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Abstract

Pathogenic missense variants in the leucine-rich repeat kinase 2 (LRRK2) gene have been identified through linkage analysis in
familial Parkinson disease (PD). Subsequently, other missense variants with lower effect sizes on PD risk have emerged, as
well as non-coding polymorphisms (e.g. rs76904798) enriched in PD cases in genome-wide association studies. Here we
leverage recent whole-genome sequences from the Accelerating Medicines Partnership-Parkinson’s Disease (AMP-PD) and
the Genome Aggregation (gnomAD) databases to characterize novel missense variants in LRRK2 and explore their
relationships with known pathogenic and PD-linked missense variants. Using a computational prediction tool that
successfully classifies known pathogenic LRRK2 missense variants, we describe an online web-based resource that catalogs
characteristics of over 1200 LRRK2 missense variants of unknown significance. Novel high-pathogenicity scoring variants,
some identified exclusively in PD cases, tightly cluster within the ROC-COR-Kinase domains. Structure–function predictions
support that some of these variants exert gain-of-function effects with respect to LRRK2 kinase activity. In AMP-PD
participants, all p.R1441G carriers (N= 89) are also carriers of the more common PD-linked variant p.M1646T. In addition,
nearly all carriers of the PD-linked p.N2081D missense variant are also carriers of the LRRK2 PD-risk variant rs76904798.
These results provide a compendium of LRRK2 missense variants and how they associate with one another. While the
pathogenic p.G2019S variant is by far the most frequent high-pathogenicity scoring variant, our results suggest that
ultra-rare missense variants may have an important cumulative impact in increasing the number of individuals with
LRRK2-linked PD.

Introduction
Missense variants in LRRK2 are one of the leading genetic causes
of neurodegeneration and Parkinson disease (PD) (1,2). Since
the discovery of the first missense LRRK2 variants linked to
PD in late 2004, seven causal variants are now known (3–7).
LRRK2 pathogenic variants have been identified through linkage-
based family studies. Genetic linkage studies depend on
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multiple affected carriers in large well-documented families,
with members living long enough where PD manifestation
becomes likely (8). Potentially pathogenic de novo mutations
and reduced-penetrance variants may not be easily resolved in
linkage studies or penetrant high-effect mutations outside of
large well-documented families. As larger and more com-
prehensive genetic sequencing studies are conducted in the
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general population, as well as different PD cohorts, efforts have
shifted toward understanding the potential contribution of novel
variants in disease susceptibility.

In a seminal contribution in 2011, Ross et al. (9) investigated
LRRK2 variants in an ethnically diverse multicenter study of PD
patients and controls and found 90 non-synonymous LRRK2mis-
sense variants. These variants included the p.N551K/p.R1398H
protective haplotype, and p.M1646T, p.R1628P and p.G2385R that
associate with PD risk. Since then,multiple genetic studies have
largely replicated the associations between these variants and
PD risk in novel cohorts as well as in meta-analysis (10,11).
Apparently unrelated to these missense variants or the known
pathogenic LRRK2 missense variants, common non-coding vari-
ants at the 5 end of LRRK2 are positively associated with PD risk
in large genome-wide association studies (GWAS), exemplified
by rs76904798 (3,12).

Biochemically, known pathogenic LRRK2 missense variants
appear to share a similar gain-of-function (GOF) consequence of
increasing LRRK2 kinase activity. Increased kinase activity man-
ifests through enhanced self-phosphorylation in cis (i.e. pS1292-
LRRK2 autophosphorylation) or in trans Rab-phosphorylation
(e.g. pT73-Rab10). However, most pathogenic mutations reside
outside of the LRRK2 kinase domain (13–15). Two recent stud-
ies focused on the identification of naturally occurring loss-of-
function (LOF) LRRK2 variants and their relation to PD and other
adverse behavioral phenotypes. Both studies concluded a lack
of known effect on disease risk with LOF LRRK2 variants (16),
specifically without modification of PD risk or protection from
PD in carriers (17).

Given the recent focus on LOF variants in LRRK2, here
we hypothesize that large whole-genome sequenced (WGS)
cohorts may provide added value in the identification of novel
pathogenic missense variants in LRRK2. We further predict that
these databases will help clarify how existing PD-linked LRRK2
variants might associate with one another. Using the newly
minted beta version of the Accelerating Medicines Partnership-
Parkinson Disease (AMP-PD, version 2) cohort, together with
the large Genome Aggregation Database (gnomAD, v.2.1.1), we
performed a focused investigation of emergent LRRK2 missense
variants, both previously annotated as well as novel. We identi-
fied an in silico pathogenicity classifier that correctly assigned all
known pathogenic LRRK2 mutations to assist in rank-ordering
rare and novel LRRK2missense variants of unknown significance
(VUS). We further utilized structure–function predictions in the
latest high-resolution LRRK2 structure to prioritize variants
that segregated into GOF or LOF prediction categories. Lastly,
we provide interactive web-based tools that allow for the
rapid interrogation of frequencies, predicted pathogenicity and
other attributes corresponding to individual LRRK2 missense
variants that might assist ongoing investigations of LRRK2 in
future biochemical and biomarker studies. As LRRK2-targeting
therapeutics enter clinical trial stages, we predict that a better
knowledge of genetic susceptibilities to disease encoded within
LRRK2 may better guide precision approaches for disease
modification strategies.

Results
Characteristics of the novel AMP-PD cohort

In December 2020 the AMP-PD version 2 (2020 v2_release)
released data corresponding to over 9800 participants with
WGS information. WGS data corresponding to the LRRK2 gene
were available for 9887 participants (Table 1 and Supplementary

Material, Table S1). In total, 2844 (28.8%) of these participants had
a clinical diagnosis of PD that was surmised from standardized
clinical criteria and conformity to National Institute of Neurolog-
ical Disorders and Stroke commondata elements (Fig. 1A) (18). To
note, 29% of participants are diagnosed with other neurological
conditions in addition to PD (Supplementary Material, Table S2).
Of these, 90% are diagnosed with Lewy body dementia (LBD).

Approximately 20% of all participants in AMP-PD diagnosed
with PD were positive for a missense variant associated with PD
in LRRK2, SNCA, GBA or PRKN. These variants are annotated in
the ClinVar database as potentially increasing lifetime risk for
PD (Fig. 1B). Overall, more cases than controls in AMP-PD have
known PD-associated variants in the LRRK2 gene (Fig. 1C). In
total, 61 participants were positive for both a GBA and LRRK2 risk
variant, represented by an equal number of PD cases and con-
trols in the cohort. The co-occurence of PD-linkedGBA and LRRK2
variants thus occurs without an apparent enrichment in the
proportion of cases from controls, results consistent with other
recent reports in other cohorts (19). Differences in age (unpaired
t-test, P< 0.0001) and sex (Chi square: 170.1, P< 0.00001) were
noted in the case and control representation in AMP-PD, with
the case (average age: 65; 61.6% male) group older on average,
with an overrepresentation of males in cases compared with the
control group (average age: 67; 45.7% male) (Fig. 1D and E).

Pathogenicity prediction identifies a hotspot
in the LRRK2 ROC-COR domain (Ex.30-Ex.37)
in AMP-PD participants

In total, 219 distinct non-synonymous missense LRRK2 variants
(with respect to reference assembly GRCh38:CM000674.2) were
present in AMP-PD participants (Fig. 2A and Supplementary
Material, Table S3). In comparison, a previous study detailing
exonic LRRK2 variants from Ross et al. study (2011) identified
90 non-synonymous missense variants in an ethnically diverse
cohort of 15 540 subjects. Of the 219 variants identified here,
only 53 overlapped with the past Ross study. Thus, 166 variants
in AMP-PD were not identified in the Ross et al. study, whereas
37 known variants from Ross were not found in AMP-PD. Each
variant in AMP-PD WGS data passed rigorous quality control
and harmonization standards according to the latest WGS
methods (see Materials and Methods). LRRK2 missense variants
were divided into known-pathogenic (i.e. high effect size on
lifetime penetrance for PD, i.e. odds ratios (ORs) >10), risk
variant (i.e. nominal ORs for PD risk <10) and protective (i.e. any
measurable effect on reduced risk for PD). As expected, most
variants can be classified as VUS. Of the 219 missense variants
in LRRK2 in AMP-PD, 44 were identified exclusively in PD cases
(Supplementary Material, Table S4), whereas 61 were found
exclusively in controls. Of the 44 case-only variants, six were
already reported as linked to PD-susceptibility in past studies.
Of these six, three are enriched in East Asian populations,
p.A419V:0.18 [variant: Rare Exome Variant Ensemble Learner
(REVEL) score], p.R1628P:0.55 and p.G2385R:0.044 (9,11,20).
Further, the p.Y2189C:0.40 variant had been linked to PD
susceptibility in the Arab-Berber population (9). Finally, the last
two variants had been described as case-exclusive variants
and nominated as pathogenic mutations (p.I2020T:0.98 and
N1437H:0.60, (21,22). Unexpectedly, 18 of the 219 missense
variants present in the AMP-PD cohort were not annotated
in the large (∼141 450 individuals) ethnically diverse gnomAD
database. Nine of these 18 variants further lack reference
numbers in dbSNP, and seven of these nine were found only
in PD cases (Supplementary Material, Table S4 and S5).
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Table 1. AMP-PD participants with WGS

Cohort Case (PD) Control Other Totala

BioFIND (BF) 99 70 3 172
Harvard Biomarkers Discovery (HB-PD) 639 531 3 1173
Lewy Body Dementia Study (LBD) 0 1965 2614 4579
LRRK2 Cohort Consortium (LCC) 242 357 0 599
Parkinson’s Disease Biomarkers Program (PDBP) 851 500 149 1500
Parkinson’s Progression Markers Initiative (PPMI) 923 722 128 1773
Steady PD Phase 3 90 1 0 91
Total 2844 4146 2897 9887

aTotal participants within the gatk_passing_variant

Figure 1. Description of disease-linked missense variants in the first iteration of the AMP-PD cohort. (A) Pie chart depicting diagnosis for 9887 participants that

correspond to available WGS data. ‘Case’ indicates a diagnosis of PD. ‘Control’ indicates neurologically healthy participants that were evaluated by movement disorder

specialists (see Materials and Methods). ‘Other’ indicates parkinsonism-related neurological disorders including LBD (representing 90% of this category), multiple-

system atrophy (MSA), essential tremor, progressive supranuclear palsy (PSP), Alzheimer’s disease, corticobasal degeneration, psychogenic illness, possible prodromal

PD (motor and non-motor) and other atypical parkinsonisms (see Supplementary Material, Table S2). (B) Distribution of PD-risk modifying non-synonymous (missense)

variants (e.g. disease-linked missense mutations) identified from AMP-PD participants (see Supplementary Material, Table S1 for descriptions of the individual studies

combined into the AMP-PD cohort). Subgroups include: LRRK2 variants, ‘LRRK2+’, missense variants include p.G2019S, p.R1441C, p.R1441G and p.R1441H and GBAI

variants, GBA+, missense variants include, p.E365K, p.T369M and p.N370S. Smaller subgroups of participants include PD-linked (typically compound heterozygous

in disease) missense variants in parkin ‘PRKN+’ that include p.T240M, p.R275W, p.G430D. α-Synuclein ‘SNCA+’ missense variants include p.A53T. ∼ 0.6% of AMP-PD

participants have both LRRK2 and GBAmissense variants associated with PD, ‘LRRK2+/GBA+’, and four participants have PD-associated variants in both GBA and PRKN,

‘GBA+/PRKN+’. (C) Breakdown within the subgroups identified from panel (B) as positive for a disease-linked missense variant according to diagnosis. Color scheme is

identical to that in panel (A). (D/E) Age at baseline and sex distribution of cases (D) and controls (E).

The biochemical effects of only a few variants in LRRK2 have
been explored (23). To help classify rare missense variants in
a manner agnostic of experimental conditions and underlying
assumption, the REVEL pathogenicity prediction tool assigns
scores to all possible missense variants as likely pathogenic and
damaging (REVEL scores from 0.5 to 1.0) to likely benign (scores
<0.5) with respect to disease causation. Across thousands of
genes associated with human disease, REVEL accuracy has been

estimated at ∼ 87% for known disease-causative missense vari-
ants (24–26). In the case of the LRRK2 gene, we found that the
REVEL tool successfully classified all known pathogenic LRRK2
missense variants clearly into the ‘likely pathogenic or damag-
ing’ category (all scores > 0.6). The score distribution included
(variant: REVEL score): p.G2019S: 0.97, p.R1441C: 0.73, p.R1441G:
0.64, p.R1441H: 0.64, p.Y1699C: 0.87, p.I2020T: 0.96 and p.N1437H:
0.60 (Fig. 2B). Thirteen novel missense variants (VUS) found in
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Figure 2. Identification and analysis ofmissense LRRK2 variants in AMP-PD.Non-synonymousmissense variants in LRRK2with respect to the LRRK2 sequence deposition

in reference assembly GRCh38:CM000674.2 (ENSG00000188906). (A) In total, 219 missense LRRK2 variants are aligned with conserved domains in the LRRK2 protein

(positioned below the x-axis), and the frequency in which these variants occur in the AMP-PD cohort (PD and control, y-axis, Supplementary Material, Table S3). LRRK2

domain annotation, from N- to C-terminal, are ARM=armadillo, ANK=ankyrin, LRR= leucine-rich repeat, ROC=Rab-like GTPase, COR=C-terminal of ROC, KIN=kinase

and WD40=WD40-repeat. Variants previously annotated in the literature that are associated with risk or susceptibility to PD are indicated as follows: green: suspected

protective, yellow: suspected risk and red: pathogenic. Novel variants, or those with an unknown contribution to disease, are indicated as light-blue. (B) Bubble plot

aligning all missense variants with protein sequence position and pathogenicity prediction score (y-axis: REVEL score, seeMaterials andMethods), alongwith frequency

in the AMP-PD cohort (larger bubble is more frequent). Color indicates the diagnosis of participant(s), where green is control-only, salmon is case-only, purple is ‘other’-

only and blue is found in a combination of cases, ‘other’ and controls (e.g. the incompletely penetrant pathogenic p.G2019S missense variant). Variants from all

participants are included. No removal of PD-linked variant carrying participants was conducted. An interactive browsing tool is available via https://nbviewer.jupyter.o

rg/github/west-lab/LRRK2Figures/blob/master/Interactive%20Figures/AMP-PD_LRRK2_New.html.

AMP-PD participants exhibit pathogenicity scores >0.6 (Table 2).
Notably, p.W817C:0.742, p.I2012T:0.664 (previously described in
both PD and healthy controls (27)) and p.G1900E:0.696 occur in

PD cases only in AMP-PD. Four variants that surpass the 0.60
REVEL threshold are found in LBD participants only (Table 2). The
majority (77%) of the novel variants that passed the empirically
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Table 2. Novel LRRK2 variants from AMP-PD exhibiting pathogenic REVEL score> 0.600

Protein variant Revel Score Case Control Other Total

p.R1728L 0.763 0 2 2 4
p.W1742La 0.750 0 0 1 1
p.W817Cb 0.742 1 0 0 1
p.R1728Ha 0.721 0 0 1 1
p.R1957Ca 0.714 0 0 1 1
p.I1260Sa 0.710 0 0 1 1
p.E899D 0.702 1 0 1 2
p.G1900Eb 0.696 1 0 0 1
p.R1334Q 0.669 1 0 1 2
p.I2012Tb 0.664 1 0 0 1
p.L1795F 0.638 3 7 0 10
p.D1429G 0.636 0 1 0 1
p.Q1648R 0.629 1 2 0 3

aVariants exclusive to LBD participants
bVariants exclusive to PD participants

derived cutoff of REVEL 0.60 in AMP-PD localized to the ROC or
CORdomain (Fig. 2B). To visualize the distribution of allmissense
variants, frequency, position in LRRK2 protein, and REVEL score,
we developed an integrated browser available online.

LRRK2 missense variant multiplicity
in AMP-PD participants

Approximately one-third of the AMP-PD cohort participants
have three or more missense variants in LRRK2 (Fig. 3A). We
assessed whether any of the known PD-associated LRRK2 mis-
sense risk variants (Fig. 2A) were over-represented in PD cases in
combination with one another. We identified a reported PD-risk
variant, p.M1646T, in all p.R1441G carriers (n=89). However, the
p.M1646T variant was not present in any p.R1441C carriers and
not significantly enriched in the pathogenic p.G2019S variant
carriers (M1646T population frequency=0.02, n=794, Fisher’s
exact P> 0.48, Fig. 3B–F, Supplementary Material, Table S6).
p.M1646T by itself, more common than p.R1441G, is a reported
risk variant that increases likelihood of PD (9).

In the interrogation of the gnomAD and AMP-PD European
cohorts, eight LRRK2 missense variants exist at a population
frequency >0.01 (Table 3). Interestingly, four of these eight
variants have been reported as independently associated
with PD susceptibility (2,9,28). These four variants include
the p.N551K/p.R1398H protective haplotype and risk variants
p.M1646T and p.N2081D (9,29). Unlike the pathogenic LRRK2
variants mentioned previously, these variants do not have
REVEL scores > 0.600. The remaining four common missense
variants in LRRK2, p.I723V, p.R1514Q, p.P1542S and p.S1647T,
have not previously been associated with PD risk. The largest
aggregate of GWAS data identifies common non-coding variants
in the 5 end of the LRRK2 gene, exemplified by rs76904798,
associated with increased PD risk [OR=1.15, confidence interval
(CI) 95%: 1.09–1.2] (3). In excluding the carriers of rs76904798
from the AMP-PD European cohort, we found that nearly all
carriers of the PD-linked p.R1514Q variant and p.N2081D variant
were likewise excluded (90% of p.N2081D and 82% of p.R1514Q,
Table 3). Significant decreases in the frequencies of the other
common LRRK2 missense variants were not observed in this
cohort. These results suggest that the PD linked 5 non-coding
SNPs in LRRK2 drive the association of p.R1514Q and p.N2081D
with PD either in full or in part.

Table 3. Frequencies of common LRRK2missense variants in cases and
controls

Protein varianta AMP Case
(n=2615)b

AMP Case  5

SNP (n=1953)b
P-valueb

p.Asn551Lys 0.123 0.144 n.s.
p.Ile723Val 0.163 0.193 n.s.
p.Arg1398His 0.123 0.144 n.s.
p.Arg1514Gln 0.017 0.003 2.0×10 −5

p.Pro1542Ser 0.046 0.050 n.s.
p.Met1646Thr 0.046 0.054 n.s.
p.Ser1647Thr 0.570 0.627 n.s.
p.Asn2081Asp 0.050 0.005 8.0×10 −9

p.Met2397Thr 0.900 0.892 n.s.

aLRRK2 missense variants with frequency> 0.01 in AMP-PD
bFisher’s exact test, comparison of AMP-European case cohort with and without
the rs76904798 5 SNP. Bonferroni corrected. n.s. is P> 0.05

Rare missense LRRK2 variants with high predicted
pathogenicity in gnomAD

Through the analysis of known and novel LRRK2 missense vari-
ants in AMP-PD, we hypothesized that the REVEL pathogenicity
prediction tool may have utility to characterize novel LRRK2mis-
sense variants annotated in the much larger gnomAD database
where participants have an uncertain neurological diagnosis
or potential for PD risk. We found that the current version of
gnomAD (see Materials and Methods) annotated 1259 distinct
LRRK2 missense variants (Supplementary Material, Table S7).
The number of distinct missense variants in the LRRK2 locus
was not significantly more than expected compared with the
closest paralogous gene LRRK1 that is not associatedwith human
disease (size corrected, LRRK1: 0.515, LRRK2: 0.489;Chi square:
0.42, P=0.527).

We developed an interactive browser to visualize the distri-
bution of frequency, position in LRRK2 protein and REVEL score,
with binning of variants by genetic ancestry (https://nbviewe
r.jupyter.org/github/west-lab/LRRK2Figures/blob/master/Intera
ctive%20Figures/BubbleChartRaceFreq.html). Missense variants
spread equally across the entirety of the LRRK2 coding domains
without apparent bias in distribution (Fig. 4A). Of the 1259
missense variants identified, 10.7% (n=135) scored above the
REVEL ‘likely pathogenic’ threshold we empirically determined
based on the known pathogenic LRRK2 variants (i.e. >0.6). In
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Figure 3. LRRK2 missense variant combinations in AMP-PD participants. (A) Column graph indicating the number of non-synonymous missense variants identified

within AMP-PD participants with respect to LRRK2 (reference assembly GRCh38:CM000674.2). All variants included with exception of R50H (rs2256408) (see Materials

and Methods). The number of individuals with no LRRK2 variants from consensus (5.2%, sans R50H) is not shown. Pie charts of (B) participants with (percentage of

group) or without the p.M1646T missense variant from controls or (C) cases, (D) p.G2019S variant carriers, (E) p.R1441C variant carriers, (E) p.R1441C variant carriers

and (F) p.R1441G variant carriers.

comparison, only 8.68% of total variants of the less-ethnically
diverse AMP-PD cohort scored above the 0.6 threshold. Peak
clusters of pathogenic scores are localized almost exclusively in
the ROC and kinase domains, with intermediate scores dipping
in the COR domain and trailing to the WD40 domain. Overall,
109 high-scoring variants in the ROC-COR-Kinase domain were
identified, compared with only 30 variants throughout the rest
of the protein (Supplementary Material, Table S8). All variants
scoring >0.6 in pathogenicity scores were rare, with individual
allelic frequencies all <0.001 in gnomAD. The combined allelic
frequencies for all rare high-pathogenicity scoring variants
in the ROC-COR-Kinase domain totals 0.002 for all variants
or ∼1 in 500 gnomAD participants. The pathogenic p.G2019S
variant, at an allelic frequency of 0.0005, accounts for ∼ 26%
of this combined frequency, with p.G2019S by far the most
common of all high-pathogenicity scoring missense variants in
the gnomAD cohort. Thus, ∼ 74% of the rare high-pathogenicity
scoring variants in the entirety of the gnomAD population are
not accounted for by known LRRK2 pathogenic mutations (e.g.
p.G2019S or p.R1441G).

Structural modeling of high-REVEL scoring missense
variants in LRRK2

Several of the high-pathogenicity scoring missense variants
localize to stretches of the LRRK2 protein that correspond to
high-resolution structural information (30). We hypothesized

that structural alignments of the novel missense VUS identified
in AMP-PD and gnomAD may provide clues as to the possible
functional effects of high-scoring pathogenicity variants. In
particular, whether a gain or loss of LRRK2 protein function
might be predicted.We selected a subset of variants for analysis
with the highest REVEL scores that correspond to proposed
high-resolution structures.

Within the ROC domain, the highest scoring variants
include (variant: REVEL score) p.D1394V:0.977 and p.T1348P:0.848
(Fig. 5A and B). The evolutionary conserved residues T1348 in
the p-loop and D1394 in the switch II loop together interact
directly with Mg to coordinate GTP positioning through charge
interactions (31,32). In aligned models, both the missense
variants p.T1348P and p.D1394Vmight interrupt Mg interactions
that might decrease GTP hydrolysis activity (Fig. 5C, (33,34)).
Through understanding the biochemical effects of R1441C,
decreased GTPase activity might increase LRRK2 kinase activity
as well as trans phosphorylation activity in the phosphorylation
of Rab substrates (13,14,35). Other ROC and COR domain variants
were all outside of known high-resolution structures.

Within the kinase domain, the highest scoring variants
include (variant: REVEL score): p.L1885V:0.793, p.P1930R:0.882,
p.A1950T:0.866, p.G1953R:0.984, p.R1957C:0.714, p.V1978L:0.770,
p.F2059L:0.952, p.R1993Q:0.924, p.N1999S:0.862 and the case-
only AMP-PD variant G1900E:0.696 (Fig. 5D). Residues L1885,
A1950, G1953 and R1957 localize within the conserved adenosine
binding pocket (36). Substitutions at these residues might alter
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Figure 4. Identification and analysis of missense LRRK2 variants in gnomAD. (A) Bubble plot for missense variants in gnomAD participants (v2.1.1; https://gnomad.broa

dinstitute.org). The size of the bubble represents the relative frequency of the variant. The x-axis aligns the bubbles across conserved domains in LRRK2. The y-axis

indicates the REVEL pathogenicity prediction score (26). LRRK2 domains are: ARM, ANK, LRR, ROC, COR, KIN and WD40. (B) Seven pathogenic LRRK2 variants (red boxes)

known to cause PD and the corresponding REVEL scores. (C) Blue boxes highlight seven missense variants found only in PD cases in AMP-PD that were not identified

in any participant in gnomAD, with REVEL scores indicated for each of these variants. An integrated browser is available via https://nbviewer.jupyter.org/github/west-

lab/LRRK2Figures/blob/master/Interactive%20Figures/BubbleChartRaceFreq.html.

the binding affinity of ATP. For example, p.A1950 on the hinge
motif directly interacts with N1 within ATP through hydrogen
bonding (37). p.A1950T might increase affinity by forming an
extra hydrogen bond between the hydrogen on the hydroxyl
group of threonine and N3 on ATP (Fig. 5E). Further, the N1999
residue may interact with the conserved D1994 residue on the
catalytic loop (H/YRD)motif through potential hydrogen bonding
(Fig. 5F). The nearby N1999S variant might interrupt hydrogen
bonding and affect the catalytic activity through altering the
position or the charge distribution of the catalytic D1994
residue. The p.R1993Q substitution might also affect functional
positioning of the critical D1994 aspartic acid residue common
to most protein kinases (37,38). We predict these variants might
activate LRRK2 kinase activity.

In contrast, the p.P1930R variant lies within the conserved β-
turn segment in the kinase domain, likely disrupting bonds with
residues L1932 and H1929 (dashed line) with a possible delete-
rious structural effect needed for kinase activity (Fig. 5G). Lastly,
V1978 on α-helix 4 and F2059 on α-helix 7 are hydrophobic spine
residues that might stabilize the C-lobe of the kinase domain
(37). The variants p.V1978L and p.F2059L are thus predicted

to increase the overall structural flexibility (Fig. 5H). However,
because of a lack of knowledge of how the hydrophobic spine
regulates LRRK2 kinase activity,we cannot predictwhether these
variants might serve in LOF or GOF capacities and thus await
functional assessments.

Overall, these structural analyses suggest some high-REVEL
scoring LRRK2missense variantsmay be destructivewith respect
to LRRK2 enzymatic function, whereas other missense variants
are plausibly activating or otherwise promoting LRRK2 enzy-
matic function.

Discussion
This study contributes several novel observations and tools that
describe LRRK2 missense variant combinations in emergent
WGS cohorts. First, we provide an initial characterization of the
AMP-PD cohort. Novel missense variants with high pathogenic-
ity scores were identified in AMP-PD, mainly clustered in the
ROC and COR domains. Some of these variants were identified
exclusively in PD cases, absent from the larger gnomAD cohort
(Fig. 6A). These include p.W817C, p.V1330M, p.P1865R, p.G1900E



Human Molecular Genetics, 2021, Vol. 30, No. 6 461

Figure 5. Structural models of high-REVEL LRRK2 missense variants in the ROC and kinase domains suggest both LOF and GOF variants. (A) cryo-EM structure of

LRRK2 bound with GDP and Mg2+ (6VNO) (30) was used to model variants from gnomAD predicted to alter protein function (REVEL scores >0.700). ROC variants and

their corresponding REVEL scores include: p.D1394V:0.977, p.L1351S:0.806, p.T1348P:0.848, p.G1344R:0.719, p.D1420H:0.786. Red-colored variants are discussed in text. (B)

Blow-up model of variants predicted to interact in the Mg-binding pocket. p.T1348P and p.D1394V may interfere with Mg binding. (C) Magnification of the GXP-binding

pocket in the ROC-domain. H1453 interacts with the guanosine group in GTPase activity, disrupted by p.D1420H. (D) AppCp and Mg2+ is docked into the LRRK2 cryo-EM

structure(6VNO) based on the crystal structure of the G1179S Roco4 Kinase Domain bound to AppCp and Mg2+ from D. discoideum (PDB ID 4F1M) (36). REVEL scores for

novel variants include p.L1885V:0.793, p.A1950T:0.866, p.G1953R:0.960, p.R1957C:0.714, p.V1978L:0.809, p.F2059L:0.952, p.R1993Q:0.924, p.N1999S:0.862, p.P1930R:0.882. (E)

Blow-up model of the ATP-binding pocket with variants that may affect ATP binding. (F) The Mg-binding pocket in the LRRK2 kinase domain, demonstrating p.N1999S

potentially interrupts hydrogen bond interactions (dashed lines) with the highly conserved D1994 residue required for kinase activity (H/YRD motif). p.R1993Q:0.924,

another potentially disrupting variant within this loop, is also positioned in the model. (G) Magnification of the structure-altering variant p.P1930R:0.882 that lies

within the conserved β-turn segment, likely disrupting bonds with residues L1932 and H1929 (dashed line). (H) Predicted function-altering variants, p.V1978L:0.809 and

p.F2059L:0.952, lie on the hydrophobic spine and would likely disrupt hydrophobic interactions critical for overall conformational regulation of the kinase domain.

among others. Second,we developed interactive online browsing
tools for rapid evaluation of LRRK2 missense variants as they
emerge in different sequencing efforts. These tools allow the
visualization of a concentration of novel potentially pathogenic
variants in the ROC-COR-Kinase domain in LRRK2 (Fig. 6B). Third,
we clarify important relationships between LRRK2 variants not
previously described. The two most important observations
from this analysis include the finding that all carriers of the

p.R1441G variant in AMP-PD also carry the disease-linked
p.M1646T variant, and nearly all carriers of the risk variant
p.N2081D, associated with both Crohn’s disease and PD, are also
positive for the 5 non-coding LRRK2 risk variants identified
by GWAS (i.e. rs76904798). Fourth, we are able to nominate
several novel and very rare LRRK2 missense variants with
high potential for pathogenic GOF. The analysis suggests that
although the p.G2019S variant is by far the most frequent
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Figure 6. Summary of LRRK2 variant discoveries from both AMP-PD and gnomAD. (A) Pie chart showing the distribution of the 219 LRRK2 variant in case (PD), control,

LBD or multiple participants from each group, ‘Non-exclusive’ from AMP-PD. ‘Other’ refers to either MSA-exclusive (N=2, p.R924C and p.A75G), PSP (N=1, p.K657I) and

prodromal PD (N=2, p.S1096C and p.T146S). Case-only (PD) variants are listed in Supplementary Material, Table S4. (B) Pie chart showing the portion of LRRK2 variants

from gnomAD with less REVEL score ≤0.599 (black) or ≥0.6 (white). Smaller pie chart represents the distribution of location within LRRK2 for variants that are at or

exceed the REVEL score of 0.6 in gnomAD (N=139). List of gnomAD variants > 0.6 are described in Supplementary Material, Table S8.

of the high-scoring pathogenic variants identified in either
AMP-PD or gnomAD cohorts, collectively, cumulative frequen-
cies of other rare variants with very high pathogenicity scores
have the potential to significantly add to the number of
individuals with high-effect LRRK2 missense variants.

Both the National Institutes of Health (NIH) and the Michael
J. Fox Foundation for Parkinson’s Research (MJFF) have invested
into the collection and WGS analysis of different cohorts of
participants. The participants in the second release of AMP-PD
utilized here are split between Parkinson’s Disease Biomarker
Program (PDBP) samples (N=1500), Lewy Body Disease Study
(N=4579), Steady Phase 3 PD (N=91) and the MJFF Parkinson’s
Progression Markers Initiative samples (N=1773), LRRK2 Cohort
Consortium (N=599), Harvard Biomarkers Discovery (N=1173)
and 172 participants from BioFIND. Most participants in these
series are longitudinally followed, with clinical information
updated regularly, and existing biospecimens deposited and
available for analysis. As expected, variants in LRRK2 and GBA
account for most of the PD cases with known PD-associated
missense variants. However, it is worth noting that AMP-PD
(version 2, December 2020) is not an accurate representation
of the general PD population, since recruitment of some arms
of the included cohorts bias toward GBA, LRRK2 and SNCA
affected and unaffected carriers. Additionally, it is worth noting
that AMP-PD is also enriched in LBD patients, represented just
under the frequency of PD cases (26% versus 29% respectively).
The 61 participants harboring both LRRK2 and GBA missense
variants linked to PD are split equally in numbers between
cases and controls, suggesting no dramatic effects on additive
susceptibility as recently demonstrated by others (19).

With the assumption of the possible existence of penetrant,
high-effect, novel LRRK2 missense variants that are exclusive to
PD cases, 16 variants in particular caught our interest in AMP-
PD cases because they were absent from the control cohorts as
well as the much larger genome sequencing database gnomAD.
Of these 16, two variants have elevated REVEL pathogenicity
scores equal to or higher than some known pathogenic LRRK2
variants. Three variants of particular interest are within the
ROC-COR-Kinase stretch of LRRK2 protein (p.V1330M, p.P1865R
and p.G1900E) and a fourth lies in the N-terminal Ankyrin
domain (p.W817C). The novel p.P1865R (COR-Kinase, REVEL

score 0.47), p.V1330M (ROC, REVEL score 0.39) and p.G1900E
(Kinase, REVEL score 0.696) variants are attractive candidates
for biochemical analysis.

Allowing for incomplete penetrance or the existence of the
variant in the general population (gnomAD),many other variants
of interest emerge.Notably, the p.R1334Q (ROC, REVEL score 0.67)
variant exceeds pathogenicity scores of several known LRRK2
pathogenic variants. In this vein, the previously recognized PD
risk variant p.R1628P (COR, REVEL score 0.55), and the novel
p.R1628C variant (REVEL score 0.45) also emerge with borderline
pathogenicity scores. Outside of the ROC-COR-Kinase domain,
the only variant in a PD case with an elevated pathogenicity
score localized to the ANK domain (p.W817C, REVEL score 0.742).
We hypothesize that the addition of this cysteine might affect a
disulfide bridge that structurally connects the missense variant
back to the ROC-COR-kinase stretch of LRRK2 protein, although
there are no high-resolution structures available to support or
refute this hypothesis. An additional Ankyrin-localized, high-
REVEL scoring variant (p.E899D, REVEL score 0.702) was iden-
tified in one PD case and one LBD case. Further biochemical
analyses of all of these nominated variants seem warranted.
Within the conserved ROC and Kinase domains, many high-
pathogenicity scoring variants were identified in different races
and ethnicities that are not (or poorly) represented in AMP-
PD. We predict that a more inclusive approach to future inclu-
sions in AMP-PD will open a wide-range of new variants of
interest to understand the biochemical basis of LRRK2-linked
disease.

On the basis of population frequencies, the vast majority
of PD cases currently identified with pathogenic LRRK2 mis-
sense variants carry p.G2019S, or more rarely, p.R1441G. The
p.G2019S variant, although incompletely penetrant for lifetime
PD susceptibility (1), stands alone in elevated frequency in both
AMP-PD and gnomAD, with a near-perfect pathogenicity score
(REVEL score 0.97). The p.R1441G variant has been identified
within a single shared ∼ 5.8 Mb allele that dates to the seventh
century in Northern Spain (39,40). Biochemical effects of the
p.R1441G variant have been described as different from the
R1441C variant in vitro (41) as well as proposed features associ-
ated with transgenic mice overexpressing R1441G-LRRK2 (42,43)
and knock-in mice (44–46). Through WGS analysis, the shared
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p.R1441G allele appears to co-harbor the p.M1646T variant in
all participants, likely in cis because 89 of 89 p.R1441G carriers
are positive for p.M1646T. In contrast, no p.R1441C carriers are
positive. We hypothesize that the p.M1646T variant in the ROC
domain plays an important part of the biochemical pathogenic-
ity of the p.R1441G missense variant, with the p.M1646 residue
conserved between human and mouse. Thus, the mouse knock-
in models would lack the p.M1646T variant as found in human
carriers. On the basis of recently published cryo-EM structure of
LRRK2 (30), the p.R1441 residue exists on the interface between
ROC domain and COR domain, and M1646 is on the interface
between COR domain and kinase domain. Although the synergic
effect is difficult to predict, these residues might involve the
interdomain regulation of LRRK2 that can potentially drive the
activation of LRRK2 kinase activity. Sequence analysis of the
most commonly used LRRK2 expression constructs in PD-related
research reveals only one plasmid family widely used in the
field harbors a threonine at 1646, with all others harboring
the more frequent variant (Supplementary Material, Table S9).
While p.T1646 would be correct for studying the p.R1441G vari-
ant, it would likely be incorrect for other known LRRK2missense
variants. Besides the variation at 1646, nearly all other LRRK2-
expressing plasmids used in the field have the same sequence
composition, despite the majority of subjects analyzed by WGS
showing more than one missense LRRK2 variant in conserved
domains. We hypothesize that combinations of LRRK2 missense
variants may influence the biochemical effects of both known
and novel pathogenic LRRK2 variants. Future biochemical stud-
ies, and allelic sequencing efforts, will be required to test this
hypothesis.

The p.N2081D variant has been suggested to confer shared
risk effects on both Crohn’s disease (CD) and PD (29). However,
the p.N2081D variant, as well as the p.R1514Q variant, occur
almost exclusively with participants analyzed here that already
carry the potent risk allele in the LRRK2 promoter, rs76904798
(3,12). The potential contribution of p.N2081D and p.R1514Q
towards the linkage of rs76904798 to PD therefore warrants
further investigation. In contrast, the p.M1646T COR-domain
missense variant has been shown to be enriched in PD cases
with a substantial effect size (OR 1.43) and does not appear
to be enriched in the shared rs76904798 risk haplotype, at
least in the cohorts evaluated here (2,9,28). The breadth of
genetic analysis and size of the PD case cohort needed to
untangle which factors, if not both, (PD-associated risk variant
rs76904798 or LRRK2-coding variants) are driving association
with disease fell beyond the limits of this study. However,
it is important to stress that we provide some of the first
evidence of linkage between a PD-associated coding variant and
a non-coding variant, suggesting caution in the interpretation
of how an individual missense variant may interact with
PD risk.

Our current understanding of how LRRK2 pathogenic variants
affect LRRK2 enzymatic function are largely on the basis of the
G2019S and R1441C pathogenic variants. With this understand-
ing, and high-resolution structuralmodels of the ROC and kinase
domains, we could probe a number of novel variants for sim-
ilarity or divergence in what known pathogenic variants do to
LRRK2 structure and function. Whereas GOF missense variants
(with respect to LRRK2 kinase activity) link LRRK2 variants with
pathogenicity (47), REVEL scores do not specifically predict LOF
or GOF, only likely disease-linked association. Structurally, we
found evidence that some variants might impart a GOF in LRRK2
kinase activity, as well as other variants that might impart LOF
and therefore be unlikely to contribute to disease risk. Given

the complexity of post-translational modifications occurring in
LRRK2 that include transient phosphorylation, as well as protein
interactors like 14-3-3 proteins, the functional effects of par-
ticular variants may be difficult to assign. Ultimately, in-depth
biochemical dissection and (perhaps more importantly) LRRK2-
activity associated biomarkers in patients will help confirm or
refute our predictions. As LRRK2-targeting therapeutics march
closer to efficacy trials in the clinic, studies that identify all the
patients that might best benefit may be a key aspect to success-
ful clinical trials. We predict that WGS cohorts and subsequent
analyses like those performed here will be important in these
efforts.

Materials and Methods
Identification of missense variants and participant
information in AMP-PD

Access to the AMP PD Knowledge Platform data was granted via
amp-pd.org/register-for-amp-pd instructions including submis-
sion, approval and adherence with the AMP PD Data Use Agree-
ment. Duke Institutional Review Board (DUHS IRB Pro00104464)
determined that our research protocol meets the definition of
not involving human subjects (per: 45 CFR 46.102(f), 21 CFR
56.102(e) and 21 CFR 812.3(p)) and satisfies Privacy Rules (per:
45CFR164.514).

Following approval of the AMP-PD data use agreement and
Tier 2 access, the Terra cloud platform and Py3-WGS-Query Vari-
ants notebookwas used to querymissense variants in LRRK2 that
passed quality control metrics (gatk_passing_variants). Addi-
tional queries were conducted for SNCA, PRKN and GBA in these
participants. Participant IDs were used to query diagnosis, sex
and age at baseline from BigQuery under the resource: amp-
pd-research/2020_v2release_1218. From our query we identified
9887 participants with WGS in LRRK2, subsequent analysis of
SNCA, GBA, PRKN and separate query for 5’SNP (rs76904798)
found no participant IDs outside of the initial group of 9887. This
suggests QC-passing genomic data available in AMP-PD release
2 totals to 9887 participants.

AMP-PD WGS data collection and harmonization was
conducted on the GRCh38DH Human Genome reference. AMP-
PD represents a partnership with Data Tecnica International and
NIH/NIA/LNG to manage WGS samples and quality metrics for
inclusion using preset criterion for contamination, minimum
read coverage, outliers and missingness (https://amp-pd.o
rg/whole-genome-data). Samples were matched in clinically
reported sex and genetic ancestry and screened for participant
duplications. Samples containing discrepancies were discarded.
Samples that did not pass quality metrics were excluded in
entirety and not included in the Py3-WGS-Query Variants
notebook. PD-associated variants in SNCA, GBA and PRKN mis-
sense variants were determined on the basis of current ClinVar
status. Variants included: SNCA: p.A53T (VCV000014007.1), GBA:
p.N370S (VCV000004290.16), p.E326K (VCV000199044.8), p.T369M
(VCV000093447.8), PRKN: p.R275W (VCV000007050.10), p.G430D
(VCV000356016.5), p.T240M (VCV000007054.5). To note, WGS
analysis may not capture all GBA variants therefore AMP-PD
may not annotate all possible GBA carriers.

R50Hwas omitted from the commonmissense variants anal-
ysis throughout. This variant was omitted because the corre-
sponding variant frequency for each variant fit the description of
themajor allele at the given nucleotide and is likely inaccurately
annotated in the consensus sequence. R50H was observed in
100% of AMP-PD participants.



464 Human Molecular Genetics, 2021, Vol. 30, No. 6

Variant ancestry was determined through the gnomAD
v2.1.1 database that provides details on coding variants from
> 141 000 individuals. Allele frequency, allele number and
homozygous count are described for the entire group as well
as eight different racial/ethnic groups: African, Ashkenazi
Jewish, European (Finnish), European (non-Finnish), East Asian,
South Asian, Latino and Other (https://gnomad.broadinstitu
te.org/blog/2018-10-gnomad-v2-1/). If a variant was found
in multiple racial or ethnic groups, they were categorized
as ‘multiracial’ variants. gnomAD comparison of variation
percentage was performed through a comparison of mis-
sense variant calls for each locus divided by the number of
residues.

In silico pathogenicity prediction

The REVEL open-source tool was used to calculate pathogenicity
scores that were manually curated (24–26). REVEL combines 18
different pathogenicity prediction models each weighted in the
overall score on the basis of the correlative strength (includes
eight conservation scoring tools and eight functional scoring
tools). Scores range from 0.000 to 1.000, with >0.500 categorized
as ‘likely pathogenic’ or damaging, and <0.500 as ‘likely benign’
or tolerant.

Structural modeling

The LRRK2 structural model was generated on the basis of the
cryo-EM structure of LRRK2 bound with GDP and Mg (6VNO).
The AppCp bound kinase domainmodel is generated by docking
AppCp and Mg2+ in to the cryo-EM structure on the basis of the
crystal structure of the G1179S Roco4 Kinase Domain bound to
AppCp and Mg2+ from Dictyostelium discoideum (PDB ID 4F1M).
Human LRRK2 peptide sequences were identified by sequence
alignment using SPEM (Sequence and Secondary Structure Pro-
file Enhanced Multiple Alignment, Laboratory of Biophysics and
Bioinformatics, University of Buffalo) as previously described
(Liu 2014). The model of the LRRK2 kinase domain carrying the
indicated variants was generated using the Mutagenesis plugin
in PyMol (2.3.2).

Statistics

Statistical comparison of age between PD and control was deter-
mined using unpaired t-test Graphpad Prism Version 8. Chi
square statistic to compare sex differences between PD and
control groups was determined by Graphpad Prism Version 8.
P-values for population frequency comparisons were calculated
using Fisher’s exact test with multiple testing corrections. CIs, z-
statistics and P-values were determined using MedCalc Version
19.5.3.

Supplementary Material
Supplementary material is available at HMG online.
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