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Genetic alterations in the LRRK2 gene, encoding leucine-rich repeat kinase 2, are a common risk factor for
Parkinson’s disease. How LRRK2 alterations lead to cell pathology is an area of ongoing investigation, multiple
lines of evidence suggest a role for LRRK2 in lipid pathways. It is increasingly recognized that in addition to being
energy reservoirs and structural entities, some lipids, including neural lipids, participate in signaling cascades.
Early investigations revealed that LRRK2 localized to membranous and vesicular structures, suggesting an
interaction of LRRK2 and lipids or lipid-associated proteins. LRRK2 substrates from the Rab GTPase family play a
critical role in vesicle trafficking, lipid metabolism and lipid storage, all processes which rely on lipid dynamics. In
addition, LRRK2 is associated with the phosphorylation and activity of enzymes that catabolize plasma membrane
and lysosomal lipids. Furthermore, LRRK2 knockout studies have revealed that blood, brain and urine exhibit lipid
level changes, including alterations to sterols, sphingolipids and phospholipids, respectively. In human LRRK2
mutation carriers, changes to sterols, sphingolipids, phospholipids, fatty acyls and glycerolipids are reported in
multiple tissues.

LRRK2 lipid Parkinson’s disease glucocerebrosidase

| 1. Introduction
1.1. Overview

Missense mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common risk factor for autosomal
dominantly inherited Parkinson’s disease (PD) & Polymorphisms in LRRK2 are also associated with an
increased risk of the more common sporadic form of PD . Although the biological role of LRRK2 remains to be
fully defined, studies have indicated that LRRK2 can be localized to membranous and vesicular structures,
including lysosomes, endosomes, synaptic vesicles and mitochondria, suggesting that LRRK2 may have an affinity
for lipids or lipid-associated proteins HIRIEI  |ndeed, increasing evidence from LRRK2 knockout rodents and
LRRK2 mutation carriers further support a role for LRRK2 in processes relying on lipid membrane dynamics such

as the endosome-lysosome system, the synaptic vesicle cycle, intracellular trafficking and lipid metabolism.

1.2. An Introduction to Lipids

Lipids are commonly known for their roles as storage silos for energy, and for being important membrane
components surrounding cells and organelles. However, it is increasingly recognized that some lipids, including

neural lipids, are also bioactive signaling molecules that can directly facilitate signal transduction by means such as
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binding to receptors to initiate signaling cascades (reviewed in 2}, In contrast to proteins, lipids are not encoded
by genes. Instead, lipids can be endogenously biosynthesized by enzymes using lipid precursors downstream of
acetyl coenzyme A, a metabolite from glucose, fatty acid and amino acid catabolism 29, Alternatively, some lipids
are obtained from the diet 1. The thousands of endogenous lipids that exist in humans have been organized into
six categories based on their structure: glycerophospholipids, glycerolipids, sphingolipids, sterol lipids, prenol lipids
and fatty acyls (Figure 1). Each category has a hierarchy of classes and sub-classes, which can be viewed online
on the LIPID MAPS database (https://www.lipidmaps.org/data/classification/LM_classification_exp.php) 22. With

sensitive enough analytical methods such as mass spectrometry, information on the carbon chain length and
double bond number (unsaturation) of lipid molecules are provided in following lipid nomenclature (extensively
defined in 12)). For example, triacylglycerol 18:0/18:0/18:1 refers to a triacylglycerol with three carbon chains
(separated by /), the first and second chain containing 18 carbons and 0 double bonds, and the third chain
containing 18 carbons and 1 double bond (Figure 1). Lipid studies with and without such carbon chain and

saturation resolution, which may have functional significance.

Sterols Glycerolipids Prenols
e.g. Lipid droplets e.g. Lipid droplets e.g. Mitochondria

Glycerophospholipids Sphingolipids Fatty acyls
e.g. Plasma membrane e.g. Plasma membrane e.g. Mitochondria
& J
Lipid species
e.g.
( @ ————————— Triacylglycerol 18:0/18:0/18:1
7 Triacylglycerol 9:O<?:0/6:0
Total lipid Iev¢‘el — # carbons # double bonds
elg: total tl’laCy|g|Cyel'0| _< (chain |ength) (unsaturaﬁon)
L __
==
¢ Does not distuinguish ¢ Distuinguishes triacylglycerols
triacylglycerols with varying chain with varying chain lengths and
lengths and unsaturation. \_ unsaturation.

Figure 1. Top panel: Lipid categories and examples of their cellular location. Bottom panel: Enzymatic and
chemical assays can measure total lipid levels, while mass spectrometry techniques can discern the levels of
specific lipid species, which have varying degrees of unsaturation and carbon chain lengths. Created with

BioRender.com (accessed on 26 October 2022).

1.3. Lipid Alterations in LRRK2 Knockouts

Studies from rodents suggest that a loss of LRRK2 can result in both central and systemic changes in lipids
(Figure 2) [L3I4IS]II6)17]  Sphingolipid changes found in the brains of sporadic PD patients 18 have spurred the
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interest in investigating potential lipid changes associated with PD risk genes such as LRRK2. In a small study
examining brain sphingolipids via liquid chromatography-mass spectrometry (LC-MS), brains from LRRK27" mice
were found to have significantly increased levels of ceramide compared to WT (n = 3 in each genotype) (13l The
ceramide level comprised a summation of 13 long and very long chain ceramides, which were the only chain
lengths detected. Levels of sphingomyelin, hexosylceramide (glucosylceramide/galactosylceramide) and sulfatide
were unchanged, however, the researchers noted that sphingomyelin and sulfatide from LRRK2"" brains trended to
increase. Another targeted study specifically investigated a biomarker of lysosomal dysregulation, di-
docosahexaenoyl (22:6) bis(monoacylglycerol) phosphate (di-22:6-BMP). Significantly decreased urine di-22:6-
BMP was found in LRRK27- mice compared to WT, as measured by LC-MS/MS 4, | RRK27 rats have also been
found to have higher serum 3 and plasma [ total cholesterol (cholesterol from low and high-density lipoprotein)
compared to WT (Figure 2). In addition, LRRK2” rats have lower total serum triacylglycerols compared to WT
(ceramide and BMP were not investigated) [28]. The difference between total levels of lipid and specific lipid species
is depicted in Figure 1. In summary, LRRK27 rodents show changes in lipid levels from the sphingolipid,

phospholipid, sterol and glycerolipid categories.

1.4. Lipid Alterations in LRRK2 Mutation Carrier Humans

In contrast to LRRK2 knockouts, the main pathogenic PD-associated LRRK2 mutations found in humans increase
the kinase activity of LRRK2 229 whereas loss-of-function LRRK2 variants are not strongly associated with
disease states in humans [, A metabolomics study found that LRRK2 R1441G PD patients had decreased
plasma total cholesterol, whereas LRRK2 G2019S PD patients showed no change in cholesterol compared to
controls, as assessed by MS (n = 8 participants per group) 22. Whether this is linked to the R1441G mutation
increasing the kinase activity of LRRK2 to a greater extent than the G2019S mutation remains to be elucidated 23],
Building on the findings that urine levels of di-22:6 BMP were increased in LRRK27 mice, another two studies
investigating phospholipids in urine via LC-MS/MS indicated that LRRK2 G2019S carriers showed significantly
increased di-22:6 BMP and di-18:1 BMP compared to non-carriers 24 (Figure 2). Phosphatidylinositol (PI)
16:0/20:4 and Pl 18:0/20:4 were also significantly increased in urine from the same cohort, while
globotriaosylceramides were unchanged (N = 80). Significantly increased levels of di-18:1 BMP and di-22:6 BMP in
urine were then validated in a second cohort (N = 116). One study also found these BMP isoforms were increased
in LRRK2 R1441G/C carriers [22. To better understand the extent to which lipid dysregulation occurs in LRRK2
mutation carriers, a recent, untargeted lipidomics study in LRRK2 G2019S carriers found significantly decreased
levels of CSF hexosylceramide m38:0 (glucosylceramide/galactosylceramide), ceramide d32:1 and diacylglycerol
22:1e compared to non-carriers, as assessed by LC-MS/MS in N = 88 participants [28]. Whether such changes are
reflected in the brains of LRRK2 mutation carriers remains to be elucidated. The same study reported serum lipid
species from phosphatidylcholine, ceramide, sphingomyelin, phosphatidylethanolamine,
monogalactosyldiacylglycerol, triacylglycerol and lysophosphatidylcholine sub-classes could significantly
distinguish LRRK2 G2019S carriers from non-carriers in two separate cohorts of N = 221 and N = 315 participants
(28] (Figure 2). Critically, this study demonstrated that in contrast to the total level of each lipid class changing in
serum from LRRK2 G2019S carriers, different lipid species within each of these lipid classes were significantly

altered in opposing directions of change 28, One explanation is that lipid species within a class do not all behave
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the same and may even have inverse regulatory functions. For example, studies have found that very long chain
ceramide exhibits an opposing effect on long chain ceramide in apoptosis 272811291 However, the functional
consequences of varying lipid length, saturation and linkage type are an area of development. Indeed, functional
databases are mostly protein-centric, and the functional databases that include lipids (such as KEGG B9) largely

do not account for potential functional variation in lipids of varying unsaturation, chain length or linkage type.
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Figure 2. Lipid level changes in tissues from LRRK2 mutation carrier humans and LRRK27 rodents. Human
LRRK2 G2019S mutation carriers have alterations in serum phospholipid, sphingolipid and glycerolipid species,
and CSF sphingolipid and glycerolipid species compared to those without a LRRK2 mutation 28, Human LRRK2
G2019S mutation carriers have increased BMP and Pl species in urine compared to those without the mutation [24],
Human LRRK2 R1441G mutation carriers have decreased plasma cholesterol (22, | RRK27 rats have higher
serum 151 and plasma (28 cholesterol, and lower serum triacylglycerol 22 compared to WT. LRRK27 mice have
increased brain ceramide 23 and decreased urine BMP 24 compared to WT. For simplicity, specific lipid species
are not depicted. Hex1Cer = hexosylceramide, Cer = ceramide, DG = diacylglycerol, BMP = bis (monoacylglycerol)
phosphate, Pl = phosphatidylinositol, PC = phosphatidylcholine, SM = sphingomyelin, PE
phosphatidylethanolamine, MGDG = monogalactosyldiacylglycerol, TG = triacylglycerol, LPC =
lysophosphatidylcholine, Chol = cholesterol. Created with BioRender.com (accessed on 26 October 2022).

Triacylglycerol and cholesterol levels in the blood have been widely studied due to their relevance to
cardiovascular disease 1. In blood from pre-clinical or manifesting PD patients, the levels of “total” lipid such as
triacylglycerol and cholesterol are controversial 3233l For example, one study on genotyped subjects reported that
LRRK2-associated PD patients exhibited higher total serum triacylglycerol levels than other PD genotypes (4],
while another study found no such difference [83l. Although the reason for this inconsistency is unclear, variability
may arise due to unaccounted genotypic backgrounds that may influence lipid levels, for example, variations in
apolipoprotein encoding genes such as APOC2, APOA5 and APOB can influence triacylglycerol levels €. In

addition, possible lipid level variability may arise from the capacity of analytical methods to detect different lipid
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species within the crude/total lipid level. Specifically, enzymatic and chemical assays can measure total lipid levels
371 whereas mass spectrometry techniques can provide more detailed information on specific lipid species of
varying chain lengths and degrees of unsaturation, which may be important (Figure 1). In particular, information on
lipid species can capture detail regarding levels of different species within a class changing in opposing directions.
Future high-resolution studies in genetically well-characterized cohorts will aid in better understanding the nature of
lipid alterations in PD. The majority of lipidomics studies have been conducted at the tissue or cellular level at one
time point, however, sub-cellular studies would help clarify which organelles may exhibit lipid changes that reflect
the tissue or whole cell changes found in LRRK2 studies. As evidence indicates that some intracellular lipids

oscillate with the time of day 28], the sample collection time may be another covariate to consider in future study.

To what extent peripheral changes in lipids are reflected in the brain depends on the lipid in question, as rates of
peripheral exchange may differ across lipid types and in addition, lipids may be modified to cross the blood—brain
barrier. For example, cholesterol is converted to hydroxycholesterol to pass across the blood-brain barrier 2,
Further, other brain lipids may be peroxidized to form metabolites such as aldehydes, which can be measured in
the blood 9. Future investigations measuring lipids and their associated derivatives, using matching brain and

peripheral samples, could help clarify the concordance between brain and peripheral lipids.

| 2. LRRK2 and Lysosomal Lipid Metabolism

LRRK2 can be localized to lysosomes and LRRK2 mutations and inhibition of LRRK2 alter lysosomal function (411,
In addition, LRRK2 mutations result in enlarged lysosome size and a reduced number of lysosomes 2. Studies on
LRRK27 rodent kidneys, revealed abnormal accumulation of lipofuscin 24431441 \which is an aggregation of mainly
protein and lipid, and to a lesser extent carbohydrate and metal 2. Lipofuscin forms within lysosomes from
undigested lysosomal material, and an accumulation of lipofuscin in LRRK27 rodents may therefore indicate
lysosomal dysfunction 7431441451 Genetic alterations to LRRK2 also affect the lysosomal lipid BMP (also known
as lysobisphosphatidic acid) 2424 BMP is localized in late endosomes/lysosomes and plays a role in the
formation, structure and trafficking of endolysosomal compartments 4847148 |nterestingly, manipulation of BMP in
cell lines and human fibroblasts indicates that BMP controls endolysosomal cholesterol levels 2259 by enhancing
the secretion of cholesterol-containing exosomes 9. Another phospholipid which may be associated with genetic
alterations to LRRK2 is phosphatidylinositol 24, Phosphatidylinositol is a precursor to phosphoinositides, which are

implicated in several lysosomal functions, including lysosomal cholesterol transport 211,

Intriguingly, recent studies [23I52I53154155] have pointed to a role for LRRK2 in regulating the lysosomal enzyme B-
glucocerebrosidase (GCase), encoded by another common PD risk gene, GBA1 BS8IBTB8IEY - GCase catabolizes
the sphingolipids glucosylceramide and glucosylsphingosine into glucose and ceramide and glucose and
sphingosine, respectively 69 Mutations to GCase commonly associated with PD are loss-of-function, diminishing
the enzyme’s hydrolytic activity B3I GCase protein level is significantly decreased in LRRK27- mouse brain 23]
and human LRRK2 G2019S and 12020T frontal cortex [62. Perhaps as compensation for reduced GCase protein
levels, LRRK2”- mice brains, including striata, display significantly increased GCase activity compared to WT [13!

(52l GCase activity from LRRK2 G2019S knock-in mice midbrain is also significantly higher compared to WT B2, In
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human LRRK2 G2019S mutation carrier PBMCs 55 and fibroblasts 53, significantly increased GCase activity has
been found compared to non-carriers, whereas a significant increase 23! and no change 3 in GCase activity have
been reported in dried blood spots. A further study has indicated that GCase activity from dried blood spot samples
decreases over time, which may explain reported inconsistencies 4. In iPSC-derived dopaminergic neurons from
LRRK2 mutation carriers (n = 2 G2019S and R1441C, n = 1 R1441G), significantly decreased GCase activity
compared to controls (n = 2) has been reported, which could be restored upon treatment with a LRRK2 inhibitor
B4 However, another study using a different enzyme activity assay found significantly increased activity in
dopaminergic neurons from LRRK2 G2019S mutation carriers (n = 2) compared to controls (n = 4) 551, It has been
suggested that the variability in the GCase results reported may be due to different GCase substrates utilized to
measure enzyme activity, as commercial GCase substrates differ in their specificity for lysosomal and cytoplasmic
GCase and sensitivity to other endogenous factors [B2l83], |n addition, GCase activity may be affected in a tissue-
specific manner 22l Notably, inconsistencies may also arise from the low sample sizes available for iPSC-derived
neuron investigations. Further large-scale studies separating lysosomal and total GCase readouts in situ will help
clarify the nature of potential GCase activity alterations in LRRK2 mutation carriers. In addition, a mechanism

behind a potential LRRK2-mediated effect on GCase warrants further exploration.

A key implication of LRRK2 affecting GCase activity is that LRRK2 could ultimately affect GCase substrates,
specifically glucosylceramide and glucosylsphingosine breakdown. An alteration of GCase activity by LRRK2 could
therefore result in altered metabolism or levels of ceramide, glucose, sphingosine, glucosylceramide and
glucosylsphingosine in the lysosome. This altered lysosomal lipid metabolism may disrupt the lysosomal

breakdown of proteins and other lipids, contributing to pathology.

In addition to being a metabolite of glucosylceramide breakdown, ceramide is also a metabolic product of
sphingomyelin breakdown by acid sphingomyelinase in the lysosome 881, Ceramide species are decreased in
LRRK2 G0219S carrier CSF and serum and increased in LRRK27 brains, while serum from LRRK2 G0219S
carriers exhibits both increases and decreases in different sphingomyelin species (Figure 2). Whether potential
alterations to serum, CSF and brain sphingolipids reflect alterations to lysosomal sphingolipid metabolism needs
further investigation, as sphingolipids are found throughout the cell. Notably, however, mutations to GBA1, GALC,
SMPD1 and ASAH1 have been linked to PD and all encode enzymes that catabolize sphingolipids in the lysosome
(671(68][69[70]  \Whether LRRK2 may directly or indirectly affect these enzymes and their ability to metabolize

sphingolipids is an area that warrants further investigation.

In summary, genetic alterations in LRRK2 in humans and rodent models show consequences for lysosomal GCase
(13][52](53](54](55] gnd endolysosomal BMP [14l24] | ysosomal GCase catabolizes glucosphingolipids [ while
lysosomal BMP appears to control cholesterol levels ¥, |n addition to BMP, the levels of cholesterol and
sphingolipids are altered in LRRK2 mutation carrier humans and LRRK2” rodents (Figure 2). Collectively, these
data strongly support a role for LRRK2 in modulating lysosomal function, particularly the lysosomal metabolism of

glucosphingolipids and sterols.
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