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Coding mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene, which are associated with dominantly
inherited Parkinson's disease (PD), lead to an increased activity of the encoded LRRK2 protein kinase. As such,
kinase inhibitors are being considered as therapeutic agents for PD. It is therefore of interest to understand the
mechanism(s) by which LRRK2 is activated during cellular signaling. Lysosomal membrane damage represents
one way of activating LRRK2 and leads to phosphorylation of downstream RAB substrates and recruitment of the
motor adaptor protein JIP4. However, it is unclear whether the activation of LRRK2 would be seen at other
membranes of the endolysosomal system, where LRRK2 has also shown to be localized, or whether these
signaling events can be induced without membrane damage. Here, we use a rapamycin-dependent oligomeri-
zation system to direct LRRK2 to various endomembranes including the Golgi apparatus, lysosomes, the plasma
membrane, recycling, early, and late endosomes. Irrespective of membrane location, the recruitment of LRRK2 to
membranes results in local accumulation of phosphorylated RAB10, RAB12, and JIP4. We also show that
endogenous RAB29, previously nominated as an activator of LRRK2 based on overexpression, is not required for
activation of LRRK2 at the Golgi nor lysosome. We therefore conclude that LRRK2 signaling to RAB10, RAB12,
and JIP4 can be activated once LRRK2 is accumulated at any cellular organelle along the endolysosomal
pathway.

1. Introduction (Singleton and Hardy, 2011).

Because familial cases with LRRK2 mutations show clinical pre-

Multiple pathogenic mutations in the Leucine-rich repeat kinase 2
(LRRK2) have been documented in families with ascertained autosomal
dominant inheritance of Parkinson's disease (PD) (Funayama et al.,
2005; Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Additionally, due
to incomplete age-dependent penetrance of LRRK2 alleles, mutations are
also associated with apparently sporadic PD (Gilks et al., 2005; ITwaki
et al., 2020; Lee et al., 2017). Finally, non-coding variants in the pro-
moter region of LRRK2 are also risk factors for sporadic PD (Nalls et al.,
2019). Thus, the genomic region encompassing LRRK2 contains multiple
types of genetic risk covering a range of identified modes of inheritance

sentations that are indistinguishable from sporadic PD (Kumari and Tan,
2009, p. 2), it is reasonable to infer that the different types of LRRK2
variants work through common mechanisms. The most promising
explanatory event uncovered to date is an increase in LRRK2 kinase
activity, mediated either directly by mutation in the LRRK2 kinase
domain or by decreased GTP hydrolysis, which is encoded by the adja-
cent Ras of complex proteins (ROC) and C-terminal of ROC (COR)
bidomain (Cookson, 2010). All known pathogenic mutations identified
to date increase either LRRK2 autophosphorylation at residue S1292
(Sheng et al., 2012) or on downstream Ras-associated binding proteins
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(RABs), including RAB10 and RAB12 (Steger et al., 2016). Non-coding
variants likely influence disease risk by virtue of higher LRRK2 gene
expression, being an example of an expression quantitative trait locus
(eQTL) (Ryan et al., 2017). An important corollary of these observations
is that inhibition of LRRK2 might be clinically beneficial for inherited
and, by extension, sporadic PD (Kluss et al., 2019; West, 2014).

Protein kinases are typically subject to regulation by multiple
mechanisms within cellular signaling pathways, allowing for control of
activity appropriate to internal or external cues. LRRK2 has been shown
to be regulated in multiple cellular contexts. Inflammatory cell activa-
tion, which has been implicated in PD, has been shown to regulate
LRRK2 phosphorylation, dimer formation and recruitment to intracel-
lular membranes (Berger et al., 2010). We and others have also shown
that lysosomal damage is sufficient to recruit LRRK2 to these organelles
(Bonet-Ponce et al., 2020; Eguchi et al., 2018), which may be relevant to
inflammatory signaling as exposure to specific intracellular pathogens
can result in disruption of lysosomes (Herbst et al., 2020). Subsequent to
lysosomal recruitment, LRRK2 phosphorylates RAB10 and RAB35 that
are then able to recruit JNK-interacting protein 4 (JIP4), a motor
adaptor protein, resulting in tubulation and sorting of lysosomal mem-
branes, a process we termed LYTL (Bonet-Ponce et al., 2020). A related
process may occur in neurons where pRAB10 can also recruit JIP4 to
alter transport of autophagosomes along microtubules (Boecker et al.,
2021).

Additionally, LRRK2 may be activated by interaction with RAB29,
itself a candidate risk gene for sporadic PD (Nalls et al., 2019). Several
groups have shown that overexpression of RAB29 can lead to LRRK2
recruitment to the Golgi apparatus (Beilina et al., 2020; Beilina et al.,
2014) with downstream activation of RAB10 (Fujimoto et al., 2018; Liu
et al., 2018; Purlyte et al., 2018). Of note, RAB29 overexpression has
been reported to cause alteration of Golgi structure (Fujimoto et al.,
2018), implying potential damage to this organelle. Interestingly,
directing RAB29 to the mitochondrial membrane is also sufficient to
activate LRRK2 signaling, suggesting that membrane identity is not
important in LRRK2 activation pathways (Gomez et al., 2019). Addi-
tionally, whether RAB29 regulates LRRK2 in a physiological context has
been questioned as knockout of RAB29 does not lower LRRK2-
dependent phosphorylation of RAB10 in vivo (Kalogeropulou et al.,
2020).

Here, we revisit the question of whether LRRK2 can be activated at
particular membranes compared to others along the endolysosomal
pathway, as well as whether membrane damage is necessary to activate
LRRK2 once at the membrane. To do this, we utilized the rapamycin-
binding domain from the 12 kDa FK506 binding protein (FKBP),
which we fused to the N-terminus of LRRK2, and the FKBP-rapamycin-
binding (FRB) domain of mTOR fused to six different membrane resi-
dent proteins (Liberles et al., 1997; Robinson et al., 2010). In the pres-
ence of rapamycin, the FKBP and FRB domains will dimerize, thus
trapping LRRK2 to a specific membrane. In this manner, we recruited
LRRK2 to the Golgi, lysosomes, recycling endosomes, early endosomes,
late endosomes and plasma membrane. In each case we found evidence
for accumulation of pRAB10 and pRAB12 and recruitment of JIP4 to the
directed membrane in the absence of membrane damaging agents.
Further, we confirmed that RAB29 is not required for LRRK2 activation
at the Golgi nor lysosome by using an siRNA knockdown of endogenous
RAB29, thus implying that the overexpression of RAB29 influences
LRRK2 localization but the physical interaction is not needed for LRRK2
kinase activity at the membrane. The results underscore that LRRK2 can
be activated at multiple endo-membranous compartments in cells and
that this is sufficient to initiate downstream LRRK2 signaling.

2. Methods
2.1. Cell culture

HEK293FT cells were maintained in DMEM containing 4.5 g/I
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glucose, 2 mM r-glutamine, 5% Pen/Strep and 10% FBS at 37 °C in 5%
CO». For immunocytochemistry experiments, cells were seeded on 12
mm coverslips (Corning, #354087). For Western blot experiments, cells
were plated in 24-well plates. For all experiments, Matrigel coating
(Corning, #354230) was used when seeding cells.

2.2. Reagents and treatments

For all experiments, rapamycin (Cayman Chemicals, cat #13346)
was added at 200 nM in ethanol for 15 min before fixing or lysing cells
for downstream analyses. Addition of MLi-2 (Tocris, cat #5756) was
used at 1 pM in DMSO, 90 min prior to rapamycin treatment.

2.3. Cloning

FKBP sequence was tagged to 3xFLAG-pDEST and mScarlet-pDEST
vectors using IN-FUSION HD cloning technology (Clontech, Takara,
cat #638920). LRRK2-WT, LRRK2-R1441C, LRRK2-Y1669C, LRRK2-
K1906M and LRRK2-G2019S, previously cloned into pCR™8/GW/
TOPO™ vector (ThermoFisher, cat #250020), were transferred into the
3XxFLAG-FKBP-pDEST and mScarlet-FKBP-pDEST plasmids using
Gateway technology (ThermoFisher, cat #11791043). CFP-FRB-LAMP1
vector (Willett et al., 2017) was a gift from Rosa Puertollano (NIH).
EHD1-FRB-GFP was kindly provided by Tsukasa Okiyoneda (Kwansei
Gakuin University). iRFP-FRB-RAB5, iRFP-FRB-RAB7, and PM-FRB-CFP
plasmids (Addgene plasmid #51612, #51613, and #67517) (Hammond
et al., 2014; Varnai et al., 2006) were gifts from Tamas Balla (NIH).
FRB-ECFP-Giantin was provided by Dorus Gadella (Addgene plasmid
#67903) (van Unen et al., 2015).

2.4. Transfection and siRNA knockdown

Transient transfections of HEK293FT cells were performed using
Lipofectamine 2000 in Gibco's Opti-MEM (ThermoFisher, cat
#31985088). HEK293FT cells were transfected followed by a 24-h in-
cubation period prior to any treatments, fixation, or lysis. The following
concentrations were used for each construct: 0.4 pg for LRRK2, CFP-
FRB-Giantin, and iRFP-FRB-RAB7, 0.25 pg for GFP-FRB-EHD1, CFP-
FRB-LAMP1, and iRFP-FRB-RAB5, and 0.05 pg for CFP-FRB-PMTS. For
endogenous RAB29 knockdown experiments, cells were treated with
either non-targeting control siRNA or human RAB29 siRNA (40 nM
working concentration) together with Lipofectamine RNAIMAX (Ther-
moFisher, cat #13778075) in Gibco's Opti-MEM and incubated for 24 h
prior to starting the transfection protocol. We chose a 24-h incubation
period as prior experiments suggest that this is sufficient time for robust
protein expression in HEK293FT cells and, similarly, siRNA will result in
efficient knockdown, at least for proteins with shorter half-lives, without
inducing cellular toxicity.

2.5. Antibodies

The following primary antibodies were used: mouse anti-FLAG M2
(Sigma-Aldrich, cat #F3165, 1:500 for ICC and 1:10,000 for WB), mouse
anti-LAMP1 (DSHB, cat #H4B3, 1:100 for ICC), rat anti-FLAG (Bio-
legend, cat #637302, 1:100 for ICC), chicken anti-GFP (AvesLab, GFP-
1020, 1:1000 for ICC), mouse anti-GFP (Roche, cat #11814460001,
1:10,000 for WB), sheep anti-TGN46 (Biorad, cat #AHP500GT, 1:500
for ICC), rabbit anti-Rab8a (Cell Signaling Technology, cat #6975,
1:500 for ICC), rabbit anti-EEA1 (Cell Signaling Technology, cat #3288,
1:100 for ICC), rabbit anti-Lamtor4 (Cell Signaling Technology,
cat#12284, 1:200 for ICC), rabbit anti-RAB10 (Abcam, cat #ab237703,
1:2000 for WB), rabbit anti-RAB10 (phospho-T73) (Abcam, -cat
#ab23026, 1:300 for ICC and 1:2000 for WB), rabbit anti-RAB12 (Pro-
teintech, cat #18843-1-AP, 1:1000 for WB), rabbit anti-RAB12 (phos-
pho-S106) (Abcam, cat #ab256487, 1:100 for ICC and 1:2000 for WB),
rabbit anti-RAB29 (Abcam, cat #ab256526, 1:2000 for WB), rabbit anti-



J.H. Kluss et al.

LRRK2 (Abcam, cat #ab133474, 1:2000 for WB), rabbit anti-LRRK2
(phospho S1292) (Abcam, cat #ab203181, 1:2000 for WB), rabbit
anti-cyclophilin B (Abcam, cat #ab16045, 1:2000 for WB), rabbit anti-
JIP4 (Cell Signaling Technology, cat#5519, 1:100 for ICC), rabbit
anti-LC3B (Cell Signaling Technology, cat#3868, 1:2000 for WB),
mouse anti-p62 (Abcam, cat#ab280086, 1:2000 for WB). For staining of
the plasma membrane, Phalloidin was used at 1:20 concentration to
visualize F-actin (ThermoFisher, cat #A30107).

For ICC, unless otherwise stated, the secondary antibodies were
purchased from ThermoFisher. The following secondary antibodies were
used: donkey anti-mouse Alexa-Fluor 568 (cat #A10037, 1:500), donkey
anti-rabbit Alexa-Fluor 488 (cat #A-21206, 1:500), donkey anti-mouse
Alexa-Fluor 568 (cat #A-21202, 1:500), donkey anti-rat Alexa-Fluor
488 (cat #A-21208, 1:500), donkey anti-goat Alexa-Fluor 488 (cat #A-
11055, 1:500), donkey anti-rabbit Alexa-Fluor 568 (cat #A10042,
1:500), donkey anti-mouse Alexa-Fluor 647 (cat #A-31571, 1:500), goat
anti-rat Alexa-Fluor 647 (cat #A-21247, 1:250-1:500). Donkey anti-
chicken Alexa-Fluor 405 (cat #703-475-155, 1:300) was obtained
from Jackson ImmunoResearch.

For WB, all secondary antibodies were used at 1:10,000 dilution:
IRDyes 800CW Goat anti-Rabbit IgG (Licor, cat #926-32,211) and
680RD Goat anti-Mouse IgG (Licor, cat #926-68,070).

2.6. Confocal microscopy

Confocal images were taken using a Zeiss LSM 880 microscope
equipped with a 63 x 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. Only low plasmid expression cells without obvious over-
expression artifacts were imaged. For measuring colocalization, Fiji
plugin JACoP was used in which Mander's correlation corrected for
threshold was used to quantify LRRK2:pRAB colocalization. Colocalized
maps were made using the Colocalization Finder plugin in Fiji. For
measuring signal intensity, integrated density of each cell was measured
using Fiji without thresholding (ImageJ, NIH).

2.7. Immunostaining

HEK293FT cells were fixed with 4% PFA for 10 mins, permeabilized
with PBS/ 0.1% Triton for 10 mins and blocked with 5% Donkey Serum
(Sigma, cat #D9663) 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 fluo-
rescently labeled antibodies were diluted in blocking buffer (1% Donkey
Serum) and incubated for 1 h at RT. Coverslips were washed two times
with 1x PBS and an additional 2x with dH,0, and mounted with Pro-
Long® Gold antifade reagent (ThermoFisher, cat #P10144).

2.8. SDS PAGE and Western Blotting

Proteins were resolved on 4-20% Criterion TGX precast gels (Biorad,
cat #5671095) and transferred to nitrocellulose membranes (Biorad, cat
#170415) by semi-dry trans-Blot Turbo transfer system (Biorad). The
membranes were blocked with Odyssey Blocking Buffer (Licor, cat
#927-40,000) and then incubated for 1 h at RT or overnight at 4 °C with
the indicated primary antibody. Membranes were simultaneously pro-
bed antibodies against a loading reference protein, Cyclophilin B, to
allow for accurate relative quantification and ensure equal loading be-
tween samples. The membranes were washed in TBST (3 x 5 min) fol-
lowed by incubation for 1 h at RT with fluorescently conjugated
secondary antibodies as stated above (Licor). The blots were washed in
TBST (3 x 5 min) and scanned on an ODYSSEY® CLx (Licor). Quanti-
tation of western blots was performed using Image Studio (Licor). All
blots presented in each figure panel were derived from the same
experiment and were processed in parallel.
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2.9. Statistical analysis

Analyses based on cell counts were performed by an investigator
blinded to treatment/transfection status. Unpaired student's t-tests were
used in experiments with two comparable groups, one-way ANOVAs
were used for experiments with more than two groups, and two-way
ANOVAs were used for experiments where there were two factors in
the model. Tukey's post-hoc tests were used to determine statistical sig-
nificance for individual comparisons in those cases where the underly-
ing ANOVA was statistically significant and where all groups' means
were compared to every other mean. Unless otherwise stated, graphed
data are presented as means + SD. Comparisons were considered sta-
tistically significant where p < 0.05. *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.

3. Results

3.1. Trapping LRRK2 to Golgi or lysosomal membranes results in
enhanced kinase activity

To establish whether membrane targeting is sufficient to activate
LRRK2, we generated a series of FRB traps with fluorescence fusion
proteins targeting the lysosome using LAMP1 (Fig. 1A); the Golgi using
Giantin (Fig. 1F); recycling endosomes using EHD1 (Fig. 1K); early
endosomes using Rab5 (Fig. 1P); late endosomes using RAB7 (Fig. 1U);
and the plasma membrane using a plasma membrane-targeting sequence
(PMTS) from GAP43 (MLCCMRRTKQVEKNDDQKI) (Fig. 1Z). Co-
transfection of each of these plasmids with 3xFlag-FKBP-LRRK2 resul-
ted in diffuse cytosolic LRRK2 staining as expected, however, after a 15
min incubation of 200 nM rapamycin, LRRK2 was relocalized to intra-
cellular structures labeled with the trap construct. These signals also
colocalized with appropriate endogenous markers of each organelle
(Fig. 1). Live imaging of cells expressing either RE-trap or lyso-trap
constructs together with a mScarlet-FKBP-LRRK2 construct show this
dimerization in real time, with both traps being able to colocalize LRRK2
in a matter of seconds following the addition of rapamycin (Supple-
mentary Fig. 1). Thus, the system employed here is sufficient to rapidly
induce partial recruitment of LRRK2 to specified membranes. Impor-
tantly, treatment with rapamycin at such a low concentration for 15 min
does not induce autophagy in HEK293FT cells (Supplementary Fig. 2A-
Q).

Having established these tools, we next examined whether recruit-
ment to these membranes was sufficient to increase LRRK2 kinase ac-
tivity as measured by three molecular readouts: autophosphorylation of
LRRK2 at site $1292, pT73 RAB10 and pS106 RAB12. Constructs were
transfected into HEK293FT cells and treated with rapamycin in order to
evaluate phosphorylation events via Western blot. In each case, the
addition of rapamycin resulted in statistically significant increases in
$1292 LRRK2 autophosphorylation (Fig. 1B,C; G,H; L, M; Q, R; V,W; a,b)
pT73 RAB10 (Fig. 1B,D; G,I; L, N; Q, S; V,X; a,c) and pS106 RAB12
(Fig. 1B,D; G,J; L,0; Q, T; V,Y; a,d) compared to untreated controls.
Additionally, treatment of cells with MLi-2 decreased LRRK2 auto-
phosphorylation, RAB10 and RAB12 phosphorylation below baseline
levels, demonstrating that the changes in RAB phosphorylation are
LRRK2 kinase-dependent. Thus, translocation of LRRK2 to intracellular
membranes is sufficient to increase kinase activity and influence RAB
substrate phosphorylation, irrespective of membrane identity.

Importantly, rapamycin-treated cells that were transfected with
LRRK2 alone did not increase S1292 LRRK2, T73 RAB, nor S106 RAB12
phosphorylation, confirming that LRRK2 kinase activation is dependent
on membrane presence and is not a byproduct of the treatment itself
(Supplementary Fig. 2D-G). We also conducted a control experiment in
which we transfected cells with 3xFLAG-FKBP-LRRK2 and a plasmid
containing the FRB domain without any membrane-targeting protein.
Under these conditions, cells treated with rapamycin did not have any
effect on LRRK2 autophosphorylation nor RAB10 and RAB12
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phosphorylation, suggesting that it is indeed the presence of a mem-
brane that is critical to heighten LRRK2 kinase activity and is not
affected by the binding of LRRK2 to the FRB domain alone (Supple-
mentary Fig. 2H-K).

We next evaluated whether the addition of hyperactive LRRK2 mu-
tations in the ROC (R1441C), COR (Y1699C) and kinase (G2019S) do-
mains of LRRK2 would produce greater activation of LRRK2 signaling
than wildtype protein in the context of FKBP-FRB dimerization. We also
included a hypothesis testing kinase dead LRRK2 mutant, K1906M, as a
negative control. Using the lyso-trap (Fig. 2A), we found that the addi-
tion of rapamycin caused a robust increase in pS1292 LRRK2 normalized
to total LRRK2 levels which was blocked by MLi-2 (Fig. 2B). Phos-
phorylation of RAB10 relative to total RAB10 was also increased by
rapamycin to similar magnitudes across mutations, with baseline levels
being most affected by the R1441C and Y1699C mutations as expected
(Fig. 2C). This phosphorylation was significantly reduced with MLi-2
treatment (Fig. 2C). Finally, increased phosphorylation of RAB12 rela-
tive to total RAB12 was also noted with wildtype LRRK2 after rapamycin
treatment, but not with mutant LRRK2 (Fig. 2D). In all cases, the kinase
dead K1906M LRRK2 did not support pRAB10 or pRAB12 activation,
demonstrating that these effects on RAB phosphorylation were LRRK2
kinase-dependent.

Similar patterns of LRRK2 activation and RAB phosphorylation were
seen using the Golgi-trap construct (Fig. 2E), with the strongest effects
on pS1292 LRRK2 found with the G2019S mutation (Fig. 2F) whereas
R1441C and Y1699C mutations contributed to the strongest effect on
RAB10 phosphorylation (Fig. 2G). Interestingly, increases in pRAB12
were also only observed in rapamycin-treated cells transfected with
wildtype LRRK2, with only mild increases observed in the mutant
LRRK2 conditions (Fig. 2H). In all cases, inhibition of LRRK2 using MLi-
2 or by substitution with the K1906M variant, resulted in minimal ac-
tivity. These results collectively show either membrane is sufficient in
activating LRRK2 kinase, however, divergent patterns of RABs phos-
phorylation emerge within the context of LRRK2 mutants.

3.2. Phosphorylated RAB proteins accumulate at intracellular membranes
via trapped LRRK2

RAB proteins are localized to a variety of intracellular membranes
with generally distinct and restricted distributions for each RAB
(Homma et al., 2021). Of the two RAB proteins evaluated here, RAB10
has been localized to early endosomes and the endocytic recycling
compartment (Babbey et al., 2006; Etoh and Fukuda, 2019; Liu et al.,
2013; Stimac et al., 2021) while RAB12 has been found in a variety of
vesicular compartments related to endosome function (Efergan et al.,
2016; lida et al., 2005; Matsui et al., 2011; Rydell et al., 2014). As
neither RAB is prominently localized to lysosomes or Golgi, we next
evaluated the localization of pRABs following the translocation of
LRRK2 to these membranes via immunocytochemistry.

As expected, the addition of rapamycin resulted in the redistribution
of LRRK2 from diffuse cytosolic expression to structures resembling ly-
sosomes with lyso-trap (Fig. 3A) or Golgi with Golgi-trap (Fig. 3B). In
conditions where the lyso-trap was used, pRAB12 staining showed broad
colocalization with LRRK2 at lysosomes while pRAB10 was most clearly
seen on perinuclear lysosomes after treatment with rapamycin and
treatment with MLi-2 diminished the staining of both pRABs. (Fig. 3A).
When LRRK2 was directed to the Golgi, pRAB12 was also detected at this
organelle, as was pRAB10 although the latter showed only partial
localized staining (Fig. 2B). To quantify these effects, we used Mander's
coefficient for colocalization between LRRK2 and each pRAB when
LRRK2 was translocated to lysosomes (Fig. 3C) and Golgi (Fig. 3D).
When comparing between membranes, each pRAB showed similar levels
of colocalization with LRRK2, while pRAB12 showed the most colocal-
ization with LRRK2 compared to pRAB10 (Fig. 3E). This finding re-
inforces the idea that pRAB accumulation consequential to LRRK2
activation is unaffected by membrane identity.
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Similarly, relocalizing LRRK2 to perinuclear structures morphologi-
cally reminiscent of recycling endosomes resulted in strong staining of
PRAB10 and pRAB12 that was blocked by MLi-2 (Fig. 4A). Treatment
with rapamycin in the presence of EE-trap expression resulted in
relocalization of LRRK2 to early endosomes where pRAB10 and pRAB12
levels were also observed (Fig. 4B). Mander's correlation coefficient
showed strong colocalization between LRRK2 and pRABs at both early
and recycling endosomes (Fig. 4C-F). Thus, LRRK2 can phosphorylate
RABs at multiple membranes along the endolysosomal pathway, how-
ever, differences in the distribution of pRABs may be visible depending
on which membrane LRRK2 is accumulated at.

3.3. JIP4 can be recruited to multiple cellular membranes dependent on
LRRK2 kinase activity

Prior studies have suggested that the motor adaptor protein JIP4 can
be recruited by phosphorylated RABs to either lysosomes (Bonet-Ponce
et al., 2020) or autophagosomes (Boecker et al., 2021) in different cell
types. We therefore wanted to test whether LRRK2 could also promote
JIP4 recruitment when placed at a variety of membranes within the cell.
We found that endogenous JIP4 could be recruited to LRRK2-positive
structures using either lyso-trap (Fig. 5A-B), Golgi-trap (Fig. 5C-D),
EE-trap (Fig. 5 E-F), or RE-trap (Supplementary Fig. 3A-B). Trap-
dependent recruitment of JIP4 was blocked by treatment with MLi-2,
consistent with dependence of JIP4 recruitment on RAB phosphoryla-
tion. Thus, membrane identity is equally unimportant for JIP4 recruit-
ment once pRABs accumulate at a given membrane.

3.4. RAB29 is not necessary for LRRK2 activation at the lysosome

Although prior data using knockout cells suggests that endogenous
RAB29 is not required for LRRK2 activity (Kalogeropulou et al., 2020), it
is striking that both LRRK2 and RAB29 knockout mice exhibit prominent
lysosomal abnormalities (Kuwahara et al., 2016). Additionally, RAB29
has been characterized as a resident Golgi protein, with overexpression
studies showing colocalization to TGN46, GM130 and other known
Golgi markers (Beilina et al., 2014; Wang et al., 2014). We therefore
examined the potential role of RAB29 in the activation of LRRK2 trapped
at the Golgi membrane by knocking down endogenous RAB29 (Fig. 6A),
recognising that this would not be possible using approaches to drive
LRRK2 to membranes using RAB29 overexpression or RAB9 fusion
proteins. Despite the efficient knockdown of RAB29 in which 70-80% of
endogenous protein was lost (Fig. 6A, E), we saw no difference in
pS1292 LRRK2 between siRNA against RAB29 versus non-targeting
control under basal or rapamycin-induced trapping of LRRK2 to the
Golgi via Western blot (Fig. 6B). Similar negative results were seen with
both pRAB10 (Fig. 6C) and pRAB12 (Fig. 6D). Immunocytochemistry
confirmed these results, as no difference in LRRK2 localization was seen
in groups transfected with RAB29 compared to NTC siRNA (F). These
experiments demonstrate that RAB29 is not required for the activation
of LRRK2 in the context of controlled recruitment to the Golgi. Addi-
tionally, we evaluated LRRK2 in the proximity of the lysosomal mem-
brane using lyso-trap after RAB29 siRNA knockdown. Similarly, we saw
no impairment nor increase in the ability of LRRK2 to translocate to the
lysosome following rapamycin treatment, nor was its distribution
affected under conditions without rapamycin (Supplementary 3C). More
importantly, T73 RAB10 staining in RAB29 siRNA knockdown cells still
colocalized to LRRK2 when LRRK2 was translocated to the lysosomal
membrane (Supplementary 3C). This suggests that in the absence of
RAB29, LRRK2 activation at lysosomes is unaffected and is thus able to
phosphorylate RAB10.

4. Discussion

Understanding the mechanisms by which LRRK2 activity is
controlled is fundamentally important for discerning the role of this
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Fig. 2. LRRK2 and RAB10 phosphorylation patterns show additive effects of LRRK2 membrane recruitment and pathogenic mutations. The lyso-trap (A) or Golgi-
trap (E) were co-transfected with either WT, R1441C, Y1669C, G2019S, or K1906M LRRK2(-FKBP-3xFlag or mScarlet) varieties and Western blots were run, probing
for pS1292 LRRK2, pT73 RAB10, and pS106 RAB12 (B—D, F—H). (B—D, F—H): two-way ANOVA with Tukey's post-hoc test, n = 3 independent experiments; SD bars
shown; (B) treatment, p < 0.0001, F(2,30) = 208.2; genotype, p < 0.0001, F(4, 30) = 130.8, (C) treatment, p < 0.0001, F(2, 30) = 200.5; genotype, p < 0.0001, F(4,

30) = 95.63, (D) treatment, p < 0.0001, F(2, 30) = 97.52; genotype, p < 0.0001, F(4, 30) = 45.79,

(E) treatment, p < 0.0001, F(2, 30) = 177.0; genotype, p < 0.0001,

F(4, 30) = 121.5, (F) treatment, p < 0.0001, F(2, 30) = 310.7; genotype, p < 0.0001, F(4, 30) = 156.0, (G) treatment, p < 0.0001, F(2, 30) = 210.1; genotype, p <
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Fig. 3. pT73 RAB10 and pS106 RAB12 are phosphorylated by LRRK2 at the lysosome and Golgi. Utilizing the FRB-FKBP system, representative confocal microscopy
images show colocalization of LRRK2 and its RAB substrates at membranes. Using the lyso-trap (A) or the Golgi-trap (B), both pS106 RAB12 and pT73 RAB10 (red)
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10 pm (A, B); 5 pm (C, D). E: Quantification of LRRK2:RAB colocalization coefficient from n = 9-10 cells for Golgi-trap (orange) and Lyso-trap (cyan) for pRAB10
(left) and pRAB12 (right). One-way ANOVA with Tukey's post hoc analyses: F(3,35) = 68.18. Error bars show SEM, ns = not significant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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protein in PD and has strong implications for the clinical application of
LRRK2 kinase inhibitors. In the current study, we evaluated whether
direction to a variety of endomembranes is sufficient to result in LRRK2
activation, even in the absence of membrane damage. We show that
recruitment of LRRK2 to various membranes results in the accumulation
of pRABs and recruitment of the effector protein JIP4, regardless of the
membrane targeted.

Several prior studies have supported the concept that LRRK2

activation requires membrane targeting, but in the context of either
immune signaling and/or membrane damage (Berger et al., 2010; Bonet-
Ponce et al., 2020; Eguchi et al., 2018; Herbst et al., 2020). Our study
adds to this body of knowledge, showing that once LRRK2 is at any
membrane, kinase activation is enhanced, presumably via self-
interaction as seen in vitro (Civiero et al., 2012; Greggio et al., 2008;
Klein et al., 2009). Our data indicate that membrane damage is not
specifically required for LRRK2 activation. Furthermore, all membranes
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Fig. 6. Knockdown of endogenous RAB29 does not affect LRRK2 activation at the Golgi or lysosomal membranes. Following a 24 h incubation of siRNA RAB29 or
non-targeting control, HEK293FT cells were transfected with 3xFlag-FKBP-LRRK2 and Golgi-trap. Cells were then treated with rapamycin for 15 min before lysing
and pS1292 LRRK2, pT73 RAB10, and pS106 RAB12 levels were evaluated via Western blot (A-D). RAB29 knockdown efficiency was measured via total levels of
endogenous protein (E). (B-E): two-way ANOVA with Tukey's multiple comparisons test, n = 3; SD bars shown; (B) treatment, p < 0.0001, F(1, 8) = 214.9; siRNA, p
= 0.1536, F(1, 8) = 2.485, (C) treatment, p < 0.0001, F(1, 8) = 267.3; siRNA, p = 0.6008, F(1, 8) = 0.2967, (D) treatment, p < 0.0019, F(1, 8) = 20.69; siRNA, p =
0.1269, F(1, 8) = 2.901, (E) treatment, p = 0.3936, F(1, 8) = 0.8127; siRNA, p < 0.0001, F(1, 8) = 381.9.

were equally suitable for activating LRRK2, implying that there are no
specific membrane resident proteins involved in LRRK2 activation.
Overall, our data are consistent with a model where membrane
recruitment is sufficient for LRRK2 activation, although this needs to be
tested in future studies. It should be noted that such a model does not
exclude that membrane damage and recruitment may both indepen-
dently contribute to LRRK2 activation.

Interestingly, we also found that once mutant LRRK2 is directed to
lysosome or Golgi membranes, phosphorylation of RAB12 is unaffected

compared to the robust accumulation of pRAB10. Previous studies have
shown that mutant LRRK2 is more prone to accumulate at membranes
compared to wildtype protein (Berger et al., 2010; Mamais et al., 2021)
and we observed that pRAB12 more strongly colocalized with mutant
LRRK2 at membranes compared to pRAB10. Thus, one possible expla-
nation for the minimal effect of membrane-bound mutant LRRK2 on
PRAB12 is that mutant LRRK2 is present at membranes prior to induced
recruitment. More extensive studies will be needed in order to elucidate
differences between mutant LRRK2-dependent RAB phosphorylation.
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Prior work has shown that a mitochondrial-targeting sequence fused
to the N-terminus of RAB29 is sufficient to direct LRRK2 to mitochon-
dria, increasing its activity and subsequent RAB10 phosphorylation.
However, in vivo data from RAB29 knockout mice and in vitro data from
RAB29 knockout cells showed no difference in LRRK2 kinase measure-
ments (Gomez et al., 2019; Kalogeropulou et al., 2020). Here, we have
confirmed, using the orthogonal approach of siRNA rather than
knockout, that RAB29 is not necessary for the activation of LRRK2, as
RAB29 deficient cells showed the same magnitude of LRRK2 activation
as control cells using LRRK2, RAB10, and RAB12 phosphorylation
readouts at both Golgi and lysosomal membranes. Therefore, and in
agreement with other recent data, we infer that RAB29 is not an
endogenous activator of LRRK2. However, both LRRK2 and RAB29
knockout mice have similar lysosomal phenotypes, suggesting that there
is an unresolved pathway relationship between LRRK2 and RAB29
which should be evaluated in future studies.

Collectively, the current results further establish that LRRK2 can be
activated by association with multiple endomembranes, resulting in
phosphorylation of RABs that then accumulate at local membranes and
can recruit effector proteins including JIP4. Additional studies are
required to further delineate how LRRK2 becomes activated at endo-
membranes in cells under pathological conditions.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2022.105769.
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