The Role of LRRK2 in Cell Signalling
Kirsten Harvey'", Tiago F. Outeiro3#

Affiliation:

!Department of Pharmacology, UCL School of Pharmacy, University College London, 29-39
Brunswick Square, London WC1IN 1AX, UK.

2Department of Experimental Neurodegeneration, Center for Nanoscale Microscopy and
Molecular Physiology of the Brain, Center for Biostructural Imaging of Neurodegeneration,
University Medical Center Gottingen, Gottingen, Germany

3Max Planck Institute for Experimental Medicine, Géttingen, Germany

“Institute of Neuroscience, The Medical School, Newcastle University, Framlington Place,
Newcastle Upon Tyne, NE2 4HH, UK

*Correspondence: kirsten.harvey@ucl.ac.uk
Department of Pharmacology, UCL School of Pharmacy, University College London, 29-39
Brunswick Square, London WC1N 1AX, UK

Abstract

Parkinson’s disease (PD) is a common late-onset neurodegenerative disorder known primarily
for its motor features. Mutations and risk variants in LRRK2 cause familial and idiopathic forms
of PD. Mutations segregating with disease are found in the LRRK2 GTPase and Kkinase
domains, affecting catalytic activity and protein-protein interactions. This likely results in an
overall gain of LRRK2 cell signalling function contributing to PD pathogenesis. This concept
supports the development of LRRK2 kinase inhibitors as disease modifying treatments, at least
for a subset of patients. However, LRRK2 function as a cell signalling protein with two
catalytic and several protein-protein interaction domains is highly complex. For example,
LRRK?2 plays important roles in several inflammatory diseases, raising the possibility that it
may mediate immune responses in PD. Consistently, LRRK2 mediated cell signalling was not
only shown to be important for neuronal function, including neuronal development and
homeostasis, but also for peripheral and central immune responses. The catalytic activity of
LRRK?2 is regulated by autophosphorylation, protein monomer/dimer cycling, and upstream
kinases and GTPases, affecting its subcellular localisation and downstream signalling. Part of
LRRK2-mediated signalling is likely facilitated by Rab-protein phosphorylation, affecting
primarily membrane trafficking, including vesicle release at the trans-Golgi network. However,
LRRK?2 also displays intrinsic GTPase activity and functions as a signalling scaffold. As an
example, LRRK2 was suggested to be part of the NRON complex and B-catenin destruction
complex, inhibiting NFAT and canonical Wnt signalling, respectively. In summary, continuous
research into LRRK2 signalling function contributes to novel diagnostic and therapeutic
concepts in PD.



1. Introduction

Parkinson’s disease (PD) is a complex late-onset neurodegenerative disorder typically known
for characteristic motor features [1]. In recent years, the contribution of gene mutations and
genetic risk variants has been increasingly recognised as a cause of both familial and idiopathic
forms of PD [1,2]. Almost 14 years ago, mutations in LRRK2 were identified as a cause of
familial forms of PD [3,4]. Since then, genome wide association studies (GWAS) have also
yielded an increasing amount of evidence supporting a major contribution of LRRK2 mutations
and pathogenic risk variants to idiopathic PD [2]. Importantly, protective LRRK2 variants were
also identified and, some of them, were further characterised in cell biological and molecular
assays, confirming the relevance of LRRK2 in modifying PD risk [5,6]. Interestingly, LRRK2
has not just been shown to play a role in PD but also to modify cancer risk, and to play a role
in inflammatory diseases including infectious and autoimmune diseases [7,8,9]. This suggests
a major role of LRRK2 in immune responses and raises the possibility that PD-associated
LRRK2 mutants may also contribute neurodegeneration through effects on peripheral and/or
central immune reactions.

Genetic and cell biological studies indicate that LRRK2 pathogenicity is conferred by a gain
of function, likely partly through an increase of LRRK2 kinase activity [10,11]. This prompted
the development of LRRK?2 kinase inhibitors for clinical use as disease modifying agents [12].
However, the structure and function of LRRK2 as a cell signalling protein with two catalytic
domains and several protein-protein interaction domains is highly complex. The regulation of
LRRK2-mediated signalling is conferred by autophosphorylation, LRRK2 protein
monomer/dimer cycling, upstream kinases and GTPases, downstream phosphorylation
substrates, GTPase effectors, and participation in signalling complexes [13,14,15,16,17].
LRRK2 catalytic activity, autophosphorylation, heterophosphorylation and protein interactions
determine the subcellular protein localisation [13,14,15,16,17]. Likewise, LRRK2 catalytic
activity is also dependent on subcellular localisation and kinase activity, which was reported
to be higher at membranes. LRRK2 PD-segregating mutations are all found in the catalytic
RocCOR and kinase domains, and were shown to affect GTPase activity, kinase activity and/or
protein-protein interactions [12,13,18,19, 20,21,22].

LRRK?2 shows intrinsic kinase and GTPase activity but the LRRK2 interactome also suggests
amanifold of interactions in diverse protein complexes [23]. This supports the idea that, owing
at least partly to its large size, LRRK2 plays a particularly important role, via protein-protein
interactions, as a signalling scaffold in several signalling pathways. LRRK2 scaffold function
was suggested as part of the NRON (non-coding RNA repressor of NFAT) RNA protein
complex, inhibiting NFAT signalling, and as part of the B-catenin destruction complex,
inhibiting canonical Wnt signalling [18,24]. LRRK?2 also associates with the microtubule (MT)
cytoskeleton and GSK3p, thereby facilitating tau phosphorylation by GSK3p [19,21,25]. In
addition, LRRK2 was shown to participate in complex protein-protein interactions at the trans-
Golgi network (TGN), with particular importance to local vesicle release [16,17,26].

LRRK2-mediated cell signalling is important for neuronal function, neuronal development,
homeostasis and synaptic function, but also plays a role in peripheral and central immune
responses. Part of this function is likely facilitated by LRRK2-mediated Rab protein
phosphorylation, with effects on membrane trafficking in endo- and exocytotic processes,
including synaptic vesicle recycling [9,10,12,13,15,23]. This review aims to provide a
conceptual view of LRRK2-associated cell signalling with a particular focus on the role of
LRRK2 as a signalling scaffold.



2. LRRK?2 catalytic activity

LRRK?2 belongs to the Roco proteins defined by a RocCOR (Roc: ras of complex proteins,
COR: C-terminal of roc) tandem domain with intrinsic GTPase activity [27,28,29]. The
RocCOR domain is followed by a serine/threonine specific kinase domain and a WD40
domain. At the N-terminus, armadillo (ARM), ankyrin (ANK) and leucine rich repeats (LRR)
precede the LRRK2 GTPase domain (Fig. 1) [27,28,29]. ARM, ANK, LRR and WD40
domains are typical protein-protein interaction domains. However, important protein
interactions were also described to take place with amino acids in-between the ANK and LRR
repeats, and with the LRRK2 RocCOR tandem domain, including the interaction with 14-3-3
proteins and tubulins, respectively [28,29,30,31].

LRRK?2 kinase activity is regulated by autophosphorylation of three residues in the kinase
activation loop (Fig. 1) [32,33]. Further autophosphorylation sites are clustered in the Roc
domain including the phosphosites T1410 and T1503 confirmed in cells [12,13,28].
Autophosphorylation of the Roc domain in turn effects kinase activity in a complex manner
[34]. The in vivo confirmed S1292 autophosphorylation site in the LRR domain is
dephosphorylated by the phosphatases PP1 and PP2. Importantly, most of the pathogenic
LRRK2 mutants show increased autophosphorylation at S1292, but decreased phosphorylation
at heterophosphorylation sites, in particular S935, whereas kinase inhibition leads to
dephosphorylation of auto- and heterophosphorylation sites (Fig. 1) [12,13,28]. The complex
effects and possible clinical pitfalls of LRRK2 inhibition on wild type and mutant LRRK2
phosphorylation states were recently reviewed [13].

Independently confirmed LRRK2 substrates are predominantly Rab proteins with a current
focus on Rab8a, Rab10 and Rab29. Phosphorylation of Rabs by LRRK?2 affects the membrane
association of the Rab proteins. Therefore, LRRK2 mutations that increase its kinase activity
lead to an accumulation of inactive Rab proteins at the membrane [15,35,36]. LRRK2 GTPase
activity is conferred by the RocCOR tandem domain. The Roc domain shows close structural
similarity to Ras proteins, and the COR domain facilitates LRRK2 dimerization, that was
suggested to be important for LRRK2 GTPase activity [5,14,27,28,29,3]. Previous studies
favoured the idea that LRRK2 belongs to a group of GTPases activated by dimerization [37].
However, recent work in bacterial Roco proteins homologous to LRRK2 suggests that Roco
proteins are monomeric when GTP-bound, and predominantly dimeric in the GDP-bound and
nucleotide-free states [14]. The authors propose a model in which GTP hydrolysis leads to
protein dimerization of GDP-bound and/or nucleotide free Roco protein. The monomer-dimer
cycle is then completed by GDP-GTP exchange facilitated by the low nucleotide affinity of
Roco proteins, and the comparatively high physiological cellular GTP concentrations. In
addition, the authors showed that introduction of an analogous LRRK2 PD mutant leads to
dimer stabilization and a decrease in GTPase activity [14]. Despite the importance of these
findings, it should be noted that LRRK2 contains additional dimerization domains in
comparison to the bacterial Roco proteins investigated. This might further complicate catalytic
activity regulation and the monomer dimer cycle likely affecting the balance between
preferentially monomeric cytoplasmic and dimeric membrane bound LRRK2. Further
considerations affecting the function of isolated LRRK2 domains and full length human
LRRK2 have been reviewed previously by us and others [37,38]. The interaction between
LRRK2 and Rab29 at the TGN, further described below, is a good example illustrating the
complexity and interdependence of protein interactions, catalytic activity, and membrane
association strength.



Nucleotide binding to the RocCOR domain is also important for LRRK2 kinase function.
Nonetheless, the exact mechanisms involved are unclear and not all results are easily reconciled,
as reviewed by others [40]. In contrast, consistent results show that dimeric membrane-bound
LRRK2 has increased kinase activity in comparison to monomeric cytosolic LRRK2, leaving
the question of whether LRRK2 is predominantly GTP or GDP bound at membranes. In
addition, autophosphorylation of residues in the Roc domain might affect protein-protein
interactions, possibly influencing subcellular localisation of LRRK2
[12,13,14,15,19,22,29,30,31,32,33,35,36]. Importantly, all PD segregating mutations in the
RocCOR tandem domain increase GTP-binding, decrease intrinsic GTPase activity, and
increase Rab phosphorylation in cells, but not intrinsic kinase activity in kinase assays
[15,35,37]. The LRRK2 G2019S mutation in the kinase domain increases intrinsic kinase
activity but different reports are available on Rab phosphorylation in cells, whereas the 12020T
kinase mutant increases Rab phosphorylation in cells but not intrinsic kinase activity in kinase
assays [35,42]. However, Rab10 hyperphosphorylation was shown in G2019S knock-in mouse
models, and a trend was also observed in G2019S PD-patient derived neutrophils
[35,39,41,42].

3. LRRK2 mediated signalling

Suggested LRRK2-mediated signalling pathways include growth factor and survival, as well
as death receptor and Wnt signalling pathways [43,44,45]. Prominent examples are MAPK,
Rac/PAK, Akt, PKA and Wnt pathways [20,43,46,47,48,49,50,51,48]. Ca?*-mediated
pathways with relevance for innate immune function also deserve a separate mention, including
pathways mediated by the receptor TLR, and the transcription factors NFAT (Nuclear factor
of activated T-cells) and NF«B [9,53,54,55]. To date, upstream regulation of LRRK2 is best
described for the heterophosphorylation by the constitutively active kinases GSK3p and CK1a..
These kinases, as well as PKA, phosphorylate residues in-between the ANK and LRR repeats,
whereas the phosphatase PP1 mediates dephosphorylation of these phosphosites, thereby
affecting the interaction with 14-3-3 proteins. In turn, this affects the subcellular localisation
of LRRKZ2, possibly because the LRRK?2-14-3-3 interaction facilitates cytoplasmic localisation
(Fig.2) [12,13,22,29,30,31,32,33].

The most established LRRK2 kinase substrates are the Rab proteins [15,16,17,35,36,39,41].
Evidence suggests that GTP-bound LRRK2 phosphorylates GTP-bound Rab proteins at
membranes. This effect is likely increased by LRRK2 mutants, in particularly RocCOR
mutants conferring increased GTP binding. In addition, Rab29 was described as an upstream
GTPase of LRRK2 recruiting GTP-bound LRRK2 to the TGN, thereby enhancing LRRK2
autophosphorylation at S1292, and possibly increasing LRRK2 heterophosphorylation and
simultaneously stimulating clearance of Golgi-derived vesicles [16,17,26]. This suggests a
signalling loop in which LRRK2 is downstream and upstream of Rab proteins, in particular
downstream of Rab29 and upstream of Rab8a, Rab10 and Rab29, respectively (Fig.2). In
accordance with the idea of LRRK2 acting as a signalling scaffold, this complex interaction at
the TGN might well occur inside a multi protein signalling complex. However, the role of
LRRK?2 as a signalling scaffold is possibly better described in the examples reported in the
next section.

4. LRRK?2 as a signalling scaffold

Signalling scaffolds typically interact with a multitude of proteins through protein-protein
interaction domains, thereby bringing components of a signalling pathway in close proximity.
Despite the above described catalytic activity of LRRK2, and likely relevance of kinase and
GTPase activities for LRRK2 function, LRRK2 kinase activity is relatively low, and GTPase



effectors have not been identified reproducibly, except for the LRRK2 kinase domain. The
scale of described LRRK2 interacting proteins and proposed LRRK2 mediated signalling
pathways also suggests that LRRK2 functions predominantly as a signalling scaffold
[13,15,23,29,43,56]. In some instances, LRRK2 might function solely by strengthening a
defined protein complex to facilitate, for e.g., phosphorylation by additional kinases (scenarios
4.1 and 4.2, described below). In other cases, evidence supports the additional relevance of
LRRK2 catalytic activity (scenario 4.3). In the following sections, the possible scenarios will
be considered using three distinct examples.

4.1. LRRK2 scaffolding function in NFAT signalling

Similar to LRRK2 signalling, NFAT signalling has particular importance in innate immune
responses but also plays a role during neuronal development [24,57]. LRRK2 was first linked
to NFAT signalling by the observation that LRRK2 deletion in mice increases NFAT signalling
of resident immune cells in a model for Crohn’s disease. LRRK2 knockout mice showed more
severe symptoms of inflammatory bowel disease in comparison to wild type animals. This
included rapid weight loss, severe diarrhea, bloody stools, extensive inflammatory infiltrates
and mucosal damage and an increase in inflammatory cytokines such as IL-12 and IL-6.
Similar underlying mechanisms have also been recently proposed in chronic rhinosinusitis and
Aspergillus infections [24,58,59]. In these immune reactions, LRRK2 was suggested to
function as a scaffold regulating NFAT signalling by a kinase-independent mechanism.
LRRK2 was shown to interact with multiple protein and RNA components as part of the NRON
complex, thereby stabilising this complex and enabling phosphorylation of NFAT by GSK3R8,
CK1, and DYRKI1A (Fig.3) [24]. Under these conditions NFAT phosphorylation retains NFAT
in the cytoplasm. Increase of intracellular Ca®*, via several possible signalling pathways
through extracellular receptor activation, with particular relevance in cells of the immune
system, allow for calcineurin-mediated dephosphorylation of NFAT, nuclear localisation, and
transcriptional activation of NFAT regulated genes such as IL-6. In this case, LRRK2 kinase
activity does not seem to be relevant for the LRRK2 mediated NFAT signalling. Nonetheless,
LRRK2 might also play an additional role in NFAT signalling through the interaction with
dishevelled (DVL) proteins, important key regulators in all Wnt signalling pathways including
the Wnt-Ca?* pathway (Fig.3). Interestingly, canonical Wnt signalling has also been shown to
be critical for the differentiation and survival of mature T lymphocytes [60,61,62]. Further
supporting the idea of crosstalk between NFAT and Wht signalling in immune cells is a Ca?*-
dependent direct interaction between NFAT and DVL1-3, inhibiting canonical Wnt signalling
activity [63].

4.2 LRRK2 scaffolding function at microtubules

LRRK?2 was shown to affect the MT and actin cytoskeleton, likely contributing to the observed
effects of LRRK2 on axonal outgrowth and MT stability [5,19,49,64,65,66]. Effects on the
actin cytoskeleton are partly conferred by the interaction of LRRK2 with small GTPases, GAPs
and GEFs, such as racl, rhoA, cdc42, ARFGAP1 and ARHGEF7. The LRRK2 Roc domain
was shown to interact with MTs via a direct interaction with a selection of B-tubulins. In
accordance with this, LRRK2 deletion or LRRK2 mutants were shown to affect tubulin content
and tubulin acetylation in diverse in vivo and in vitro systems [5,19,23,49,64,65,66,67].
Importantly, this does not exclude an interaction between several LRRK2 domains and other
MT-associated components. Further regulation of the MT cytoskeleton might be conferred by
the interaction between LRRK2 and GSK3R, a well-known tau kinase [18,21,25]. Most
importantly, LRRK2 was shown to affect tau phosphorylation at MTs, most likely through the
interaction with GSK3R and MTs, thereby increasing tau phosphorylation and affecting MT
stability. Although LRRK2 and tau were shown to interact [68] a direct effect of LRRK2 on



tau phosphorylation in still under debate. Most evidence points to a scaffolding role of LRRK2
that facilitates tau phosphorylation at MTs by a mechanism independent of LRRK2 kinase
activity. Importantly, the interaction strength between LRRK2 and GSK3R was shown to be
affected by the G2019S mutation, allowing for a mechanism of inducing axonal degeneration
during the pathogenesis of PD (Fig.1,3) [18,21,25,69,70,71]. In addition, it is important to
consider that LRRK2 might also affect tau phosphorylation by GSK3RB at MTs through several
different pathways, likely including a Wnt signalling pathway [20,73]. A similar mechanism
of increased tau phosphorylation through an interaction between LRRK2 and cdk5 at MTs has
been suggested and shown to be affected by the R1628P mutation [69,72].

4.3. LRRK2 scaffolding function in Wnt signalling pathways

Whnt signalling pathways regulate diverse cell biological functions in the CNS and peripheral
organs by affecting transcriptional activity and cytoskeletal stability, overall supporting cell
division, growth and homeostasis. LRRK2 might potentially affect all three Wnt signalling
branches through the interaction with DVL proteins. DVL functions as a central cytosolic key
regulator in the canonical B-catenin mediated, and the non-canonical PCP and Ca?* Wnt
signalling pathways [11,18,20,52,73]. Additional LRRK2 interactions were shown with
multiple components of the RB-catenin destruction complex, including GSK3(3, which is relevant
for canonical Wnt signalling under basal conditions and the canonical Wnt Lrp6 co-receptor
relevant under activated signalling conditions. LRRK2 interacting Wnt-PCP pathway
components include the cytoplasmic PRICKLE1l and the Vangl2 receptor (Fig.4)
[11,18,20,21,25,52,73]. The importance of LRRK2 in Wnt-PCP signalling was shown by
LRRK?2 overexpression in Xenopus embryos, leading to alterations of embryonic convergence-
extension movements [48].

LRRK2-mediated Wnt signalling is highly dependent on pathway activation. LRRK2 was
shown to be a suppressor of canonical Wnt signalling under basal condition as part of the B-
catenin destruction complex. In the B-catenin destruction complex LRRK2 most likely plays a
role as a signalling scaffold facilitating phosphorylation of R-catenin by CK1 and GSK3R
resulting in the degradation of phosphorylated R-catenin. However, upon pathway activation
for example with the canonical Wnt ligand Wnt3a or DVL protein overexpression LRRK2 was
shown to increase canonical Wnt signalling activity [11,18,45,52,73].

Under most conditions, the canonical Wnt signalling and the non-canonical Wnt-PCP pathways
are antagonistic to each other [74,75]. Interestingly, LRRK2 was identified as a possible switch
between these two related pathways by changing interactions with canonical and non-canonical
Whnt signalling components [52]. As described above, LRRK2 suppresses canonical Wnt
signalling while interacting with proteins within the R-catenin destruction complex but
becomes an activator of this pathway upon canonical Wnt signalling activation, most likely
through an interaction with DVL proteins. However, the LRRK2-DVL interaction can be
affected by adding a third non-canonical Wnt signalling protein, PRICKLEL. The LRRK2-
PRICKLEL interaction activates the non-canonical PCP pathway and simultaneously
suppresses the canonical Wnt signalling pathway [11,18,45,52,73]. This switch between these
two pathways might rely on relatively small changes of protein levels at different subcellular
localisations dependent on activation states of Wnt signalling pathway branches.

Even though the role of LRRK2 in Wnt signalling seems to be predominantly as a signalling
scaffold, it was shown that inhibition of LRRK2 kinase activity decreases canonical Wnt
signalling in wild type LRRK2 cell models under activating conditions [11,18]. This might be
through an effect on LRRK2 autophosphorylation, thereby affecting protein-protein



interactions, as described above. Even though the precise mechanism is unknown, it is
important to note that all PD-segregating LRRK2 mutants and risk variants decrease canonical
Whnt signalling under basal and activating conditions, whereas a protective variant increases
canonical Wnt signalling. This shows a clear negative correlation between LRRK2-mediated
PD risk and canonical Wnt signalling activity [5,11,18,36,45,51]. Therefore, activation of
canonical Wnt signalling in fine boundaries emerges as an attractive therapeutic target.

5. Perspectives

The investigation of LRRK2 is highly relevant in the context of PD for three main reasons: (i)
LRRK2 mutations and risk variants contribute substantially to PD risk; (ii) the clinical
presentation of LRRK2 patients is indistinguishable from that of idiopathic patients; and (iii)
as a signalling protein, LRRK2 lends itself well to regulation by pharmacological therapeutic
intervention, currently mostly realised through LRRK2 kinase inhibition [1,2,12].

The role of LRRK?2 in signalling pathways is well-established. The multitude of protein-protein
interactions, the relatively low catalytic activity, the very few confirmed kinase substrates and
GTPase effectors, suggest that LRRK2 mainly functions as a signalling scaffold. LRRK2 likely
plays roles in the fine regulation of several signalling pathways with several cell biological
functions. LRRK2 mutants often confer very subtle gain of function effects on these
physiological cell pathways likely exacerbated by aging, environmental toxins and, possibly,
triggers of immune and/or autoimmune reactions.

Despite the tremendous progress in LRRK2 research over the last decade, the detailed
mechanisms of physiological and pathophysiological LRRK2 function needs further
investigation. The interdependence and fine regulation of LRRK2-mediated cell signalling,
especially in different neuronal and immune cell populations, is a major focus of current
studies. This is also highly relevant in PD and in other LRRK2-related diseases, and is likely
to continue in the future. The importance of LRRK2 as a therapeutic target for PD is
undisputed, but concerns regarding the safety of LRRK2 kinase inhibition encourages the
search for agents that can regulate other LRRK2 domains or pathway components, with the
ultimate aim of finding a disease-modifying therapy for PD targeting LRRK2-mediated cell
signalling pathways.
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Figure Legends

Fig 1 LRRK2 signalling regulation. Top: LRRK2 is a GTPase and kinase allowing for
downstream regulation of GTPase effectors and kinase substrates. The kinase activity also
confers autophosphorylation of phosphosites in the kinase activation loop, with S2032 and
T2035 phosphorylation required for LRRK2 kinase activity, and the LRRK2 Roc and LRR
domains, with likely importance for protein-protein interactions. The RocCOR domain has
intrinsic GTPase activity and GTP binding is important for kinase activity. Middle: LRRK2
functions as a signalling scaffold bringing different components of a signalling pathway
together. Bottom: An example of LRRK?2 scaffold function. The LRRK2 Roc domain interacts
with MTs through a direct interaction with specific R-tubulins. LRRK2 also interacts with
GSK3R and increases phosphorylation of the GSK3R Y216 phosphosite thereby increasing
indirectly tau phosphorylation by GSK3R at MTs.

Fig 2 Upstream regulation of LRRK2. CK1lalpha, IKK, PKA and PP1 were shown to be
upstream regulatory kinases and phosphatases of LRRK2 respectively affecting predominantly
the phosphorylation of serine residues in-between the ANK and LRR repeats. This
heterophosphorylation is required for the interaction with 14-3-3 proteins with importance for
the subcellular localisation of LRRK2. It was further shown that GTP-bound LRRK2
recruitment to membranes by GTP-bound Rab proteins results in an increase of LRRK2
autophosphorylation. In particular, Rab29 functions as an upstream GTPase of LRRK2
recruiting LRRK2 to the TGN resulting in an increase in LRRK2 kinase activity. LRRK2-
Rab29 interaction also seems required for constitutive phosphorylation of serine residues in-
between the ANK and LRR repeats. Kinases and GTPases, and their corresponding
phosphorylation sites and interactors are colour coded using light yellow, blue and lilac.

Fig 3 LRRK2-mediated NFAT signalling in innate myeloid cells. LRRK2 knockout was
shown to increase NFAT signalling in a model of Crohn’s disease. Here, LRRK?2 functions as
a scaffold as part of the NRON complex facilitating NFAT phosphorylation by CK1, GSK3R
and DYRKI1A. Upstream signalling, possibly through TLR4, Dectin and/or Wnt/Ca?
signalling, leads to an increase in intracellular Ca?*, activation of the calcineurin phosphatase,
dephosphorylation and nuclear localisation of NFAT, allowing NFAT downstream gene
transcription.

Fig 4 LRRK2-mediated Wnt signalling. LRRK2 was found to interact with several
components of the canonical R-catenin mediated (left) and non-canonical PCP (right) Wnt
pathways. These two pathways are known to act mostly antagonistically. LRRK2 effects on
the signalling pathways is highly dependent on the activation state of the pathways as well as
interacting proteins. As part of the R-catenin destruction complex LRRK2 interacts with
GSK3R, axin and B-catenin allowing R-catenin phosphorylation by CK1 and GSK3R. This
leads to the destruction of R-catenin in a proteasomal pathway. This suppressor function is
further increased by LRRK2 PD mutations in line with a gain of LRRK2 function. The
canonical Wnt signalling pathway is activated upon binding of canonical Wnt ligands such as
Whnt3a to Frizzled receptors leading to the recruitment of the LRRK2 interacting DVL proteins
and other components of the R-catenin destruction complex to the cell membrane. Here LRRK2
interacts in addition with the Lrp6 canonical Wnt co-receptor and DVL proteins interact with
Frizzled receptors. Under activating conditions LRRK2 functions as a canonical Wnt signalling
enhancer. However, when LRRK?2 is bound to the PCP pathway component PRICKLEL it
decreases canonical Wnt signalling and increases PCP signalling activity.
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Figure 1

Fig 1 LRRK?2 signalling regulation. Top: LRRK2 is a GTPase and kinase allowing for
downstream regulation of GTPase effectors and kinase substrates. The kinase activity also
confers autophosphorylation of phosphosites in the kinase activation loop, with S2032 and
T2035 phosphorylation required for LRRK2 kinase activity, and the LRRK2 Roc and LRR
domains, with likely importance for protein-protein interactions. The RocCOR domain has
intrinsic GTPase activity and GTP binding is important for kinase activity. Middle: LRRK2
functions as a signalling scaffold bringing different components of a signalling pathway
together. Bottom: An example of LRRK?2 scaffold function. The LRRK2 Roc domain interacts
with MTs through a direct interaction with specific R-tubulins. LRRK2 also interacts with
GSK3R and increases phosphorylation of the GSK3R Y216 phosphosite thereby increasing
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Fig 2 Upstream regulation of LRRK2. CKlalpha, IKK, PKA and PP1 were shown to be
upstream regulatory kinases and phosphatases of LRRK2 respectively affecting predominantly
the phosphorylation of serine residues in-between the ANK and LRR repeats. This
heterophosphorylation is required for the interaction with 14-3-3 proteins with importance for
the subcellular localisation of LRRK2. It was further shown that GTP-bound LRRK2
recruitment to membranes by GTP-bound Rab proteins results in an increase of LRRK2
autophosphorylation. In particular, Rab29 functions as an upstream GTPase of LRRK2
recruiting LRRK2 to the TGN resulting in an increase in LRRK2 kinase activity. LRRK2-
Rab29 interaction also seems required for constitutive phosphorylation of serine residues in-
between the ANK and LRR repeats. Kinases and GTPases, and their corresponding
phosphorylation sites and interactors are colour coded using light yellow, blue and lilac.
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Fig 3 LRRK2-mediated NFAT signalling in innate myeloid cells. LRRK2 knockout was
shown to increase NFAT signalling in a model of Crohn’s disease. Here, LRRK?2 functions as
a scaffold as part of the NRON complex facilitating NFAT phosphorylation by CK1, GSK3R
and DYRKI1A. Upstream signalling, possibly through TLR4, Dectin and/or Wnt/Ca?
signalling, leads to an increase in intracellular Ca?*, activation of the calcineurin phosphatase,
dephosphorylation and nuclear localisation of NFAT, allowing NFAT downstream gene
transcription.
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Figure 4
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Fig 4 LRRK2-mediated Wnt signalling. LRRK2 was found to interact with several
components of the canonical B-catenin mediated (left) and non-canonical PCP (right) Wnt
pathways. These two pathways are known to act mostly antagonistically. LRRK2 effects on
the signalling pathways is highly dependent on the activation state of the pathways as well as
interacting proteins. As part of the R-catenin destruction complex LRRK2 interacts with
GSK3R, axin and B-catenin allowing R-catenin phosphorylation by CK1 and GSK3R. This
leads to the destruction of B-catenin in a proteasomal pathway. This suppressor function is
further increased by LRRK2 PD mutations in line with a gain of LRRK2 function. The
canonical Wnt signalling pathway is activated upon binding of canonical Wnt ligands such as
Whnt3a to Frizzled receptors leading to the recruitment of the LRRK2 interacting DVL proteins
and other components of the R-catenin destruction complex to the cell membrane. Here LRRK2
interacts in addition with the Lrp6 canonical Wnt co-receptor and DVL proteins interact with
Frizzled receptors. Under activating conditions LRRK?2 functions as a canonical Wnt signalling
enhancer. However, when LRRK?2 is bound to the PCP pathway component PRICKLEL it
decreases canonical Wnt signalling and increases PCP signalling activity.
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