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A proteomic analysis of LRRK2 binding @
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signaling components of the WNT/PCP

pathway
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Abstract

Background: Autosomal-dominant mutations in the Park8 gene encoding Leucine-rich repeat kinase 2 (LRRK2)
have been identified to cause up to 40% of the genetic forms of Parkinson’s disease. However, the function and
molecular pathways regulated by LRRK2 are largely unknown. It has been shown that LRRK2 serves as a scaffold
during activation of WNT/3-catenin signaling via its interaction with the 3-catenin destruction complex, DVL1-3 and
LRP6. In this study, we examine whether LRRK2 also interacts with signaling components of the WNT/Planar Cell
Polarity (WNT/PCP) pathway, which controls the maturation of substantia nigra dopaminergic neurons, the main cell
type lost in Parkinson's disease patients.

Methods: Co-immunoprecipitation and tandem mass spectrometry was performed in a mouse substantia nigra cell
line (SN4741) and human HEK293T cell line in order to identify novel LRRK2 binding partners. Inhibition of the
WNT/B-catenin reporter, TOPFlash, was used as a read-out of WNT/PCP pathway activation. The capacity of LRRK2
to regulate WNT/PCP signaling in vivo was tested in Xenopus laevis' early development.

Results: Our proteomic analysis identified that LRRK2 interacts with proteins involved in WNT/PCP signaling such as
the PDZ domain-containing protein GIPCT and Integrin-linked kinase (ILK) in dopaminergic cells in vitro and in the
mouse ventral midbrain in vivo. Moreover, co-immunoprecipitation analysis revealed that LRRK2 binds to two core
components of the WNT/PCP signaling pathway, PRICKLET and CELSR1, as well as to FLOTILLIN-2 and CULLIN-3,
which regulate WNT secretion and inhibit WNT/3-catenin signaling, respectively. We also found that PRICKLET and
LRRK2 localize in signalosomes and act as dual regulators of WNT/PCP and B-catenin signaling. Accordingly, analysis
of the function of LRRK2 in vivo, in X laevis revelaed that LRKK2 not only inhibits WNT/B-catenin pathway, but
induces a classical WNT/PCP phenotype in vivo.

Conclusions: Our study shows for the first time that LRRK2 activates the WNT/PCP signaling pathway through its
interaction to multiple WNT/PCP components. We suggest that LRRK2 regulates the balance between WNT/(3-
catenin and WNT/PCP signaling, depending on the binding partners. Since this balance is crucial for homeostasis of
midbrain dopaminergic neurons, we hypothesize that its alteration may contribute to the pathophysiology of
Parkinson'’s disease.
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Background

Parkinson’s disease (PD) is one of the most common neu-
rodegenerative disorders. Clinically, it is characterized by a
triad of classical symptoms: resting tremor, rigidity or
hypokinesia. At pathological level, the hallmarks of PD in-
clude a predominant loss of midbrain dopaminergic
(mDA) neurons in the substantia nigra pars compacta
(SNpc) and the presence of Lewy bodies containing aggre-
gated a-SYNUCLEIN filaments, and/or TAU hyperpho-
sphorylation [1, 2]. Current treatments for PD are
symptomatic and do not affect the progressive nature of
the degenerative process. Efforts aiming at developing
more effective therapies capable of stopping or delaying
disease progression currently involve gaining a better un-
derstanding of the function of proteins involved in PD.
Ninety percent of the patients suffer from sporadic idio-
pathic forms of PD [3]. In last decades, several genetic
forms of PD, accounting for only 10% of the cases, have
been identified. Notably, several proteins that are impli-
cated in genetic forms of PD, such as PARKIN, TAU, a-
SYNUCLEIN, PINK1 and DJ-1, have been also associated
with sporadic PD [4, 5].

Autosomal-dominant mutations in Park8 gene encoding
Leucine-rich repeat kinase2 (LRRK2) is one of the most
prominent risk factors for sporadic PD with a mutation
frequency of 2-40% in different populations [3, 6, 7]. Inter-
estingly, these patients exhibit typical features of idio-
pathic, late-onset PD, indicating that even LRRK2-
mediated disease requires aging [1, 5]. LRRK2 is a large,
multi-domain protein composed of 2527 amino acids
(289 kDa). It contains a kinase domain sequence, a Ras of
complex protein domain (ROC) and the C-terminal of
COR (COR) domain that are predicted to bind and
hydrolyze GTP similarly to the ROCO protein family [8].
These three domains are considered the catalytic core of
LRRK2. Additionally, LRRK2 has Ankyrin repeats,
Leucine-rich repeats (LRR) and a WD40 domain that pre-
dominantly serve as binding sites for protein-protein in-
teractions and structural scaffolds for different signaling
processes, which is another important function of LRRK2.
However, the precise function of LRRK2 in cell signaling
remains to be defined.

WNTs (from Wingless/Integration) are a large family of
19 secreted lipid-modified glycoproteins that serve mul-
tiple functions in development, tissue homeostasis, regen-
eration and disease [9]. In mammalian nervous system,
WNT morphogens play a crucial role in formation and
modulation of neuronal circuits [10]. Three main WNT
signaling pathways have been described: WNT/B-catenin,
WNT/Planar Cell Polarity (PCP) and WNT/Calcium (Ca®
"), the two latter also referred to as non-canonical or
WNT/B-catenin-independent signaling pathways. Upregu-
lation of WNT/PCP signaling usually inhibits the WNT/
[-catenin signaling and vice versa [11, 12]. We previously
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found that proper levels of WNT/B-catenin and WNT/
PCP signaling are required for correct mDA neuron devel-
opment and function [13-16].

A few studies have provided evidence that WNT/f-ca-
tenin signaling components interact with “PD proteins”.
We previously found that PARKIN, an ubiquitin E3 ligase
forming a complex with PINK and DJ-1 [17], interacts
with B-CATENIN and regulates its degradation [18]. More
recently, LRRK2 was found to interact with two key com-
ponents of the WNT/B-catenin pathway, DVL1-3 [19]
and LRP6 [20], bringing them together to the plasma
membrane and leading to activation of this pathway.

In this study, we performed a proteomic analysis of
LRRK?2 interactions in the mouse substantia nigra cell line
SN4741 and human HEK293T cells. Our findings show for
the first time that there is a clear crosstalk between LRRK2
and WNT/PCP signaling. By using immunoprecipitation-
coupled tandem mass spectrometry (MS/MS), we identified
a number of LRRK2 binding partners involved in WNT/
PCP signaling pathway, such as the PDZ-domain-
containing protein GIPC1 [21] and Integrin-linked kinase
(ILK) [22, 23]. We also found that LRRK2 interacts with
PRICKLE1 and CELSRI, two core components of WNT/
PCP pathway [24—27]. Finally, we demonstrate that LRRK2
alone or together with PRICKLE1 and DVL2 can activate
the WNT/PCP signaling and suppress the expression of
WNT/B-catenin dependent genes both in vitro and in vivo,
during X. laevis development. Our data thus extends the
spectra of signaling pathways interacting with LRRK2 to in-
clude WNT/PCP, a fundamental signaling pathway for
mDA neuron maturation [14]. We hypothesize that adult
onset of PD may involve a deregulation of WNT/PCP sig-
naling via its interactions with LRRK2. Our data provide
new insights into LRRK2 function and may contribute to
gain a better understanding of PD.

Methods

Cell culture and transient transfection

Human embryonic kidneys 293T cells (HEK293T; ATCC)
were grown in DMEM containing 10% FBS, 2 mM L-
glutamine, 50 U/ml penicillin, and 50 U/ml streptomycin
(all from Gibco Inv.). 24 h prior transfection HEK293T
were seeded on 10 cm dishes at 40% confluence in
complete medium (co-IP). For IF and TOPFlash analysis,
HEK293T cells were seeded into 24-well plate with a
density of 40,000 cells/well with or without 13 mm
glass coverslips coated with 0.1% gelatin. For transfec-
tion, the medium was switched for DMEM only. Opti-
Mem (Gibco Inv.) was mixed with 5 pg (2.5 pg: 2.5 pg)
of DNA and 12.5 pl of Lipofectamine 2000 (Gibco Inv.)
for each condition. For 24-well plates we used 10x fewer
reagents. The transfection mixture was applied to the
cells and incubated for 5 h. Afterwards, the medium was
exchanged for complete medium. A mouse clonal
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substantia nigra dopaminergic neuron cell line SN4741
(a gift from Jong W. Lee [28]) was cultivated in similar
conditions in medium containing 0.6% glucose. For co-
IP experiments, SN4741 were seeded in 90% confluency
24 h prior harvest. For IF, SN4741 were seeded into 24-
well plate on 13 mm glass coverslips coated with 0.1%
gelatin with density of 20,000 cells/well. Cells were
trypsinized with 0.05% Trypsin-EDTA (Gibco Inv.) and
passaged every 3rd day in the culture.

Plasmids

The following plasmids were used for transfections: pDEST-
Pricklel-ECFP, pCMV3Tag-9-Celsr1-3xMyc, pEGFPN1-
Celsrl and pEGFPNI1-Celsr1-CRASH (a gift from Elaine
Fuchs), pcDNA3.1 backbone, pCMVTag-3B and
pDEST51 backbones (a gift from Dr. Mark Cookson),
pcDNA3.1-3xFlag-Cullin3 (a gift from Feng Shao),
pCAFlag-Shroom3 (a gift from Masatoshi Takeichi),
Flotillin1-GFP and Flotillin2-GFP (a gift from Ben
Nichols), pcDNA3-flag-Cullinl (a gift from Tadashi Ya-
mamoto), pcDNA3-Vangl2-HA (a gift from Thomas
Ringstedt), pcDNA3-Ror2-Flag (a gift from Sigmar
Stricker), pcDNA3-Flag-JIP3 and pcDNA3-Flag-JIP4 (a
gift from Roger Davis), pEGFP-C1-Rab5a (a gift from
Philip D. Stahl), DsRed-Rab7-WT (from Addgene,
#12661), GFP-Rab11-WT (from Addgene, #12674),
pLAMPI1-mCherry (from Addgene, #45147), pcDNA3.1-
HA-mDvI2 wt (a gift from Mariann Bienz), pEGFP-C1
DVL2 (a gift from Bob Lefkowitz). Lrrk2 plasmids were
a gift from Dr. Mark Cookson and were bought from
Addgene: pCMVTag-3B-Lrrk2-WT-2xMyc (Addgene
#25361), pCMVTag-3B-Lrrk2-WD40-2xMyc (Addgene
#25073), pCMVTag-3B-Lrrk2-AHeat-2xMyc (Addgene
#25068), pCMVTag-3B-Lrrk2-RCKW-2xMyc (Addgene
#25064), pCMVTag-3B-Lrrk2-RCK-2xMyc (Addgene
#25065), pCMVTag-3B-Lrrk2-COR-2xMyc (Addgene
#25069), pCMVTag-3B-Lrrk2-Kinase-2xMyc (Addgene
#25071), pCMVTag-3B-Lrrk2-Lrrs-2xMyc (Addgene
#25072), pDEST51-Lrrk2-WT(V5) (Addgene #25080),
pDEST51-Lrrk2-Y1699C(V5) (Addgene #25084), pDEST51-
Lrrk2-R1441C(V5) (Addgene #25081), pDEST51-Lrrk2-
G2019S(V5) (Addgene #29401). We used pCS2-ca-b-ca-
tenin, pCS2-14XTOPFlash, Super8X TOPFlash and
pRLtkLuc vectors for TOPFlash assay (Promega). Plasmid
lentiCRISPRV2, a gift from Feng Zhang (Addgene, #52961),
was used to produce CRISPR/Cas9 cell lines.

Lentivirus and CRISPR/Cas9 work

Sequence 5'-CGCCTGTCAGGGCTGCGAAG-3" target-
ing exon 1 of Park8 gene was used for CRIPSR/Cas9 driven
Lrrk2 knock-down; sequence 5'-GAAGTTCGAGGGCGA-
CACCC-3’ targeting an irrelevant gene, EGFP, was used for
the control cell line [29]. The two targetting sequences were
cloned into sgRNA lentiviral vector lentiCRISPR-V2 (a gift
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from Feng Zhang; Addgene, #52961) using Golden-gate
sgRNA cloning protocol as decribed by the Zhang lab [30]
and sequenced with U6 sequencing primer ACTATCA-
TATGCTTACCGTAAC. All plasmids were purified prior
the transfection with an endotoxin-free Zymopure Maxi-
prep kit (Zymo research, #D4202). We used 3rd generation
of replication deficitent lentiviruses (packing vectors
pMD2.G and psPAX/2) for the viral production following
the guidlines of local ethical committee (Arbetsmiljoverket,
permit Dnr 2-5164/2016). For the virus production, we first
transiently overexpressed our cloned transfer vectors
lentiCRISPR-V2 (10 pg), and packaging vectors pMD2.G
(5 pg) and psPAX/2 (7.5 pg) in 80% confuent HEK293FT
cells grown on 10 c¢cm dishes using Lipofectamine 2000
(Invitrogene) mixed with OptiMEM (Invitrogene). The
transfection mixture was incubated with cells in serum and
antibiotics-free medium for 5 h. Afterwards, the medium
was switched for the complete DMEM enriched with
10%FBS and 1% Pen/Strep. Medium with viral particles was
collected twice 48 h and 72 h post transfection, and pooled
together. The medium was centrifuged (200 g, 5 min, room
temperature) to clear from the cell debris. The supernatants
were subsequently filtered through 045 pm low protein
binding membrane filters (Millipore). The viral superna-
tants were centrifuged at 60.000 g for 2 h at +4 °C. The
viral pelets were resuspended in 200 pl of PBS after over-
night incubation at +4 °C. For the CRISPR/Cas9 knock-
down, the SN4741 cells were seeded at 40% confluency on
6-wells plate 24 h prior transduction. The next day, 1 ml of
fresh complete medium was pre-mixed with 8 pg/ml of
polybrene (Millipore) for better transduction efficacy and
added to the cells together with 20 ul of lentiviruses per
well, overnight. We included a control sample which was
not infected. We exchanged the medium for a fresh one
the next day. We started the puromycin selection (4 pg/ml;
ThemoFisher Scientific) 48 h post transduction. The cells
were held under selection for 10 days. Cells in the unin-
fected sample all died after puromycin treatment within
48 h compared to the positive clones. Single clones were
picked using a single cell serial dilution and tested for
LRRK2 knock-down using specific LRRK2 antibodies (Fig.
2, Additional file 1: Figure S1A-B). The precise allelic dis-
ruption was determiend using T7E1 and DNA sequencing.
These cell lines are available upon a request.

Nested-PCR, T7E1 assay and DNA sequencing

We used a nested-PCR followed by T7E1 and DNA se-
quencing (Eurofins) to characterize mutations in our
CRISPR/Cas9 cell lines. Genomic DNA of the CRISPR/Cas9
derived cell lines was isolated according the manufacturer’s
instructions using NucleoSpin Tissue (Macherey-Nagel,
Germany). Isolated genomic DNA was subjected to the
nested-PCR with the Q5 high-fidelity polymerase (New Eng-
land Biolabs). The following primers were used sequentially:
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the first PCR primers 5'-GAAACCGCTTTCCT-
GAAAGG-3" and 5'-GGTGCCCAAGATTAAGACTC-3,
and the second PCR primers 5'-GCCCCTTTGCTATTCT-
TAGT-3" and 5-AAAGTTTGCAGAGGAGGGAG-3'.
200 ng of genomic DNA and 0.2 uM of the primers were
used for the first PCR in a final volume of 50 pl, with the
PCR set up as: 95 °C for 15 s, 60 °C for 15 s, 72 °C for 30s
X 20 cycles. 1 pl of each PCR product from the first PCR
was subjected to the second PCR in a final volume of 50 ul
with 0.2 pM of primers. The conditions of the second PCR
were: 95 °C for 15 s, 60 °C for 15 s, 72 °C for 30s X 35 cy-
cles. 418 bp product of each PCR was purified with QIA-
quick gel extraction kit (Qiagen). The sequences of the
products were determined with the second PCR primers
and DNA sequencing (Eurofins). The T7E1 assay was used
to distinguish whether our clonal LRRK2 cell line carries
mono- or biallelic mutations. 1 pg of gel-purified PCR
products were subjected to the T7E1 assay. 1XNEB buffer
2.1 and 1 pg of PCR products in a final volume of 50 pl
were heated at 95 °C for 5 min and gradually cooled down
to room temperature. 25 pl of the products were digested
with 5 U of T7E1 (New England Biolabs) and incubated at
37 °C for 45 min. The rest of the products (25 pl) were in-
cubated without T7E1, and used as a control.

Protein extraction, co-immunoprecipitation

For co-IP of overexpressed proteins, proteins were
extracted from cells 24-48 h post transfection. For
co-IP of endogenous LRRK2, SN4741 cells were
lyzed in 90% of confluency 24 h after seeding.
Mouse VM tissue was first frozen to -80 °C and
lysed once needed. Cells were washed twice in ice-
cold PBS, and lyzed in 1-2 ml of freshly prepared
lysis buffer (50 mM Tris pH 7.6, 150 mM NacCl,
1 mM EDTA, 0.5% NP40, 0.1 mM DTT and prote-
ases inhibitors cocktail from Roche) on ice for
15 min. The lysis was followed by centrifugation of
the lysates at 18000 g, +4 °C for 20 min to separate
insoluble particles and cellular debris. To eliminate
unspecific interactions, lysates were pre-cleared by
incubating the lysates with DynaBeads (Invitrogen)
for 45 min. To pull down the binding partners,
800 pl of lysates were incubated with 1 pg of follow-
ing antibodies: goat GFP-FITC (Abcam), rabbit C-
MYC (Sigma), mouse V5 (Invitrogene), rabbit FLAG
(Sigma) and mouse LRRK2 (Covance), while rotating
at +4 °C for 3 h. Afterwards, the protein complexes
were incubated with DynaBeads for 12-14 h. The
beads were washed 5 times using lysis buffer without
DTT and proteases inhibitors. To elute the com-
plexes from the beads, the beads were mixed with
1x Laemmli buffer and denaturized at 95 °C for
5 min. The beads were subsequently removed and
samples loaded directly into 8-10% SDS-PAGE gel.
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Immunoblotting

Western blotting was used to analyze the LRRK2 interac-
tions. The samples were subjected to polyacrylamide SDS-
PAGE gel electrophoresis. Proteins were transferred onto
PVDF membrane (GE-Healthcare, Germany, US) and
immunoblotted with primary antibodies at 4 °C overnight
(Additional file 2: Table S1). After washing, membranes
were incubated with appropriate HRP-conjugated second-
ary antibodies (1:5000, Sigma-Aldrich) at room temperature
for 1 h. Signals were detected with the Amersham ECL
Prime system (GE-Healthcare) using a charge-coupled de-
vice camera (Bio-Rad, US). Not-saturated immunoblots
were analyzed by Image].

Immunofluorescence and confocal microscopy

HEK293T were transfected and fixed 24-30 h post
transfection in 4% PFA at RT for 20 min. SN4741 cells
were fixed in the same way, 24 h after seeding. Subse-
quently, cells were washed in PBS-Tween20 (PBT, 0.5%)
3 times for 5 min each, blocked in PBTA with 5% of
donkey serum in room temperature for 45 min, and in-
cubated in +4 °C overnight with primary antibodies
(Additional file 2: Table S1). Next day, cells were washed
in PBT 4 times for 5 min each and incubated with par-
ticular secondary Alexa Fluor antibodies (Additional file
2: Table S1). Samples were washed 3 times in PBT for 5-
10 min in room temperature and incubated with Dapi
(1:5000, Invitrogene) for other 10 min. Coverslips were
mounted with Fluorescent mounting medium (53023,
Dako). Confocal imaging was performed with Zeiss
LSM700, 63x oil objective.

Dual Luciferase reporter assay (TOPFlash assay)

HEK293T were transfected with 20 ng of pRLtkLuc as a
control for overall translation machinery, 200 ng of TCEF/
LEF reporter Super8X TOPFlash, and with 200 ng of each
plasmid of interest (empty backbones, V5-Lrrk2 or Myc-
Lrrk2, Pricklel-ECFP and DvI2-EGFP) per well. Altogether,
we used from 3 (420 ng) to 5 plasmids (820 ng DNA) per
well. Cells were lysed 27 h post transfection. The basal ac-
tivity of WNT/b-catenin signaling corresponds to the nega-
tive control where only empty backbones (pCMV-back,
pDEST51-back and pcDNA3) were transfected. Samples
were analyzed with dual luciferase reporter assay kit (Pro-
mega). The samples were measured either with Victor (Per-
kinElmer) (Fig. 5b-d) and/or with more sensitive Omega
Fluor plate-reader (Fig. 5d-e). Subsequently, all data were
first normalized to Renilla signal. Values were normalized to
overexpression of proteins that did not differ from our
backbone control, Pricklel in Fig. 5b and Lrrk2-WT in Fig.
5c. Results in Fig. 5d and e are presented as RAW values
(referred to as RLU) normalized to Renilla. For the X. laevis
microinjections, 14XTOPFlash reporter plasmid was cre-
ated by inserting 14 tandem repeats of TCF binding sites
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into pGL4.26 (luc2/minP/Hygro) (Promega). 200 pg of
14XTOPFlash and 25 pg of renilla (pRL Renilla; Promega)
DNA were co-injected with mRNAs into two animal cells
at 4 to 8cell-stage embryos, and firefly and renilla luciferase
were measured at st10.25 Xenopus embryos with Dual-Glo
Luciferase Assay System (Promega). Triplicate samples
(three embryos/each) were used for an individual condition,
and three independent experiments were examined. The
graphs and statistical analysis were prepared in GraphPad
Prism6 using one way ANOVA test combined with Holm-
Sidak multi-comparison test or Mann Whitney T-test for
the HEK293T samples, and paired student T-test for the
frog samples.

Collection of mouse tissue, ethical permits

Ventral midbrains of C57/BL6 wild type mice were col-
lected from E18.5 embryos. Mice were housed, bred and
treated according to the guidelines of the European Com-
munities Council (directive 86/609/EEC) and the local
ethics committees (Stockholm’s Norra Djurférsoketiska
Niamnd N158/15).

Preparation of Xenopus laevis embryos and
microinjections

We followed institutional guidelines for animal care and
research protocols, and approved by the Etiska
Nidmnden on animal use (ethical permit N241/14). Xen-
opus laevis eggs were obtained by injecting frogs with
700 units of human chorionic gonadotropin (Pregnyl’,
Merck Sharp & Dohme). The embryos were fertilized
using a sperm suspension and were dejellied with 1%
thioglycolic acid at two-cell stage, and cultured in 0.2x
Marc’s Modified Ringer’s solution (MMR) at 18-21 °C.
Staging was according to Nieuwkoop and Faber [31].
Microinjections were performed in 4% Ficoll/0.3x MMR.
The maximum injection volume was 20nl per embryo.
The embryos were then cultured in 0.2X MMR until ei-
ther stage 10.25 (for TOPFlash assay) or stage 32 (for
the PCP phenotypes). The mMessage mMachine® sp6
Kit (Ambion) was used to synthesize in vitro capped
mRNA. Lrrk2 construct used for the experiments was
pCS2-5Xmyc-Lrrk2 [32]. pCS2-super was generated by
inserting an oligonucleotide fragment containing a poly-
linker sequence (EcoRI, Pacl, Sbfl, Xmal, Xhol, Ascl,
Xbal) into the EcoRI/Xbal sites of pCS2. To generate
pCS2-beta-galactosidase, beta-galactosidase with nuclear
localization signal was obtained by RT-PCR from
pBSApBpACAGHtILn [33], and subcloned into the Pacl/
Ascl sites of pCS2-super.

Analysis of overexpressed LRRK2 interactors in HEK293T
cells by LC-MS/MS

HEK293T cells were transiently transfected with human
2xmyc-Lrrk2-WT plasmid, and lysed in NP40-buffer
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24 h post transfection. The eluted samples were subse-
quently loaded on polyacrylamide gel, followed by silver
staining and in-gel tryptic digestion.

In-gel digestion of silver-stained gel bands

Each gel lane was divided into 20 bands, which were de-
stained in 50 mM ammonium bicarbonate and 50%
acetonitrile. Tryptic digestion was performed by a
liquid-handling robot (MultiProbe II, Perkin Elmer), in-
cluding protein reduction in 10 mM DTT and alkylation
in 55 mM iodacetamide. Gel pieces were dehydrated in
100% acetonitrile, trypsin was added to a final concen-
tration of 13 ng/ul, and the pieces were digested over
night at 37 °C. Extracted peptides from consecutive
bands were pooled according to their protein levels,
resulting in two pools for each lane.

Liquid chromatography tandem mass spectrometry
Nano-LC-MS/MS analyses were performed using an
Easy-nLC system (Thermo Scientific) directly coupled to
an Orbitrap Q Exactive mass spectrometer (Thermo Sci-
entific). Peptides were separated in a 10-cm fused Silica-
Tip column (New Objective, Inc.) that was in-house
packed with 3-pym C18-AQ ReproSil-Pur (Dr. Maisch
GmbH) using a linear gradient from 3 - 48% acetonitrile
in 89 min at a flow rate of 300 nl/min. The MS acquisi-
tion method was comprised of one survey full scan ran-
ging from m/z 300 to m/z 1650 acquired at a resolution
of R = 70°000 at m/z 400, followed by up to ten data-
dependent HCD MS2 scans from the top ten precursor
ions with a charge state >2 and at R = 17,500.

Analysis of endogenous interactors of LRRK2 in SN4741
cells by LC-MS/MS

SN4741 cells were lysed either in NP40-buffer, followed
by SDS-PAGE and Coomassie staining and processed in
gel; or lysed in a buffer containing 0.1% sodium deoxy-
cholate and processed for MS/MS analysis via tryptic di-
gestion directly on beads.

On-beads and in-gel protein digestion

Beads with extracted proteins were washed 3x by 50 mM
ammonium bicarbonate buffer and subjected to digestion
by trypsin (2 h, 37 °C; sequencing grade, Promega).
Tryptic peptides were extracted into LC-MS vials by 2.5%
formic acid (FA) in 50% ACN with addition of polyethyl-
ene glycol (20,000; final concentration 0.001%) and con-
centrated in a SpeedVac concentrator (Thermo Fisher
Scientific). 1D gel lines for sample and negative control
were divided into 10 gel areas separating gel areas with
high and low abundant proteins. Individual gel areas were
excised manually and after destaining and washing proce-
dures each band was incubated with 125 ng trypsin (se-
quencing grade; Promega). The digestion was performed
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for 2 h at 40 °C on a Thermomixer (750 rpm; Eppendorf).
Tryptic peptides were extracted as mentioned above.

LC-MS/MS analysis of peptides

LC-MS/MS analyses of peptide mixture were done using
RSLCnano system connected to Orbitrap Elite hybrid
mass spectrometer (Thermo Fisher Scientific). Prior to LC
separation, tryptic digests were desalted using trapping
column (100 pm x 30 mm, 3.5-pm X-Bridge BEH 130
C18 sorbent, Waters) and separated on Acclaim Pep-
mapl00 C18 column (2 um particles, 75 pum x 500 mm;
Thermo Fisher Scientific) by one or two hour gradient
program (mobile phase A: 0.1% FA in water; mobile phase
B: 0.1% FA in acetonitrile). The analytical column outlet
was directly connected to the Nanospray Flex Ion Source.
Up to top 10 precursors from the survey scan (350-
2000 m/z, resolution 60,000) was selected for HCD
fragmentation (target 50,000 charges; resolution 15,000,
isolation window 2 m/z) with enabled dynamic exclusion
(up to 45 s). Two independent LC-MS/MS analyses were
done for on-beads digests. The analysis of the mass spec-
trometric RAW data files was carried out using the Prote-
ome Discoverer software (Thermo Fisher Scientific;
version 1.4) with in-house Mascot (Matrixscience; version
2.3.1) and Sequest search engines utilization. MS/MS ion
searches were done against UniProtKB protein database
for mouse (downloaded from ftp://ftp.uniprot.org/pub/da-
tabases/uniprot/current_release/;  version  20141001;
85,893 protein sequences) with additional sequences from
cRAP database (downloaded from http://www.thegp-
m.org/crap/). Mass tolerance for peptides and MS/MS
fragments were 10 ppm and 0.05 Da, respectively. Oxida-
tion of methionine and deamidation (N, Q) as optional
modification and two enzyme miss cleavages were set for
all searches. Propionamidation of C as optional modifica-
tion was set for MS database searches after in-gel diges-
tion. Percolator was used for post-processing of Mascot
search results. Peptides with false discovery rate (FDR; q-
value) < 1%, rank 1 and with at least 6 amino acids were
considered. Proteins matching the same set of peptides
were reported as protein groups. Protein groups/proteins
were reported only if they had at least one unique peptide.
Label-free quantification using protein area calculation in
Proteome Discoverer was used (“top 3 protein quantifica-
tion”). Two analyses of on-beads digests and analyses for
all gel area within single gel line were searched as one
dataset.

Database search

Tandem mass spectra were extracted using Raw2MGF (KI
in-house software), and the resulting mascot generic files
from each lane were searched against the mouse SwissProt
protein database using the Mascot Daemon 2.3.02 search
engine (Matrix Science Ltd.), which was set to search the
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SwissProt protein database (selected for Homo s. sapiens,
version 2012.03) using trypsin and two missed cleavage
sites. Peptide mass tolerance was set to 10 ppm and
0.05 Da for the fragment ions. Carbamidomethylation of
cysteine was specified as a fixed modification, whereas
oxidation of methionine and deamidation of asparagine
and glutamine were defined as variable modifications. The
lists of identified proteins were exported from the .dat files
using the following criteria: significance threshold of 0.05,
MudPit protein scoring, required red bold, and including
same-set proteins. Mascot score threshold was set to 50.

MS/MS data mining

We performed a literature study on identified proteins
using UniProt [34], PubMed and Web of Science data-
bases. Overexpression studies were performed in HEK293T,
therefore the protein IDs had to be converted into
mouse Ids, and not all the hits were present in the
mouse genome. The conversion of the protein ID was
done by biological DataBase network (bioDBnet).

Results

Unbiased identification of WNT/PCP proteins as candidate
LRRK2 binding partners

Proteomic approaches such as tandem mass spectrometry
(MS/MS) has become a powerful tool to discover un-
known binding partners of any protein of interest. Never-
theless, the stoichiometry of protein-protein interactions
and their preservation in a test tube is highly dependent
on the cell type and sample processing [35-37]. To cap-
ture the diversity of candidate LRRK2 interactions, we
used three different conditions: (1) NP40 buffer and in-gel
tryptic digestion of human HEK293T; (2) NP40 buffer and
in-gel tryptic digestion of a mouse substantia nigra cell
line (SN4741) [28] expressing endogenous LRRK?2; (3) So-
dium deoxycholate buffer (SDOCH) and digestion on
beads using SN4741 cells (Fig. 1a). Only proteins absent in
the IgG immunoprecipitation control, but present in the
LRRK2 pull-down, were considered as candidate LRRK2
binding partners. LRRK2 was never present in IgG con-
trols (Additional file 3: Figure S2A, Additional file 4: Table
S2 and Additional file 5: Table S3), but was one of the
most abundant hits in our MS/MS analysis after pull-
down with antibodies against C-MYC (for LRRK2 overex-
pression in human cells) or endogenous LRRK2 in mouse
cells, confirming the good quality of our IP protocols. This
strategy allowed us to identify about 500 proteins: 122
proteins interacting with overexpressed LRRK2 in HEK293T
cells (in gel digestion), 120 proteins with endogenous
LRRK2 in SN4741 cells (in gel digestion), and 283 proteins
with endogenous LRRK2 in SN4741 cells (in solution diges-
tion). The full list of proteins is provided in Additional file
4: Table S2 and Additional file 5: Table S3. Comparison of
the 3 data sets (Fig. 1b) revealed only 2 proteins in
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COMPARISON OF THE MS/MS DATA SETS: COMMON HITS

DETECTED IN LINK TO WNT
EXPERIMENTS  SIGNALING

ACCESSION PROTEIN NAME

PDZ domain-containing protein GIPC1

* %

Q920G0 [GN=Gipc1] 1,2,3
BEN domain-containing protein 3

Q6PALO [GN=Bend3] 1,2,3
6-phosphofructokinase, liver type

P12382 [GN=PFKL] 1,2
LIM and SH3 domain protein 1

A2ABH1 (Fragment) [GN=Lasp1] 2,3

Q62523 Zyxin [GN=Zyx] 2,3 *

Q8BFW7 Lipoma-preferred partner homolog 2,3 %
[GN=Lpp]
Isoform 2 of TBC1 domain family

Q60349 member 1 [GN=Tbc1d1] 2,3

F2Z3U3  Protein Raphl [GN=Raph1] 2,3 *
ATP-dependent RNA helicase DDX50

Q99MIJ9 [GN=Ddx50] 2,3

Q3U381  Zinc finger protein 692 [GN=Znf692] 2,3
GRAM domain-containing protein 3

Q9D2W5 [GN=Gramd3] 2,3
Spermatogenesis-associated protein 5

Qsumco [GN=Spata5] 23

055222  Integrin-linked protein kinase [GN=Ilk] 2,3 **
Ribosomal protein S6 kinase alpha-4

Qoz289 [GN=Rps6ka4] 23

Q9Z0U1  Tight junction protein ZO-2 [GN=Tjp2] 2,3
Eukaryotic translation initiation factor 3

asazvi subunit L [GN=Eif3] 2,3
Protein 2310035C23RiK

E9QMS30 [GN=2310035C23Rik] 23

Q99IME9 Nucleolar GTP-binding protein 1 2,3

[GN=Gtpbp4]

common: BEN domain-containing protein 3 (BEND3), a
repressor of transcription, and GIPCl, a PDZ domain
containing protein (Fig. 1c). Notably, 15 proteins were
found to bind endogenous LRRK2 in SN4741 dopamin-
ergic cells in the two conditions analyzed (Fig. 1b-c). Ana-
lysis of the identified LRRK2 binding partners revealed the
presence of 5 proteins that play an important role in
WNT/PCP signaling, either via endocytic trafficking of
the core WNT receptors or by direct modulation of
WNT/PCP activity (asterisk in Fig. 1c, Additional file 6:
Table S4). In addition, each of our conditions detected
proteins that had been previously reported to bind LRRK2
(Table 1), confirming thus the validity of our approach.

In vitro and in vivo validation of GIPC1 and ILK, two novel
WNT/PCP binding partners of LRRK2

We subsequently validated some of the candidate
LRRK?2 binding partners in the SN4741 substantia nigra

cell line (Fig. 2a-b) and in embryonic day E18.5 in ven-
tral midbrain tissue (Fig. 2¢) using LRRK2 immunopre-
cipitation and immunoblotting. These experiments
revealed that LRRK2 binds to GIPC1 and ILK in vitro
(Fig. 2a) and in vivo (Fig. 2c). To further verify these re-
sults, we used three different monoclonal antibodies to
compare (Additional file 1: Figure S1A-B) a control GEFP
SN4741 cell line to a CRISPR/Cas9 LRRK2 knock-down
(KD) SN4741 cell line with monoallelic frameshift muta-
tion (Additional file 7: Figure S3A-B). We found that the
pull down of GIPCI or ILK with LRRK2 was reduced in
LRRK2 KD SN4741 cells compared to control SN4741
cells, indicating the specificity of the interaction (Fig.
2b). These experiments therefore confirmed that LRRK2
physically binds to: (1) GIPC1, an adaptor protein for G
protein coupled receptors (GPCRs) that controls endo-
cytic trafficking of the WNT/PCP receptor VANGL2
[21]; and (2) Integrin-linked kinase (ILK), an Ankyrin
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Table 1 Previously reported LRRK2 binding partners from the Overexpressed LRRK2 MS/MS data set were confirmed our
“Overexpressed LRRK2 in-gel” data set, proving the quality and validity of the experiment

PROT_HIT ACCESSION PROTEIN NAME REF  METHOD, MODEL

27 TBB4A_HUMAN Tubulin beta-4A chain [103] MS and Co-IP of overexpressed LRRK2-WT in HEK293T

35 JIP4_HUMAN C-Jun-amino-terminal kinase- [40]  Overexpression with LRRK2-WT in HEK293T
interacting protein 4

56 RIF1T_HUMAN Telomere-associated protein RIF1 [104] MS and Co-IP of overexpressed G2019S in HEK293T

180 MYBB_HUMAN  Myb-related protein B [104] Its interactor RBBP4-6-7 binds to LRRK2. MS and Co-IP of overexpressed

G2019S in HEK293T

184 H90B2_HUMAN  Putative heat shock protein HSP 90- [105] Co-IP of endogenous LRRK2 from forebrain and overexpressed in
beta 2 HEK293T

194 JIP3_HUMAN C-Jun-amino-terminal kinase- [40]  Overexpression with LRRK2-WT in HEK293T
interacting protein 3

215 CENPF_HUMAN Centromere protein F [104] MS and Co-IP of overexpressed G2019S in HEK293T

repeat containing serine-threonine kinase that regulates
WNT/PCP [22, 23] and WNT/B-catenin [38, 39] signal-
ing via remodeling extracellular matrix and cell-cell ad-
hesion. Another interesting candidate from our analysis,
Lipoma-preferred partner (LPP) bound to LRRK2 in
SN4741 cells and in VM tissue (Fig. 2a, c) but we failed
to confirm this interaction in our knock-down LRRK2
cell line (Fig. 2b). Thus our results identify two novel
interactors of endogenous LRRK2 in dopaminergic cells:
the WNT/PCP signaling components, GIPC1 and ILK.

FLOTILLIN-2 and CULLIN-3 are novel WNT binding partners
of LRRK2

Our in silico analysis of the identified LRRK2 inter-
actors in HEK293T cells revealed 6 functional group
of proteins (Additional file 3: Figure S2B), including
a group of proteins potentially involved in WNT sig-
naling, such as FLOTILLIN-1/2, CULLIN-1 and
SHROOM-3 (Additional file 3: Figure S2C). These
candidates were validated by transient overexpression
and immunoprecipitation of LRRK2. We used JIP3
as positive control for LRRK2 co-IP [40]. While we
did not detect any interaction of LRRK2 with
CULLIN-1 or SHROOM-3, and only a weak
interaction with FLOTILLIN-1 (data not shown), we
confirmed that LRRK2 interacts with FLOTILLIN-2
(Fig. 2d) and JIP3 (Fig. 2f). We also found an inter-
action of LRRK2 with CULLIN-3 (Fig. 2e), a protein
that was not identified by MS/MS, but it is known
to be down-regulated by Lrrk2 knock-down [41], and
to inhibit WNT/B-catenin signaling [42]. In addition,
we also found that LRRK2 immunofluorescence is
present in cell lamellipodia, together with FLOTILLIN-2
(Fig. 2g), or in the cytoplasm of SN4741 cells to-
gether with CULLIN-3 and JIP3 (Fig. 2h-i), reinfor-
cing the concept that LRRK2 interacts with several
proteins regulating WNT signaling in dopaminergic
neurons.

LRRK2 interacts with PRICKLE1 and CELSR1 but not with
other core components of WNT/PCP pathway

To further determine whether there is a possible cross-
talk between LRRK2 and WNT/PCP signaling, we per-
formed co-IP and immunoblotting experiments in
HEK293T cells after overexpression of LRRK2 and some
WNT/PCP signaling components, such as Ror2, Vangl2,
Pricklel, and Celsrl. We found that LRRK2 specifically
interacts with CELSR1 (Fig. 3a) and PRICKLE1 (Fig. 3b)
but not with other key components of the WNT/PCP
signaling pathway, such as VANGL2 (Fig. 3c) or ROR2
(Fig. 3d). LRRK2-CELSRI1 interaction was further con-
firmed by using different vectors and antibodies for pull-
down (Additional file 8: Figure S4A). The efficiency of
the pull-down increased when more LRRK2 and less
CELSR1 was transfected (Additional file 8: Figure S4B).
LRRK2 immunofluorescence was found in the plasma
membrane and cell-cell contacts, together with CELSR1
(Fig. 3h-i), while it was detected in cytoplasmic punctate
structures together with PRICKLE1L (Fig. 3j-1), following
a pattern similar to that of polymerized DVL [19, 43—
46]. We also examined whether the physical interactions
between LRRK2 and CELSR1 or PRICKLE1 were modi-
fied by some of the most common PD-related LRRK2
mutations, such as Y1699C, R1441C and G2019S (Fig.
3e-g). However, we did not observe any alteration in the
physical interaction of these proteins, indicating that
LRRK2 mutations do not affect the capacity of LRRK2
to bind core WNT/PCP proteins.

Localization of LRRK2 into PRICKLE1-induced puncta is
independent of endosomal processes and form
signalosome-like structures

It has been previously shown that LRRK2 interacts with
several RAB family proteins and regulates the endosomal-
lysosomal pathway [47-50]. We thus examined whether
LRRK2-PRICKLE1 puncta are present in endosomal and/or
lysosomal compartments in transiently transfected HEK293T
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Fig. 2 Verification of the MS results in vitro and in vivo in mouse ventral midbrain. (@-¢) Western blot validation of LRRK2 binding partners using specific
antibodies. ILK and GIPC1 but no other WNT/PCP signaling components interact with LRRK2 in SN4741 (a-b) and mouse ventral midbrain of E185 old
embryos (c). b We knocked down LRRK2 using CRISPR/Cas9 methodology and generated clonal cell lines with either normal (WT) or decreased levels of
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candidates shows that LRRK2 binds to FLOTILLIN-2 (d) and CULLIN-3 (e) in HEK293T. JIP3 (f), a previously published LRRK2 binding partner, served as
positive control. g-i IF confirmed that LRRK2 co-localizes with FLOTILLIN-2 (g), CULLIN-3 (h), and JIP3 (i) in HEK293T cells. Nuclear staining by Dapi is in blue.
N 2 3. Scale bars indicate 20 um

cells. We found that LRRK2 does partially co-localize with
RAB5a (marker of early endosomes) and very sporadically
with RAB11 (marker of recycling endosomes), but does not
co-localize with RAB7, a marker of late endosomes
(Additional file 9: Figure S5A-C). We also found that
PRICKLELI as well as DVL2 strongly co-localize with RAB7
(Additional file 8: Figure S4C-D), while LRRK2-PRICKLE1
puncta neither co-localize with this late endosomal marker,

nor with the lysosomal marker LAMPI1, despite LRRK2
alone co-localized with LAMP1 in the cytoplasmatic mem-
brane (Fig. 4a-b, Additional file 9: Figure S5). These results
suggest that LRRK2-PRICKLE1 puncta, unlike LRRK2 or
PRICKLEL alone, are not localized in the endosomal or
lysosomal compartments.

We next examined whether LRRK2-PRICKLE1 localize
in DVL puncta, a WNT signaling compartment formed
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Fig. 3 LRRK2 interacts with CELSR1 and PRICKLET, two key components of WNT/PCP signaling. a-d Western blotting analysis of co-IP of transiently
overexpressed LRRK2 with WNT/PCP signaling components in HEK293T. LRRK2 physically interacts with CELSR1 (a) and PRICKLET (b), but neither with
VANGL2 (c) nor ROR2 (d). e-i IF of proteins overexpressed in HEK293T. Under normal conditions, LRRK2 is evenly distributed in the cytoplasm (i). CELSR1
alone is usually polarized in cells (f), whereas PRICKLET tends to form puncta (h). @ Once co-expressed, LRRK2 partially co-localizes with CELSR1

in the cytoplasmic membrane and in cell-cell contacts (arrowheads). LRRK2 robustly changes its localization when it is co-expressed with PRICKLET, and
together they form puncta structures in the cytoplasm (g). Arrowheads show co-localizations, whereas arrows point out that there is no leakage of the
fluorescent signal in PRICKLE1-positive and LRRK2-negative cells. Nuclear staining by Dapi is in blue. N 2 3. Scale bars show 20 um. j-I Physical
interaction between LRRK2 and CELSR1 (j) or PRICKLET (k-I) is not modified in the most common LRRK2 mutations. I Analysis of immunoblot band
intensity shows the relative binding of LRRK2 WT and mutants to PRICKLE1. No difference between LRRK2 WT and mutants was detected. Signal was
adjusted to the background and normalized to the corresponding input (N = 3, SD)
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by DVL polymers [43—-46]. First, we demonstrated that
LRRK2 localizes in DVL2 puncta (Fig. 4c), as previously
reported for DVL1 and DVL3 [19]. Strikingly, PRICKLE1
was found in very close proximity to DVL2, but they did
not co-localize (Fig. 4d). However, in the presence of
LRRK2, then PRICKLE1l and DVL2 co-localized (Fig.
4e), suggesting that LRRK2 facilitates this process. Com-
bined, our results show that LRRK2-PRICKLE1 puncta
are not in endosomes, but rather in DVL2 signalosomes,
which suggests a possible regulation of WNT signaling.

LRRK2 inhibits WNT/B-catenin signaling pathway, while
PRICKLE1 turns LRRK2 from an inhibitor to an activator of
WNT/B-catenin signaling

There are no sensitive in vitro assays to measure the activity
of WNT/PCP signaling at present. Nevertheless, it’s known
that the activation of WNT/PCP signaling inhibits the
WNT/B-catenin signaling [25, 42]. Here we examined
whether LRRK?2 and its deletion mutants (Fig. 5a) can alone
or in combination with the WNT/PCP signaling compo-
nent PRICKLE1 modulate the WNT/B-catenin TOPFlash
reporter assay in HEK293T cells. We first found that ex-
pression of LRRK2 alone decreased the basal level of TOP-
Flash activation up to 40% (Fig. 5b, d). This effect was
maintained after deletion of the armadillo domain (dHEAT)
and lost by deletion of COR domain (KINASE, WD40 and
LRRS LRRK2 mutants) (Fig. 5b) pointing out that the Roc-
COR domains are likely important for WNT/PCP signaling
activation and/or WNT/B-catenin inhibition. We also
found that PRICKLEL in combination with LRRK2 induced
TOPFlash/p-catenin activation (Fig. 5¢c). This activation was
LRRK2-dependent, as it was reduced by LRRK2 trunca-
tions, being the ARMADILLO-ANKYRIN and the LRR do-
mains essential, with a contribution of the WD40 domain
(Fig. 5¢). LRRK2 most common PD mutations did not in-
hibit TOPFlash in a significant manner (Fig. 5d). These data
suggest that multiple domains of LRRK2 are necessary to
regulate WIN'T/B-catenin signaling and that this regulation
is context dependent, since PRICKLE1 is capable of turning
LRRK?2 from an inhibitor into an activator of this pathway.

PRICKLE1 reduces the activation of WNT/B-catenin
signaling by competing with DVL2 in the presence of
LRRK2

It has been previously shown that DVL increases WNT/p-
catenin signaling activity [51-53], and that LRRK2 binds to
DVL [19], and together they further increase the TOP-
Flash/B-catenin activity by 2-5 folds depending on the DVL
isoform [20]. On the other hand, PRICKLE1 can bind DVL,
which is then ubiquitinated and targeted for degradation,
leading to the downregulation of WNT/B-catenin signaling
[54]. This interaction has been proposed to be a mechan-
ism by which PRICKLE1 regulates asymmetric localization
of FZD and DVL across cell-cell contacts from the
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proximal to the distal side of the cell [55-57]. We therefore
examined how LRRK2 and PRICKLE1 modulate the
DVL2-induced activation of WNT/B-catenin signaling (Fig.
5e). Our results confirm that DVL2 induces the activation
of WNT/pB-catenin signaling (~60 fold). This activation was
not modified by PRICKLE], but was increased by LRRK2
(~130 fold compared to control) as previously described
[51]. However, the DVL2-LRRK2 dependent activation of
WNT/B-catenin signaling was reduced by PRICKLE1 down
to ~80 fold. Constitutively active beta-catenin (ca-B-CA-
TENIN) was used as a positive control (~500 fold) to show
that the effect of DVL2-LRRK2 was not saturated. These
data suggest that the co-localization of LRRK2, PRICKLE1
and DVL2 in signalosome-like structures (Fig. 4c-e) allows
PRICKLEL to inhibit the increase in WNT/B-catenin sig-
naling induced by LRRK2-DVL2.

Combined, our data indicate that the LRRK2-PRICKLE1
protein complex acts as a modulator of WNT/[-catenin
signaling, increasing or decreasing its activity in the ab-
sence or the presence of DVL2, respectively. This observa-
tion is consistent with several studies showing that protein
levels, temporal events and the localization of LRRK2
within the cell are important determinants for the func-
tion and regulation of LRRK2 activity [20, 58—-61].

Overexpression of LRRK2 in Xenopus laevis embryos
causes inhibition of WNT/B-catenin signaling and
convergence and extension defects

We next examined whether LRRK2 in addition of inhibiting
WNT/B-catenin signaling in vitro, also does that in vivo.
For this purpose we took advantage of Xenopus laevis, a
well characterized model organism with well-established
biological read-outs to examine the activation of WNT sig-
naling pathways [62]. We first co-injected lrrk2 mRNA (1-
2 ng) with the 14XTOPFlash and Renilla reporters’ DNA
into dorsal marginal cells at 4-8 cell-stage embryos, and
measured luciferase activity at stage 10.25 (Fig. 6a). These
experiments revealed that overexpression of [rrk2 inhibits
the WNT/B-catenin pathway in vivo (Fig. 6b), confirming
thus our in vitro observations.

Our in vitro findings also provided evidence that
LRRK2 inhibits WNT/B-catenin signaling through the
activation of the WNT/PCP pathway. It has been shown
that the WNT/PCP signaling controls the convergent
extension movements [63, 64]. We therefore examined
whether [rrk2 controls these processes during the early
development of Xenopus embryos. Overexpression of
Irrk2 was performed in the dorsal marginal zone at 4-8
cell stage embryos, and the embryos were subsequently
analyzed at stage 32. Interestingly, LRRK2 misexpression
resulted in a mild convergent extension defects com-
pared to uninjected or S-galactosidase controls (Fig. 6¢).
In order to perform a more detailed analysis, we used
celsrl as positive control [26, 65] and evaluated the
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different grades of the convergent extension defects
caused by WNT/PCP pathway deregulation. For that, we
measured the length of anteroposterior axis in each em-
bryo, and normalized it by the average length of unin-
jected embryos. Based on the analysis of numerous
embryos (79 uninjected, 29 S-galactosidase, 46 lrrk2 injec-
tion and 27 celsrI) (Fig. 6d), we divided the WNT/PCP
phenotypes into 7 categories (Fig. 6e). Our results show
that 56.5% of [rrk2-injected embryos displayed a grade 2
phenotype and 30.4% a grade 3, whereas the phenotype of
the uninjected and the f-galactosidase group were grade 1
in 92.4% and 72.4% of the cases, respectively. On the other
hand, celsrl, a strong regulator of WNT/PCP pathway, ex-
hibited more severe phenotypes (grade 2 = 18.5%, grade
3 = 55.6%, grade 4 = 14.8%, grade 5 = 7.4%, grade
6 = 3.7%). Thus, our in vivo data demonstrate that LRRK2
is a novel regulator of the WNT/PCP signaling pathway,
as well as an inhibitor of the WNT/B-catenin signaling
pathway.

Discussion

Identification of novel LRRK2 binding partners: GIPC1
and ILK

Although many LRRK2 substrates have been proposed, the
identification of true LRRK2 binding partners at physio-
logical levels and their function remains to be determined.
Our IP-coupled MS/MS approach using 2 different in vitro

cell types and 2 biochemical methods in combination with
our candidate-based approach has provided valuable infor-
mation about what proteins can bind to LRRK2 after over-
expression and at endogenous levels. Here we identify a
number of novel interactors that are functionally linked to
the WNT/PCP signaling pathway, which have been vali-
dated by other biochemical methods. These include GIPC1,
ILK, PRICKLE1, CELSR1, FLOTILLIN-2 and CULLIN-3.
Interactions of LRRK2 with GIPC1 and ILK were further
verified by immunoblotting in vitro and in vivo, in the ven-
tral midbrain of E18.5 mouse embryos.

One of the novel LRRK2 interactors that we identify in
our study is GIPCI, an adaptor protein for GPCRs that is
involved in vesicle trafficking of multiple receptors [66].
GIPC1 interacts with VANGL2, a key WNT/PCP mem-
brane protein. Disruption of GIPC1 function leads to de-
fects in hair cell maturation and hair follicle orientation, a
typical phenotype displayed by WNT/PCP deregulation
[21]. Moreover, it has been shown that GIPC1 interacts with
dopamine D2 and D3 receptors [67-70] and its mutation
results in a reduction of DA neurons leading to locomotion
defects in D. melanogaster [71]. It is thus conceivable that
alterations in the interaction between LRRK2 and GIPC1
may be of importance for the function of mDA neurons, a
possibility that remains to be investigated.

There is evidence that LRRK2 binds and phosphory-
lates focal adhesion kinase (FAK) by which it regulates
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motility of reactive microglia and its response to brain
injury, both of which were impaired in G2019S mutants
[72]. The role of LRRK2 in regulating cytoskeletal rear-
rangements is further supported by our observation that
LRRK2 binds ILK, a serine-threonine kinase that re-
models the cytoskeleton and the extracellular matrix,
leading to changes in cell shape, cell polarity and cell
motility [23, 73]. It has been shown that overexpression
of ILK activates WN'T/B-catenin signaling [38, 39], while
down-regulation of ILK leads to planar cell polarity de-
fects and failure in hair-follicle development [23]. More-
over, ILK induces WNT/PCP pathway when it binds to
the proline-rich motifs of DVL and subsequently
promotes RHOA/CDC42/RAC1-mediated cell motility
[22, 74, 75]. This dual activity of ILK towards distinct
WNT signaling pathways correlates well with our finding
that its binding partner, LRRK2, also modulates the activ-
ity of WNT/pB-catenin and WNT/PCP signaling depend-
ing on the exact composition of the interacting complex
and its protein levels. Our findings thus provide a mech-
anistic basis for how LRRK2 could mediate such effects.

LRRK2 interacts with two core WNT/PCP signaling
components: PRICKLE1 and CELSR1

Using a candidate-based approach we also discovered
that LRRK2 specifically interact with PRICKLE1 and
CELSR1, two key players of the WNT/PCP signaling
pathway. Notably, the localization of LRRK2 in the cell
varied depending on its binding partners. CELSR1 and
LRRK2 were found at the plasma membrane, corre-
sponding to oligomerized, autophosphorylated LRRK2
which displays high kinase activity [76]. On the other
hand, PRICKLE1 and LRRK2 were found in cytoplas-
matic puncta, a localization similar to the functional
complexes formed by LRRK2 and DVL1/3 [19]. Interest-
ingly, we demonstrate that PRICKLE1-LRRK2 localizes
in DVL2 signalosome-like structures and functionally in-
teracts. Indeed, PRICKLE1 turned LRRK2 from an in-
hibitor to an activator of basal WNT/B-catenin
signaling, but it inhibited the DVL2-induced activation
of this pathway even in the presence of LRRK2. These
findings suggest that not only the localization, but also
the functionality of LRRK?2, is regulated by its interaction
with distinct WNT/B-catenin and WNT/PCP signaling
components.

While the reason for the differential localization is un-
known, LRRK2 shares several functions with PRICKLE1
and CELSR1. LRRK2 regulates axon-dendrite polarity
[77], endocytosis and synaptogenesis [50, 78-81], and
neurite branching in human dopaminergic neurons [82].
Similarly, CELSR1 also regulates dendrite and axonal
growth in cooperation with FZD, VANGL and DVL
[83-85], and PRICKLE1 promotes neurite and axon out-
growth [86]. Moreover, mutations in human PRICKLE1
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have been associated to seizures [87], progressive myo-
clonus epilepsy [88, 89] and autism [90]. These findings
suggest that LRRK2, by interacting with CELSR1 or
PRICKLE1 may contribute to the regulation of typical
WNT/PCP-controlled functions such as synaptogenesis,
vesicle trafficking and synaptic plasticity [91-94].

LRRK2 regulates both WNT/B-catenin and WNT/PCP
pathways

It has been previously shown that LRRK2 regulates
WNT/B-catenin signaling [19, 20, 95], a pathway that is
in most cases negatively regulated by signaling compo-
nents of the WNT/PCP pathway [25, 42]. LRRK2 has a
GTPase activity and binds active RAC1 [96], a small
GTPase that (besides other functions) acts downstream
of WNT5A-dependent WNT/PCP signaling activation
[46, 84, 97]. Interestingly, G2019S and R1441C muta-
tions fail to activate RAC1 [96], and also result in altered
levels of WNT/B-catenin signaling [20]. Moreover, a re-
cent study [98] has shown that loss of function of
LRRK2 increases WNT/fB-catein signaling in cultured fi-
broblasts and in adult mice in vivo. These mice also ex-
hibit increased bone density and altered tibia shape, a
phenotype suggestive of WNT/PCP signaling, which
plays a crucial role in limb development [99-101]. In-
deed, PRICKLE1 is known to control the growth of long
bones and its mutation causes severe skeletal malforma-
tions resulting in shorter and wider bones [102]. These
data together with our results indicate that alterations in
LRRK2 structure and/or function are likely to modify
the balance between WNT/B-catenin and WNT/PCP
signaling. Strikingly, our results show that LRRK2 has
the capacity to either inhibit or upregulate WNT/p-ca-
tenin signaling depending on its interacting partners and
levels of WNT signaling. Moreover, overexpression of
LRRK2 in human cells demonstrated that LRRK2 alone
inhibits WNT/p-catenin signaling via its RocCOR
domain. This result was confirmed in vivo, in Xenopus
embryos, where LRRK2 not only inhibited the WNT/p-
catenin signaling but also regulated the WNT/PCP
signaling pathway, as shown by alteration of
convergence-extension movements, the process by
which cells intercalate and the embryo elongates. Thus
our results provide first evidence for a role of LRRK2 in
WNT/PCP signaling pathway.

Core WNT/PCP signaling components such as
PRICKLE1 [54] and CELSR1 [27], have been previously
found to inhibit WNT/B-catenin signaling. Surprisingly,
PRICKLE1l in complex with LRRK2 increased basal
WNT/B-catenin signaling, but reduced the DVL-
induced activation of WNT/B-catenin signaling. Thus our
findings suggest a role of PRICKLE1 and LRRK2 as dual
regulators of WNT signaling by switching between
WNT/B-catenin and WNT/PCP signaling activity.



Salasova et al. Molecular Neurodegeneration (2017) 12:54 Page 16 of 19

Conclusions . ) indirect links to WNT signaling pathways. Basic information about the
Our study shows for the first time that LRRK2 interacts protein function were drawn on Uniprot 34, 106-123]. (DOCX 64 kb)
with WNT/PCP signaling pathway through its physical Additional file 7: Figure S3. Characterization of the LRRK2 KD SN4741
binding to multiple WNT/PCP regulatory components. By cell line genomic DNA. (A). T7E1 assay shows that the LRRK2 cell line

f . t . . di d 1 contains monoallelic mutations which is evident by the presence of 3
performing a proteomic screening we discovered severa different bands in gel electrophoresis. Band of 418 bp represents an

candidate LRRK2 interactors, and verified a few proteins, uncut, wild type sequence of LRRK2. Bands of 254 bp and 162 bp are
such as GIPC1 and ILK, which bind to endogenous LRRK?2 result of succesful T7E1 cut inside of the mutated sequence. (B) The table

in d . . 11 di tral midbrain. W sums up sequencing results of control GFP SN4741 cell line and LRRK2
In dopaminergic cells and In mouse ventral midbrain. We KD SN4741 cell line. At the place where sgRNA targetting LRRK2 binds to

also demonstrate that LRRK2 can bind to FLOTILLIN-2, the genomic DNA and right before the PAM sequence, the LRRK2 KD cell
CULLIN-3, CELSR1 and PRICKLE1, which lead to changes line lost 2 base pairs and gained 3 new base pairs, which caused a frame
in LRRK2 localization. While LRRK2 has been previously shift and created a stop codon. (EPS 2148 kb)

. WN . Additional file 8: Figure S4. Confirmation of the interaction between
shown to activate the T/ B'Catenln pathway, our data LRRK2 and CELSR1 using different conditions. (A) Western blotting analysis

suggest that the regulation of WNT signaling is more com- of coIP of overexpressed V5-Litk2 and Celsr1-EGFP in HEK293T cells. Different
plex. We found that the formation of speciﬁc protein vectors were used to confirm LRRK2-CELSR1 interaction. LRRK2 binds to

. WN . . C s CELSR1 even when pulled-down with different antibody. (B) Co-
Complexes Can. trigger T/ PC‘P 51gna11ng a{ld H.lhlbl‘t the immunoprecipitation of overexpressed LRRK2 with CELSR1 by using differ-
WNT/B-catenin pathway both in vitro and in vivo, in X. ent ratio of transfected DNA in HEK293T cells. Efficiency of the LRRK2-CELSRI
laevis. Our results thus show that LRRK?2 works as a dual pulldown had improved when less CELSRT and more LRRK2 was trans-

WN . WN . . fected. This not only confirms the interaction but also excludes the false
regulator of T/ B—Catenm and T{ PCP Slfgr‘lahng (as positive interactions compared to the negative controls. (EPS 5517 kb)
PRICKLEL ‘and ILK), ?md S}Jggest a possible additional role Additional file 9: Figure S5. Panel of endosomal markers and their
of LRRK2 in controlling biological processes regulated by relation to LRRK2/PRICKLE1/DVL2 puncta. LRRK2 partialy co-localizes with
the WNT/PCP pathway and deregulated in PD, such as RAB5A (A), and weakly with RAB11, a marker of recycling endosomes (B).

dendriti lari d tic functi Arrows point at the co-localization. LRRK2 does not co-localize with a
axon-dendriic po anty and synapuc functon. marker of late endosomes, RAB7 (arrowheads) (C). RAB7 strongly co-

localizes with PRICKLET (D). PRICKLET and DVL2 co-localize with RAB7
(arrows), nevertheless a part of PRICKLE1 is localized outside of the RAB7

et o positive endosomes (arrowheads) (E). Nuclear staining by Dapi in blue.
Additional files N 2 3. Scale bars show 10 um. (EPS 94808 kb)

Additional file 1: Figure S1. Whole immunoblots showing the

specificity of the antibodies used in this study. (A-B) Three different Abbreviations

monoclonal anti-LRRK2 antibodies were tested in cells with low levels of BEND3: BEN domain-containing protein 3; CNS: Central nervous system; COR: C-
LRRK2 CRISPR knockdown (KD) and GFP CRISPR (WT). All three antibodies terminal of COR domain; DVL: Segment polarity protein dishevelled homolog
specifically recognize and pull down LRRK2 in the substantia nigra dopa- DVL; ENA/VASP: Enabled/Vasodilator proteins; GIPC1: PDZ domain-containing
minergic cell line, SN4741. (C-D) Full size immunoblots show the specifi- protein GIPCT; GPCRs: G protein coupled receptors; ILK: Integrin-linked kinase;
city of the antibodies used in this study. (D) Antibodies against different LPP: Lipoma-preferred partner; LRP6: Low-density lipoprotein receptor-related
tags were tested on transiently overexpressed tagged proteins in protein 6; LRR: Leucine-rich repeats; LRRK2 KD: LRRK2 knock down; LRRK2
HEK293T cells. The western blot bands corresponded to the correct mo- WT: LRRK2 wild type; LRRK2: Leucine-rich repeat kinase 2; mDA neurons: mouse
lecular weight for each protein detected. (EPS 10805 kb) dopaminergic neurons; PCP: Planar Cell Polarity; PD: Parkinson'’s disease;

ROC: Ras of complex protein domain; SDOCH: Sodium deoxycholate buffer;
SNpc: Substantia nigra pars compacta; VANGL2: Vang-like protein 2; VM: Ventral
midbrain; WNT: Wingless/Integration

Additional file 2: Table S1. List of antibodies used in the study with
detailed information about the producer and dilutions. (DOCX 17 kb)

Additional file 3: Figure S2. IP-coupled MS/MS revealed a number of
proteins involved in different biological processes. (A) The silver-stained
polyacrylamide gel that was subjected for MS/MS analysis with the strong We thank to Dorothea Rutishauser and Carina Palmberg at the Proteomics
band corresponding to pul\edfdgwn LRRKZ Wh!Ch was overgxpressed n Facility of Dr. Roman Zubarev at Karolinska Istitutet, for performing the LC-
HEK293T cells. (B) Manual analysis based on Uniprot annotations [34] and MS/MS analysis of overexpressed human LRRK2 in HEK293T. Thank to Anna
published research showed that LRRK2 binding partners have 1) a potential Navis and Tomasz Radaszkiewicz for helping with CRISPR/Cas9 experiments
link to WNT signaling, 2) function in the mitochondrial metabolism, 3) regu- and trouble-shooting. Thank to Eva Srbova for help with preparation of the
late the cell cycle, 4) localize into the nucleus, 5) belong among cytoskeletal protein samples of endogenous LRRK2 prior mass spectrometry analysis.
proteins or 6) have an unknown function. (C) The list of LRRK2 interactors Thank to Elaine Fuchs, Feng Zhang, Mark Cookson, Feng Shao, Masatoshi
that can be potentially involved in WNT signaling. (EPS 4097 kb) Takeichi, Ben Nichols, Tadashi Yamamoto, Thomas Ringstedt, Sigmar Stricker,

Acknowledgements

Additional file 4: Table S2. Complete list of identified proteins Philip D. Stahl, Mariann Bienz, Robert Lefkowitz and Roger Davis for kindly
interacting with either IgG or with LRRK2 in SN4741 cells using two different providing the plasmids used in this study. Thank to Rosario Sanchez
protocols (“in solution” and “in gel” experiments). The results are searchable Pernaute, Ondrej Bernatik and Isabel Martin Caballero for providing materials
with help of various filters set up in the excel file. (XLSX 2501 kb) for pioneer experiments that were not included in the manuscript. Thank to

members of the Arenas lab for their suggestions, and Johnny Séderlund and

Additional file 5: Table S3. Complete list of identified proteins from
Alessandra Nanni for technical and administrative assistance.

overexpressed Myc-Lirk2 experiment using HEK293T. The lists contain either
IPMYC sample or IgG sample. The file includes separate runs corresponding

to single gel fractions (#1-5, Additional file 3: Figure S2A). Results from all the Funding
fractions per each sample are merged in separate sheets and named as Financial support was obtained from Swedish Research Council (VR projects:
IPMyc_merged and IgG_merged. (XLSX 126 kb) DBRM, 2011-3116 and 2011-3318), Swedish Foundation for Strategic Research

(SRL program), European Commission (DDPD-Genes), Cancerfonden
(CAN2016/572), Hjdrnfonden (FO2015:0202), Parkinsonfonden and Karolinska
Institutet (SFO Thematic Center in Stem cells and Regenerative Medicine) to
EA. Work at the Proteomics Core Facility of CEITEC was supported by CIISB

Additional file 6: Table S4. Description of the five most interesting
endogenous LRRK2 binding partners extracted from the common hits of IP-
coupled MS/MS of endogenous LRRK2 (In-gel vs In-solution) with direct or



dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9
dx.doi.org/10.1186/s13024-017-0193-9

Salasova et al. Molecular Neurodegeneration (2017) 12:54

(LM2015043) and CEITEC 2020 (LQ1601) projects with financial support from
the Ministry of Education, Youth and Sports of the Czech Republic. DP was
supported by the Czech Science Foundation project (no. P206/12/G151).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Authors’ contributions

AS, VB, and EA designed the project and wrote the manuscript together. AS
prepared the figures and performed most of the experiments and data
analyses, including the identification of hits from MS/MS data. CY performed
experiments in Xenopus embryos. DP identified and analyzed the spectra of
endogenous binding partners of LRRK2 from SN4741 cells. ZZ leaded the
work on SN4741 cells at the Proteomic facility at Masaryk University, Brno
(Czech Republic). All authors reviewed and approved the manuscript.

Ethics approval

Mice were housed, bred and treated according to the guidelines of the
European Communities Council (directive 86/609/EEC) and the local ethics
committees (Stockholm’s Norra Djurforsoketiska Namnd N158/15). Xenopus
laevis were housed and treated following institutional guidelines for animal
care and research protocols approved by the local ethical committee
(Stockholm’s Norra Djurforsdketiska Namnd, permit N241/14). The lentiviruses
were produced and handled according to the guidlines of the local ethical
committee (Arbetsmiljoverket, permit Dnr 2-5164/2016).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Laboratory of Molecular Neurobiology, Department of Medical Biochemistry
and Biophysics, Karolinska Institutet, 17177 Stockholm, Sweden. 2Current
address: Science for Life Laboratory, Department of Biophysics and
Biochemistry, Stockholm University, 171 65 Stockholm, Sweden. 3Central
European Institute for Technology, Masaryk University, Kamenice 5, 625 00
Brno, Czech Republic. “Department of Experimental Biology, Faculty of
Science, Masaryk University, 625 00 Brno, Czech Republic.

Received: 25 October 2016 Accepted: 20 June 2017
Published online: 11 July 2017

References

1. Lin MK, Farrer MJ. Genetics and genomics of Parkinson's disease. Genome
Med. 2014;6:48.

2. Dachsel JC, Nishioka K, Vilarino-Guell C, Lincoln SJ, Soto-Ortolaza Al,
Kachergus J, et al. Heterodimerization of Lrrk1-Lrrk2: implications for LRRK2-
associated Parkinson disease. Mech Ageing Dev. 2010;131:210-4.

3. Klein C, Westenberger A. Genetics of Parkinson's disease. Cold Spring Harb
Perspect Med. 2012,2:a008888.

4. Wood-Kaczmar A, Gandhi S, Wood NW. Understanding the molecular causes
of Parkinson's disease. Trends Mol Med. 2006;12:521-8.

5. Kumaran R, Cookson MR. Pathways to parkinsonism Redux: convergent
pathobiological mechanisms in genetics of Parkinson's disease. Hum Mol
Genet. 2015;24:R32-44.

6. Funayama M, Hasegawa K, Kowa H, Saito M, Tsuji S, Obata F. A new locus
for Parkinson's disease (PARK8) maps to chromosome 12p11.2-q13.1. Ann
Neurol. 2002;51:296-301.

7. Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, Lincoln S, et al. Mutations in
LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology.
Neuron. 2004;44:601-7.

8. Marin |, van Egmond WN, van Haastert PJ. The Roco protein family: a functional
perspective. FASEB J. 2008,22:3103-10.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 17 of 19

Angers S, Moon RT. Proximal events in Wnt signal transduction. Nat Rev Mol
Cell Biol. 2009;10:468-77.

Salinas PC. Wnt signaling in the vertebrate central nervous system: from
axon guidance to synaptic function. Cold Spring Harb Perspect Biol. 2012;
4(2):a008003.

Niehrs C. The complex world of WNT receptor signalling. Nat Rev Mol Cell
Biol. 2012;13:767-79.

Sato A, Yamamoto H, Sakane H, Koyama H, Kikuchi A. Wnt5a regulates
distinct signalling pathways by binding to Frizzled2. EMBO J. 2010;29:41-54.
Andersson ER, Prakash N, Cajanek L, Minina E, Bryja V, Bryjova L, et al. Wnt5a
regulates ventral midbrain morphogenesis and the development of A9-A10
dopaminergic cells in vivo. PLoS One. 2008;3:e3517.

Andersson ER, Salto C, Villaescusa JC, Cajanek L, Yang S, Bryjova L, et al. Wnt5a
cooperates with canonical Wnts to generate midbrain dopaminergic neurons
in vivo and in stem cells. Proc Natl Acad Sci U S A. 2013;110:E602-10.
Inestrosa NC, Arenas E. Emerging roles of Wnts in the adult nervous system.
Nat Rev Neurosci. 2010;11:77-86.

Arenas E. Wnt signaling in midbrain dopaminergic neuron development and
regenerative medicine for Parkinson's disease. J Mol Cell Biol. 2014,6:42-53.
Xiong H, Wang D, Chen L, Choo YS, Ma H, Tang C, et al. Parkin, PINK1, and
DJ-1 form a ubiquitin E3 ligase complex promoting unfolded protein
degradation. J Clin Invest. 2009;119:650-60.

Rawal N, Corti O, Sacchetti P, Ardilla-Osorio H, Sehat B, Brice A, et al. Parkin
protects dopaminergic neurons from excessive Wnt/beta-catenin signaling.
Biochem Biophys Res Commun. 2009;388:473-8.

Sancho RM, Law BM, Harvey K. Mutations in the LRRK2 roc-COR tandem
domain link Parkinson's disease to Wnt signalling pathways. Hum Mol
Genet. 2009;18:3955-68.

Berwick DC, Harvey K. LRRK2 functions as a Wnt signaling scaffold, bridging
cytosolic proteins and membrane-localized LRP6. Hum Mol Genet. 2012;21:
4966-79.

Giese AP, Ezan J, Wang L, Lasvaux L, Lembo F, Mazzocco C, et al. Gipcl has
a dual role in Vangl2 trafficking and hair bundle integrity in the inner ear.
Development. 2012;139:3775-85.

Perez VA, Ali Z, Alastalo TP, lkeno F, Sawada H, Lai YJ, et al. BMP promotes
motility and represses growth of smooth muscle cells by activation of
tandem Wnt pathways. J Cell Biol. 2011;192:171-88.

Rudkouskaya A, Welch I, Dagnino L. ILK modulates epithelial polarity and
matrix formation in hair follicles. Mol Biol Cell. 2014;25:620-32.

Tao H, Suzuki M, Kiyonari H, Abe T, Sasaoka T, Ueno N. Mouse prickle1, the
homolog of a PCP gene, is essential for epiblast apical-basal polarity. Proc
Natl Acad Sci U S A. 2009;106:14426-31.

Liu G, Lin C, Gao C, May-Simera H, Swaroop A, Li T. Null and hypomorph
PrickleT alleles in mice phenocopy human Robinow syndrome and disrupt
signaling downstream of Wnt5a. Biology open. 2014;3:861-70.

Curtin JA, Quint E, Tsipouri V, Arkell RM, Cattanach B, Copp AJ, et al.
Mutation of Celsr1 disrupts planar polarity of inner ear hair cells and causes
severe neural tube defects in the mouse. Curr Biol. 2003;13:1129-33.
Morgan R, El-Kadi AM, Theokli C. Flamingo, a cadherin-type receptor
involved in the drosophila planar polarity pathway, can block signaling via
the canonical wnt pathway in Xenopus laevis. Int J Dev Biol. 2003;47:245-52.
Son JH, Chun HS, Joh TH, Cho S, Conti B, Lee JW. Neuroprotection and
neuronal differentiation studies using substantia nigra dopaminergic cells
derived from transgenic mouse embryos. J Neurosci. 1999;19:10-20.
Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, et al.
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science (New
York, NY). 2014;343:84-7.

Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Barcena C,
et al. Genome-scale transcriptional activation by an engineered CRISPR-Cas9
complex. Nature. 2015;517:583-8.

Nieuwkoop P, Faber J: Normal table of Xenopus laevis (Daudin): a
systematical and chronological survey of the development from the
fertilized egg till the end of metamorphosis. 1994.

Migheli R, Del Giudice MG, Spissu Y, Sanna G, Xiong Y, Dawson TM, et al.
LRRK2 affects vesicle trafficking, neurotransmitter extracellular level and
membrane receptor localization. PLoS One. 2013;8:277198.

Stenman JM, Rajagopal J, Carroll TJ, Ishibashi M, McMahon J, McMahon
AP. Canonical Wnt signaling regulates organ-specific assembly and
differentiation of CNS vasculature. Science (New York, NY). 2008;322:
1247-50.

UniProt: a hub for protein information. Nucleic Acids Res 2015, 43:0204-D212.



Salasova et al. Molecular Neurodegeneration (2017) 12:54

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hernandez-Valladares M, Aasebo E, Selheim F, Berven FS, Bruserud O.
Selecting sample preparation workflows for mass spectrometry-based
proteomic and Phosphoproteomic analysis of patient samples with acute
myeloid leukemia. Proteomes. 20164

Aasebo E, Mjaavatten O, Vaudel M, Farag Y, Selheim F, Berven F, et al.
Freezing effects on the acute myeloid leukemia cell proteome and
phosphoproteome revealed using optimal quantitative workflows. J
Proteomics. 2016;145:214-25.

Terry DE, Umstot E, Desiderio DM. Optimized sample-processing time and
peptide recovery for the mass spectrometric analysis of protein digests. J
Am Soc Mass Spectrom. 2004;15:784-94.

Novak A, Hsu SC, Leung-Hagesteijn C, Radeva G, Papkoff J, Montesano R, et
al. Cell adhesion and the integrin-linked kinase regulate the LEF-1 and beta-
catenin signaling pathways. Proc Natl Acad Sci U S A. 1998,95:4374-9.

Rallis C, Pinchin SM, Ish-Horowicz D. Cell-autonomous integrin control of Wnt
and notch signalling during somitogenesis. Development. 2010;137:3591-601.
Hsu CH, Chan D, Wolozin B. LRRK2 and the stress response: interaction with
MKKs and JNK-interacting proteins. Neurodegener Dis. 2010;7:68-75.

Habig K, Walter M, Poths S, Riess O, Bonin M. RNA interference of LRRK2-
microarray expression analysis of a Parkinson's disease key player.
Neurogenetics. 2008;9:83-94.

Angers S, Thorpe CJ, Biechele TL, Goldenberg SJ, Zheng N, MacCoss MJ, et al.
The KLHL12-Cullin-3 ubiquitin ligase negatively regulates the Wnt-beta-catenin
pathway by targeting Dishevelled for degradation. Nat Cell Biol. 2006;8:348-57.
Smalley MJ, Signoret N, Robertson D, Tilley A, Hann A, Ewan K; et al.
Dishevelled (Dvl-2) activates canonical Wnt signalling in the absence of
cytoplasmic puncta. J Cell Sci. 2005;118:5279-89.

Axelrod JD, Miller JR, Shulman JM, Moon RT, Perrimon N. Differential
recruitment of Dishevelled provides signaling specificity in the planar cell
polarity and wingless signaling pathways. Genes Dev. 1998;12:2610-22.
Cliffe A, Hamada F, Bienz M. A role of Dishevelled in relocating Axin to the plasma
membrane during wingless signaling. Current biology : CB. 2003;13:960-6.
Cajanek L, Ganji RS, Henriques-Oliveira C, Theofilopoulos S, Konik P, Bryja V,

et al. Tiam1 regulates the Wnt/Dvi/Rac1 signaling pathway and the
differentiation of midbrain dopaminergic neurons. Mol Cell Biol. 2013;33:59-70.
Gomez-Suaga P, Rivero-Rios P, Fdez E, Blanca Ramirez M, Ferrer |, Aiastui A,
et al. Hum Mol Genet. 2014;23:6779-96.

MaclLeod DA, Rhinn H, Kuwahara T, Zolin A, Di Paolo G, McCabe BD, et al.
RAB7L1 interacts with LRRK2 to modify intraneuronal protein sorting and
Parkinson's disease risk. Neuron. 2013;77:425-39.

Dodson MW, Zhang T, Jiang C, Chen S, Guo M. Roles of the drosophila
LRRK2 homolog in Rab7-dependent lysosomal positioning. Hum Mol Genet.
2012;21:1350-63.

Shin N, Jeong H, Kwon J, Heo HY, Kwon JJ, Yun HJ, et al. LRRK2 regulates
synaptic vesicle endocytosis. Exp Cell Res. 2008;314:2055-65.
Gonzalez-Sancho JM, Greer YE, Abrahams CL, Takigawa Y, Baljinnyam B, Lee KH,
et al. Functional consequences of Wnt-induced dishevelled 2 phosphorylation in
canonical and noncanonical Wnt signaling. J Biol Chem. 2013,288:9428-37.

Gao G, Chen YG. Dishevelled: the hub of Wnt signaling. Cell Signal. 2010,22:717-27.
Lee YN, Gao Y, Wang HY. Differential mediation of the Wnt canonical pathway
by mammalian Dishevelleds-1, =2, and —3. Cell Signal. 2008;20:443-52.

Chan DW, Chan CY, Yam JW, Ching YP, Ng IO. Prickle-1 negatively regulates
Whnt/beta-catenin pathway by promoting Dishevelled ubiquitination/
degradation in liver cancer. Gastroenterology. 2006;131:1218-27.

Tree DR, Shulman JM, Rousset R, Scott MP, Gubb D, Axelrod JD. Prickle
mediates feedback amplification to generate asymmetric planar cell polarity
signaling. Cell. 2002;109:371-81.

Lin YY, Gubb D. Molecular dissection of drosophila prickle isoforms
distinguishes their essential and overlapping roles in planar cell polarity.
Dev Biol. 2009;325:386-99.

Sweede M, Ankem G, Chutvirasakul B, Azurmendi HF, Chbeir S, Watkins J,

et al. Structural and membrane binding properties of the prickle PET
domain. Biochemistry. 2008:47:13524-36.

Cookson MR. LRRK2 pathways leading to Neurodegeneration. Curr Neurol
Neurosci Rep. 2015;15:42.

Skibinski G, Nakamura K, Cookson MR, Finkbeiner S. Mutant LRRK2 toxicity in
neurons depends on LRRK2 levels and synuclein but not kinase activity or
inclusion bodies. J Neurosci. 2014;34:418-33.

Reynolds A, Doggett EA, Riddle SM, Lebakken CS, Nichols RJ. LRRK2 kinase
activity and biology are not uniformly predicted by its autophosphorylation
and cellular phosphorylation site status. Front Mol Neurosci. 2014;7:54.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 18 of 19

Volta M, Cataldi S, Beccano-Kelly D, Munsie L, Tatarnikov |, Chou P, et al.
Chronic and acute LRRK2 silencing has no long-term behavioral effects,
whereas wild-type and mutant LRRK2 overexpression induce motor and
cognitive deficits and altered regulation of dopamine release. Parkinsonism
Relat Disord. 2015;21:1156-63.

Hikasa H, Sokol SY. Wnt signaling in vertebrate axis specification. Cold
Spring Harb Perspect Biol. 2013;5:a007955.

Wallingford JB, Rowning BA, Vogeli KM, Rothbacher U, Fraser SE, Harland
RM. Dishevelled controls cell polarity during Xenopus gastrulation. Nature.
2000;405:81-5.

Gao B. Wnt regulation of planar cell polarity (PCP). Curr Top Dev Biol. 2012;
101:263-95.

Carreira-Barbosa F, Kajita M, Morel V, Wada H, Okamoto H, Martinez Arias A,
et al. Flamingo regulates epiboly and convergence/extension movements
through cell cohesive and signalling functions during zebrafish gastrulation.
Development. 2009;136:383-92.

Katoh M. GIPC gene family (review). Int J Mol Med. 2002;9:585-9.

Sensoy O, Weinstein H. A mechanistic role of helix 8 in GPCRs:
computational modeling of the dopamine D2 receptor interaction with the
GIPC1-PDZ-domain. Biochim Biophys Acta. 1848,2015:976-83.
Arango-Lievano M, Sensoy O, Borie A, Corbani M, Guillon G, Sokoloff P, et al.
A GIPC1-Palmitate switch modulates dopamine Drd3 receptor trafficking
and signaling. Mol Cell Biol. 2016;36:1019-31.

Jeanneteau F, Diaz J, Sokoloff P, Griffon N. Interactions of GIPC with
dopamine D2, D3 but not D4 receptors define a novel mode of regulation
of G protein-coupled receptors. Mol Biol Cell. 2004;15:696-705.

Jeanneteau F, Guillin O, Diaz J, Griffon N, Sokoloff P. GIPC recruits GAIP (RGS19)
to attenuate dopamine D2 receptor signaling. Mol Biol Cell. 2004;15:4926-37.
Kim J, Lee S, Ko S, Kim-Ha J. dGIPC is required for the locomotive activity and
longevity in drosophila. Biochem Biophys Res Commun. 2010;402:565-70.
Choi I, Kim B, Byun JW, Baik SH, Huh YH, Kim JH, et al. LRRK2 G2019S
mutation attenuates microglial motility by inhibiting focal adhesion kinase.
Nat Commun. 2015;6:8255.

Hannigan GE, Leung-Hagesteijn C, Fitz-Gibbon L, Coppolino MG, Radeva G,
Filmus J, et al. Regulation of cell adhesion and anchorage-dependent growth
by a new beta 1-integrin-linked protein kinase. Nature. 1996;379:91-6.
Filipenko NR, Attwell S, Roskelley C, Dedhar S. Integrin-linked kinase activity
regulates Rac- and Cdc42-mediated actin cytoskeleton reorganization via
alpha-PIX. Oncogene. 2005;24:5837-49.

Boulter E, Grall D, Cagnol S, Van Obberghen-Schilling E. Regulation of cell-
matrix adhesion dynamics and Rac-1 by integrin linked kinase. FASEB J.
2006;20:1489-91.

James NG, Digman MA, Gratton E, Barylko B, Ding X, Albanesi JP, et al.
Number and brightness analysis of LRRK2 oligomerization in live cells.
Biophys J. 2012;102:L41-3.

Sakaguchi-Nakashima A, Meir JY, Jin Y, Matsumoto K, Hisamoto N. LRK-1, a
C. elegans PARK8-related kinase, regulates axonal-dendritic polarity of SV
proteins. Curr Biol. 2007;17:592-8.

Arranz AM, Delbroek L, Van Kolen K, Guimaraes MR, Mandemakers W,
Daneels G, et al. LRRK2 functions in synaptic vesicle endocytosis through a
kinase-dependent mechanism. J Cell Sci. 2015;128:541-52.

Lee S, Imai Y, Gehrke S, Liu S, Lu B. The synaptic function of LRRK2. Biochem
Soc Trans. 2012;40:1047-51.

Parisiadou L, Yu J, Sgobio C, Xie C, Liu G, Sun L, et al. LRRK2 regulates
synaptogenesis and dopamine receptor activation through modulation of
PKA activity. Nat Neurosci. 2014;17:367-76.

Piccoli G, Condliffe SB, Bauer M, Giesert F, Boldt K, De Astis S, et al. LRRK2
controls synaptic vesicle storage and mobilization within the recycling pool.
J Neurosci. 2011;31:2225-37.

Borgs L, Peyre E, Alix P, Hanon K, Grobarczyk B, Godin JD, et al. Dopaminergic
neurons differentiating from LRRK2 G2019S induced pluripotent stem cells
show early neuritic branching defects. Sci Rep. 2016,6:33377.

Shimizu K, Sato M, Tabata T. The Wnt5/planar cell polarity pathway regulates
axonal development of the drosophila mushroom body neuron. J Neurosci.
2011;31:4944-54.

Li X, Wang Y, Wang H, Liu T, Guo J, Yi W, et al. Epithelia-derived wingless
regulates dendrite directional growth of drosophila ddaE neuron through
the Fz-Fmi-Dsh-Rac1 pathway. Mol Brain. 2016;9:46.

Steimel A, Wong L, Najarro EH, Ackley BD, Garriga G, Hutter H. The flamingo
ortholog FMI-1 controls pioneer-dependent navigation of follower axons in
C. elegans. Development. 2010;137:3663-73.



Salasova et al. Molecular Neurodegeneration (2017) 12:54

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Mrkusich EM, Flanagan DJ, Whitington PM. The core planar cell polarity
gene prickle interacts with flamingo to promote sensory axon advance in
the drosophila embryo. Dev Biol. 2011,358:224-30.

Tao H, Manak JR, Sowers L, Mei X, Kiyonari H, Abe T, et al. Mutations in
prickle orthologs cause seizures in flies, mice, and humans. Am J Hum
Genet. 2011,88:138-49.

Bassuk AG, Wallace RH, Buhr A, Buller AR, Afawi Z, Shimojo M, et al. A
homozygous mutation in human PRICKLET causes an autosomal-recessive
progressive myoclonus epilepsy-ataxia syndrome. Am J Hum Genet. 2008;
83.572-81.

Fox MH, Bassuk AG. PRICKLE1-related progressive Myoclonus epilepsy with
ataxia. In: Pagon RA, Adam MP, Ardinger HH, Wallace SE, Amemiya A, LJH B,
Bird TD, Fong CT, Mefford HC, RJH S, Stephens K, editors. GeneReviews(R).
Seattle: University of Washington, Seattle University of Washington, Seattle.
All rights reserved; 1993.

Paemka L, Mahajan VB, Skeie JM, Sowers LP, Ehaideb SN, Gonzalez-Alegre P,
et al. PRICKLET interaction with SYNAPSIN | reveals a role in autism
spectrum disorders. PLoS One. 2013;8:e80737.

Onishi K, Hollis E, Zou Y. Axon guidance and injury-lessons from Wnts and
Whnt signaling. Curr Opin Neurobiol. 2014;27:232-40.

Nagaoka T, Ohashi R, Inutsuka A, Sakai S, Fujisawa N, Yokoyama M, et al. The
Wnt/planar cell polarity pathway component Vangl2 induces synapse
formation through direct control of N-cadherin. Cell Rep. 2014;6:916-27.
Chen J, Park CS, Tang SJ. Activity-dependent synaptic Wnt release regulates
hippocampal long term potentiation. J Biol Chem. 2006,281:11910-6.

Farias GG, Alfaro IE, Cerpa W, Grabowski CP, Godoy JA, Bonansco C, et al.
Wnit-5a/JNK signaling promotes the clustering of PSD-95 in hippocampal
neurons. J Biol Chem. 2009;284:15857-66.

Nixon-Abell J, Berwick DC, Granno S, Spain VA, Blackstone C, Harvey K.
Protective LRRK2 R1398H variant enhances GTPase and Wnt signaling
activity. Front Mol Neurosci. 2016,9:18.

Chan D, Citro A, Cordy JM, Shen GC, Wolozin B. Rac1 protein rescues
neurite retraction caused by G2019S leucine-rich repeat kinase 2 (LRRK2). J
Biol Chem. 2011,286:16140-9.

Lindqvist M, Horn Z, Bryja V, Schulte G, Papachristou P, Ajima R, et al. Vang-
like protein 2 and Rac1 interact to regulate adherens junctions. J Cell Sci.
2010;123:472-83.

Berwick DC, Javaheri B, Wetzel A, Hopkinson M, Nixon-Abell J, Granno S, et
al. Pathogenic LRRK2 variants are gain-of-function mutations that enhance
LRRK2-mediated repression of beta-catenin signaling. Mol Neurodegener.
2017;12:9.

Gao B, Song H, Bishop K, Elliot G, Garrett L, English MA, et al. Wnt signaling
gradients establish planar cell polarity by inducing Vangl2 phosphorylation
through Ror2. Dev Cell. 2011,20:163-76.

Kuss P, Kraft K, Stumm J, Ibrahim D, Vallecillo-Garcia P, Mundlos S, et al.
Regulation of cell polarity in the cartilage growth plate and perichondrium
of metacarpal elements by HOXD13 and WNT5A. Dev Biol. 2014;385:83-93.
Lu C, Wan Y, Cao J, Zhu X, Yu J, Zhou R, et al. Wnt-mediated reciprocal
regulation between cartilage and bone development during endochondral
ossification. Bone. 2013;53:566-74.

Yang T, Bassuk AG, Fritzsch B. Prickle1 stunts limb growth through alteration
of cell polarity and gene expression. Dev Dyn. 2013;242:1293-306.

Gandhi PN, Wang X, Zhu X, Chen SG, Wilson-Delfosse AL. The roc domain
of leucine-rich repeat kinase 2 is sufficient for interaction with microtubules.
J Neurosci Res. 2008;86:1711-20.

Liu GH, Qu J, Suzuki K, Nivet E, Li M, Montserrat N, et al. Progressive
degeneration of human neural stem cells caused by pathogenic LRRK2.
Nature. 2012;491:603-7.

Wang L, Xie C, Greggio E, Parisiadou L, Shim H, Sun L, et al. The chaperone
activity of heat shock protein 90 is critical for maintaining the stability of
leucine-rich repeat kinase 2. J Neurosci. 2008,28:3384-91.

Katoh M. Functional proteomics, human genetics and cancer biology of
GIPC family members. Exp Mol Med. 2013;45:e26.

Tan C, Deardorff MA, Saint-Jeannet JP, Yang J, Arzoumanian A, Klein PS.
Kermit, a frizzled interacting protein, regulates frizzled 3 signaling in neural
crest development. Development. 2001;128:3665-74.

Ren N, Zhu C, Lee H, Adler PN. Gene expression during drosophila wing
morphogenesis and differentiation. Genetics. 2005;171:625-38.

Djiane A, Mlodzik M. The drosophila GIPC homologue can modulate myosin
based processes and planar cell polarity but is not essential for
development. PLoS One. 2010;5:¢11228.

110.

111,

112.

116.

~

119.

120.

121.

123.

Page 19 of 19

Grunewald TG, Pasedag SM, Butt E. Cell adhesion and transcriptional activity -
defining the role of the novel Protooncogene LPP. Transl Oncol. 2009,2:107-16.
Ngan E, Northey JJ, Brown CM, Ursini-Siegel J, Siegel PM. A complex
containing LPP and alpha-actinin mediates TGFbeta-induced migration
and invasion of ErbB2-expressing breast cancer cells. J Cell Sci. 2013;
126:1981-91.

Petit MM, Meulemans SM, Alen P, Ayoubi TA, Jansen E, Van de Ven WJ. The
tumor suppressor Scrib interacts with the zyxin-related protein LPP, which
shuttles between cell adhesion sites and the nucleus. BMC Cell Biol. 20056:1.

. Vervenne HB, Crombez KR, Lambaerts K, Carvalho L, Koppen M, Heisenberg

CP, et al. Lpp is involved in Wnt/PCP signaling and acts together with Scrib
to mediate convergence and extension movements during zebrafish
gastrulation. Dev Biol. 2008;320:267-77.

. Wu C, Keightley SY, Leung-Hagesteijn C, Radeva G, Coppolino M,

Goicoechea S, et al. Integrin-linked protein kinase regulates fibronectin
matrix assembly, E-cadherin expression, and tumorigenicity. J Biol
Chem. 1998;273:528-36.

. Wu X, Wang J, Jiang H, Hu Q, Chen J, Zhang J, et al. Wnt3a activates betal-

integrin and regulates migration and adhesion of vascular smooth muscle
cells. Mol Med Rep. 2014;9:1159-64.

Lanni C, Necchi D, Pinto A, Buoso E, Buizza L, Memo M, et al. Zyxin is a
novel target for beta-amyloid peptide: characterization of its role in
Alzheimer's pathogenesis. J Neurochem. 2013;125:790-9.

. Martynova NY, Ermolina LV, Ermakova GV, Eroshkin FM, Gyoeva FK, Baturina

NS, et al. The cytoskeletal protein Zyxin inhibits Shh signaling during the
CNS patterning in Xenopus laevis through interaction with the transcription
factor Gli1. Dev Biol. 2013;380:37-48.

. Luo S, Schaefer AM, Dour S, Nonet ML. The conserved LIM domain-

containing focal adhesion protein ZYX-1 regulates synapse maintenance in
Caenorhabditis elegans. Development. 2014;141:3922-33.

van Wijk NV, Witte F, Feike AC, Schambony A, Birchmeier W, Mundlos S,

et al. The LIM domain protein Wtip interacts with the receptor tyrosine
kinase Ror2 and inhibits canonical Wnt signalling. Biochem Biophys Res Commun.
2009;390:211-6.

Hansen SD, Mullins RD. Lamellipodin promotes actin assembly by clustering
Ena/VASP proteins and tethering them to actin filaments. Elife. 2015;4
Krause M, Leslie JD, Stewart M, Lafuente EM, Valderrama F, Jagannathan R,
et al. Lamellipodin, an Ena/VASP ligand, is implicated in the regulation of
lamellipodial dynamics. Dev Cell. 2004;7:571-83.

. Vehlow A, Soong D, Vizcay-Barrena G, Bodo C, Law AL, Perera U, et al.

Endophilin, Lamellipodin, and Mena cooperate to regulate F-actin-
dependent EGF-receptor endocytosis. EMBO J. 2013;32:2722-34.

Tasaka G, Negishi M, Oinuma I. Semaphorin 4D/Plexin-B1-mediated M-Ras
GAP activity regulates actin-based dendrite remodeling through
Lamellipodin. J Neurosci. 2012,32:8293-305.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture and transient transfection
	Plasmids
	Lentivirus and CRISPR/Cas9 work
	Nested-PCR, T7E1 assay and DNA sequencing
	Protein extraction, co-immunoprecipitation
	Immunoblotting
	Immunofluorescence and confocal microscopy
	Dual Luciferase reporter assay (TOPFlash assay)
	Collection of mouse tissue, ethical permits
	Preparation of Xenopus laevis embryos and microinjections
	Analysis of overexpressed LRRK2 interactors in HEK293T cells by LC-MS/MS
	In-gel digestion of silver-stained gel bands
	Liquid chromatography tandem mass spectrometry

	Analysis of endogenous interactors of LRRK2 in SN4741 cells by LC-MS/MS
	On-beads and in-gel protein digestion
	LC-MS/MS analysis of peptides

	Database search
	MS/MS data mining

	Results
	Unbiased identification of WNT/PCP proteins as candidate LRRK2 binding partners
	In vitro and in vivo validation of GIPC1 and ILK, two novel WNT/PCP binding partners of LRRK2
	FLOTILLIN-2 and CULLIN-3 are novel WNT binding partners of LRRK2
	LRRK2 interacts with PRICKLE1 and CELSR1 but not with other core components of WNT/PCP pathway
	Localization of LRRK2 into PRICKLE1-induced puncta is independent of endosomal processes and form signalosome-like structures
	LRRK2 inhibits WNT/β-catenin signaling pathway, while PRICKLE1 turns LRRK2 from an inhibitor to an activator of WNT/β-catenin signaling
	PRICKLE1 reduces the activation of WNT/β-catenin signaling by competing with DVL2 in the presence of LRRK2
	Overexpression of LRRK2 in Xenopus laevis embryos causes inhibition of WNT/β-catenin signaling and convergence and extension defects

	Discussion
	Identification of novel LRRK2 binding partners: GIPC1 and ILK
	LRRK2 interacts with two core WNT/PCP signaling components: PRICKLE1 and CELSR1
	LRRK2 regulates both WNT/β-catenin and WNT/PCP pathways

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

