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ABSTRACT: Mutations in the leucine rich repeat kinase 2 (LRRKZ2) gene are a cause of
familial and sporadic Parkinson’s disease (PD). Nonetheless, the biological functions of
LRRKZ2 remain incompletely understood. Here, we observed that LRRK2 is recruited to
lysosomes that have a ruptured membrane. Using unbiased proteomics, we observed
that LRRK2 is able to recruit the motor adaptor protein JIP4 to permeabilized lysosomes
in a kinase-dependent manner through the phosphorylation of RAB35 and RAB10.
Super-resolution live cell imaging microscopy and FIB-SEM revealed that once at the
lysosomal membrane, JIP4 promotes the formation of LAMP1-negative lysosomal
tubules that release membranous content from ruptured lysosomes. Released vesicular
structures are able to interact with other lysosomes. Thus, we described a new process
that uses lysosomal tubulation to release vesicular structures from permeabilized
lysosomes. LRRK2 orchestrates this process that we name LYTL (LYsosomal
Tubulation/sorting driven by LRRK2) that, given the central role of the lysosome in PD,

is likely to be disease relevant.
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INTRODUCTION:

Mutations in LRRKZ2 are a relatively common cause of familial late-onset Parkinson’s
disease (PD)(7),(2), and variations at the LRRKZ2 locus have also been linked to the
more numerous sporadic PD(3),(4),(5). LRRKZ2 encodes Leucine-rich repeat kinase 2, a
large protein with both GTPase and kinase activity. The majority of proven pathogenic
mutations are located in the ROC-COR bidomain that controls GTP hydrolysis and
kinase activity and the majority of evidence suggests that mutations lead to a toxic
function of the protein(6),(7). At the cellular level, evidence suggests that LRRK2 can
regulate membrane trafficking events via phosphorylation of a subset of RAB
GTPases(8),(9),(70), although the precise relationship(s) between LRRK2 mutations,

RAB phosphorylation and neurodegeneration remain uncertain.

Recent genetic data have pointed to the lysosome as a crucial organelle in PD, as
mutations in genes encoding for lysosomal proteins have been identified in familial
cases of PD(77) and have been nominated as a risk factor for sporadic PD(4), leading
to the suggestion that PD should be considered a lysosomal disease(72). An
accumulation of lysosomal damage with age in kidneys, which normally express high
levels of LRRK2, has been documented in knockout mice(73),(74),(15). Pathogenic
LRRK2 mutations affect lysosomal structure and function in cultured astrocytes(76) and
other cell types(717),(18),(19),(20). However, the mechanistic basis by which LRRK2
affects lysosome function is unclear. Additionally, because LRRK2 can be localized to a

wide range of other membrane-bound structures in cells(8),(21, 22), whether LRRK2-
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mediated lysosomal defects are primary events or secondary effects driven by toxicity to

other cellular components is uncertain.

Here, we describe for the first time that LRRK2 translocates to the membrane of
permeabilized lysosomes, leading to the phosphorylation and recruitment of RAB35 and
RAB10. As a consequence, both RAB proteins promote the translocation of the motor
adaptor protein JIP4. JIP4 is present in, and helps to form, LAMP1-negative tubular
structures stemming from lysosomes. Live cell super-resolution microscopy reveals that
these tubules bud, extend and release small vesicular structures, suggesting a scenario
where ruptured lysosomes sort membranous content that can then interact with other
lysosomes. We call this newly described process LYsosomal Tubulation/sorting driven

by LRRK2 (LYTL).

RESULTS:

LRRK2, along with the motor adaptor protein JIP4, gets recruited to the
membrane of a subset of lysosomes.

To understand how LRRK2 might affect lysosomal function, we first examined the
localization of LRRK2 in cells. For these experiments, we decided to use mouse primary
astrocytes as (i) primary astrocytes express LRRK2 endogenously (unpublished data
from our lab, Fig. S1A) , (ii) their flattened morphology allows us to monitor membrane
trafficking events and (iii) they have been proposed to play a role in the pathobiology of

PD through non-cell autonomous effects on microglia and neurons(23).
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Exogenously expressed LRRK2 has been widely reported in the literature to have a
diffuse cytosolic distribution(24),(25),(8), however when expressed in mouse primary
astrocytes, LRRK2 colocalized with the late-endosomal/lysosomal membrane marker
LAMP1 in about half of the cells examined. Specifically, LRRK2 is present at a subset of
late-endosomes/lysosomes (LE/LYS) (2.723 + 0.408 LRRK2-positive LE/LYS structures
per cell) (Fig.1A) that are also positive for the late-endosomal/lysosomal marker RAB7
and the lysosomal marker LAMP2. These structures only occasionally contain the
lysosomal enzyme cathepsin B (CTSB), while being negative for the early-endosomal
marker EEA1 (Fig. 1B). The combination of the presence of several LE/LYS markers
with variable levels of CTSB suggests that LRRK2 is recruited to LYS with a low
degradative capacity(26).

We next questioned whether LRRK2 enzymatic activity could play a role in its
recruitment to the LYS by expressing the hyperactive and pathogenic mutations
G2019S (kinase domain) and R1441C (GTPase domain), along with the artificial
inactive mutations K1906M (kinase domain) and T1348N (GTPase domain) (Fig. S1B).
An increase in LRRK2-positive LYS per cell was observed in both hyperactive mutations
compared to the wild-type (WT) form, as well as a strong reduction in both inactive
mutations (Fig. S1C). Domain specific LRRK2 constructs (AHEAT, AWD40, HEAT,
ROC-COR-Kinase, ROC-COR) (Fig. S1D) showed much less recruitment to LYS
compared to the full-length construct (Fig. S1E, F). However, comparing the domains to
each other, we detected a higher amount of lysosomal LRRK2 in the HEAT and AWD40

domains compared to the other three domains (Fig. S1E,G), suggesting that although
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every domain seems to be important to maintain LRRK2 at the lysosomal membrane, its

recruitment likely happens through the N-terminal Armadillo domain.

These results suggest that while not all LRRK2 is lysosomal, it is likely to play a role at a
subset of these organelles. To identify lysosome-specific functional interactors of
LRRK2, we used the unbiased proximity-based biotinylation protein-protein interaction
method ascorbate peroxidase 2 (APEX2)(27), followed by quantitative proteomics in
cells with stable isotope labeled amino acids (SILAC). As a cytosolic control to exclude
non-specific interactions, APEX2 was tagged to a nuclear export signal (NES) (Fig. 1C).
Both vectors (APEX2-3xFLAG-LRRK2 and APEX2-3xFLAG-NES) were successfully
validated using immunostaining and western-blot (Fig. S2A, B). Out of the mass-spec
hits found in two independent replicates with the LRRK2 vector but not APEX-NES,
sixty-four proteins were selected as possible candidates for LRRK2 interaction (Fig. 1D,
E, Fig. S2C). Interestingly, among these candidates, six have already been linked to
LRRK2 in previous studies (a-synuclein, JIP3, JIP4, Coronin-1C, Gephyrin and
PACSIN2)(75),(28),(29), suggesting that this method can detect authentic LRRK2
interactors. Fifteen of the candidate proteins have a role in vesicle-mediated transport
(Fig. 1F) and six have been linked to lysosome biogenesis or dynamics in previous
studies (BLOS1, Muted, JIP3, JIP4, BICD2, and STAM1). To further prioritize within the
lysosomal-related hits, we tested whether they were recruited to LRRK2-positive LYS in
astrocytes. JIP4 was the only candidate that colocalized with LRRK2-positive LYS (Fig.
S2D, Fig. 1G). We were able to validate that there was a physical interaction between
these two proteins by overexpressing LRRK2 and blotting for endogenous JIP4 in cells

(Fig. S2E). We therefore considered JIP4, previously nominated by several independent
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laboratories using different techniques, to be a reliable LRRK2 interacting protein and a

candidate for mediating any functional effects of LRRK2 on the lysosome.

LRRK2 recruitment to lysosomes occurs as a response to lysosomal membrane

rupture, independent of lysophagy.

JIP4 (C-Jun-amino-terminal kinase-interacting protein 4) is a cytosolic scaffolding
protein, associated with multiple aspects of vesicle-mediated transport by acting as an
adaptor for both dynein and kinesin motor proteins(30). JIP4 has also been linked to
stress response(37), we speculated that the LRRK2:JIP4 complex might respond to
lysosomal damage. Such a role would be consistent with data described above showing
that LRRK2-positive LYS have low levels of CTSB (Fig. 1B), which is seen when
lysosomal membrane is ruptured and its contents leak into the cytosol(32). To test the
hypothesis that lysosomal membrane damage may trigger LRRK2:JIP4 recruitment to
lysosomes, we treated primary astrocytes with the strong lysosomotropic reagent L-
leucyl-L-leucine methyl ester (LLOME). LLOME enters the cell via endocytosis and is
transported to the lysosomes where it undergoes condensation by Cathepsin C, leading
to lysosomal membrane rupture(33). Exposure of cells to 1 mM LLOME triggered a
striking and time-dependent increase in LRRK2 recruitment to the lysosomal membrane
(Fig. 2A). We confirmed that LRRK2 is recruited to ruptured lysosomes by showing that
these structures are negative for both LysoTracker and Magic-Red CTSB (Fig. 2B, C),

fluorescent probes that measure lysosomal pH and activity respectively.
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One widely reported effect of lysosome membrane disruption is the induction of
lysophagy, a mechanism to clear ruptured lysosomes from cells via selective
autophagy. Galectin-3 (Gal3) is mostly distributed in a diffuse fashion in the cell in
normal conditions, but is recruited to the ruptured membrane and initiates lysophagy
after a high degree of lysosomal membrane damage(34). In our experimental paradigm,
Gal3 was indeed recruited to a subset of lysosomes after LLOME treatment (Fig. 2D,
E). However, LRRK2-positive LYS were largely Gal3 negative (Fig. 2D, F), suggesting
that LRRK2:JIP4 are recruited to a different lysosomal pool than those which will be

degraded by lysophagy.

To further determine if LRRK2 modifies lysophagy, we pre-treated cells with the potent
LRRK2 kinase inhibitor MLi-2 before adding LLOME. MLi-2 was able to completely
block endogenous LRRK2 kinase activity in mouse primary astrocytes as observed by
inhibition of both the LRRK2 auto-phosphorylation site pS1292 and of pT73 on RAB10,
a known substrate of LRRK2 (Fig. S2F). In contrast, LRRK2 kinase inhibition did not
affect Gal3 recruitment to the LYS in the presence of LLOME (Fig. 2G) and did not
modify the autophagic response triggered by LLOME, as measured by LC3 lipidation
(Fig. 2H). Taken together, our data suggest that LRRK2 plays a lysophagy-independent
role in the membrane of ruptured lysosomes (Fig. 21). We therefore considered whether
LRRK2 recruitment occurs before the lysosomal membrane is ruptured enough to
recruit Gal3 and trigger lysophagy and whether JIP4 might be important in mediating

effects of LRRKZ2 on lysosomal function.
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LRRK2 recruits JIP4 to ruptured lysosomes in a kinase-dependent manner.

As expected, JIP4 translocates to the membrane of LRRK2-positive LYS in a time-
dependent manner (Fig. 3A). However, the response of JIP4 to LLOME was slower than
that of LRRK2, with a maximal recruitment at 6 h instead of 2 h for LRRK2. It is also
noteworthy that we noted the presence of several LRRK2-positive/JIP4-negative
lysosomes, even after 6 h of LLOME exposure (Fig. 3A). MLi-2 did not reduce the
lysosomal localization of LRRK2 (Fig. S3A), whereas completely blocked the
recruitment of JIP4 to LRRK2-positive LYS (Fig. 3B), demonstrating that LRRK2 kinase
activity is required for JIP4 translocation to the lysosomal membrane. JIP4 translocation
was confirmed without transfection with LRRK2 (Fig. 3C, Fig. S3B), thus showing that
LRRK2 is able to recruit JIP4 while expressed at endogenous levels. Endogenous
LRRK2 pharmacological kinase inhibition was also able to arrest JIP4 lysosomal
membrane localization (Fig. 3C). Notably, with endogenous LRRK2, the recruitment of
JIP4 to the lysosomal membrane occurs 10 h after LLOME addition (Fig. S3B). These
results demonstrate that increasing expression of LRRK2 accelerates JIP4 recruitment

to membrane damaged lysosomes in a kinase-dependent manner.

To make sure these observations were not due to off-target effects of MLi-2, we
compared the amount of lysosomal JIP4 in Lrirk2-WT and Lrrk2-KO astrocytes in the
presence of LLOME. Consistent with prior data, cells lacking endogenous LRRK2 did
not recruit JIP4 to ruptured lysosomes (Fig. 3D, E). Conversely, cells expressing the
G2019S mutation (Fig. S3C) show a ~3-fold increase in the number of JIP4-positive

LYS per cell compared to cells only expressing the WT form of the protein (Fig. 3F).
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LRRK2 phosphorylates RAB10 and RAB35 in the lysosomal membrane

Since JIP4 recruitment to the lysosomal membrane is slower than LRRK2, we
speculated that LRRK2 might require intermediate partners to recruit JIP4 upon
lysosomal membrane damage. LLOME addition also triggers LRRK2-lysosomal
localization in HEK293FT cells (Fig. S3D), so we performed an APEX2 screening in
these cells in the presence or absence of LLOME (Fig. 4A). Among the potential
candidates, we found a high number of endolysosomal markers, such as LAMP2,
LAMTORZ2, PSAP, RAB25 and GABARAPL1/2, confirming by proteomics the
enrichment of LRRK2 in the endolysosomal system after LLOME treatment (Fig. 4B).
Interestingly, two known substrates of LRRK2, RAB35 and RAB10, were also enriched
by LLOME treatment (Fig. 4B). By staining for endogenous RAB35 in primary
astrocytes, we observed a LLOME-driven recruitment of RAB35 to LRRK2-positive LYS
(Fig. 4C), with similar results for a GFP tagged version of RAB10 (Fig. 4D). We
therefore asked whether lysosomal membrane permeabilization triggers a LRRK2-
dependent phosphorylation of both RAB proteins. LLOME addition induces a strong
increase in phospho-RAB10 (pT73), that is not seen in cells expressing a kinase dead
(K1906M) mutant LRRK2 or in cells treated with MLi-2 (Fig. 4E). Since there are no
commercially available antibodies for phospho-RAB35, we used phos-tag gels that
allow the recognition of phosphorylated forms of proteins by reducing their motility in the
acrylamide gel. Cells treated with LLOME show a ~3-fold increase in phospho-RAB35
expression (Fig. 4F), which was also blocked by co-incubation with MLi-2. Of interest,

the LRRK2 auto-phosphorylation site pS1292 was not sensitive to the addition of
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LLOME. To make sure that LRRK2-mediated RAB phosphorylation occurs in the
lysosomal membrane, we exogenously expressed LRRK2 and RAB10 in the presence
of LLOME and stained also for phospho-RAB10 using the RAB10-pT73 antibody. As
expected, the RAB10-pT73 signal colocalizes with LRRKZ in ruptured lysosomes (Fig.
4G). Collectively, these results show that lysosomal membrane damage triggers

increased kinase activity towards RAB substrates.

LRRK2 recruitment of JIP4 occurs through RAB35 and RAB10 phosphorylation

Next, we questioned if LRRK2 could also be able to recruit RAB35 and RAB10 to the
lysosomal membrane in a kinase-dependent manner. LRRK2 pharmacological kinase
inhibition lead to a complete blockage of RAB35 and RAB10 recruitment to LRRK2-
positive LYS (Fig. 4H, I). In astrocytes expressing LRRK2 at endogenous levels, both
RAB35 and RAB10 were recruited to the lysosomal membrane after LLOME treatment
(Fig. S4A, B), which was blocked by MLi-2 (Fig. S4C, D). These results show that
endogenous LRRK2 is able to relocalize both RAB proteins to permeabilized LYS in a
kinase-dependent manner. As both RAB35 and RAB10 are recruited to the LYS in a
similar fashion to LRRK2, we wanted to determine if RAB35 or RAB10 were important
to maintain LRRK2 at the lysosomal membrane. However, depletion of RAB35 and
RAB10 expression (Fig. S4E, F) did not alter the ability of LRRK2 to translocate to
ruptured lysosomes (Fig. S4G). Taken together, our data indicates that LRRK2
precedes and mediates the recruitment of RAB35 and RAB10 in a kinase-dependent

fashion.
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In astrocytes transiently transfected with tagged versions of LRRKZ2, JIP4 and RAB35,
and stained for endogenous RAB10, all four proteins are present in the same structures
(Fig. S4H), suggesting a possible link between the two RAB proteins and JIP4. JIP4 has
been previously shown to require several RAB GTPases to ensure its presence in the
recycling endosomal membrane(35), so we hypothesized that LRRK2 is able to recruit
JIP4 to ruptured lysosomes through the phosphorylation of RAB35 and RAB10. First,
we examined the response to LLOME of RAB35/RAB10 mutants that cannot be
phosphorylated by LRRK2 (T72/73A) compared to their WT counterparts. Both RAB
phospho-null mutants showed a significant decrease in their lysosomal localization after
LLOME treatment, with a diffuse distribution in the cytosol. RAB35-T72A mutant
displayed a ~50% reduction compared to the WT form while RAB10-T73A showed an
~80% decrease compared to RAB10-WT (Fig. S4l, J). Next, we wanted to know if the
phospho-null version of RAB GTPases affects the recruitment of JIP4 to ruptured LYS.
In both cases, cells expressing the phospho-null mutation were unable to recruit JIP4 to
the lysosomal membrane, even in cells where RAB35-T72A and RAB10-T73A had a
lysosomal localization (Fig. 4J, K). Using co-immunoprecipitation in cells treated with
LLOME, we were able to see endogenous JIP4 physically interacting with RAB10-WT
but not RAB10-T73A (Fig. 4L). Under the same conditions, we failed to detect a
physical interaction between JIP4 and RAB35. Taken together, our data show that
LRRK2 recruits JIP4 through the phosphorylated forms of RAB35 and RAB10, and JIP4

is a RAB effector in the context of lysosomal membrane damage.

JIP4 enhances the formation of tubular structures emanating from lysosomes
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To gain more insight into the role of the JIP4 in the lysosomal membrane, we imaged
primary astrocytes transfected with LRRK2 and JIP4 using an Airyscan detector. The
improved resolution of this microscopy approach allowed us to observe the presence of
JIP4-positive/LRRK2-negative/LAMP1-negative tubular structures that stem from LYS
(Fig. 5A-B, Suppl movie 1). Consistent with the observation that G2019S mutation leads
to higher recruitment of JIP4 to the LYS, this mutation was associated with a higher
number of tubules (Fig. 5C). JIP4-positive lysosomal tubules were also negative for
LAMP1 when imaging living cells (Fig. S5A). Furthermore, these tubules were negative
for LIMP2, another typical lysosomal membrane marker (Fig. S5B) and for the
lysosomal luminal marker Dextran-555 (Fig. S5D). Next, we analyzed the tubular
structures using FIB-SEM on astrocytes. First, we observed that the JIP4/LAMP1-
positive compartments presented electron-dense structures (Fig. 5D, S5C), consistent
with their lysosomal nature. By analyzing the JIP4-positive tubules at the structural
level, we were able to confirm that the tubular membrane originates from the lysosomal
membrane, albeit being negative for LAMP1 (red arrowheads in Fig. 5D and Suppl Fig.
5C-D). JIP4-positive lysosomal tubules display different morphologies, in that they
dramatically differ in their length and thickness (Fig. 5D, S5C-D, suppl movie 6). Of
note, we could see the ER surrounding the JIP4-positive tubule (Fig. 5E in magenta)
and a microtubule connecting with the tubule (Fig. 5D, blue arrowheads and Fig. 5E in

cyan), suggesting a role of these compartments in tubule dynamics.

It has been shown that JIP4, through its interaction with motor proteins and

microtubules, is required for the formation of endosomal sorting tubules(36). Consistent
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with the FIB-SEM observations, we saw JIP4-positive tubules that co-localized with a-
tubulin (Fig. 5F) and disruption of microtubules with nocodazole was association with a
prevention of tubules formation (Fig. 5G), indicating that these structures are dependent
on microtubules. Endogenous RAB10 but not RAB35 was present in a subset of JIP4-
positive tubules (Fig. S5E, F) (consistent with the Co-IP results obtained in Fig. 4L),
which allowed us to use RAB10 to determine if JIP4 was necessary for tubule formation.
Overexpression of JIP4 lead to an increase in the number of tubules (Fig. S5G), and
cells knocked-down for JIP4 (Fig. S5G) showed fewer tubules (Fig. 5H). Therefore, JIP4
is required for the extension of lysosomal membranes into tubules, likely via an

interaction with microtubules.

JIP4-positive tubules release vesicular structures that interact with other
lysosomes

We next used super-resolution imaging to observe tubular dynamics in living cells,
without fixation. JIP4-positive tubules bud, extend and release from lysosomes to form
vesicular structures that were released into the cytosol (Fig. 6A, E, Suppl movie 2,
Suppl movie 3). Of note, JIP4-positive vesicles can have several different behaviors, in
that the scission can occur in the base of the tubule or from the tip (Fig. 6A, Suppl
movie 2). Alternatively, tubules can retract into a vesicle that is ejected to the cytosol
(Fig. 6A, E, Suppl movie 2, Suppl movie 3). Although JIP4-positive vesicles are motile in
the cytosol, we often detected stationary vesicles in contact with other lysosomes (Fig.
6B). It was also possible to identify moving vesicles that stop to interact with a lysosome

transiently, and then be released to move elsewhere (Suppl movie 4). Furthermore,
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using FIB-SEM, we were able to find a JIP4-positive vesicle contacting a lysosome (red
arrowhead, Fig. 6C). The recipient lysosomes seem to be active, as we can observe
these interactions happening in MR-CTSB-positive lysosomes in long periods of time
(almost 4 min, white arrowhead in Fig. 6D and Suppl movie 5). Finally, we occasionally
observed a resolved tubule forming a vesicle that is then able to interact with other
lysosomes (Fig. 6E, Suppl movie 3). Taken together, our data identify that ruptured LYS
form JIP4-positive tubules to release vesicular structures that can then contact other
lysosomes.

In summary, LRRK2 gets recruited to permeabilized LYS that are not sufficiently
damaged to trigger lysophagy. At the lysosomal membrane, LRRK2 is able to
phosphorylate RAB35 and RAB10, leading to their retention in the membrane. This
event is required to bring the motor adaptor protein JIP4 to the lysosomal membrane
where it helps forming tubular structures along microtubules that can secondarily form
small vesicles that can interact with other lysosomes (Fig. S5H). We call this newly

described process LYsosomal Tubulation/sorting driven by LRRK2 or LYTL.

DISCUSSION:

Although a genetic link between LRRK2 and PD was first reported in 2004(7),(37), the
role of this kinase in the cell remains uncertain. The localization of LRRK2 to
intracellular membranes(38),(39),(40) and the observation that RAB GTPases are kinase
substrates for LRRK2 (8),(41),(9), suggests that LRRK2 might be involved in vesicle-

mediated transport(42). However, the major phenotype seen in LRRK2 knockout
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animals or in animals treated with LRRK2 kinase inhibitors is accumulation of lysosomal
damage. This suggests to us that a major role for endogenous LRRK2 must be related

to lysosomes.

Here we describe how LRRK2 can be recruited to the membrane of partially damaged
and permeabilized lysosomes to trigger a newly described process that we call LYTL. A
striking feature of LYTL is the activation of LRRKZ2 kinase activity. This is reminiscent of
activation at other membranes, including at the trans-Golgi network (TGN) (8),(43).
However, that observation depends on overexpression of RAB29 whereas LYTL
requires only modest lysosomal membrane damage, at levels less than those required
to trigger lysosphagy. Consequentially to activation, LRRK2 phosphorylates RAB35 and
RAB10, leading to their retention in the lysosomal membrane likely in turn due to
diminished binding of p-RABs to GDI1/2(27). At the same time, p-RABs are able to
recruit JIP4 to membrane damaged lysosome, consistent with prior data showing
enhanced binding of p-RABs to this motor adaptor protein(70). Thus, JIP4 is a novel
RAB effector in the lysosomal membrane, similar to the role previously described for

JIP4 in recycling endosomes(395).

Sorting at other cellular compartments such as endosomes occurs through the
formation of tubular structures that bud and extend from organelles. Tubular structures
are then severed to produce vesicles that travel to the plasma membrane or the
TGN(44). Our data show that JIP4 promotes the formation of such tubular structures at

the lysosome(36). It is likely that JIP4 mediates tubule dynamics by recruiting motor
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proteins(30), since we have demonstrated that tubule extension requires microtubules.
JIP4-positive tubules undergo scission to generate smaller vesicular structures that
travel through the cytosol and interact with other lysosomes, although we cannot rule
out the possibility of contact with other cellular organelles. Neither the tubules nor the
resolved material are positive for lysosomal membrane markers (LAMP1 or LIMP2), and
the JIP4-positive tubules were resistant to PFA fixation. These observations argue
against LYTL being involved in proto-lysosome formation through lysosomal reformation
(LR), since LR tubules are amenable to PFA fixation(45) and positive for LAMP1(46). To
our knowledge, these observations are the first evidence of lysosomal sorting in

mammalian cells.

We view the activation of LRRK2 by lysosomal membrane permeabilization as an
analogous process to the activation of another PD-associated kinase, PINK1, by
mitochondrial damage(47). In fact, one of the functions of the PINK1/Parkin system
during mitochondrial stress is the release of mitochondria-derived vesicles to
lysosomes(48),(49). There are still unanswered questions regarding LYTL, such as why
ruptured lysosomes release membranous content and what the effect of vesicle contact

with recipient lysosomes that will be the subject of future investigations.

We therefore identified a newly described cellular process that promotes lysosomal
sorting material from permeabilized lysosomes. LYTL is controlled by LRRK2 kinase
activity since the recruitment of all the downstream components is completely blocked

by MLi-2. Conversely, the G2019S mutation in LRRK2 that is pathogenic for PD
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increases both the lysosomal localization of LRRK2 and JIP4 recruitment and
tubulation. Considering the proposed centrality of lysosome biology in PD pathogenesis,

it is possible that LYTL is involved in disease mechanisms.
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FIGURE LEGENDS:

Figure 1. LRRK2 and JIP4 are localized in the membrane of a subset of lysosomes
in primary astrocytes. A. Representative confocal images of 3xflag-LRRK2 (red) and
LAMP1 (green) expression in mouse primary astrocytes. B. Representative confocal
images of astrocytes expressing 3xflag-LRRK2 (red) co-stained with LAMP2, RAB7,
EEA1 and CTSB (green). C. Outline of the APEX2 proteomic approach to detect
LRRK2-membrane interactors. HEK293FT cells were transfected with 3xflag-APEX2-
LRRK2 (heavy amino acids SILAC media) and with 3xflag-APEX2-NES (light amino
acids SILAC media). D. Venn diagram showing the number of common proteins
detected in both replicates and the number of proteins selected as “candidates” in both
replicates. E. Scatter plot depicting the 64 LRRK2-interacting candidates from the
APEX2 screening. LRRK2 is marked in red, and proteins involved in vesicle-mediated
transport are marked in green. F. Gene Ontology search of the top 5 enriched terms for
Biological Process of the 64 LRRK2 potential interacting partners, with p.values
subjected to Bonferroni correction. G. Representative confocal image of an astrocyte
expressing 3xflag-LRRK2 (red), GFP-JIP4 (green) and stained for LAMP1 (white).
White arrowheads show colocalization and yellow arrowheads show structures without

localization. Scale bar= 20 ym.

FIGURE 2. Lysosomal membrane permeabilization enhances LRRK2 recruitment

to the lysosomal membrane, unrelated to lysophagy. A. Representative confocal
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images of astrocytes either untreated or treated with LLOME expressing 3xflag-LRRK2
(red) and LAMP1 (green). The histogram shows that the number of LRRK2-positive
lysosomes per cell increases significantly after LLOME addition, compared to the
untreated group. Data are mean £ SEM from 5 independent experiments with n= 20
cells per condition analyzed by one-way ANOVA (F (5,18)= 6.501, p= 0.0013). Multiple
comparisons were evaluated using Dunnett’s post-hoc test. B-C. Representative live
cell confocal images of astrocytes expressing Emerald-GFP-LRRK2 (green) exposed to
LysoTracker Red DND-99 (magenta) (B) or Magic-Red CTSB (magenta) (C) and
treated with LLOME for 4 h. White arrowheads show absence of colocalization between
LRRK2 and the two lysosomal dyes. D-F. Representative confocal images of astrocytes
expressing 3xflag-LRRK2 (red), EGFP-Gal3 (green) and LAMP1 (white) treated or not
with LLOME (D). Only co-transfected cells were analyzed, yellow arrowheads indicate
absence of colocalization while white arrowheads show colocalization E. Histogram
shows the number of Gal-positive lysosomes per cell. Data are means + SEM. One-way
ANOVA with Dunnett’s post hoc for multiple comparisons was used, F (5,12)= 3.869, p=
0.0255, n= 12 cells per condition in 3 independent replicates. F. For colocalization
analysis, 10-12 cells per condition were analyzed (with at least 3 LRRK2-positive
lysosomes in each cell). The percentage of LRRK2-positive/Gal-positive lysosomes
normalized by the total number of LRRK2-positive lysosomes was measured in each
cell (in 3 independent replicates). Data are means £+ SEM. One-way ANOVA with
Dunnett’s test for multiple comparisons was used, F (5,12)= 6.605, p= 0.0036. G.
Representative confocal images of astrocytes expressing EGFP-Gal3 (green) and

LAMP1 (magenta), pre-treated with DMSO or MLi-2 and then incubated with LLOME.
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The number of Gal3-positive lysosomes per cell was measured. Data are means +
SEM. Unpaired t-test was applied (p= 0.938), n= 20-39 cells were analyzed in 2
independent replicates. H. Western blot image of astrocytes pre-treated with MLi-2
before adding LLOME for 4 h. Membranes were probed for LC3 with a-tubulin as a
loading control. Histogram shows normalized LC3-Il levels using two-way ANOVA with
Tukey’s multiple comparison test comparing LLOME and MLi-2 treatments (FLLome
(1,8)=67.28, p< 0.0001; FmLi2 (1,8)= 0.4679, p= 0.5133; Finteraction(1,8)= 1.905, p=
0.2048). Data are means + SEM from 3 independent replicates. I. Working model
showing that LRRK2’s role in ruptured lysosomes is independent of lysophagy. Scale

bar= 20 pym.

FIGURE 3. LRRK2 recruits JIP4 through its kinase activity. A. Representative
confocal images of astrocytes expressing 3xflag-LRRK2 (red) and GFP-JIP4 (green),
stained for LAMP1 (white) with or without treatment with LLOME. Histogram depicts the
number of JIP4-positive lysosomes per cell after LLOME treatment from 3 independent
replicates. Data are means + SEM, n= 20 cells per condition. One-way ANOVA, F
(5,11)=41.4, p< 0.0001. Multiple comparisons were evaluated with Dunnett’s post-hoc
test. B. Representative confocal images of astrocytes expressing 3xflag-LRRK2 (red)
and GFP-JIP4 (green), stained for LAMP1 (white). Cells were pre-treated with DMSO or
MLi-2 then incubated with LLOME. White arrowheads show colocalization and blue
arrowheads indicate LRRK2-positive/JIP4-negative lysosomes. Scale bar= 20 ym. C.
Astrocytes expressing GFP-JIP4 (green) and stained for LAMP1 (magenta) were pre-

treated with DMSO or MLi-2 before adding LLOME. Histogram shows the number of
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JIP4-positive lysosomes per cell (n= 20-30 cells per condition). Data are means + SEM
from 3 independent replicates, unpaired t-test with Welch’s correction for unequal
variance (*, p= 0.0407). D. Western blot confirming lack of LRRK2 expression in KO
astrocytes compared to WT. E. Images of LrrK2-WT or Lrrk2-KO astrocytes transfected
with GFP-JIP4 (green) and treated with LLOME. Statistical analysis used an unpaired -
test with Welch’s correction for unequal variances (**, p= 0.0032, n= 13 cells per
condition). F. Astrocytes expressing GFP-JIP4 (green) were co-transfected with 3xflag-
LRRK2-WT, 3xflag-LRRK2-G2019S or 3xflag-LRRK2-R1441C (red) and treated with
LLOME. Histogram shows the number of JIP4-positive lysosomes per cell. Data are
means + SEM from 3 independent replicates, n= 20 cells per group. One-way ANOVA

with Dunnett’s post hoc was applied, F (2,6)= 5.776, p= 0.0399.

FIGURE 4. LRRK2 phosphorylates RAB35 and RAB10 in the membrane of
ruptured lysosomes. A. Cartoon of the proximity ligation screening in HEK293FT cells
in the presence or absence of LLOME. B. Volcano plot showing proteins in proximity
with LRRK2 when cells were treated with LLOME showing the subset of proteins with a
fold change > 2 and an FDR corrected p< 0.08 were considered, n= 3. C.
Representative confocal images of astrocytes expressing 3xflag-LRRK2 (red), RAB35
(green) and LAMP1 (white) treated or note with LLOME. The number of RAB35-positive
lysosomes per cell was quantified from 3 independent replicates with n= 20 cells per
condition. Data are means £+ SEM. One-way ANOVA with Dunnett’s multiple
comparison test was applied, F (5,12)= 3.554, p= 0.0334. D. Confocal images of

astrocytes expressing 3xflag-LRRK2 (red), GFP-RAB10 (green) and LAMP1 (white),
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either untreated or treated with LLOME. The number of RAB10-positive lysosomes per
cell was evaluated by one-way ANOVA with Dunnett’s post hoc test, F (5, 114)= 4.392,
p=0.0011. Data are means £+ SEM, n= 20 cells per condition. E. Representative
western-blot images of HEK293FT cells transfected with 3xflag-LRRK2 (WT or
K1906M) and pre-treated with DMSO or MLi-2 before LLOME was added. The
normalized levels of RAB10-T73, LRRK2-pS1292 was measured. Data are means +
SEM in 4 independent replicates. Two-way ANOVA with Tukey’s multiple comparisons
test was used to analyze the effect of treatment (LLOME) and kinase activity on RAB10-
T73 expression, Friome (1,11)= 34.39, p= 0.0001; Fxinase (2,11)= 134.6, p< 0.0001;
Finteraction (2,11)= 32.68, p< 0.0001. F. Phos-tag gel images of HEK293FT cells
expressing 3xflag-LRRK2 and GFP-RAB35, pre-treated with DMSO or MLi-2 and
incubated with LLOME. Normalized phospho-RAB35 levels were measured from 4
independent replicates. Data are means + SEM. Two-way ANOVA with Tukey’s post
hoc, Friome (1,12)= 69.38, p< 0.0001; Fmui2 (1,12)= 218.9, p< 0.0001; Finteraction (1,12)=
83.62, p< 0.0001. G. Confocal picture of an astrocyte expressing 3xflag-LRRK2
(magenta), 2xmyc-RAB10 (yellow) and RAB10-T73 (cyan). H-l. Representative confocal
images of astrocytes expressing 3xflag-LRRK2 (red), RAB35 (green, H), GFP-RAB10
(green, I) and LAMP1 (white) pre-treated with DMSO or MLi-2 and incubated with
LLOME. J. Astrocytes were transfected with GFP-JIP4 and 2xmyc-RAB35-WT or
2xmyc-RAB35-T72A, and 48 h treated with LLOME for 6 h. Then, cells were fixed and
stained for GFP (green) and myc (magenta). The number of JIP4-positive lysosomes
per cell was quantified in both groups (n= 20 cells per condition), using an unpaired ¢-

test with Welch'’s correction (*, p= 0.0248). Data are means + SEM from 3 independent
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replicates. K. Astrocytes were transfected with GFP-JIP4 and 2xmyc-RAB10-WT or
2xmyc-RAB10-T73A, and 48 h treated with LLOME for 6 h. Then, cells were fixed and
stained for GFP (green) and myc (magenta). The number of JIP4-positive lysosomes
per cell was quantified in both groups (n= 20 cells per condition), using an unpaired ¢-
test with Welch’s correction (**, p= 0.0065). Data are means + SEM from 3 independent
replicates. L. HEK293FT cells were either mock transfected or transfected with 3xflag-
LRRK2 along with 2xmyc-RAB10-WT, 2xmyc-RAB10-T73A, 2xmyc-RAB35-WT or
2xmyc-RAB35-WT. Cells were treated with LLOME (2 h), then lysates were subjected to
immunoprecipitation (IP) with anti-myc antibodies and immunoblotted for endogenous

JIP4, FLAG and MYC. White arrowheads indicate colocalization. Scale bar= 20 ym.

FIGURE 5. JIP4 promotes the formation of LAMP1-negative lysosomal tubular
structures. A. Representative airyscan image of an astrocyte expressing GFP-JIP4
(green), 3xflag-LRRK2 (red) and LAMP1 (white), with LLOME. B. 3D surface
reconstruction using Imaris was done in astrocytes transfected with 3xflag-LRRK2,
mNeonGreen-JIP4 (green) and LAMP1-HaloTag (magenta). C. Confocal images
processed with the airyscan module comparing the number of JIP4-positives tubules in
cells expressing LRRK2-WT and LRRK2-G2019S. D. FIB-SEM image of a tubule
stemming from a lysosome in a 3xflag-LRRK2-G2019S transfected astrocyte. Upper
panel shows the airyscan image of two LAMP1-HaloTag (magenta)/mNeonGreen-JIP4
(green) labeled lysosomes. Lower panel shows the correlated electron microscopy
image and right panel shows a cropped lysosome with a tubule in different z planes. E.

3D surface reconstruction of (D) showing a microtubule (cyan) and the ER (magenta) in

23


https://doi.org/10.1101/2020.01.23.917252
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.23.917252; this version posted January 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

contact with the lysosome (yellow). F. Super-resolution image of an astrocyte
expressing 3xflag-LRRK2-G2019S (white), GFP-JIP4 (green) and a-tubulin (red). G.
Representative super-resolution images of astrocytes expressing 3xflag-LRRK2-
G2019S (red), GFP-JIP4 (green) and LAMP1 (white) and treated with LLOME. 2 h
before fixation, DMSO or 10 yM Nocodazole was added. JIP4 tubulation index was
assessed between the two groups (DMSO and Nocodazole) using an unpaired t-test
with Welch'’s correction (****, p< 0.0001), n= 36-38 cells. Data are means + SEM from 3
independent replicates. H. Confocal super-resolution images of astrocytes expressing
3xflag-LRRK2-G2019S (red), RAB10 (green) and LAMP1 (white) and incubated with
LLOME for 10 h. RAB10 tubulation index was assessed between the two groups (NTC
and JIP4-KD) using an unpaired t-test with Welch'’s correction (**, p= 0.0041), n= 41
cells. Data are means + SEM from 2 independent replicates. White and red (FIB-SEM
picture) arrowheads indicate lysosomal tubular structures, and blue arrowheads indicate

microtubules. Scale bar=5 uym or 2 ym (B and D).

FIGURE 6. JIP4-positive tubules are resolved in vesicular structures that contact
with other lysosomes. A. Time-lapse fast airyscan confocal images of an astrocyte
expressing 3xflag-LRRK2-G2019S and mNeonGreen-JIP4 (green) showing a group of
JIP4-positive lysosomes for over 2 min, where the different tubular dynamics were
under display (15 slices/ frame were taken at 1 frame/ second). B-C. Astrocytes
expressing 3xflag-LRRK2-G2019S, mNeonGreen-JIP4 (green) and LAMP1-HaloTag
(magenta) were analyzed with a SorA microscope to perform spinning disk super-

resolution microscopy. B. A single frame of an astrocyte where several JIP4-positive
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vesicles (white arrowhead) are in close proximity to other lysosomes (blue arrowhead).
C. Time-lapse confocal images of a resolved tubule that after ejection to the cytosol
contacts other lysosomes (15 slices/ frame, 1 frame/ second). D. FIB-SEM image of a
JIP4-positive vesicle associated with a lysosome in a 3xflag-LRRK2-G2019S
transfected astrocyte. Upper panel shows the airyscan image of a group of lysosomes
(LAMP1, magenta) and a vesicle labeled with JIP4 (green, white arrow). Lower panel
shows the correlated electron microscopy image with a red arrowhead pointing the
vesicle. E. LLOME-treated astrocytes expressing 3xflag-LRRK2-G2019S,
mNeonGreen-JIP4 (green) and stained with Magic-Red CTSB (red) were analyzed with
a fast airyscan confocal microscope for almost 4 min, at 6.05 seconds/ frame. White
arrowhead marks a JIP4-positive vesicle associated with an active lysosomes (red).
White arrowheads indicate JIP4-positive lysosomal tubules, yellow arrowheads show
resolved tubules (vesicular structures and scissioned tubules) (A-C). Scale bar: 2 ym

(D), 2.5 um (A, C, E), 5 ym (B).

SUPPLEMENTARY MATERIAL:

SUPPLEMENTARY FIGURE S1. LRRK2 mutations and domain analysis affect the
lysosomal recruitment of LRRK2. A. Primary mouse cultures of cortical astrocytes,
cortical neurons and microglia were made from Lrrk2-WT and Lrrk2-KO animals. RNA
was extracted from them, as well as from microglia extracted from adult mouse brain.
RNAseq was performed, and the mRNA expression of GFAP (astrocyte marker), MAPT
(neuron marker), TMEM119 (microglia marker) and LRRK2 was plotted comparing

Lrrk2-WT and KO cells. B. Schematic representation of LRRK2 and its domains,
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marking in orange the pathogenic hyperactive mutations (R1441C and G2019S) and in
purple the artificial inactive mutations (T1348N and K1906M). C. Representative
confocal images of astrocytes expressing 3xflag-LRRK2-WT, 3xflag-LRRK2-G2019S,
3xflag-LRRK2-K1906M and 3xflag-LRRK2-T1348N (red) and stained for LAMP1
(green). The number of LRRK2-positive lysosomes per cell was quantified and
compared to the WT group in a one-way ANOVA with Dunnett’'s multiple comparisons
test of 3 independent replicates (n= 20 cells), F (4,10)= 57.39, p< 0.0001. Data are
means + SEM. D. Schematic representation of LRRK2 and its domains, marking the
multi-domain plasmids used in this experiment in blue. E. Representative confocal
images of astrocytes transfected with 3xflag-LRRK2-Full Length, 3xflag-LRRK2-AHEAT,
3xflag-LRRK2-AWD40, 3xflag-LRRK2-HEAT, 3xflag-LRRK2-ROC-COR-KIN and 3xflag-
LRRK2-ROC-COR (red) and stained for LAMP1 (green). F. The number of LRRK2-
positive lysosomes per cell was quantified comparing the Full-Length vector with the
rest. Data are means + SEM. One-way ANOVA with Dunnett’s multiple comparisons
test of 3 independent replicates (n= 20 cells), F (6,14)= 32.64, p< 0.0001. G. Histogram
showing the amount of LRRK2 translocation to the lysosomes comparing the domain
constructs to each other. Data are means + SEM. One-way ANOVA was used with
Tukey’s post-hoc of 3 independent replicates (n= 20 cells), F (4,10)= 5.766, p= 0.0114.
White arrowheads indicate colocalization between LRRK2 and LAMP1. Scale bar: 20

um.

SUPPLEMENTARY FIGURE S2. Additional information on the APEX2 screening

for LRRK2-membrane partners. A. Representative confocal images of HEK293FT
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cells expressing 3xflag-APEX2-LRRK2 (red) and 3xflag-APEX2-NES (red) and stained
with Neutravidin (green) to detect biotinylation. B. Same experiment than A, but lysates
were analyzed by western blot instead of confocal imaging. C. Full scatter plot of the
two replicates of the APEX2-LRRK2 screening compared to APEX2-NES. In red are the
proteins that passed the threshold of 2-fold increase in the LRRK2 group compared to
NES in both replicates. D. BLOS1, MUTED, JIP3, STAM1 and BICD2 (green) were
cloned in a GFP construct and expressed along 3xflag-LRRK2 (red). No colocalization
was observed between these proteins and LRRK2 in the lysosomal membrane (yellow).
E. HEK293FT cells were either mock transfected or transfected with 3xflag-tagged E.
coli beta-glucuronidase (GUS) as negative controls or with 3xflag-LRRK2. Protein
lysates were subjected to immunoprecipitation (IP) with anti-flag antibodies and
immunoblotted for endogenous JIP4 or FLAG, showing that LRRK2 interacts with JIP4.
F. Mouse primary astrocytes carrying the WT form or the G2019S mutation of LRRK2
were pre-treated with DMSO or MLi-2, lysed and immunoblotted for LRRK2-pS1292,

LRRK2, RAB10-T73, RAB10 and cyclophilinB as a loading control. Scale bar: 20 uym.

SUPPLEMENTARY FIGURE S3. Effect of MLi-2 and pathogenic hyperactive
LRRK2 mutations in LRRK2 recruitment to lysosomes. A. Representative confocal
images of astrocytes expressing 3xflag-LRRK2 (red) and LAMP1 (white), pre-incubated
with DMSO or MLi-2 and treated with LLOME. Histogram represents the number of
LRRK2-positive lysosomes per cell. Data are means + SEM. Unpaired t-test was
applied in n=19-20 cells (p= 0.2847). B. Representative confocal images of astrocytes

expressing GFP-JIP4 (green) and LAMP1 (magenta), treated with LLOME. Histogram
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represents the number of JIP4-positive lysosomes per cell. Data are means + SEM.
One-way ANOVA with Dunnett’s post hoc for multiple comparisons was applied, F
(4,93)= 3.398, p= 0.0122. C. Representative confocal images of astrocytes expressing
3xflag-LRRK2-WT, 3xflag-LRRK2-G2019S and 3xflag-LRRK2-R1441C (red) and
stained for LAMP1 (white). The number of LRRK2-positive lysosomes per cell was
measured in 20 cells per group (from 3 independent replicates). Data are means *
SEM. One-way ANOVA with Dunnett’s post hoc was used, F (2,57)= 4.769, p= 0.0122.
D. Representative confocal images of HEK293FT cells expressing 3xflag-LRRK2 (red)
and LAMP2 (green) and treated with LLOME for the indicated time points. Histogram
refers to the number of LRRK2-positive lysosomes per cell. Data are means + SEM.
One-way ANOVA with Dunnett’s test for multiple comparisons was applied, F (5,284 )=

14.42, p< 0.0001. n= 40-56 cells per condition. Scale bar: 20 ym.

SUPPLEMENTARY FIGURE S4. Additional information on the link between LRRK2
and both RAB GTPases (RAB35 and RAB10) upon lysosomal membrane
permeabilization. B. Representative confocal images of astrocytes expressing RAB35
(green) and LAMP1 (magenta), treated or not with LLOME. Histogram depicts the
number of RAB35-positive lysosomes per cell. Data are means + SEM. Unpaired t-test
with Welch'’s correction was applied (***, p= 0.0005). C. Representative confocal images
of astrocytes expressing EGFP-RAB10 (green) and LAMP1 (magenta), treated or not
with LLOME. Histogram depicts the number of RAB10-positive lysosomes per cell. Data
are means + SEM. Unpaired t-test with Welch’s correction was used (**, p= 0.0033). D.

Representative confocal images of astrocytes expressing RAB35 (green) and LAMP1
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(magenta), pre-incubated with DMSO or MLi-2 in LLOME-treated cells. Histogram
corresponds to the number of RAB35-positive lysosomes per cell. Data are means *
SEM. Unpaired t-test with Welch’s correction was applied (**, p= 0.0087), n= 30-61
cells, in 3 independent replicates. E. Representative confocal images of astrocytes
expressing EGFP-RAB10 (green) and LAMP1 (magenta), pre-incubated with DMSO or
MLi-2 in LLOME-treated cells. Histogram corresponds to the number of RAB10-positive
lysosomes per cell. Data are means + SEM. Unpaired t-test with Welch'’s correction was
applied (*, p= 0.0336), n= 19-20 cells, in 3 independent replicates. F-G. Astrocytes were
exposed to NTC siRNA and Rab35 siRNA or Rab10 siRNA were lysed and
immunoblotted for RAB35 (F) and RAB10 (G) and a-tubulin as a loading control. H.
Representative confocal images of astrocytes expressing 3xflag-LRRK2 (red) and
LAMP1 (green) in cells knocked-downed for Rab10 and Rab35, using an NTC as
negative control. Histogram shows the number of LRRK2-positive lysosomes per cell.
Data are means + SEM. One-way ANOVA with Dunnett’s post-hoc was used, F (2,6)=
0.1706, p= 0.8471. n= 20 cells in 3 independent replicates. I. Confocal image shows an
astrocyte expressing 2xmyc-RAB35 (blue), GFP-JIP4 (green), RAB10 (red) and 3xflag-
LRRKZ2 (white) in LLOME-treated cells. J. 3xflag-LRRK2 was transfected along 2xmyc-
RAB35-WT or 2xmyc-RAB35-T72A and treated with LLOME for 4 h. FLAG (magenta)
and myc (cyan) were imaged under the confocal microscope and the number of RAB35
lysosomal structures per cell was quantified (n= 12 cells per group). Data are means +
SEM. Unpaired t-test was used (*, p= 0.0108) in 3 independent replicates. K. 3xflag-
LRRK2 was transfected along 2xmyc-RAB10-WT or 2xmyc-RAB10-T73A and treated

with LLOME for 4 h. FLAG (magenta) and myc (cyan) were imaged under the confocal
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microscope and the number of RAB10 lysosomal structures per cell was quantified (n=
12 cells per group). Data are means + SEM. Unpaired t-test was used (**, p= 0.002) in 3

independent replicates. White arrowheads show colocalization. Scale bar: 20 um.

SUPPLEMENTARY FIGURE S5. Additional characterization of the JIP4-positive
tubular structures. A. Airyscan live cell super-resolution image of an astrocyte
expressing 3xflag-LRRK2-G2019S, mNeonGreen-JIP4 (green) and LAMP1-RFP
(magenta), treated with LLOME. B. Representative super-resolution image of an
astrocyte expressing 3xflag-LRRK2-G2019S (red), GFP-JIP4 (green) and LIMP2-myc
(white) treated with LLOME. C. Representative FIB-SEM image of a thin JIP4-positive
tubule in a 3xflag-LRRK2-G2019S transfected astrocyte. Upper panel shows the
airyscan image of a JIP4-positive lysosome forming a thin tubule (white arrowhead).
Lower panel shows the correlated electron microscopy image with a red arrowhead
pointing the lysosomal tubule. D. An example of the morphological diversity of the JIP4-
positive tubules revealed by FIB-SEM. Left picture shows the airyscan image of a JIP4-
positive lysosomes forming five different tubules. Left picture shows the segmented 3D
reconstruction from the correlated electron microscopy image with white arrowheads
marking the different tubules. E. Astrocytes transfected with 3xflag-LRRK2-G2019S
(white) and GFP-JIP4 (green). 24 h later, fixable Dextran-555 (red) was incubated for 6
h. After 3 washes, Dextran was chased for at least 18 h and cells were treated with
LLOME. F-G. Astrocytes exogenously expressing 3xflag-LRRK2-G2019S (white) and
GFP-JIP4 (green) were treated with LLOME for 6 h and stained for endogenous RAB10

(red) (F) and endogenous RAB35 (red) (G). H. Astrocytes were treated with NTC or Jip4
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siRNA. Western Blot shows JIP4 expression. I. Confocal super-resolution images of
astrocytes expressing 3xflag-LRRK2-G2019S (white), RAB10 (red) and MOCK or GFP-
JIP4 (green) transfected. RAB10 tubulation index was assessed between the two
groups (MOCK and JIP4-OE) using an unpaired t-test with Welch’s correction (**, p=
0.0059), n= 30 cells. Data are means + SEM from 2 independent replicates. J.
Schematic representation of our working model. White arrowheads indicate lysosomal

tubular structures. Scale bar=2 ym (C), 5 um.

SUPPLEMENTARY MOVIE 1. JIP4-positive tubules are negative for LRRK2 and

LAMP1. Astrocytes expressing 3xflag-LRRK2, GFP-JIP and stained for LAMP1 were
treated with LLOME for 6 h. Super-resolution stack was taking using airyscan and 3D
reconstruction was made using Imaris software. Video was acquired at 15 frames/

second.

SUPPLEMENTARY MOVIE 2. Super-resolution live cell imaging on JIP4-positive
tubules. Confocal microscopy of JIP4-positive tubules budding, extending and
releasing vesicular structures in a living astrocyte expressing 3xflag-LRRK2-G2019S
and mNeonGreen-JIP4 (green) treated with LLOME for 6 h. Video was acquired at 1
second/ frame for 20 and 18 seconds, and played at a speed of 3 frames/ second).
Video corresponds to Fig. 7A. White arrowheads indicate JIP4-positive lysosomal
tubules, yellow arrowheads show resolved tubules (vesicular structures and scissioned

tubules).
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SUPPLEMENTARY MOVIE 3. Released vesicular structure interacting with other
lysosomes. Confocal microscopy of JIP4-release vesicular structure contacting with
lysosomes, in a living astrocyte expressing 3xflag-LRRK2-G2019S, LAMP1-HaloTag
(magenta) and mNeonGreen-JIP4 (green) treated with LLOME for 6 h. Video was
acquired at 1 second/ frame for 34 seconds and played at a speed of 3 frames/
second). Video corresponds to Fig. 7C. White arrowheads indicate JIP4-positive

lysosomal tubules, yellow arrowheads show resolved tubule (vesicular structure).

SUPPLEMENTARY MOVIE 4. Moving vesicle temporary interacting with a
lysosome. Confocal microscopy from the same cell as Fig. 7C and Suppl movie 2.
3xflag-LRRK2-G2019S, mNeonGreen-JIP4 (green) and LAMP1-HaloTag (magenta)
were transfected in primary astrocytes and treated with LLOME for 6 h. Video was
acquired at 1 second/ frame for 56 seconds and played at a speed of 6 frames/ second.

White arrowheads show moving JIP4-positive vesicle.

SUPPLEMENTARY MOVIE 5. Super-resolution live cell imaging on vesicle
contacting an active lysosome. Confocal microscopy of JIP4-release vesicular
structure contacting an active lysosome, in a living astrocyte expressing 3xflag-LRRK2-
G2019S, and mNeonGreen-JIP4 (green) treated with LLOME for 6 h and incubated with
Magic-Red CTSB (red) for 30 min. Each frame was acquired after 6.05 seconds, for 230
seconds (and played at a speed of 8 frames/ second). White arrowhead indicates a

JIP4-positive vesicular structure interacting with a MR-CTSB-positive lysosome.
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SUPPLEMENTARY MOVIE 6. FIB-SEM reveals the morphological heterogeneity of
the JIP4-positive tubules. FIB-SEM segmentation of a JIP4-positive lysosome (from
Fig. S5D) forming five tubules with different size and thickness. Segmentation was

performed with Amira software.

METHODS

Cell culture

All procedures with animals followed the guidelines approved by the Institutional Animal
Care and Use Committee of the National Institute on Aging. Astrocyte cultures were
prepared from C57BL/6J newborn (PO) pups. First, dissected mouse cortices were
incubated in 1 ml/cortex Basal Medium Eagle (BME) (Sigma-Aldrich), containing 5 U of
papain/ (Worthington) for 30 min at 37°C. Five ug of DNAse | was added to each cortex
preparation, and brain tissue was dissociated into single cells. Cells were washed twice
with 10 volumes of BME and counted. Astrocyte cultures were plated in DMEM media
(Thermo Scientific), supplemented with 10% FBS (Lonza) into 75 cm? tissue culture
flasks. For the preparation of purified astrocyte cultures, 7-10 day primary cultures were
vigorously shaken to detach microglia and oligodendrocytes. Culture purity was
assessed with GFAP for astrocytes, and OLIG2 and IBA1 to exclude oligodendrocytes
and microglia. Cultures had 70-90% of astrocytes in all experiments. Astrocytes were

used from passage 2 to passage 3.
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HEK293FT cells were maintained in DMEM containing 4.5 g/l glucose, 2 mM I-
glutamine, and 10% FBS at 37°C in 5% CO2. HEK293FT cells and primary neuronal

cultures were seeded on 12 mm coverslips pre-coated with matrigel.

Reagents

LLOME (Sigma-Aldrich, L7393) was diluted in DMSO and added at 1 mM at the
indicated time points. Nocodazole (Sigma-Aldrich, M1404) was diluted in DMSO and
added at 10 yM 2 h before fixation. Fixable Dextran-Alexa Fluor 555, 10 KDa
(ThermoFisher, D34679) was incubated for 6 h (2.5 mg/ml). Cells were then washed 3
times with PBS, and fresh media was added to chase Dextran overnight (18-24 h)
before treating astrocytes with LLOME. MLi-2 (Tocris, 5756) was used at 1 yM, 90 min
before LLOME addition. Magic-Red CTSB was obtained from ImmunoChemistry
Technologies (938) and incubated at 1/250 in cells for 30 min. Then cells were washed
3x with PBS and analyzed under the microscope. LysoTracker Red DND-99
(ThermoFisher, L7528) was added at 1 uM for 30 min before washing the cells 3 times
with PBS and analyzed them using confocal microscopy. LAMP1-HaloTag transfected
cells were incubated with the JF646 peptide (Promega, GA1121) at 200 nM for 15 min,

cells were then washed 3x and incubated with fresh media before treated with LLOME.

Antibodies
The following primary antibodies were used: mouse anti-FLAG M2 (Sigma-Aldrich,
F3165, 1/500 for ICC and 1/10.000 for WB), rabbit anti-JIP4 (Cell Signaling, 5519,

1/1.000 for WB), rat anti-LAMP1 (DSHB, 1D4B, 1/100 for ICC), rat anti-LAMP2 (DSHB,
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1/100 for ICC), mouse anti-LAMP2 (DSHB, H4B4, 1/100 for ICC), rat anti-FLAG
(Biolegend, 637302, 1/100 for ICC), rabbit anti-RAB7A (Abcam, ab137029, 1/200 for
ICC), rat anti-myc (Chromotek, 9e1-100, 1/500 for ICC), chicken anti-GFP (AvesLab,
GFP-1020, 1/500-1/1.000 for ICC), mouse anti-GFP (Roche, 11814460001, 1/10.000
for WB), goat anti-CTSB (R&D Systems, AF965, 1/500 for ICC), mouse anti-a-tubulin
(Cell Signaling, 3873, 1/350 for ICC and 1/15.000 for WB), rabbit anti-RAB35
(Proteintech, 11329-2-AP, 1/100 for ICC and 1/1.000 for WB), rabbit anti-RAB10
(Abcam, ab237703, 1/100 for ICC and 1/1.000 for WB), rabbit anti-RAB10 (phospho-
T73) (Abcam, ab23026, 1/100 for ICC and 1/1.000 for WB), rabbit anti-LRRK2 (Abcam,
ab133474, 1/1.000 for WB), rabbit anti-LRRK2 (phospho S1292) (Abcam, ab203181,
1/1.000 for WB), rabbit anti-EEA1 (Cell Signaling, 3288, 1/100 for ICC), mouse anti-3-
actin (Sigma-Aldrich, A5441, 1/15.000 for WB), rabbit anti-LC3B (Cell Signaling, 2775,
1/1.000 for WB), rabbit anti-cyclophilin B (Abcam, ab16045, 1/15.000 for WB).

For ICC, unless otherwise stated, the secondary antibodies were purchased from
ThermoFisher. The following secondary antibodies were used: donkey anti-mouse
Alexa-Fluor 568 (A10037, 1/500), donkey anti-rabbit Alexa-Fluor 488 (A-21206, 1/500),
donkey anti-mouse Alexa-Fluor 568 (A-21202, 1/500), donkey anti-rat Alexa-Fluor 488
(A-21208, 1/500), donkey anti-goat Alexa-Fluor 488 (A-11055, 1/500), donkey anti-
rabbit Alexa-Fluor 568 (A10042, 1/500), donkey anti-mouse Alexa-Fluor 647
(A-31571, 1/500), goat anti-rat Alexa-Fluor 647 (A-21247, 1/250-1/500). Donkey anti-
chicken Alexa-Fluor 488 (703-545-155, 1/500) and donkey anti-rat Alexa-Fluor 405 (

712-475-153, 1/100) were obtained from Jackson ImmunoResearch.
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Cloning

Constructs for 3x-flag- tagged LRRK2 full length and domains, and GUS have been
described previously(50),(8). JIP3, JIP4 and BICD2 Gateway PLUS shuttle clones were
obtained from GeneCopoeia. BLOS1, MUTED and STAM1 cDNA were obtained from
Dharmacon. RAB35, RAB10 and APEX-NES cDNA were acquired from Addgene
(Addgene#49552, Addgene#49472 and Addgene#49386)(57),(52),(53). cDNAs were
amplified with PCR and cloned into pCR8/GW/TOPO vector (ThermoFisher). All of them
were then transferred into pDEST vectors using Gateway technology (ThermoFisher).
Full-length LRRK2 was transferred into the pDEST-Emerald GFP and p3xflag-APEX2-
DEST vectors. JIP3, STAM1, BICD2, BLOS1 and MUTED were transferred into the
pDEST-53 plasmid. JIP4 was transferred into the pDEST-53 and the pDEST-
NeonGreen vectors. RAB35 was transferred into the pDEST-53 and the pCMV-2xmyc-
DEST vectors. RAB10 was transferred into the pCMV-2xmyc-DEST plasmid. 2xmyc-
RAB10-T73A and 2xmyc-RAB35-T72A were made by directed mutagenesis from the
WT vectors using the QuickChange Lightning kit (Agilent). EGFP-RAB10
(Addgene#49472)(52), EGFP-Gal3 (Addgene#73080)(34) and LAMP1-RFP
(Addgene#1817)(54) were purchased from Addgene. The LAMP1-HaloTag construct
was provided by the Bonifacino lab and the LIMP2-myc vector was a gift from Michael
Schwake(55). All the primers used for cloning are in Suppl Table 3. All the expression

constructs used in this study are summarized in Suppl Table 4.

Transfection
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Transient transfections of HEK293FT cells and astrocytes were performed using
Lipofectamine 2000 and Stem reagents (ThermoFisher). HEK293FT cells were
transfected for 24 h and mouse primary astrocytes were transfected for 48 h. For
siRNAs, cells were transfected with the SMARTpool ON-TARGET (Dharmacon) plus
scramble or Rab35, Rab10 or Jip4 siRNAs using Lipofectamine RNAIMAX
(ThermoFisher) transfection reagent for astrocytes. Astrocytes were incubated with

siRNA for a total of 4 days before fixation or lysis.

APEX?2 reaction

HEK293FT cells were plated in 150 cm? flasks previously coated with matrigel and
transfected with the appropriate vectors. 24 h later, 500 uyM biotin-phenol was pre-
incubated with cells for 30 min at 37°C. 1 mM H20- was added for 1 min while gently
mixing and the cells were subsequently washed two times with quenching buffer (TBS
supplemented with 1 mM CaCl2, 10 mM sodium ascorbate, 1 mM sodium azide, and 1
mM Trolox), one time with PBS and an extra two times with quenching buffer with one
min per wash. Cells were collected in 10 ml of quenching buffer and centrifuged at
3000xg for 10 min. Cells were lysed in RIPA buffer (Pierce) supplemented with 10 mM
sodium ascorbate, 1 mM sodium azide, 1 mM Trolox, 1 mM DTT, and protease
inhibitors (Roche Complete). Samples were briefly sonicated, spun down at 10.000xg
for 10 min, equal amounts of proteins were applied to streptavidin magnetic beads
(Thermo), and incubated 1 h at RT on a rotator. Cells were then washed sequentially
with KCI (1 M), Na2COs (0.1 M) and Urea (2 M) in 0.1 M TRIS buffer, with a final two

washes with RIPA buffer. Beads were eluted by boiling in 45 pl of 2x protein loading
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buffer supplemented with 2 mM biotin and -Mercaptoethanol for 10 min. Protein
lysates were loaded on an acrylamide gel and run for 1 h at 150 V. The gel was then
stained with GelCode Blue stain (ThermoFisher) for 30 min and washed with dH20

overnight.

Mass Spectrometry analysis

Protein was quantified and the lysates were mixed 1:1, having a final number of 2-3
replicates. Lysates were separated on a 4-20% polyacrylamide gel (Bio-Rad). 8 bands
were cut from each replicate. Gel bands were reduced with tris(2-
carboxyethyl)phosphine (TCEP), alkylated with N-Ethylmaleimide (NEM), and digested
with trypsin. The system used for data acquisition is an Orbitrap Lumos mass
spectrometer (Thermo Fisher Scientific) coupled with a 3000 Ultimate high-pressure
liquid chromatography instrument (Thermo Fisher Scientific). Extracted peptides were
desalted then separated on an ES803 column (Thermo Fisher Scientific) using a
gradient with mobile phase B (MP B) increasing from 5 to 27% over 60 min. The
composition of MP A and MP B are 0.1% formic acid in 100% HPLC acetonitrile,
respectively. The LC-MS/MS data were acquired in data-dependent mode. The survey
scan was performed in orbitrap with the following parameters: mass range: 350-1500
m/z; resolution: 120k at m/z 400, AGC target 4 x 10e5 ions. The product scan was
performed in ion trap with the following parameters: Collision-induced dissociation on as
many precursor ions as allowed in 3 Sec; isolation window: 1.6 Da. Database search
and ratio calculation were performed using Proteome Discoverer 2.2 software.

Conditions used in the database are listed below. Database: Sprot Human database;
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Modifications: 13C(6) (R), 13C(6) (K), Oxidation (M), NEM(C). H/L ratios are calculated

for each sample with (Fig. 4) or without (Fig. 1) normalization.

Phos-tag gels

HEK293FT cells were transfected with 3xflag-LRRK2 and GFP-RAB35 plasmids, and
24 h later treated with LLOME or DMSO for 2 h. Cells were then lysed in 10x Cell Lysis
Buffer (Cell Signaling) supplemented with EDTA-free protease inhibitor (Roche) and 1x
Halt phosphatase inhibitor. Lysates were cleared by centrifugation at 20.000xg. Phos-
tag SDS-Page was performed following the vendors instructions (Wako). Briefly, gels for
Phos-tag SDS/PAGE consisted of a stacking gel (4.5% acrylamide, 350 mM Bis-
Tris/HCI, TEMED and 0.05% APS) and a separating gel (12% acrylamide, 350 mM Bis-
Tris/HCI, 50 yM Phos-tag™ solution, 100 yM ZnClI2, TEMED and 0.05% APS). Lysates
were electrophoresed at 80 V for the stacking gel and at 150 V for the separating. After
SDS-PAGE, the gels were washed two times (20 min each) with transfer buffer
containing 10 mM EDTA. Gels were transferred to membranes by semi-dry trans-Blot

Turbo transfer system (Biorad).

Confocal microscopy

Confocal images were taken using a Zeiss LSM 880 microscope equipped with a 63x
1.4 NA objective. Super-resolution imaging was performed using the Airyscan mode.
Raw data were processed using Airycan processing in ‘auto strength’ mode with Zen
Black software version 2.3. Live cell super-resolution imaging was performed in Fast

AiryScan mode on an inverted Zeiss LSM 880 Fast AiryScan microscope equipped with
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a 63x 1.4 NA objective, and environmental chamber to maintain cells at 37°C with
humidified 5% CO- gas during imaging. Immersion oil for 37°C conditions was used
during imaging.

For spinning disk super-resolution microscopy we used a W1-SoRa super-resolution
spinning disk microscope (Nikon) with a 60x 1.49 NA oil immersion objective and a 2.8x
intermediate magnification (168x combined), with the offset micro-lensed SoRa disk,
and environmental chamber to maintain cells at 37°C with humidified 5% CO2 gas
during imaging. The deconvolution settings were: 10 iterations of Landweber decon.
The two colors were acquired simultaneously using a Cairn twin-cam emission splitter
and two Photometrics prime 95b sCMOS cameras, a 565LP DM, and appropriate
emission cleanup filters. Only cells with a healthy appearance and not showing obvious

artifacts due to overexpression were imaged.

Tubular ratio measurements

Astrocytes were transfected with the 3xflag-LRRK2-G2019S mutation plasmid, and co-
transfected or not with the GFP-JIP4 vector. After fixation and staining, cells were
imaged with a confocal microscope using the Airyscan module to enhance resolution.
The tubular ratio in each cell was measured as: Ratio= #JIP4+tubules/
#JIP4+lysosomes. The same goes for endogenous RAB10. For each independent
replicate, the ratio was normalized by the average value of the control group (i.e.
DMSO, NTC and MOCK). Data were generated from cells pooled across at least two
independent experiments. Only cells with 10 or more JIP4 or RAB10-positive lysosomes

per cell were imaged.
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Co-Immunoprecipitation

HEK293FT cells transfected with 3xflag-LRRK2, 2xmyc-RAB10, 2xmycRAB10-T73A,
2xmyc-RAB35 and 2xmyc-RAB35-T72A plasmids were lysed in IP buffer (20 mM Tris-
HCI pH 7.5, 300 mM NaCl, 1 mM EDTA, 0.3% Triton X-100, 10% Glycerol, 1x Halt
phosphatase inhibitor cocktail (ThermoFisher) and protease inhibitor cocktail (Roche))
for 30 min on ice. Lysates were centrifuged at 4°C for 10 min at 20.000xg and
supernatant further cleared by incubation with Easy view Protein G agarose beads
(Sigma-Aldrich) for 30 min at 4°C (only for FLAG IP). After agarose beads removal by
centrifugation, lysates were incubated with anti-flag M2 agarose beads (Sigma-Aldrich)
or myc-Trap agarose beads (Chromotek) for 1 h at 4°C on a rotator. Beads were
washed six times with IP wash buffer (20 mM Tris-HCI pH 7.5, 300 mM NaCl, 1 mM
EDTA, 0.1% Triton X-100, 10% Glycerol) and eluted in 1X kinase buffer (Cell Signaling),
containing 150 mM NaCl, 0.02% Triton and 150 ng/ul of 3xflag peptide (Sigma-Aldrich)
by shaking for 30 min at 4°C (for FLAG IP) or by boiling samples in 2X loading buffer

with B-Mercaptoethanol for 5 min (for MYC IP).

Immunostaining

Primary cultures of astrocytes or HEK293FT cells were fixed with 4% PFA for 10 min,
permeabilized with PBS/ 0.1% Triton for 10 min and blocked with 5% Donkey Serum for
1 h at RT. Primary antibodies were diluted in blocking buffer (1% Donkey Serum) and
incubated overnight at 4°C. After three 5 min washes with PBS/ 0.1% Triton, secondary

fluorescently labeled antibodies were diluted in blocking buffer (1% Donkey Serum) and
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incubated for 1 h at RT. Coverslips were washed two times with 1x PBS and an
additional 2x with dH20 and mounted with ProLong® Gold antifade reagent

(ThermoFisher).

SDS PAGE and Western Blotting

Proteins were resolved on 4-20% Criterion TGX pre-cast gels (Biorad) and transferred
to membranes by semi-dry trans-Blot Turbo transfer system (Biorad). The membranes
were blocked with Odyssey Blocking Buffer (Licor Cat #927-40000) and then incubated
for 1 h at RT or overnight at 4°C with the indicated primary antibody. The membranes
were washed in TBST (3x5 min) followed by incubation for 1 h at RT with fluorescently
conjugated goat anti-mouse, rat or rabbit IR Dye 680 or 800 antibodies (LICOR). The
blots were washed in TBST (3x5 min) and scanned on an ODYSSEY® CLx (LICOR).

Quantitation of western blots was performed using Image Studio (LICOR).

Sample preparation for FIB-SEM

Following airyscan microscopy, the cells were fixed and processed as previously
described (56) with some differences. After dehydration the MatTek glass coverslip was
removed from the plastic by using propylene oxide. The removed glass coverslip was
then rinsed in 100% ethanol followed by immersion in mixtures of Durcupan ACM and
ethanol with the following ratios: 25/75 for 1.5 h; 50/50 for 1.5 h; 75/25 overnight. The
sample was then immersed in 100% Durcupan ACM for 4-5 hours with replacement of
fresh Durcupan every hour. The glass coverslip was then removed and excess

Durcupan was removed using filter paper. The coverslip was then placed in an oven at
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60°C for 10 min, after which the sample was placed vertically in a 50 mL Falcon tube in
folded filter papers and centrifuged for 15 min at 37°C and 750 RCF. The glass
coverslip was then placed in an oven at 60°C under vacuum and left to polymerize over
2 days. The sample was then sputter coated with 50 nm gold and painted with silver
paint, followed by drying under vacuum. The samples were imaged inside a Zeiss
Crossbeam 540 FIB-SEM microscope. Platinum and carbon were deposited over the
region of interest and the run was setup and controlled by Atlas software (Fibics). SEM
settings: 1.5 kV; 2.0 nA; Milling probe: 300 pA. The slice thickness and voxel size were

set to 6 nm. The total volume acquired (XYZ): 44.21 x 4.22 x 27.38 ym.

Statistical analysis

Analyses based on cell counts were performed by an investigator blinded to
treatment/transfection status. Statistical analysis for experiments with two treatment
groups used Student’s t-tests with Welsh’s correction for unequal variance. For more
than two groups, we used one-way ANOVA or two-way ANOVA where there were two
factors in the model. Tukey’s post-hoc test was used to determine statistical significance
for individual comparisons in those cases where the underlying ANOVA was statistically
significant and where all groups were compared; Dunnett’'s multiple comparison test
was used where all groups were compared back to a single control group. Unless
otherwise stated, graphed data are presented as means + SEM. Comparisons were
considered statistically significant where p< 0.05. *, p< 0.05; **, p< 0.01; ***, p< 0.001;

e p< 0.0001.
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