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Abstract

Parkinson’s disease, like many other common age-related conditions, is now recognized to have a
substantial genetic component. Here, | will discuss how mutations in a large complex gene,
LRRK?2, affect protein function and review recent evidence that LRRK2 mutations affect pathways
that involve other proteins that have been implicated in Parkinson’s disease, specifically a-
synuclein and tau. These concepts can be used to understand disease processes and to develop
therapeutic opportunities for Parkinson’s disease.

Fifteen years ago, Parkinson’s disease, an age-related neurodegenerative disease affecting
1.5% of the population older than 65 years 1, was considered to have little or no genetic
component. However, it has since been recognized that rare mutations are pathogenic for
Parkinson’s disease in a number of families?, and genome-wide association studies
published in late 2009 have shown that genetic variants have a less deterministic but
nevertheless detectable role in sporadic Parkinson’s disease as well3 4. Furthermore,
mutations in the same genes can be involved both in familial Parkinson’s disease and as risk
factors for sporadic Parkinson’s disease (Box 1), supporting the idea that inherited and
sporadic Parkinson’s disease can have common pathological mechanisms.

Box 1

: Dominant genes for familial Parkinson’s disease and risk factors for
sporadic Parkinson’s disease

There are several genes associated with different forms of parkinsonism 2. The test for
establishing pathogenicity of gene variants is that they should either show segregation
with disease in rare families with inherited Parkinson’s disease or that they show
association with sporadic Parkinson’s disease across a population.

The SNCA gene codes for the small presynaptic protein a-synuclein. Dominant mutations
in SNCA, including multiplication mutations, are found in rare families with inherited
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Parkinson’s disease 2. The protein is also aggregated in Lewy bodies in patients with
sporadic Parkinson’s disease (see Box 2) and common variants around the SNCA locus
increase the risk of sporadic Parkinson’s disease in the general population 3: 4.

Mutations in the gene encoding leucine-rich repeat kinase 2 (LRRK?2) are pathogenic for
a dominant disease > 8 that, clinically, strongly resembles idiopathic Parkinson’s
disease 62, In addition, they are usually accompanied by a-synuclein-positive Lewy
bodies. LRRK2 variants can also act as risk factors for sporadic Parkinson’s disease in
some populations 3 4.

Mutations in the gene encoding microtubule associated protein tau (MAPT) segregate
with frontotemporal dementia with parkinsonism 7, and common variants in the region
on chromosome 17 that harbours the MAPT gene increase the risk for sporadic
Parkinson’s disease “.

This Progress article focuses on recent studies into the gene encoding Leucine rich repeat
kinase 2 (LRRK2) ® 6, as mutations in this gene represent one of the stronger risk factors for
the development of Parkinson’s disease (Box 2). Based on recent findings that suggest how
mutations in LRRK2 can affect protein function 712, including that of newly proposed
interactors of LRRK2 13: 14 together with very recently reported animal models in which
LRRK2 has been overexpressed or knocked out 15-20, | will discuss how mutant LRRK2
might predispose to Parkinson’s disease, acknowledging that we still have much to learn
about some aspects of LRRK2, including its effects on cellular signalling pathways.
Importantly, as LRRK2-associated cases of Parkinson’s disease generally have similar
neuropathology to patients with sporadic Parkinson’s disease (Box 3), | will also develop
some ideas that may indicate that LRRK2, in conjunction with other Parkinson’s related
genes, might be relevant to the more common sporadic form of the disease.

Box 2
Box 2: LRRK2 genetics

In 2002, a gene defect localized to chromosome 12 was reported in a family from Japan
with autosomal dominant inherited Parkinson’s disease®3, and the locus was designated
PARKS. Within two years after this report, several other families around the world with
dominantly inherited Parkinson’s disease were identified as having mutations in the same
genetic region, which mapped to the gene encoding leucine-rich repeat kinase 2
(LRRK2)>: 6. The original Japanese family was subsequently found to have an 12020T
mutation in LRRK264,

Subsequently, one mutation, G2019S, was found relatively frequently in a number of
different patients and families 8570, Individuals who are heterozygous for mutant LRRK?2
have a similar risk of disease and progression of disease as those who are homozygous
for the mutation 71, This shows that LRRK2 mutations have a true dominant effect.

Parkinson’s disease is an age-dependent disorder and the proportion of people with a
single dominant mutation in LRRK2 who show symptoms of Parkinson’s disease
increases with age. The overall penetrance of the G2019S mutation is high but
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incomplete, meaning that there are some carriers of mutations who do not develop
Parkinson’s disease in their lifetime. Some mutations have a much lower penetrance than
G2019S, including risk factor variants found in Asian populations 72,

Box 3
The neuropathology of Parkinson’s disease
The neuropathology of Parkinson’s disease has two main components:

The first is neuronal cell loss. This occurs in diverse cell populations throughout the
brain, but is particularly prominent in dopaminergic neurons of the substantia nigra pars
compacta in the midbrain. It is thought that neuronal cell death begins several years
before the onset of clinical symptoms and it progresses throughout the course of the
disease /3.

The second is formation of Lewy bodies — conglomerates of lipids and proteins — in
the surviving neurons ’4. The main protein component of Lewy bodies is the small
synaptic protein a-synuclein. This protein normally binds to curved lipid membranes,
where it adopts a helical structure, but in some circumstances can aggregate with itself in
structures that are rich in a-sheet conformations. Small oligomeric accumulations
coalesce into larger fibrils that are insoluble and are the building blocks of Lewy bodies;
whether the Lewy body is neurotoxic or represents an attempted protective response is
currently debated 53,

Mutations

in LRRK2 occur in functional domains

LRRK2 is widely expressed in many organs and tissues > ¢ including the brain although,
interestingly, expression is not particularly high in dopamine-producing cells of the
substantia nigra, which are heavily lost in Parkinson’s disease (Box 3) 21. LRRK2 encodes a
large multidomain protein that includes a central catalytic tridomain with GTPase and kinase
activities surrounded by a series of potential protein—protein interaction domains (Fig. 1).

The various dominant mutations in LRRK2 result in changes that are concentrated in the
central region of the protein. This region includes the Ras Of Complex (ROC)-GTPase
protein domain and the kinase domain, as well as the C-terminal of ROC (COR) sequence
that links them. Thus, the ROC domain contains one residue that can have multiple
mutations (R1441C/G/H), the COR domain can have one mutation (Y1699C) and the kinase
domain has two adjacent residues that can be mutated (G2019S and 12020T). By contrast,
mutations outside of the enzymatic domains have not been shown to segregate in a
Mendelian fashion with the disease. This implies that the enzymatic activities of LRRK2,
rather than other functions of LRRK2, might be important in pathogenesis. In vitro studies
have shown that mutations in the ROC-GTPase and COR domains decrease GTPase
activity?2 23, It should be noted, however, that purified full-length LRRK2 has only a weak
GTPase activity, suggesting that if it is active in the cell it may require accessory proteins.
By contrast, the G2019S mutation in the kinase domain increases kinase activity 2427, Thus,
these mutations affect the function of the domains in which they are found. The risk factor
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variants G2385R in the WD40 domain and R1628P in the COR domain have no
measureable effect on kinase activity 13. The 12020T mutation in the kinase domain
stimulates phosphorylation of 4E binding protein (4EBP) in some models 28 but has no
effect on kinase activity in other assays 26. Therefore, there may be some interesting
mechanistic differences between different mutations in the same domain, with the caveat
that these observations could also be due to methodological differences between assays 29,
Overall, these data support the idea that the kinase and GTPase activities of LRRK2 are
important in pathogenesis.

On the basis of the similar phenotypes associated with LRRK2 mutations in humans, the
most parsimonious explanation of why pathogenic mutations predispose to disease might be
that they all evoke similar changes in downstream signalling events that are relevant for
Parkinson’s disease, even if the detailed molecular mechanisms at the level of the protein
differ. LRRK2 is dimeric’: 10. 11,30, 31 gyggesting that it may regulate its own activity, as
well as perhaps having a signalling role by regulating other proteins in the cell. It was
initially thought that GTP binding to the ROC domain regulated the protein’s kinase
activity, but experiments using wild-type LRRK2 isolated from mouse brain suggest that
this is not the case32. In fact, several groups have shown that the kinase domain of wild-type
LRRK2 phosphorylates several sequences within the GTP-binding ROC domain’~9: 12,
Therefore, the kinase domain may regulate overall LRRK2 function.

This self-regulation provides a simple suggestion as to how different mutations increase the
risk of Parkinson’s disease. A speculative possibility is that the GTP-bound form of LRRK2
is the active version in cellular signalling pathways, perhaps by virtue of increasing affinity
to an as yet unidentified binding partner. Mutations that either prompt the protein to enter a
GTP-bound state — for example, mutations that alter kinase regulation of GTP loading —
or that slow the protein’s return to the GDP-bound state — for example, mutations in the
ROC and COR domains — would then result in persistent LRRK2 activity. | would
therefore propose that both the kinase and the GTPase activities of LRRK2 are affected by
mutations and therefore likely to be pathogenically important. In support of this idea, in
vitro 24 33 and in vivo 18 data suggest that kinase-dead or GTP-binding-deficient LRRK2
variants are less toxic than their wild-type counterparts.

It is also possible that different LRRK2 mutations fundamentally affect different
physiological pathways that all happen to lead to Parkinson’s disease as a phenotype. It is
certainly true that there is probably more than one way to kill dopamine neurons and that
there are therefore multiple pathways to parkinsonism. Indeed, some recent data in model
organisms suggests that only some mutations affect specific pathways, as discussed below.
But for LRRKZ2, this is probably unlikely because the disease phenotypes in humans are
more variable between individuals with the same mutation than between different
mutations 34, Furthermore, if the scheme proposed above — that kinase regulates GTPase
activity, leading to altered GTP-dependent function — is correct, then there would be a very
simple explanation that would not require invoking multiple pathways. However, this does
invoke an as yet unidentified GTP-dependent LRRK2 binding partner, and so it is difficult
to evaluate this hypothesis at this time.
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Along these lines, it is interesting that there are relatively few proven pathogenic mutations
outside of the ROC-COR kinase tridomain of LRRK2. As shown in figure 1, much of the
LRRK2 protein consists of regions that might have a role in protein—protein interactions. As
such, LRRK2 may have a scaffolding role that could be important in cellular signalling.
LRRK2 has been proposed to physically interact with assembled microtubules 35 36,
disheveled proteins 37, the co-chaperone CHIP (carboxy terminus of Hsp70-interacting
protein) 3839 and itself 7- 10. 11, 30, 31 entjrely or in part through its ROC domain. Mitogen-
activated protein kinase (MAPK) kinase 6 (MKK®) binds to the COR/kinase region 49,
which also mediates intramolecular interactions. LRRK2 is a phosphoprotein and, as such is
bound by 14-3-3 proteins at a site that lies slightly N-terminal of the leucine-rich

repeats 13 26, Some of these interactions suggest alternate explanations for how multiple
mutations affect the same protein. For example, both ROC and COR mutations decrease
binding to 14-3-3 proteins. However, G2019S in the kinase domain does not have this
effect28, which must mean that G2019S acts through a different mechanism from other
mutations.

Although there are other purported LRRK2 interactors (eg Argonaute, discussed below),
what is surprising about this list is that it contains no clearly identified effector proteins that
bind LRRK2 outside of its catalytic core. This does not mean that the other regions of
LRRK2 are unimportant. For example, the WD40 domain has been suggested to be
important for the toxic effects of LRRK2 in vitro 1. However, this finding might also be
explained by an effect on kinase activity rather than on a specific protein interactor, as
deletion of the WD40 domain or even shorter C-terminal sequences renders LRRK2 kinase
inactive 25 41, What it does mean is that it is difficult to investigate the putative scaffolding
role of LRRK2 without either strong mutations affecting this role or a nominated scaffold
protein. This potentially important future direction for the field is discussed below.

LRRK2 in CNS physiology and pathology

In terms of normal function, there is evidence that wild-type LRRK2 can regulate neurite
outgrowth in developing neurons, as knockout of endogenous LRRK2 in mouse neurons
results in elongation of neuronal processes 42-44. The mechanism for this effect might
involve interaction with either the disheveled proteins 37 or tubulins36. The LRRK
homologue in Caenorhabditis elegans may also have a role in the specification of axons and
dendrites#® 46, although the molecular details of this process remain undefined. It should
also be noted that vertebrates have two homologues of LRRK (LRRK1 and LRRK2), so
LRRK functions may differ across species. Therefore, despite the identification of functional
regions of LRRK2, the physiological functions of the protein in the nervous system are
unclear at this time.

Effects on protein translation

One way to understand the aberrant function of LRRK2 would be to identify its interactions
with other proteins. Results from one study in Drosophila suggested that LRRK2 can
interact with the microRNA (miR) processing protein Argonaute and thereby affect protein
translation 14, In this study, only kinase domain mutations altered let-7 miR production and
protein translation, whereas the one non-kinase mutation tested in this study (R1441G) did
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not. This suggests either that different LRRK2 mutations affect different pathways, or that
there are kinase-dependent functions of LRRK2 that may or may not be relevant to the
pathogenesis of Parkinson’s disease. Parsimony suggests that the latter is more likely,
although both viewpoints are reasonable, and it will be important to determine whether
experimental evidence indicates common or different pathways in other models (see below).

Although awaiting confirmation, this study provided evidence of changes in the regulation
of Argonaute proteins in the brains of old (but not young) flies expressing mutant LRRK214,
The idea that LRRK2 regulates any process in an age-dependent manner is exciting, as it is
difficult to understand why people with LRRK2 mutations that are present from birth
develop disease as adults (usually between 50 and 60 years old). However, the mechanistic
details of how this occurs still need to be worked out. At this stage it is not known how
LRRK2 function is altered during the aging process, and no specific post-translational
modifications associated with aging are known. It is also possible that in the fly models, miR
function is a sensitive marker for dysfunction in tissues that have not degenerated, meaning
that miR function is relatively downstream of the initial signalling events. In either case, it
will be important to use large-scale approaches, measuring mRNA and miR changes in an
unbiased fashion in experimental models of LRRK2 pathogenesis.

Protein translation in general has been suggested to be relevant to LRRK2 effects in fly
models. Overexpression of 4EBP, which binds the translation factor 4E, limits the
detrimental effects of mutant LRRK2 28, and loss of the Drosophila LRRK homologue
decreased 4EBP phosphorylation 28 47. 4EBP is a target of mTOR (mammalian target of
rapamycin) which is of interest in aging research, as recent evidence suggests that in diverse
species deletion of mTOR signalling components or treatment with the mTOR inhibitor
rapamycin can extend lifespan 4. Furthermore, there is evidence that the physiological
outputs of mTOR signalling — protein synthesis and autophagy — show age-related
changes 4°. Therefore, mTOR signalling may link LRRK2 with aging, but there are a couple
of caveats. For example, it still has to be confirmed whether 4EBP is a direct kinase
substrate of LRRK2. Experiments in my own lab found that 4EBP is a relatively poor
substrate for highly purified LRRK2, in contrast to other kinases such as p38a MAPK14) 50,
Perhaps this simply illustrates how complex signalling can be; some of the changes in 4EBP
phosphorylation in aging might be consequential to tissue stress resulting from experimental
manipulation of Drosophila Irrk or human LRRK2 levels and not a direct effect of changes
in activity of the kinases themselves, although this awaits confirmation in other systems.

Common pathways for LRRK2, a-synuclein and tau?

The pathological function of mutated LRRK2 may involve common pathways with protein
products of other genes that are associated with Parkinson’s disease, such as a-synuclein
and tau. Most individuals with Parkinson’s disease and mutations in LRRK?2 also have Lewy
bodies34 (Box 3). One of the main proteins in Lewy bodies is a-synuclein, which is encoded
by the Parkinson’s disease associated gene SNCA (Box 1)2. However, not all patients with
LRRK2 mutations have Lewy bodies and instead can have tau lesions or loss of dopamine
neuron without a specific pathology. It can therefore be argued that LRRK2 acts upstream of
a-synuclein and its aggregation in Lewy bodies®L: 52,
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In support of the idea that LRRK2 can regulate a-synuclein, when mice that were transgenic
for mutant human LRRK2 were crossed with mice that overexpressed mutant human SNCA,
deposition of a-synuclein increased compared with that seen in mice overexpressing SNCA
alone. Neuronal loss occurred in the areas of the brain where expression of the transgenes
was highest; in this case in the striatum. Conversely, removing endogenous Lrrk2 limited the
detrimental effects of mutant a-synuclein, reducing protein deposition and neuronal loss as
well as related measures 6. These data have not yet been replicated, but it is interesting that
neurite extension assays in primary cultures also suggest that knockout of Lrrk2 has an
opposing effect to overexpression of mutant alleles 4244, These data would support the idea
that LRRK2 mutations are gain-of-function mutations.

A more recent study reported that a-synuclein accumulates in the kidneys but not the brains
of Lrrk2 knockout mice as they agel’, suggesting that metabolism of a-synuclein shows
tissue-dependent differences. It is debated whether deposits of a-synuclein protein always
mean that the protein is in its pathological form>3, so a crucial question is whether a-
synuclein expression is required for the reported phenotypic effects of Lrrk2 knockout on
kidneys. In addition, it is not known whether a-synuclein accumulates in the kidney in
human mutant LRRK2 carriers. If it is confirmed that knockout alleles have pathological
effects!’, this may be because they act in a dominant-negative manner.

These two sets of experiments show that it is important clarify the effect of knocking out
endogenous Lrrk2 in comparison to expression of the mutant protein. If these two
manipulations have opposite effects16 then it is more likely that mutations result in a gain of
function — either by increasing normal function of the protein above a given threshold or by
acquiring a novel, pathogenic function. One could certainly imagine that in the case of a
dimeric protein such as LRRK2, having one non-functional version could affect the activity
of the overall complex. However, it should be noted that loss of activity of one LRRK2 in
the dimer is not necessarily the same as having no LRRK?2 at all. As argued above, loss of
GTPase activity would be predicted to leave LRRK2 in a GTP-bound state, whereas
knockout would mean there is no protein to interact with potential partners, including GTP,
at all. The data from knockout studies therefore have to be evaluated carefully, especially
when the phenotypes are seen in tissues other than the brain and the disease is
predominantly neurological.

Some further clues as to how mutations in LRRK2 influence vulnerability for Parkinson’s
disease may come from examining how common genetic variants influence the risk of
sporadic Parkinson’s disease. At a population level, LRRK2 variants have a modest
influence on the lifetime risk of Parkinson’s disease 3 4. However, in these genome-wide
association studies, the authors only tested whether common genetic variants of LRRK2
were associated with the disease and therefore it is not yet clear whether these were variants
that might change LRRK2 expression and/or whether they were rare variants that are present
on haplotypes represented by commonly assayed polymorphisms around the LRRK?2 locus.

Normal variation around SNCA also affects the risk of sporadic Parkinson’s disease3 4. This
genetic evidence together with the influence of wild-type LRRK2 on a-synuclein in mice 16
suggests that there may be a common pathway by which these two genes influence
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vulnerability for Parkinson’s disease. Understanding the nature of this interaction will be an
important next step for the field. One established link between the two proteins is that a-
synuclein and LRRK?2 are both associated with membrane components, including synaptic
vesicles 54 55,

A second important risk factor for sporadic Parkinson’s disease, at least in some
populations, is the gene encoding the microtubule associated protein tau, MAPT #. As with
a-synuclein, it is unclear whether there is a link between MAPT and LRRK?2, although some
people with Parkinson’s disease and mutations in LRRK2 have tau pathology &: %6 and mouse
models of Lrrk2 mutations have altered tau expression patterns 15 20 42 Both LRRK235: 36
and tau® are associated with microtubules and it is therefore possible that they have some
common function.

Therefore — and this will be discussed more in the next section — there are potential
functional links between LRRK2 and a-synuclein on the one hand and LRRK2 and tau on
the other. One important question to resolve is whether we can consider LRRK2, a-
synuclein and tau to be in the same pathway or to have a more distant relationship (Figure
2); perhaps each separately affects a function that is important in the maintenance of
dopaminergic neurons in the adult substantia nigra. Overexpressing two proteins (e.g.
mutant LRRK2 and mutant a-synuclein) does not distinguish common pathways from
additive or synergistic effects. But findings from experiments in which one gene is knocked
out, e.g. in recent LRRK2™/~ mouse models 16, at least suggest a pathway effect, as in this
study LRRK2 was required for full a-synuclein pathology.

Future perspectives

I have discussed that the biochemical activities of LRRK2 are fundamental and, in my
opinion, can be affected by mutations in ways that are straightforward to understand. From
here, things become more difficult. There is a clear gap in our understanding that prevents us
from being able to tie together the biochemical activities of LRRK2 with cellular signalling
pathways.

Identifying interactors

It is important to develop reliable functional assays for LRRK2 that can be related to cell
signalling, preferably through an immediate interactor of the LRRK2 protein. As an example
of the type of data that is needed, the C-terminus of a-synuclein has recently been shown to
bind to synaptobrevin-2, a SNARE complex component %8, Exploring cellular processes that
are important in neurons might help to understand how widespread genes can cause
predominantly neurological diseases. The idea that maintenance of axonal integrity and/or
vesicle transport along those axons is affected by mutant LRRK2 is extremely attractive. It
is also important to understand whether a normal functional interactor of LRRK2 is crucially
important for the effects of mutations or whether the detrimental effects are due to a new
function that is restricted to mutant protein. By identifying the normal binding partners of
LRRK2, we should be able to design mutations to disrupt protein—protein interactions and
thereby establish whether pathogenic mutations remain pathogenic in the absence of these
interactions or whether protein—protein interactions are required for their pathogenic effect.

Nat Rev Neurosci. Author manuscript; available in PMC 2015 November 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cookson

Page 9

However, LRRK2 is a large protein and thus is likely to have multiple interacting partners.
Speculatively, | would suggest that there could be more than one co-complex, each with
different binding partners. Two specific areas are worth more investigation. First, the N-
terminal region of LRRK2 is extremely interesting as a candidate for LRRK2-specific
interactors as this region differentiates LRRK2 from LRRK1. As the latter is not associated
with Parkinson’s disease, proteins that are scaffolded by LRRK2 specifically may be more
relevant to pathogenesis. Second, if the GTP-bound state of LRRK2 is involved in cell
signalling pathways, then identifying the proteins or complexes that bind to activated
LRRK2 would probably point to functionally important pathways.

Genetic approaches in model organisms may also be helpful to identify pathways that are
influenced by LRRK2. Given that there are phenotypes in Drosophila and C. elegans that
result from mutations in LRRK2 homologues and that forward genetic screens are well-
established for these organisms, we should be able to discover genetic modifiers of those
phenotypes. It would be interesting to know if modifiers of, for example, LRRK2-related
alterations in axonal maintenance 4°: 46 overlap with those involved in responses to aging,
including in processes such as translation or cell death in dopamine neurons 14 28, Such an
approach would begin to distinguish whether there is a single underlying pathway for all
LRRK2-related effects or whether there are multiple ways in which LRRK2 mutations affect
cell physiology.

Does LRRK2-associated pathogenesis require a-synuclein and tau?

Another question that requires experimental attention is whether LRRK2-associated
pathogenesis requires a-synuclein and/or tau expression. LRRK2 transgenic mice reported to
date have not shown phenotypes of cell loss or Lewy body formation®, but there is evidence
of more subtle phenotypes in these mice, such as changes in dopamine release 15 1920 gng
some alterations in tau staining 15 20, Therefore, these phenotypes could be useful to
examine what happens when LRRK2 transgenic models are crossed with Shca and Mapt
knockout animals. Another tactic would be to use viral vectors to express LRRK2 at high
levels, which has recently been shown to result in dopaminergic cell loss in wild-type

mice 18, This could be applied to Snca and Mapt knockout mice as well. The endpoint for
either experiment would be to see whether a-synuclein or tau or both are required for
LRRK2-mediated toxicity or other phenotypes. By identifying the genes that are necessary
for phenotypes that we might reasonably relate to Parkinson’s disease, and by producing
multiple combinations of knockouts, we may be able to define some of the relationships
between the gene products.

Because the results of such experiments are not yet available, it may be foolishly early to
attempt a synthesis of the roles of LRRKZ2, tau and a-synuclein but, in my opinion, this is
something that should be explored. If there is a common theme between these three proteins
it would seem to involve either microtubules or vesicles (Figure 2). As both of these are
important for neuronal function this could explain why mutations in the genes encoding
LRRK2, tau and a-synuclein result in a disease that is predominantly neurological. In
addition, microtubule dynamics are important in axon and dendrite specification 22 and this
is consistent with the finding that wild-type LRRK2 regulates the sorting of organelles in
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polarized cells* and the effects on axon outgrowth under culture conditions 4244 (which
might be thought of as a form of axotomy). This might tie together the reported direct
interaction of LRKR2 with tubulin 35 36 and the reported effect of overexpression of
LRRK2 on depolymerization of microtubules 16, with the effect of LRRK2 on neurite
phenotypes.

Whether variations in LRRK2, tau and a-synuclein have a similar direct effect on synaptic
vesicle function is less obvious. It is possible that LRRK2 directly interacts with membranes
(and therefore with vesicles) and that a-synuclein dysfunction is consequential to this. Tau
would not be directly affected by lipid dynamics, but is possible that changes in synaptic
vesicle function are secondary to the effects of LRRK2 mutations on microtubules. Both are
reasonable possibilities, but the former suggests a triangular effect of LRRK2 on a-
synuclein and tau somewhat independently, whereas the latter suggests a more linear
pathway. One aspect that may be important is that neither LRRK2 nor a-synuclein nor tau
are required nervous system components, in the sense that there are organisms (including
Drosophila and C. elegans) that lack a-synuclein or tau and have different LRRK proteins
but have functioning neurons. | am not sure what this means, but | suspect that these
proteins are more important in maintenance of neurons under conditions of plasticity and/or
stress, which could explain why mutations in these proteins are associated with late-onset
diseases.

One issue that has not received much attention is whether LRRK2 mutations lead to
neuronal dysfunction in a simple, cell-autonomous fashion. Expression of LRRK2 is high in
striatal neurons and in some B-cell lymphocyte lineages €, and so non-cell autonomous
mechanisms could contribute to LRRK2-mediated loss of dopaminergic neurons in the
substantia nigra. However, high-level expression of LRRK2 in the striatum using a CAMKII
promoter does not result in obvious nigral cell loss 16, arguing against a simple retrograde
toxicity mechanism, and expression in nigral neurons seemed to be sufficient for nigral cell
loss in one model 18, | think these observations together support the idea that LRRK2, a-
synuclein and tau have a pathway relationship but allows for the possibility that some of
their effects may occur at a systems level, perhaps by altering function in more than one cell
type. If the latter possibility is correct, then the most important experiments should involve
manipulating LRRK2 function in different cell types in the brain.

One motivation for the work described in this article is to try and identify tractable
therapeutic targets. Recent papers have focused on the kinase activity of LRRK2 and
reported potent and somewhat selective inhibitors of LRRK2 kinase that are likely
competitors for ATP binding in the active site of the kinase domain 18 32,61 Fyrthermore,
some of these inhibitors have been suggested to be neuroprotective in vivo 18, although it is
unclear whether this is due entirely to direct effects of the inhibitors on LRRK2 or whether
they might have some effects on other kinases. If the scheme discussed above suggesting —
that kinase activity of LRRK2 influences its GTP-bound state — has any value, it would
predict that competitive kinase inhibitors might be only one way to limit LRRK2
dysfunction; molecules that block the GTP-bound state of LRRK2 would also be predicted
to be neuroprotective.

Nat Rev Neurosci. Author manuscript; available in PMC 2015 November 27.
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Figure 1. Domains and mutations of LRRK 2
LRRK?2 is drawn schematically here as a dimer, in a likely head-to-head orientation and in a

linear scheme for clarity. The domains of the protein and some of the proposed
intramolecular interactions are listed above the diagram. LRRK?2 is a large multidomain
protein, with several potential protein—protein interaction regions surrounding a central
catalytic core. This core region contains a GTP-binding Ras Of Complex protein domain
(ROC), a C-terminal of ROC (COR) domain and a kinase domain. The most clearly defined
pathogenic human mutations are shown in red below the diagram. Both R1441 and Y1699
mutations decrease the modest GTPase activity of LRRK2, while G2019S increases kinase
activity. These two activities may be related as, for example, recent studies have indicated
that the kinase domain (blue) autophosphorylates the ROC domain at several sites, although
this has yet to be confirmed in vivo. Using current methods of measurement, 12020T seems
to have very modest effects on kinase activity, so the relationship of that mutation to
biochemical activities is unclear. Outside of the catalytic regions are several domains
including the Leucine-rich repeats (LRR) and WD40 domains that are thought to provide
protein-protein interaction regions, although specific binding partners for these regions are
only recently starting to be identified (see text).
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Figure 2. LRRK2, a-synuclein and tau
Human genetic, animal model and biochemical data support the idea that there are

relationships between three gene products important in the genetic risk of familial and
sporadic Parkinson’s disease, LRRK2, a-synuclein and tau. Here, | have put LRRK?2 at the
‘top’ of the pathway, based on the observation that human cases with mutations in LRRK2
can have either a-synuclein or tau positive pathology and also that LRRK2 can accelerate (+
sign) a-synuclein pathology in a mouse model. Whether the same is true for LRRK2 and tau
is not known, but | have made the assumption here that it could be. Finally, whether there is
a truly triangular relationship in that Tau dysfunction can influence a-synuclein pathology
or vice versa is unknown, and so this is indicated by a dotted line. Finally, the likely outputs
of a-synuclein and tau dysfunction, namely changes in synaptic vesicle function and
microtubule stability are indicated at the bottom of the diagram
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