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ABSTRACT: Parkinson's disease (PD) is the second most common
neurodegenerative disorder. Several single gene mutations have been linked
to this disease. Mutations in the gene encoding leucine-rich repeat kinase 2
(LRRK2) indicate LRRK2 as promising therapeutic target for the treatment of
PD. LRRK2 mutations were observed in sporadic as well as familial PD patients
and have been investigated intensively. LRRK2 is a large and complex protein,
with multiple enzymatic and protein-interaction domains, each of which is
effected by mutations. The most common mutation in PD patients is G2019S.
Several LRRK2 inhibitors have been reported already, although the crystal
structure of LRRK2 has not yet been determined. This review provides a
summary of known LRRK2 inhibitors and will discuss recent in vitro and in
vivo results of these inhibitors.
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Parkinson's disease (PD) is the second most prevalent
neurodegenerative disorder after Alzheimer's disease,

effecting up to ∼4% of the population over 80.1,2 PD is
characterized by a large number of motoric and non-motoric
symptoms. Four of them are designated as cardinal features:
tremor at rest, rigidity, akinesia, and postural instability.3 PD
patients usually develop dementia during the course of the
disease and gradually develop depression. The National
Institute for Health and Clinical Excellence (NICE, U.K.)
published guidelines for the diagnosis and management of
patients with PD, which is used by most experts.2,4 The typical
hallmarks of PD in post-mortem brain tissue are loss of
dopaminergic neurons of the substantia nigra, associated with
the formation of fibrillar aggregates composed of α-synuclein
and other proteins (e.g. Lewy bodies).5,6 Presently, there is no
cure for PD and the mainstay therapy is still the drug levodopa
(L-Dopa).2,7 L-Dopa is highly effective in reducing motor
symptoms; nevertheless, there are two major problems, the
side-effects and that patients become therapy resistant.7,8

Adenosine A2a receptor antagonists have been shown to
reduce PD-like features in animal studies through interaction
with the specific dopamine receptor subtype D2 in the basal
ganglia, making it more sensitive to dopamine. The adenosine
A2a receptor antagonists SYN-115 from Synosia Therapeutics
is currently in a phase IIb trial.7 Other approaches are the
metabotropic glutamate receptors (mGluRs), which are
members of the G-protein-coupled receptor (GPCR) super-
family. They participate in the modulation of synaptic
transmission and neuronal excitability throughout the central
nervous system. Several studies indicate the therapeutic utility
of mGluR ligands in neurological and psychiatric disorders and
make mGluRs promising targets for non-dopaminergic drug

discovery in PD. mGluR5 is the target of drug development
programmes at major pharmaceutical companies, e.g. Roche
and Novartis.7,9,10

Several single gene mutations have been identified and linked
to PD, for example, DJ-1, UCH-L1, SNCA, PRKN, and
LRRK2.1,2,5,11−14 However, mutations in the LRRK2 gene are
the most common cause of familial and sporadic late-onset
PD.15 Since the LRRK2 gene mutations have been linked to
PD, several inhibitors were reported to inhibit this kinase. We
reviewed the literature and summarized the relevant data.

■ LRRK2: STRUCTURE AND MUTATIONS
The leucine-rich repeat kinase 2 (LRRK2) encodes a large
multidomain protein with 2527 amino acids. Several
independent domains have been established or predicted for
the LRRK2 protein, including an ankyrin-like (ANK) domain, a
leucine-rich repeat (LRR) domain, a Ras (renin-angiotensin
system) of complex (Roc) domain, which belongs to the Ras
GTPase family, followed by a C-terminal of ROC (COR)
domain, a kinase (Kinase) domain, and a C-terminal WD40
domain (Figure 1).16−18

Beside the structural homology to the MAP kinase kinase
kinases (MAPKKK) LRRK2 shares other biochemical features
with MAPKKK, like autophosphorylation and interaction with
kinase-specific chaperones.19 LRRK2 is expressed in various
brain regions and in several other organs, for example, in the
lung, kidney, and heart.20−22 LRRK2 efficiently phosphorylates
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moesin at Thr558 in vitro, raising the idea that moesin may be a
physiological substrate of LRRK2. Moreover, ezrin and radixin
are phosphorylated by LRRK2, which are involved in moesin
binding actin.23,24 LRRK2 predominantly exists as a dimer
under native conditions. The wild-type (wt) LRRK2 dimer
displays increased kinase activity versus its monomeric
counterpart.25,26 More than 20 LRRK2 mutations have been
linked to autosomal-dominant parkinsonism, and five of them
are considered definitely pathogenic (R1441C, R1441G,
Y1699C, G2019S, I2020T).17,18,27 The most common muta-
tion, which is present in more than 85% of PD patients carrying
LRRK2 mutations, is G2019S.28 In some ethnic groups the
frequency of the LRRK2-G2019S mutation has been found to
be even higher. For example, 13−40% of all PD patients in the
Ashkenazi Jewish and northern African Arab population have
this mutation, whereas in the Asian population this mutation is
much less common.17,28 The G2019S, R1441C, and R1441G
mutations increase the LRRK2 kinase activity and both the
kinase as well as the GTPase activities of LRRK2 are required
to induce cell death.6,29−32 The GTPase domain-associated
R1441C mutation in combination with the G2019S kinase
domain mutation increased the kinase activity up to 7-fold
relative to wild-type protein.33 It was reported that expression
of G2019S mutant in Drosophila dendritic arborization
neurons causes several dendrite defects, including tau
mislocalization in dendrites, tau hyperphosphorylation at the
T212/S214 sites, dendrite degeneration, and microtubule
fragmentation.34 Furthermore, the LRRK2-G2019S mutant
caused a progressive degeneration of nigral dopaminergic
neurons in rats.35 In addition, the autokinase activity of the
LRRK2 mutant I2020T was found to be increased in
comparison to wild-type.19 Mutations within or near the
GTPase domain including R1514Q, Y1699C, and I1371V
increase kinase activity, while the alteration of the lysine residue
K1347A leads to an ablation of this. The I1122V mutation in
the LRR domain nominally increases kinase activity, whereas
the D1994A and K1906M mutations in the kinase domain are

able to diminish respectively to inhibit kinase activity.31

Replacing the kinase domain with a “kinase-dead” version
blocks inclusion body formation and delays cell death.36 In
addition, LRRK2 is able to phosphorylate MAPKKK 3, 4, 6,
and 7 in vitro. This indicates that MAPKKK are molecular
targets of LRRK2 mutants, whereby LRRK2 could be linked to
neurotoxicity, cellular stress, and apoptosis.37,38 LRRK2
provides a potential therapeutic target utilizing the knowledge
gained in neuroprotective kinase inhibition.

■ IN VIVO MODELS AND STUDIES

Several studies using in vivo models of LRRK2 fostered the
understanding of neurobiology, pathogenesis, and utility of
potential therapeutics. The Drosophila model revealed that a
LRRK2 loss-of-function mutant leads to significantly impaired
locomotive activity and that LRRK2 is critical for the integrity
of dopaminergic neurons (DA).39 Another study showed that
transgenic Drosophila harboring G2019S, Y1699C, or G2385
LRRK2 variants exhibit late-onset loss of DA and reduced
lifespan.40 Liu et al. used the GAL4/UAS system to generate
transgenic Drosophila expressing either wild-type human
LRRK2 or LRRK2-G2019S. They reported that expression of
either wild-type human LRRK2 or LRRK2-G2019S in the
photoreceptor cells caused retinal degeneration. Furthermore,
they observed that expression of LRRK2 or LRRK2-G2019S in
neurons produced adult-onset selective loss of dopaminergic
neurons and locomotor dysfunction.41,42 Overexpression of
human LRRK2 wild-type, R1441C, and G2019S in DA of
transgenic C. elegans models was sufficient to induce neuro-
degeneration and behavioral deficits, whereas knockout of the
C. elegans LRRK2 homologue, LRK-1, prevents the LRRK2-
induced neurodegeneration.43 The blockage of zebrafish
LRRK2 protein by morpholinos caused embryonic lethality
and severe development defects such as growth retardation and
loss of neurons. In addition, the deletion of the WD40 domain
of zebrafish LRRK2 by morpholinos revealed Parkinsonism-like

Figure 1. Schematic illustration of domains and most common PD-linked point mutations of LRRK2. Red marked mutations have been linked to
altered kinase activity. ANK, ankyrin-like domain; LRR, leucin-rich repeat domain; Roc, Ras of complex domain, which belongs to the Ras GTPase
family; COR, C-terminal of Roc domain; Kinase, kinase domain; WD40, C-terminal WD40 domain. The five putatively pathogenic mutations are
enlarged.
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phenotypes, including loss of dopaminergic neurons in the
diencephalon and locomotion defects.44 Remarkably, another
research group failed to reproduce the phenotypic loss of
dopaminergic neurons in zebrafish.45 Nevertheless, the zebra-
fish model may be a useful vertebrate model. The presence of a
LRRK2 protein excess in LRRK2 wild-type and G2019S mice
showed exacerbated α-synuclein A53T-mediated cytotoxicity.
This result raised the idea that inhibition of LRRK2 expression
may provide an applicable strategy to ameliorate α-synuclein-
induced neurodegeneration in PD.46 Expression of full-length
LRRK2 wild-type did not induce any significant neuronal loss
in the nigrostriatal system of adult rats, whereas expression of
human LRRK2-G2019S mutant causes progressive degener-
ation of nigral dopaminergic neurons.35 Bacterial artificial
chromosome (BAC) transgenic mice expressing LRRK2 wild-
type, LRRK2-R1441G, and LRRK2-G2019S have shown
evidence of neurodegeneration.24,47,48 Furthermore, the
LRRK2-R1441G BAC transgenic mice revealed tau to be
hyperphosphorylated in brain tissues.48 However, LRRK2
knockout mice lacking the kinase domain of LRRK2 are viable
and live a normal life span. Thus, LRRK2 is not essential for
mouse development and maintenance of DA.49 However,
expression of the human LRRK2-G2019S mutation in trans-
genic mice is sufficient to recreate the slowly progressive
degeneration of dopaminergic neurons that forms the hallmark
pathology of familial and sporadic PD.50 Several mice studies
investigated the potential of LRRK2 as therapeutic strategy for
the treatment of PD.51−57 Two independent lines of LRRK2
germ-line deletion mice indicated that LRRK2 plays an
essential role in the regulation of protein homeostasis during
aging. Therefore, the authors concluded that LRRK2 inhibition
may not represent a suitable therapeutic strategy for the
treatment of PD.54 Another research group created inducible
transgenic rats expressing LRRK2 with G2019S substitution
and recapitulated the initiation process of dopaminergic
dysfunction. However, the mutation was not sufficient to
develop dopaminergic neurodegeneration or to induce neuron
death in transgenic rats.57 Data obtained from a R1441C
knockin mouse suggested that this mutation impairs stimulated
dopamine neurotransmission and D2 receptor function. The
R1441C mutation could represent pathogenic precursors
preceding dopaminergic degeneration in PD brains.53 A novel

herpes simplex virus (HSV) amplicon-based mouse model of
LRRK2 dopaminergic neurotoxicity was developed to deter-
mine the efficacy of several LRRK2 kinase inhibitors.
Nonetheless, a significant loss of tyrosine hydroxylase-positive
neurons was induced due to HSV amplicon-mediated delivery
of LRRK2-G2019S, whereas the HSV amplicon-mediated
delivery of LRRK2-D1994A caused no neuronal loss. The
injection of the LRRK2 kinase inhibitors can attenuate the loss
of tyrosine hydroxylase-positive neurons induced by HSV-
G2019S. Thus, the inhibition of LRRK2 kinase activity may
hold potential to protect against LRRK2 toxicity and
consequently for the treatment of neurodegeneration in
PD.58 Hence, LRRK2 kinase inhibition holds potential for the
treatment of PD. In the following, we will give a summary of
small molecule LRRK2 kinase inhibitors. The inhibition effect
of ROCOLRRK2 fragments will not be discussed.59

■ SMALL MOLECULE KINASE INHIBITORS FOR
LRRK2

LRRK2 is a large protein with several discrete domains. It
surfaced as a therapeutic target when the kinase activity and the
most common LRRK2 mutation, G2019S, were associated with
neurotoxicity and PD. The first LRRK2 inhibitors derived from
library screening efforts were mostly ATP-competitive. There
are only few inhibitors, which were specifically developed to
inhibit LRRK2. Thus, the majority of the compounds inhibits
more than one kinase at the concentration indicated in the
tables. The data in Table 1 derived from a limited number of in
vitro assays using wild-type LRRK2 and G2019S-LRRK2.
These assays vary in the concentration of LRRK2-constructs,
substrate, and ATP; thus, the mere comparison of IC50 is
misleading. The high sensitive assays utilize radioisotopes,
which allow detection of both autophosphorylation and
substrate phosphorylation, but are less suitable for high-
throughput screening (HTS). High-throughput capability was
achieved by time-resolved fluorescence resonance energy
transfer (TF-FRET) and the amplified luminescent proximity
homogeneous (AlphaScreen) assays.62 Although truncated
LRRK2 and its full-length analog display similar phosphor-
ylation activity, differences have been noticed. This may be a

Table 1. Staurosporine and Derivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

1 Staurosporine ∼1 nM;b 2 nM;b 8.2 nM;d 40 nMe 0.2 nM;f 1.8 nM;c 40 nMe GST-moesin; LRRKtide; MBPg 2 58, 60−62
2 K-252a ∼25 nM;b 3.6 nMc 2.8 nMc LRRKtide 60, 61
3 K-252b ∼50 nMb LRRKtide 61
4 Gö6976 ∼250 nMb LRRKtide 61

aNumber of all kinases, including LRRK2. bGoat GST-LRRK2. cGST-LRRK2 (970−2527; wt/G2019S). dfull-length LRRK2. eGST-LRRK2 (wt/
G2019S). fFull-length Strep-tag LRRK2 (G2019S). gMyelin basic protein (MBP).
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result from the utilization of different substrates, for example,
LRRKtide and myelin basic protein (MBP).60,63

Staurosporine (1) is one of the widely used kinase inhibitors.
This unselective compound equipotently inhibited both wild-
type LRRK2 and LRRK2-G2019S (truncated and full-length)
with an IC50 ranging from 0.2 to 40 nM (Table 1).58,60−62 Its
inhibitory effect concerning LRRK2 was determined in
different in vitro assays, for example, radioactive, TF-FRET,
and AlphaScreen assay. These assays utilized different
substrates such as synthetic peptides, for example, LRRKtide
and potential physiological substrates: GST-Moesin. Staur-
osporine (1) had a similar inhibitory profile against LRRK1/
LRRK2 autophosphorylation and MBP phosphorylation.58 Its
isoindolinone derivatives K-252a/b (2/3) and Gö6976 (4) also
inhibited wild-type LRRK2 and LRRK2-G2019S in the
nanomolar range, whereas the maleimide analoga GF109203X
(5) and Ro31-8220 (6) inhibited wild-type and LRRK2-
G2019S in the low micromolar range only (Table 2).58,60,61

Ro31-8220 (6) is remarkable for the potent inhibition of MBP
phosphorylation with an IC50 of 50 nM in the TF-FRET assay.
The inhibitory potency of 5-Iodotubericidin (7) (Table 3)

and Sorafenib (8) (Table 4) was more than 4-fold higher for
LRRK2-G2019S compared to wild-type LRRK2.58 Sorafenib
(8) was up to 50% more selective for wild-type LRRK2 than for
wild-type LRRK1. LRRK2-G2019S induced toxicity in rat
primary cortical neuronal cultures (TUNEL assay) was
completely protected by 5 μM of Sorafenib (8). Furthermore,
it protected against LRRK2-G2019S-induced neurodegenera-
tion in C. elegans and in Drosophila.64

The indolinones GW5074 (9) and Indirubin-3'-monoxime
(10) were ∼3-fold more active concerning LRRK2-G2019S
than its corresponding wild-type. GW5074 (9) and Indirubin-
3'-monoxime (10) inhibited LRRK2-G2019S with IC50's of 880
nM and ∼1.3 μM, respectively.58,61 They inhibited the closely
related LRRK1 and LRRK2 in a similar manner. GW5074 (9)
and Indirubin-3'-monoxime (10) inhibited LRRK2-mediated

Table 2. Maleimide Derivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

5 GF109203X 2190 nMb 2620 nMb MBPc 2 58
6 Ro31-8220 2671 nM;d 50 nMb 1922 nM;d 5160 nMb LRRKtide; MBPc 2 58, 60

aNumber of all kinases, including LRRK2. bGST-LRRK2 (wt/G2019S). cMyelin basic protein (MBP). dGST-LRRK2 (970-2527; wt/G2019S).

Table 3. 5-Iodotubericidin as LRRK2 Inhibitor

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

7 5-iodo-tubericidin 14780 nMb 3410 nMb MBPc 2 58
aNumber of all kinases, including LRRK2. bGST-LRRK2 (wt/G2019S). cMyelin basic protein (MBP).

Table 4. Sorafenib as LRRK2 Inhibitor

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

8 sorafenib 5580 nMb 1230 nMb MBPc 2 C. elegans; Drosophila 58
aNumber of all kinases, including LRRK2. bGST-LRRK2 (wt/G2019S). cMyelin basic protein (MBP).
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phosphorylation of LRRKtide and MBP, and additionally the
phosphorylation of the eukaryotic translation initiation factor
4E-binding protein (4E-BPI), a putative physiological LRRK2
substrate. Furthermore, they attenuated LRRK2-G2019S
induced cell injury and cell death. GW5074 (9) rescued the
reduction of the density of tyrosine hydroxylase-positive fibers
in a herpes simplex virus (HSV) amplicon-based mouse model
of LRRK2 dopaminergic neurotoxicity. In addition, GW5074
(9) prevented LRRK2-G2019S induced inflammation, increase
in isolectin B4 (ILB4)-positive cells in the striatum and
substantia nigra pairs compacta.58 Both Sorafenib (8) and
GW5074 (9) were found to protect against LRRK2-G2019S-
induced neurodegeneration in C. elegans and in Drosophila.64

The well-known kinase inhibitor Sunitinib (11) was also
investigated concerning its ability to inhibit LRRK2 (Table 5).
It inhibited the LRRK2-mediated phosphorylation of Nictide
and LRRKtide with an IC50 of 15−79 nM (truncated wild-type
and LRRK2-G2019S).60,63,65 The selectivity of Sunitinib (11)
was profiled in a panel of 85 kinases. Sunitinib (11) inhibits
LRRK2-G2019S, its wild-type, and 12 further kinases at 1 μM
by more than 80%.60,63,65 However, the less selective Sunitinib
(11) is capable to suppress the activity of full-length LRRK2
expressed from Swiss-3T3 fibroblast cells.63 The apparent
potency of Sunitinib (11) to inhibit wild-type LRRK2 drops to

an IC50 of 370 nM at cellular ATP concentration (1 mM).66 In
addition, studies of endogenous LRRK2 activity and phosphor-
ylation in EBV-transformed lymphoblastoid cells, derived from
a PD patient harboring a homozygous LRRK2-G2019S
mutation, revealed that Sunitinib (11) inhibited the phosphor-
ylation of Ser910 and Ser935 more potently than in wild-type
cells.65 A comparable result was observed for the inhibitor H-
1152 (12) (Table 6). H-1152 (12) is a known ROCK2
inhibitor. This compound was profiled in a panel of 85 kinases
and found to inhibit Aurora B kinase, BRSK2, wild-type
LRRK2, and LRRK2-G2019S at the relevant concentration. H-
1152 (12) displayed IC50's ranging from 150 to 600 nM in
radioisotope or AlphaScreen phosphorylation assays of wild-
type LRRK2 and LRRK2-G2019S. Unfortunately, the structure
determination of the LRRK2 kinase domain by X-ray
crystallography was not reported yet. A docking analysis of
H-1152 (12) utilized homology modeling of LRRK2, by
superimposing the protein Cα atoms of the LRRK2 model with
the reported ROCK1-H-1152 complex. This analysis indicated
a backbone interaction with the NH atom of Ala1950 (PDB code
of ROCK1-H-1152 not published). Furthermore, the two
methyl groups of H-1152 (12) were observed to make
lipophilic contacts with the ATP binding site. The amino acid
Ala2016 was found to be close to H-1152 (12). This can

Table 5. Indolinone Dervivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2
LRRK2-
G2019S substrate selectivitya in vivo lit.

9 Raf-1 kinase inhibitor I
(GW5074)

∼500 nM;b 3150 nM
c

880 nMc LRRKtide; MBPd 2 HSVg amplicon-based mouse
model

58, 61

10 Indirubin-3′-monooxime 4830 nMc 1310 nMc MBPd 2 HSVg amplicon-based mouse
model

58

11 Sunitinib 79 nM;e 15 nMf 19 nM;e 26 nMf Nictide;
LRRKtide

85 60, 63, 65

aNumber of all kinases, including LRRK2. bGoat GST-LRRK2. cGST-LRRK2 (wt/G2019S). dMyelin basic protein (MBP). eGST-LRRK2 (1326−
2527; wt/G2019S). fGST-LRRK2 (970−2527; wt/G2019S). gHerpes simplex virus.

Table 6. Quinoline Derivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

12 H-1152 244 nMb 600 nM;c 150 nMb GST-Moesin; Nictide 85 62, 63, 65
13 Compound 4 4100 nMd 13 67

aNumber of all kinases, including LRRK2. bGST-LRRK2 (1326-2527; wt/G2019S). cfull-length Strep-tag LRRK2 (G2019S). dGST-LRRK2
(G2019S).
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contribute to crucial drug resistance, because the IC50 of H-
1152 (12) for the LRRK2 mutant A2016T increased up to
∼30-fold.63 Another commercially available quinoline deriva-
tive, Compound 4 (13), inhibited the autophosphorylation of
LRRK2-G2019S with an IC50 of 4.1 μM (Table 6). It was
screened in a small kinase panel of 13 kinases at 10 μM
concentration. There was no other inhibitory effect, except for
MLK1.67 This observation can be rationalized by the similarity
of the kinase domains of MLK and LRRK2. Compound 4 (13)
was analyzed in a homology model of LRRK2 using the
structure of the transforming growth factor-beta (TGF-β)
activated kinase 1 (TAK1; PDB code: 2EVA). This homology
model of the LRRK2 kinase domain with inhibitor Compound

4 (13) indicated hydrogen bond interactions between
Compound 4 (13) and Ala1950. It was found that the 4-
pyridine ring was located in the solvent exposed region of
LRRK2. Moreover, a comparison of ATP and Compound 4
(13) docking revealed that the 4-methyl quinoline moiety
overlapped with the adenine rings of ATP. The treatment of
murine dopaminergic SN4741 cells with 10 μM of Compound
4 (13) restored their cell survival rates in an oxidative stress-
induced test to the level of the control cells. The neurotoxicity
test with primary rat cortical neuronal cells revealed cell survival
rates of 85% at 10 μM and a significantly increased toxicity at
100 μM.67 In a kinase panel of 85 kinases the known ROCK
inhibitor Y-27632 (14) was found to additionally inhibit PRK2,

Table 7. Y-27632 as LRRK2 Inhibitor

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

14 Y-27632 2300 nMb 1800 nM;c 1000 nMb GST-Moesin; Nictide 85 62, 63
aNumber of all kinases, including LRRK2. bGST-LRRK2 (1326-2527; wt/G2019S). cFull-length Strep-tag LRRK2 (G2019S).

Table 8. Anthracene and Phenanthrene Derivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate substrate selectivitya in vivo lit.

15 SP600125 3100 nMb 5000 nMb MBPc 2 58
16 Damnacanthal 7810 nMb 9450 nMb MBPc 2 58
17 LDN-73794 3500 nMd PLK-peptide 2 68
18 LDN-22684e 6900 nMf 6100 nMf PLK-peptide 69

aNumber of all kinases, including LRRK2. bGST-LRRK2 (wt/G2019S). cMyelin basic protein (MBP). dPurified from BAC-transgenic mouse brain.
eNon-ATP competitive. fHuman LRRK2 (970-2527; wt/G2019S).

Table 9. Pyrimidine Derivatives as LRRK2 Inhibitors

IC50

no. name wild-type LRRK2 LRRK2-G2019S substrate selectivitya in vivo lit.

19 CZC-25146 4.76 nMb 6.87 nMb LRRKtide LRRKtide male CD-1 mice 71
20 CZC-54252 1.28 nMb 1.85 nMb LRRKtide LRRKtide male CD-1 mice 71
21 LRRK2-IN-1 13 nMc 6 nMc Nictide Nictide Male C57BL/6 mice 70

aNumber of all kinases, including LRRK2. bHuman LRRK2 (wt/G2019S). cGST-LRRK2 (1326−2527; wt/G2019S).
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MNK1, wild-type LRRK2 and LRRK2-G2019S at 10 μM
(Table 7). Y-27632 (14) inhibited truncated LRRK2-G2019S
with an IC50 of 1 μM in a radioisotope assay. Furthermore, the
full-length Strep-tag LRRK2-G2019S was inhibited with an IC50
of 1.8 μM in an AlphaScreen assay.62,63 The anthracene and
phenanthrene derivatives SP60012 (15), Damnacanthal (16),
LDN-73794 (17), and LDN-22684 (18) inhibited LRRK2-
G2019S and wild-type LRRK2 in the low micromolar range
(Table 8).58,68,69 LDN-73794 (17) was confirmed to be ATP
competitive, whereas LDN-22684 (18) was found to be a non-
ATP competitive inhibitor. Further studies revealed LDN-
22684 (18) to be neither GTP competitive nor substrate
competitive. Hence, it was deduced that LDN-22684 (18) is an
allosteric LRRK2 inhibitor.68,69 Three compounds were
especially developed to inhibit LRRK2, namely, CZC-25146
(19), CZC-54252 (20), and LRRK2-IN-1 (21) (Table 9).70,71

CZC-25146 (19) and CZC-54252 (20) inhibited the activity of
recombinant human wild-type LRRK2 with an IC50 ranging
from ∼1 to ∼5 nM. The G2019S mutant was inhibited with an
IC50 ranging from ∼2 to ∼7 nM in a TF-FRET assay. In
addition, they were screened against a kinase panel of 185
kinases and exhibited good selectivity. CZC-25146 (19)
inhibited five other kinases, PLK4, GAK, TNK1, CAMKK2,
and PIP4K2C, with high potency only, but none of them have
been classified as predictors of genotoxicity or hematopoietic
toxicity.72,73 Furthermore, it prevents mutant LRRK2-induced
injury of cultured rodent and human neurons with mid-
nanomolar potency. In vivo pharmacology established a volume
of distribution of 5.4 L/kg and a clearance of 2.3 L/h/kg for
CZC-25146 (19). Unfortunately, it exhibited a poor brain
penetration of just 4% (Table 10).71

A HTS and subsequent lead optimization provided the
LRRK2 inhibitor LRRK2-IN-1 (21). It inhibited both truncated
wild-type LRRK2 and LRRK2-G2019S with IC50 values of 13
and 6 nM, but LRRK2-A2016T and LRRK2-A2016T+G2019S
mutants were found to be ∼400-fold more resistant to LRRK2-
IN-1 (21) (Table 9).70 This was explained by a molecular
docking study of LRRK2-IN-1 (21) bound to a homology
model of LRRK2 (A2016T), which revealed an unfavorable
steric interaction as observed for H-1152 (12). The confirmed
reversible ATP competitive inhibitor LRRK2-IN-1 (21) was
selective in kinase panels containing more than 470 kinases.
Surprisingly, under the same conditions as employed for
LRRK2, LRRK2-IN-1 lacked inhibition of LRRK1. The kinase
panels revealed additional inhibition of DCLK1, DCLK2, as
well as MAPK7 and supported IC50's of greater than 1 μM for
AURKB, CHEK2, MKNK2, MYLK (smMLCK), NUAK1,
PLK1, and RPS6KA2. LRRK2-IN-1 (21) induced a similar
dose-dependent Ser910 and Ser935 dephosphorylation and loss of
14−3−3 binding to endogenous LRRK2 in human-derived

neuroblastoma SHSY5Y cells and mouse Swiss3T3 cells.
Pharmacokinetic studies of LRRK2-IN-1 (21) revealed a half-
life of 4.5 h and a bioavailability of 49.3% in mice (Table 10).
An insufficient blood-brain barrier (BBB) permeation was
concluded from the LRRK2 phosphorylation status in the
kidney versus brain, which imposes limits on this “useful first-
generation 'tool'”.70

So far, just a small number of LRRK2 inhibitors have been
synthesized and profiled in kinase panels. The best of the
reported compounds display both high activity and selectivity.
However, these reported best-in-class compounds do not pass
the BBB efficiently, which limits their potential in animal
models of PD. Maybe the patent literature holds additional
treasures, waiting to be released.74−79

■ CONCLUSION AND PERSPECTIVES

The importance of the G2019S mutation in the kinase domain
of LRRK2 derives from the association with the second most
common neurodegenerative disease: Parkinson’s disease. The
late-onset sporadic classical PD affects almost 2% of the world
population over 65 years of age.80 The availability of suitable
HTS assay formats such as TF-FRET or AlphaScreen provided
first inhibitors of LRRK2 activity with moderate selectivity.
Lead optimization resulted in first generation tools and second-
generation inhibitors, which displayed promising pharmacoki-
netic properties, but are limited by insufficient brain uptake or
brain activity. The increase in patent applications (e.g., Glaxo
Group Limited and Cellzome Limited) indicates a target on the
rise. TTT-3002, a drug candidate of TauTaTis, exhibited good
results in LRRK2 inhibition. A phase I clinical trial of TTT-
3002 is expected to start in 2011.74−79,81

The clinical development of LRRK2 inhibitors is impaired by
the lack of public data of relevant pharmacology, biology, and
even biomarkers. Moreover, the gain of function in LRRK2
mutations may require fundamentally different dosing regimes
for mutation carriers versus other PD patients resulting in
personalized medicine. This dosage may very up to 100-fold,
implying genomic profiling, patient stratification and a wide
therapeutic window. Several in vivo invertebrate models
indicate neurotoxic hyperactivity of LRRK2 kinase, but the
number of LRRK2 kinase activity studies in mouse models is
rather limited. New LRRK2 animal models may provide
essential information for target validation and suitable
biomarkers for end point identification in drug development.
Passage of the blood-brain barrier remains a challenge, yet
LRRK2 function may be important outside the CNS.
Moreover, the consequences of LRRK2 inhibition are not
sufficiently established in animal models or humans to conclude
a safe inhibition rate in mutation carriers or normal PD patients
nor to rule out therapy resistance in gain of function mutations.

Table 10. Pharmocokinetic Profile of the Currently Best Published LRRK2 inhibitors CZC-25146 and LRRK2-IN-1a

name route
dose

(mg/kg)
Tmax
(h)

Cmax
(ng/mL)

AUC0−∞
(h·ng/mL)

T1/2
(h)

CL
(mL/min/kg)

Vss
(L/kg) F (%)

BBB penetration
(%) lit.

CZC-25146 (male CD-1
mice)

IV 1 0 154 419−434 1.6 2.3 5.4 4 71
PO 5 0.25 1357 2878−2894 1 133

LRRK2-IN-1 (male C57BL/6
mice)

IV 1 2974 4.47 5.6 1.71 not efficiently 70
PO 10 1.0 1618 14758 49.3

aIV = intravenous injection; PO = oral delivery; Tmax = time of maximum plasma concentration; Cmax = maximum plasma concentration; AUC0−∞ =
area under the curve (measure of exposure); T1/2 = half life; CL = plasma clearance; Vss = volume of distribution; F = oral bioavailability; BBB =
blood-brain barrier.
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Furthermore, just a small number of substrates has been
reported to date and this may increase. Hence, an effective and
safe inhibition of LRRK2 kinase activity has yet to be confirmed
in vivo, in vitro. Any novel therapy must be evaluated against
established PD therapies, which results in either extended or
large clinical trials. A robust and approved biomarker may
enable shorter or smaller trials; however, this may take years to
develop and to gain approval.82−84 Recently, the LRRK-2
phosphorylation sites Ser910, Ser935, Ser955, and Ser973 were
suggested as biomarkers for LRRK2 because the treatment of
LRRK2 expressing cells with LRRK2-IN-1 (21) revealed these
phosphorylations to be disrupted. However, the kinases and
phosphatases responsible for the regulation of these phosphor-
ylation sites have yet to be identified.85

Type-I-kinase inhibitors are notorious for their selectivity
problems, which frequently cause adverse events in humans. In
addition, drug resistance or diminished activity has been
observed, which may be caused by kinase domain mutations.
LRRK2 features many mutations, which imposes problems to
find a useful drug candidate.63,70 A new generation of kinase
inhibitors, called type-II-inhibitors, may reduce some of these
problems.86,87 They bind to the ATP site and extend into an
adjacent allosteric site. This allosteric site is not as highly
conserved as the ATP binding site and may provide a strategy
to obtain improved selectivity. LRRK2 is a particularly
challenging target: the G2019S gain of function mutation
requires very efficient inhibition to reduce the activity to the
wild-type level. The lack of brain permeable inhibitors leaves an
open fundamental question: how much G2019S LRRK2
inhibition is required in vivo? In summary, it can be stated
that LRRK2 inhibition provides potential to treat PD, albeit
further research and clarification is inevitable.
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