by activated LRRK2.

To further confirm these findings of position-specific Rab10
phosphorylation on LRRK2" lysosomes, using an alternative
method, we turned our attention to JIP4. Although we have
previously shown that JIP4 binds to pRab10 to induce lysoso-
mal tubulation, JIP4 is a motor adaptor protein that binds to
the dynein/dynactin complex to promote the transport of lyso-
somes toward the minus end of microtubules (31) (Fig. 6A).
Using small interfering RNA (siRNA), we knocked down JIP4
to prevent lysosomal retrograde transport to the perinuclear
area. This was then followed by transient transfection of
LYSO-LRRK2, and pRab10 levels were measured. Successful
knockdown of JIP4 resulted in decreased Rab10 phosphoryla-
tion levels compared to cells transfected with nontargeting
siRNA control (NTC) (Fig. 6 B and (). In addition, normal-
ized Rabl2 phosphorylation levels were unaffected by JIP4
knockdown, however, we found that JIP4 knockdown mark-
edly reduced total Rab12 protein levels, suggesting a possible
relationship between JIP4 and Rab12 (Fig. 6 B and D). Using
immunocytochemistry (ICC), we confirmed that endogenous
JIP4 knockdown had a similar effect on lysosomal segregation
to the periphery as seen with ARL8B and SKIP overexpression
where we measured a significant decrease in pRabl0 signal
compared to the nontargeting control siRNA condition (Fig. 6
Eand F). This finding identifies JIP4 as an influencer of lysoso-
mal positioning and thus LRRK2-dependent phosphorylation
of Rab10. To make sure that the artificial expression of LYSO-
LRRK2 was not contributing to this phenomenon, we also
knocked down JIP4 in cells without additional transfections.
This resulted in a significant increase in the average lysosome
distance from the nucleus compared to NTC control cells

PNAS 2022 Vol. 119 No.43 2205492119

(ST Appendix, Fig. S4 A and B), providing further evidence that
JIP4 regulates the lysosome position independent of LRRK2.

LLOMe treatment not only works as a lysosomal membrane
damaging reagent but it also promotes the clustering of lyso-
somes in the perinuclear region and consequently increases
Rab10 phosphorylation in the perinuclear region. Therefore,
we compared different stimuli to promote lysosomal retrograde
transport in HEK293FT cells, including LLOMe treatment,
Rab-interacting lysosomal protein (RILP) overexpression, and
serum/aa starvation. RILP is a Rab7A effector that affects lyso-
somal positioning within the cell via the recruitment of dynein
and dynactin proteins (32). Overexpressing RILP arrests Rab7A
in its GTP-bound active form and sequesters the protein to late
endosomal and lysosomal membranes and induces the recruit-
ment of the dynein-dynactin complex, which promotes vesicle
translocation along the minus end of microtubules toward the
perinuclear region (33). In addition, serum/aa starvation has
been shown to affect lysosomal positioning in that lysosomes
cluster into the perinuclear region to facilitate autophagosome-
lysosome fusion following nutrient deprivation in specific cell
types (34). We found that both LLOMe treatment and RILP
overexpression  significantly increased the clustering of lyso-
somes into the perinuclear area, whereas starvation did not
have a significant effect on lysosomal clustering as determined
by measuring the mean distance of endogenous LAMP2
puncta to the nucleus in HEK293FT cells (S/ Appendix, Fig.
S4 Cand D).

Based on these results, we coexpressed LYSO-LRRK2 and
RILP and stained for pT73 Rab10. We were excited to find that
RILP overexpression is sufficient to cluster LRRK2" lysosomes
into the perinuclear region, resulting in the recruitment and
phosphorylation of Rab10, as demonstrated by LRRK2:pRab10
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Fig. 6. Knockdown of endogenous JIP4 is sufficient to prevent peripheral lysosomes from returning to the perinuclear area, while RILP-expressing cells promote
clustering of LRRK2* lysosomes within the perinuclear region and significantly increase pRab10 signal. Simplified schematic of lysosomal movement into the peri-
nuclear area via JIP4 adaptor binding to a lysosomal protein and the dynein/dynactin complex (A). Western blot analysis showing NTC (nontargeting control siRNA)
versus JIP4 siRNA conditions in HEK293FT cells and densitometry measurements of pRab10 and pRab12 proteins (B-D). Representative confocal microscopy
images of HEK293FT cells stained for LYSO-LRRK2 and pRab10 under conditions of NTC and JIP4 siRNA transfection (E), in which knockdown of ]IP4 significantly
reduces pRab10 signal (F). Cells expressing LYSO-LRRK2 and RILP were stained for pRab10 or pRab12 and colocalization with LRRK2 and integrated densities were
measured, respectively (G-L). In all of the merged images, “n” denotes the nucleus. (C, D, F, H, I, K, and L) Two-tailed unpaired Student t test; SD error bars are
shown. (C) P=0.0132, n =3, (F) P < 0.0001, n = 13 to 15 cells, (H) P < 0.0001, (/) P < 0.0001, (K) P = 0.6045, and (L) P = 0.8273, n = 12 to 15 cells.

colocalization (Fig. 6 G and H). We also observed that phosphor- These results further demonstrate that lysosomes situated at the
ylation levels of Rab10 were significantly increased compared to ~ perinuclear area possess favorable characteristics for the recruit-

cells that were transfected with LYSO-LRRK2 alone (Fig. 6/).  ment and phosphorylation of Rab10 by LRRK2. Overexpression
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of RILP also clustered pRab12* lysosomes; however, we observed
no difference in colocalization with LRRK2 or levels of phosphor-
ylated Rabl12, suggesting, again, that pRabl2 is unaffected by
lysosomal position (Fig. 6 /~L).

Dispersion of Lysosomes to the Cell Periphery Is Sufficient to
Block Recruitment of Rab10 in Untagged LRRK2 and
Endogenous LRRK2 Models. We next wanted to test whether
the phenomenon of peripheral lysosomes being recalcitrant to
pRab10 formation could be recapitulated using LLOMe treat-
ment in nontargeted, wild-type LRRK2-expressing cells.
NT-LRRK?2 is primarily cytosolic, and treatment with LLOMe
promotes colocalization to the lysosomal membrane (13, 14).
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Therefore, we treated cells transfected with NT-LRRK2 with
LLOMe for 2 h. We observed that LRRK2 relocalized to the
lysosomal membrane with or without the addition of ARL8B
and SKIP overexpression, shown as colocalization with endoge-
nous LAMP2 (Fig. 7 A and B). Interestingly, when cells were
treated with LLOMe, colocalization of LRRK2 and pRab10
was found only in the subset of lysosomes within the perinu-
clear region, and this was blocked when lysosomes were pushed
to the periphery upon ARL8B and SKIP overexpression (Fig. 7
C and D). Furthermore, JIP4 recruitment to LLOMe-treated
lysosomes was also prevented by ARL8B and SKIP expression
(Fig. 7 E and F), suggesting that LYTL cannot be activated at
peripheral lysosomes. Western blot analysis confirmed that the
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addition of SKIP and ARLS8B inhibits pRab10 in cells treated
with LLOMe compared to those without ARL8B and SKIP
overexpression (Fig. 7 G-/). In addition, we observed that
pRab12 was recruited to LRRK2" lysosomes after LLOMe
treatment with and without cotransfection of ARL8B and
SKIP proteins (SI Appendix, Fig. S5 A and B). This suggests
that regardless of lysosomal position, LLOMe treatment is suffi-
cient to bring cytosolic LRRK2 to the lysosomal membrane to
recruit pRab12. Interestingly, the movement of most lysosomes
to the periphery does not affect the ability of galectin-3 recruit-
ment to damaged lysosomes after treatment with LLOMe,
suggesting that lysosomal membrane damage also occurs in
peripheral lysosomes (SI Appendix, Fig. S5C).

We then decided to evaluate whether the same effects were
seen with LRRK2 at endogenous levels and selected mouse pri-
mary astrocytes for their high levels of LRRK2 expression
(13, 35). Acute LLOMe treatment for 4 h significantly
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Fig. 8. PPM1H knockdown affects pRab10-
mediated lysosomal tubulation. Representative
confocal images showing LYSO-LRRK2 and
pT73 Rab10 after siRNA knockdown of NTC or
PPM1H, where “n” denotes the nuclei (A). The
integrated density of pRab10 signal was mea-
sured in ICC (B) and western blot densitometry
measurements, with additional probing for
Rab12 (C-E). Representative confocal images of
JIP4 are shown accompanied by integrated
density measurements in cells transfected with
NTC or PPM1H siRNA (F and G). Airyscan
images are shown of pT73 Rab10* and JIP4*
tubules, and the number of tubules was
counted (H-K). (B, D, E, G, J, and K) Two-tailed
unpaired t test; n = 16 (B and G); (D and E)
n=3n 35 (/ and K); SD bars shown.
(B) P = 0.0013, (D) P = 0.0141, (E) P = 0.6540, (G)
P =0.0066, (/) P = 0.0055, and (K) P = 0.0038.

increased phosphorylated Rab10 at lysosomes compared to
those only treated with DMSO (Fig. 7 J and K), whereas
ARLS8B and SKIP overexpression resulted in a significant reduc-
tion in pRab10™ lysosomes, and minimal recruitment to
peripheral lysosomes was observed (Fig.7 J and K). Of note,
LLOMe treatment clusters lysosomes to the perinuclear region
in mouse primary astrocytes in a similar way as that in
HEK293FT cells (S Appendix, Fig. S6 A and B). Taken
together, our results indicate that LRRK2-dependent Rab10
recruitment to the lysosomal membrane is position specific and
is recapitulated across multiple models, including at endoge-
nous levels of LRRK2.

Knockdown of PPM1H Increases Phosphorylation of Rab10 at
Perinuclear Lysosomes and Increases the Frequency of
Lysosomal Tubulation via JIP4. A recent siRNA screen identi-
fied that PPM1H phosphatase dephosphorylates T72 Rab8A
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and T73 Rabl0, thus mitigating LRRK2 signaling (20). Of
interest, exogenously expressed PPMI1H is reported to be
located at the Golgi, thus potentially having spatially restricted
effects on cellular phosphorylation. We therefore hypothesized
that PPM1H may counteract LRRK2-dependent Rab10 phos-
phorylation on lysosomes in the perinuclear area. Knockdown
of PPMIH resulted in a significant increase in pRab10 signal
on LYSO-LRRK2 lysosomes within the perinuclear region, but
no increase in signal at peripheral lysosomes was observed (Fig.
8 A and B). This was verified by western blot, in which levels
of pRabl0 significantly increased in cells transfected with
PPM1H siRNA compared to nontargeting siRNA con-
trol (NTC) control cells (Fig. 8 C and D). As expected, Rab12
phosphorylation levels remained unchanged, as PPM1H is not
a Rab12 phosphatase (Fig. 8 C and F). A pattern similar to
that of pRab10 was seen when quantifying JIP4 signal via ICC
(Fig. 8 Fand G). Upon PPM1H knockdown, we also found a
significant increase in the frequency of pRab10™ and JIP4*
lysosomal tubules (Fig. 8 A-K). This finding demonstrates that
PPM1H limits pRab10 phosphorylation at the perinuclear lyso-
somes and thereby counteracts LYTL.

Discussion

Understanding the patterns of LRRK2 kinase activity is of cru-
cial interest in PD pathogenesis and future therapeutics targeted
at this enzyme. Recent work from our laboratory and other lab-
oratories has shown that LRRK2 can be targeted to different
membranous compartments, where it can phosphorylate and
recruit several Rab substrates under specific cell signaling condi-
tions (13-15, 36-38). However, the dynamics underlying
LRRK2 membrane presence, activation, and Rab phosphoryla-
tion remain unclear. In the present study, we have shown that
LRRK2-dependent Rabl0 phosphorylation is influenced by
lysosomal positioning and the action of spatially restricted
phosphatases.

In addition, we characterized pRab localization patterns after
LRRK?2 was translocated to the lysosomal and early endosomal
membranes. We observed a striking difference in colocalization
pattern between Rabs, with pT73 Rab10 showing strict perinu-
clear localization in a subset of lysosomes, whereas pS106
Rab12 was found on LRRK2" lysosomes throughout the cell,
suggesting that LRRK2 may have a more direct influence over
Rab12 phosphorylation. Recently, we proposed that pRab12
more accurately than pRabl0 in vivo reports the effects of
hyperactivation as well as inhibition of LRRK2 kinase(17).
Taken together, our current data suggest that Rab12 is spatially
more readily available to LRRK2 mediation once LRRK2 is
translocated to the lysosomal membrane, whereas Rab10 is reg-
ulated by mechanisms distinct from Rab12 that affect its phos-
phorylation by LRRK2.

We have identified a spatially dependent, lysosomal-specific
mechanism through which LRRK2 recruits and phosphory-
lates Rab10. When LRRK2" lysosomes are pushed to the
periphery via ARL8B and SKIP overexpression, Rab10 can no
longer be recruited, in contrast to Rab12. This phenomenon
was also seen with the knockdown of endogenous JIP4,
revealing a role for JIP4 in LRRK2-dependent phosphoryla-
tion of Rabl0 at lysosomes positioned near the nucleus. We
speculate that there may be a feedforward signaling pathway
where lysosomal positioning can be promoted by JIP4 to the
perinuclear region that would then localize JIP4 for the initia-
tion of LYTL after the phosphorylation of Rab10. In contrast
to the overexpression of ARL8B and SKIP, the use of JIP4
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knockdown did not affect LRRK2 expression levels, confirm-
ing that a reduction in pRabl10 is position dependent. Inter-
estingly, however, our data also suggest that there may be a
smaller effect on pRab12 levels in the perinuclear area in the
context of activated LRRK2.

What remains to be identified are the key conditions that
determine the spatial specificity of the phosphorylation of spe-
cific Rabs at lysosomes. Lysosomes are highly dynamic and
transient organelles responsible for wide-ranging cellular func-
tions (39), and clustering lysosomes into the organelle-dense
perinuclear cloud has been observed under various conditions
of cellular stress and compromise (34, 40). LYTL, exacerbated
by LLOMe treatment, requires the recruitment and phosphory-
lation of Rabl10 and its subsequent recruitment of JIP4 to
induce tubulation, which we previously hypothesized was bene-
ficial to sort undegraded cargo to other active lysosomes for
proper disposal (13). Our data collectively suggest that at least
two conditions are required for the presence of pRabl10/JIP4
on lysosomes: (1) LRRK2 must be active and recruited to lyso-
somes, and (2) LRRK2* lysosomes must be located near the
nucleus. Thus, the current data suggest a complex regulation of
signaling downstream of LRRK2 that involves multiple condi-
tions and varies depending on which Rab is phosphorylated by
LRRK2.

Recent work by Berndsen et al. identified T73 Rabl0 as a
substrate for PPM1H phosphatase (20). Here, we show that
the knockdown of PPM1H significantly increased pRab10 sig-
nal as well as pRab10™ and JIP4* tubules on perinuclear lyso-
somes, demonstrating that endogenous PPMIH is not
restricted to Golgi membranes. By extension, this suggests that
as-yet-unidentified phosphatases may influence Rab10 phos-
phorylation at peripheral lysosomes. Of note, Berndsen et al.
also reported that pS106 Rabl2 was not influenced by
PPM1H. In addition, it is possible that there are Rabl0
GTPase-activating proteins/guanine exchange factor proteins
that are also spatially restricted that may drive Rab10 accumu-
lation on perinuclear lysosomes. Taken together, it will be
important to identify key proteins that contribute to this mech-
anism in follow-up studies.

Opverall, our results suggest that the presence of LRRK2 in
a membrane is sufficient to trigger its activation, Rab phos-
phorylation, and retention at membranes, and that Rab10-
specific recruitment to lysosomes is, in part, controlled by
lysosomal positioning. Further studies are needed to identify
the key proteins involved in determining optimal conditions
for LRRK2-dependent Rabl0 recruitment at the lysosomal
membrane, including the description of phosphatases that can
act on Rabl2 and on Rabl0 at peripheral lysosomes. Our
results suggest LRRK2 signaling pathways are complex and
will function as a product of which Rab is phosphorylated
and which phosphatases act to counteract or terminate that
signal.

Materials and Methods

Reagents and Treatments. For all of the experiments using the FKBP-FRB
complex, rapamycin (Cayman Chemicals, cat no. 13346) was added at 200 nM
for 15 min before fixation in 4% paraformaldehyde. MLi-2 (Tocris, cat. no.
5756) was used at 1 uM in dimethyl sulfoxide (DMSO) for 90 min, or LLOMe
(Sigma-Aldrich, cat. no. L7393) was added at 1T mM in DMSO for 2 h before fixa-
tion or lysing cells for downstream analyses. Starvation experiments consisted
of rinsing cells with phosphate-buffered saline, followed by incubation in Earle's
balanced salt solution for 3 h before fixation. Time points from 2 to 16 h of star-
vation were explored and all resulted in no significant lysosomal clustering in
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HEK293FT cells. The full experimental procedures and associated references can
be found in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. All of the study data are
included in the article and/or supporting information.
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