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Mutations within Leucine-rich repeat kinase 2 (LRRK2) are associated with late-onset Parkinson’s
disease. The physiological function of LRRK2 and molecular mechanism underlying the pathogenic role
 of LRRK2 mutations remain uncertain. Here, we investigated the role of LRRK2 in intracellular signal
: transduction. We find that deficiency of Lrrk2 in rodents affects insulin-dependent translocation of
glucose transporter type 4 (GLUT4). This deficit is restored during aging by prolonged insulin-dependent
activation of protein kinase B (PKB, Akt) and Akt substrate of 160 kDa (AS160), and is compensated
by elevated basal expression of GLUT4 on the cell surface. Furthermore, we find a crucial role of Rab10
phosphorylation by LRRK2 for efficient insulin signal transduction. Translating our findings into human
. celllines, we find comparable molecular alterations in fibroblasts from Parkinson’s patients with
. the known pathogenic G2019S LRRK2 mutation. Our results highlight the role of LRRK2 in insulin-
. dependent signalling with potential therapeutic implications.

* Leucine-rich repeat kinase 2 (LRRK2) in humans is encoded by the PARK8/LRRK2 gene'. Genetic variations
. within the LRRK2 gene are linked to a number of diseases, including Parkinson’s disease (PD), Crohn s disease
. and Hansen’ disease®®. PD is the most common movement disorder, affecting ~1% of the population over the
age of 60, increasing to 4% at 80 years of age’. The neuropathological hallmarks of PD are progressive neuro-
degeneration of dopaminergic (DA) neurons in the substantia nigra (SN) and the wide spreading of neuronal
intracellular inclusions known as Lewy bodies with the cardinal component being alpha-synuclein'®. Dominantly
. inherited mutations in LRRK2 are the most common cause of familiar PD and account for up to 2% of sporadic
. late-onset Parkinsonism'!2,
: The LRRK2 gene encodes a large multi-domain protein kinase containing an ankyrin-like- and a leucine-rich-
repeat region, a Rab-like GTPase domain, a tyrosine-kinase-like domain and a WD-like domain. LRRK2 appears
© to regulate a variety of cellular processes critical for homeostasis and cell survival. LRRK2 has been shown to con-
* trol neurite morphology and complexity'*-", to regulate synaptic vesicle recycling/endocytosis®*-* and dopamine
. receptor trafficking®®. Furthermore, LRRK2 has been linked to the intertwined pathways regulating inflamma-
. tion, protein degradation, mitochondrial- and autophagy/lysosomal functions'”* %, It interacts with and affects
© microtubule and actin structure and dynamics®>*®. A number of proteins including but not restricted to Ras
. related proteins Rab3, Rab5, Rab7, Rab8, Rab10, Rab12 and Rab32 (summarized in)'”*’-* as well as p21-activated
. kinase 6'°, EndophilinA?, Rac1!'®, NFAT??, ezrin/radixin/moesin (ERM) family proteins®, Sec16A*!, Akt1%,
: 14-3-3 proteins®~*, Snapin®® and others have been described as putative substrates and interactors of LRRK2
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Figure 1. Animal models. (a) Schematic representation of 7 bp deletion (blue) in genome of Lrrk2 deficient rat
line. A part of exon 2 (red) and intron II (black) are depicted for orientation. (b) Generation strategy for Lrrk2
knock-down mouse line carrying a shLrrk2 transgene inserted into the Rosa locus. (c) Western blot analysis

of Lrrk2 expression in brain-, spleen- and kidney- protein extracts of Lrrk2 deficient rats and (d) Western blot
analysis of Lrrk2 expression in different tissues (brain, spleen and kidney) of Lrrk2 knock-down mouse in
comparison to wild-type using anti-LRRK2 MJFF#2 antibody. f: female; m: male.

in vivo and/or in vitro. However, the molecular mechanism behind physiological function of LRRK2, also with
respect to its mutated forms, remains poorly understood.

Here, we investigated the physiological role of LRRK2 in intracellular signalling using Lrrk2 deficient rat and
mice models. We analysed neurite outgrowth and survival of postnatal primary hippocampal neurons in the
presence of different growth factors and intracellular signal transduction in monocytes and fibroblasts as response
to diverse extracellular ligands. We find that deficiency of Lrrk2 affects selectively insulin-dependent intracellu-
lar signalling. After stimulation with insulin the rapid intracellular translocation of glucose transporter type 4
(GLUTH4) to the cell surface fails in Lrrk2 deficient cells from 6 months old animals. This malfunction is accom-
panied by slight elevation of protein kinase B (PKB, Akt) phosphorylation. Furthermore, we find that this defect
is restored during aging by prolonged insulin-dependent activation of Akt and Akt substrate of 160 kDa (AS160/
TBC1D4), and is compensated by elevated basal levels of GLUT4 on the plasma membrane. Interestingly, we find
comparable molecular dys-regulations in fibroblasts from Parkinson’s patients with G2019S mutated LRRK2. In
addition, we find LRRK2 dependent phosphorylation of Rab10 as well as dynamic insulin-triggered changes in
Rab10 phosphorylation. Collectively, our data demonstrates that the Parkinson’s disease-linked LRRK2 plays a
crucial role in insulin-driven translocation and/or fusion of GLUT4-vesicles to the plasma membrane through
the phosphorylation of Rab10.

Results

Lrrk2 deficient animal models. To elucidate the physiological impact of LRRK2 deficiency, we used three
different animal models lacking Lrrk2 protein expression: a Lrrk2 knock-out rat line with a 7bp deletion in
exon 2 generated by us (Fig. 1a), a Lrrk2 knock-out mouse line with a deletion of partial exon 39 and complete
loss of exon 40 generated by the T. Dawson lab, Baltimore, USA®' and a Lrrk2 knock-down mouse line carrying
a shLrrk2 transgene inserted into the Rosa locus (Fig. 1b) generated by the W. Wurst lab, Munich, Germany®.
The protein expression analysis shows a complete absence of the full length Lrrk2 protein and its splicing forms
in different tissues in the Lrrk2 knock-out rat (Fig. 1c) and mouse®', and a strong reduction (over 90%) of Lrrk2
protein expression in Lrrk2 knock-down mouse (Fig. 1d).

LRRK2 influences cell survival and neurite outgrowth in a growth factor independent man-
ner. It has been shown previously that Lrrk2 deficiency impairs neurite outgrowth, morphology and neuronal
survival!®1719%,_ Several growth factors are known as important regulators of these processes. To investigate the
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Figure 2. Effect of different growth factors on neurite outgrowth and cell survival. (a) Neurite length of primary
hippocampal neurons from wild-type and Lrrk2 deficient mice lines Lrrk2 knock-out and Lrrk2 knock-down at
DIV3 in presence of different growth factors (hFGF, BDNF, CNTE, Epo and without any growth factors (w/o);
mean and SEM). (b) Lrrk2 expression in mouse wild-type primary hippocampal neurons at DIV 1 to 7 (lanes

1 to 4) and Lrrk2 deficient neurons at DIV 7 (lane 5). Lrrk2 expression was detected using the LRRK2 specific
antibody MJFF#2. (c) Survival of Lrrk2 deficient hippocampal neurons (Lrrk2 knock-out and Lrrk2 knock-
down) in comparison to wild-type neurons at DIV 1, 3 and 7 in presence of hFGF and without addition of any
growth factors (w/0) as negative control (mean and SEM). (d) Percentage of growing late erythrocyte progenitor
colonies (BFU-Es) and erythrocyte progenitor containing mix colonies (CFU-GEMMs) in CFC-assay media
with different Epo concentrations (0, 0.5, 1, 2.5, 5 and 10 ng/ml; mean and SEM).

possible function of LRRK2 in context with intracellular signalling we analysed neurite outgrowth and survival
of postnatal primary hippocampal neurons from Lrrk2 deficient mouse lines in the presence of different growth
factors (human fibroblast growth factor (hFGF), brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (CNTF), Erythropoetin (Epo) and without any growth factor as negative control by high
throughput microscopy (Suppl. Fig. 1b,c). We found, that independent of which growth factor was added, or
even without the addition of any growth factors, hippocampal neurons from both deficient mouse lines show a
strong increase in neurite outgrowth in comparison to cells from wild-type littermates. These differences achieve
a significant value on day in vitro DIV 1 (Suppl. Fig. 1a) and persist to day 3 (Fig. 2a). Lrrk2 protein expression in
culture at DIV 1 and later time points was ensured by Western blotting (Fig. 2b). Furthermore, in comparison to
wild-type control cells we found a significantly better survival of Lrrk2 deficient hippocampal neurons in media
without any growth factors (Fig. 2c). We hypothesized that LRRK2 is involved as a kind of negative regulator in
general higher ranked intracellular activity important for cell survival and other cellular processes such as neurite
maintenance and speculated that this LRRK2 function is not restricted to neuronal tissue.

In addition to nervous system LRRK2 protein is expressed in several blood cell types®**. The formation of
blood cellular components (hematopoiesis) is a highly complex and well studied process: the development of
different blood cell types undergoes a series of cytokine and growth factors dependent steps that we aimed to
investigate with respect to Lrrk2 deficiency. Using a colony forming cell (CFC) assay we compared the develop-
ment of different blood cell progenitors in 3-4 months old Lrrk2 deficient and wild-type mice. Most interestingly,
we found a significantly higher Erythropoietin (Epo) independent survival of erythrocyte progenitors in Lrrk2
deficient mice (Fig. 2d). The most striking difference was seen in the presence of low and middle range Epo con-
centrations from up to 2.5 ng/ml medium, pointing towards an Epo independent additional survival mechanism
activated by Lrrk2 deficiency.

Lrrk2 deficiency impairs feedback control of insulin signalling in aged cells.  Serine/threonine pro-
tein kinase B (=Akt) serves as the most central downstream player of important signalling pathways. Defective
Akt is implicated as a putative signalling pathway linked to loss of dopaminergic neurons in PD**. We asked
about age-related dynamic phosphorylation of Akt in Lrrk2 deficient animals as response to different extracellular
stimuli. Primary hippocampal neurons can be isolated and cultured from embryonic and early postnatal mice,
but not from old mice (~1 year of age). Therefore, we went on to characterize blood derived cells with respect
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to this question. Monocytic cells are a suitable model for this study because they can be activated by a variety of
extracellular factors and LRRK2 has been shown to be highly expressed in blood cells such as monocytes and
others®**. In order to study aging-related dynamic phosphorylation of Akt, monocytes from “young” (5 months)
and “old” (~1 year) Lrrk2 deficient mice and wild-type littermates were isolated and stimulated with Interleukin 3
(IL-3), Interleukin 6 (IL-6), macrophage colony stimulating factor (M-CSF), insulin or complement component
5a (C5a). The phosphorylation on positions Thr308 and Ser473 of Akt at defined time points after stimulation
was analysed by immunoblotting. In wild-type monocytes, the phosphorylation of Akt reach a maximum after
activation of corresponding signalling pathways by binding of an extracellular ligand to the respective receptor
and subsequently is decreased by dephosphorylation. Here, we found an aging-related continuous activation
of Akt in monocytes of ~1 year old (but not 5 months old) Lrrk2 deficient mice in response to stimulation with
the hormone insulin, as reflected by a permanent phosphorylation of Akt on positions Thr308 (p-value 0.013,
Fig. 3a,b (top)) and Ser473 (p-value 0.045, Fig. 3a,b (button)) at time-point 40 min (s. also Suppl. Fig. 2a,b).
This insulin-dependent alteration in Akt phosphorylation is not restricted to monocytic cells: we further con-
firmed our data in fibroblasts from ~1 year old Lrrk2 deficient mice (Suppl. Fig. 3¢,d). Furthermore, to exclude
an animal-model dependent unspecific observations, we analysed the insulin-dependent Akt phosphorylation
in fibroblasts from “young” (6 months old) and “old” (~22 months old) Lrrk2 deficient rats generated in our lab
(Fig. 1a,c). We found a significant (p-value 0.002 at 40 min) dys-regulation of Akt-Thr308 phosphorylation in
cells from 22 months old Lrrk2 knock-out rats (Fig. 3¢c,d (top)) comparable with our data from Lrrk2 deficient
mice (Fig. 3a,b). The dynamics of insulin-triggered phosphorylation of Akt in cells from 6 months old animals
as well as the phosphorylation on Akt-Ser473 in cells from both age groups tested was not significant affected in
Lrrk2 deficient rats (Fig. 3¢,d (button), e-g).

The Lrrk2-dependent defective feedback regulation of Akt (especially Akt-Thr308) seems to be restricted
to the hormone insulin: the dynamics of Thr308 Akt phosphorylation induced by hFGE, IL-3, IL-6, M-CSF and
anaphylatoxin C5a is not visibly affected in Lrrk2 deficient cells as demonstrated by Western blot analysis (Suppl.
Figs 2c-g and 3a,b). Therefore we investigated the physiological consequence of Lrrk2 deficiency for neurite
outgrowth and cell growth and survival with respect to insulin. We cultured Lrrk2 deficient and wild-type mouse
primary hippocampal neurons in the absence or presence of additional insulin and compared neurite outgrowth
between both genotypes and different media conditions. In presence of additional insulin and concurrent absence
of hFGF (—hFGF/+insulin) the Lrrk2 deficient hippocampal neurons developed significantly longer neurites
than wild-type cells (p-value 0.0005, Suppl. Fig. 1d). This difference was abolished in media containing hFGF
without insulin addition (+hFGF/—insulin) (Suppl. Fig. 1d). In the absence of both (hFGF and insulin) almost
all neurons died 24 h after plating, independent of genotype, and the few survivor cells are stunted and apoptotic.

Next we analysed a possible effect of insulin on cell growth and survival of hematopoietic precursors using the
CFC assay. We found an insulin-dependent “better” survival of BEU-Es/CFU-GEMMs from Lrrk2 deficient mice
(p=0.0287) compared to those of wild-type littermates in media containing additional insulin and without Epo
(Suppl. Fig. 1e). In media without additional insulin no significant growth advantages were seen (Suppl. Fig. le,
p=0.164).

Taken together our data show impaired regulation of the insulin signalling pathway, especially
Akt-dephosphorylation (=feedback control) in Lrrk2 deficient cells. This defect is not restricted to a single ani-
mal model or cell type.

Lrrk2 deficiency affects insulin dependent GLUT4 translocation to the cell surface. Addition of
insulin triggers glucose uptake in cells through the glucose transporter GLUT4. Under low extracellular insulin
levels most of the GLUT4 is stored in intracellular vesicles. A rise in extracellular insulin induces rapid trans-
location of GLUT4 containing vesicles to the plasma membrane and their subsequent fusion with it (reviewed
in)*-7. GLUT4 is primarily expressed in adipose tissues and striated muscle but also in fibroblasts®®. Following
our previous observations we investigated insulin-dependent GLUT4 translocation in Lrrk2 deficient fibroblasts
by immunocytochemistry (ICC). In fibroblasts from 6 months old rats a distinct increase of GLUT4 immunos-
taining on the cell surface in the presence of insulin (after 10 and 30 min) is detected compared to non-stimulated
cells (Fig. 4a (top) and c). Fibroblasts from 6 months old Lrrk2 deficient rats did not show any significant
insulin-dependent changes in GLUT4 expression on the plasma membrane, the immunostaining-intensity of
GLUT4 stays almost unchanged over time (0-30 min) with a slight up-regulation after 30 min (Fig. 4a (button)
and c). Interestingly, we did not find this difference in insulin-dependent GLUT4 distribution in fibroblasts from
22 months old wild-type and Lrrk2 deficient rats: Fibroblasts from both genotypes show comparable intensity of
GLUT4 immunostaining on the plasma membrane after insulin stimulation (Fig. 4b,d). Notably, GLUT4 immu-
nostaining on the cell surface of fibroblasts from 22 months old Lrrk2 deficient rats at time-point 0 min (=with-
out stimulation) is significantly increased in comparison to wild-type control cells (p-value 0.0056, Fig. 4d). To
look at total GLUT4 expression we performed Western blotting of protein lysates from fibroblasts of 6 and 22
months old rats. Lrrk2 deficient and wild-type cells express comparable total amounts of GLUT4 (p-value 0.4654
for 6 months and 0.4295 for 22 months old animals, Fig. 5d-f).

LRRK2 controls insulin signal transduction through phosphorylation of Rab10. Insulin signal-
ling is initiated by insulin binding to the insulin/IGF1-receptor which in turn undergoes autophosphorylation
and catalyses phosphorylation of downstream proteins (reviewed in)**. Based on our insulin related data for the
activity of Akt we investigated expression and dynamics of insulin receptor (IR) phosphorylation using Western
blot analysis. We do not find any alterations in activation of IR( in Lrrk2 deficient mouse and rat cells (Fig. 5a,b,
Suppl. Fig. 3e,f). Next we analysed the dynamics of the primary positive response which signals from activated
IR downstream to Akt. As measured by the intensity of phospho-Akt Thr308 and Ser 473 signals at the beginning
of stimulation (time points 0 and 10 min), the increase of Akt phosphorylation induced by insulin is comparable
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Figure 3. Induced phosphorylation of Akt in Lrrk2 deficient cells. (a) Western blot analysis of P-Akt Thr 308
and Ser473 in protein extracts from monocytes of 1 year old Lrrk2 deficient and wild-type mice stimulated
with insulin at different time points (0 to 40 min) after stimulation. (b) Quantification of P-Akt Thr308 (b, top)
and P-Akt Ser473 (b, button) intensity in protein extracts from monocytes of 1 year old Lrrk2 deficient and
wild-type mice at different time-points after stimulation with insulin. N =8 (for Thr308) and 6 (for Ser 473)
independent experiments, normalized to Akt, mean - SEM. (c) Western blot analysis of protein lysates from
fibroblasts of 22 months old Lrrk2 deficient and wild-type rats at different time points after stimulation with
insulin and (d) the corresponding quantification of P-Akt Thr308 (top) and P-Akt S473 (button) signal intensity.
N =10 independent experiments, normalized to Akt, mean + SEM. (e) Western blot analysis of protein

lysates from fibroblasts of 6 months old rats (wild-type and Lrrk2-deficient) after stimulation with insulin and
corresponding quantification of P-Akt Thr308 (f) and S473 (g) signal intensity. N =7 independent experiments,
normalized to Akt, mean and SEM.

in Lrrk2 deficient and wild-type cells (Suppl. Fig. 3g). Downstream of Akt, phosphorylation of AS160 is a crucial
step for regulation of insulin-dependent GLUT4 translocation®'~%’. Multiple Akt phosphorylation sites have been
identified on AS160 in vivo. Subsequently, we analysed the phosphorylation of AS160 at Thr642 in Lrrk2 defi-
cient fibroblasts by Western blotting. In comparison to wild-type we found a temporally prolonged and elevated
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Figure 4. GLUT4 translocation in Lrrk2 deficient fibroblasts. (a) GLUT4 immunostaining on the cell surface
of fibroblasts from 6 months old Lrrk2 deficient and wild-type rats without (w/0) insulin and 10 and 30 min
after insulin addition and (c) the corresponding quantification of the GLUT4 signal intensity at different time-
points (0, 10 and 30 min) after stimulation (mean and SEM). (b) GLUT4 immunostaining on plasma membrane
of fibroblasts from 22 months old Lrrk2 deficient and wild-type rats without insulin and 10 and 30 min after
stimulation and (d) the corresponding quantification of the GLUT4 signal intensity (mean and SEM). Red:
GLUT4 immunostaining; green: wheat germ agglutinin (=plasma membrane) staining; blue: DAPI.

phosphorylation at Thr642 in cells from 22 months old Lrrk2 deficient rats (p-value 0.0071 and 0.008 at 30 and
40 min after stimulation respectively, Fig. 5a,c). Furthermore, we found a significant (p =0.0488) up-regulation
in phosphorylation at Thr642 before stimulation (time-point 0 min) in fibroblasts from 22 months old Lrrk2
deficient rats (Fig. 5¢), which is in agreement with our data for increased GLUT4 immunostaining at time point
0 (Fig. 4d). This up-regulation of “basal” AS160-phosphorylation in cells from 22 months old Lrrk2 deficient rats
seems to be independent from Akt activity: we did not find any alterations in “basal” phosphorylation at Akt-Thr
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Figure 5. Insulin signalling in Lrrk2 deficient animals. (a) Insulin-triggered phosphorylation of IR3 and
AS160 (Thr642) in fibroblasts from 22 months old Lrrk2 deficient rats at different time-points after stimulation
and the corresponding quantification of P-IR3 (b, n="7, normalized to IR-3) and P-AS160 Thr642 (c, n =10,
normalized to AS160) signal intensity (mean + SEM). (d) Western blot analysis (fibroblasts from 22 months
old rats as example) and quantification of total GLUT4, AS160 and Rab10 expression in fibroblasts from 6
months (e) and 22 months old (f) Lrrk2 deficient and wild-type rats (normalized to tubulin, mean & SEM). # are
numbers of animals/cell lines. The difference in GLUT4 and AS160 signal intensity between 6 months und 22
months old sample-groups results from differences in experimental procedure and does not reflect the absolute
quantity of GLUT4 or rather AS160 in these age groups. (g) Investigation of Rab10 phosphorylation by Mn?*
Phos-tag SDS-PAGE in fibroblasts from 6 months old Lrrk2 deficient and wild-type rats at different time points
(0-10-30-40 min) after insulin addition and (h) corresponding quantification of P-Rab10 signal intensity in
wild-type cells at different time points after stimulation (normalized to Rab10, n =7, mean and SEM).

308 and Akt-Ser437 in Lrrk2 deficient cells (=before stimulation, at time point 0, Fig. 3a—d). The total expression
of AS160 is comparable in both genotypes as showed by Western blotting (Fig. 5d-f).

AS160 has a functional Rab GTPase-activating protein (GAP) domain. The GAP domain of AS160 displays
strong activity toward Rabs 2 A, 8 A, 10 and 14%. Rab8A and especially Rab10 have been implicated in GLUT4
translocation®®. Both Rab GTPases have been described as possible physiological substrates for LRRK2 in vivo
and in vitro*. Using a Mn*" -Phos-tag SDS-PAGE we analysed and compared insulin-dependent phosphoryla-
tion of Rab10 in fibroblasts from wild-type and Lrrk2-deficient rats. In concordance with published data® we
found a complete absence of phosphorylated Rab10 signal in Lrrk2 deficient cells (Fig. 5g), supporting the notion
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that Rab10 is a putative substrate for LRRK2. Furthermore, by comparison of Rab10 signal intensities and mobil-
ity shifts in protein-extracts from wild-type rat fibroblasts we found a significant difference in phosphorylation
between un-stimulated and insulin-stimulated samples: phosphorylation of Rab10 decreases 10 min after insulin
addition (p-value 0.0003, n =7 independent experiments, Fig. 5g,h). As tested by Western blotting, the total
expression of Rab10 is comparable in wild-type and Lrrk2 deficient cells (Fig. 5d-f, p-value are 0.562 and 0.271
for fibroblasts from 6 and 22 months old rats respectively).

Insulin signalling in fibroblasts from Parkinson’s patient with G2019S mutated LRRK2. Finally,
we aimed to translate our findings from Lrrk2 deficient animals to human cells. We used fibroblasts with a
known pathogenic LRRK2 mutation and investigated insulin signal transduction. First, we looked at dynamic
intracellular Akt phosphorylation and GLUT4 on the cell surface of human fibroblasts from PD patients with
the G2019S mutation at different time points after stimulation with insulin. If compared to cells from age- and
sex-matched healthy controls we found a significantly elevated phosphorylation of Akt at position Thr308 in
G2019S mutated fibroblasts 50 and 60 min after addition of insulin (p =0.0444 and 0.0105 respectively, Fig. 6a,b
(top)). Phosphorylation on Ser473 is not affected at any time points tested (Fig. 6a,b (button)). By immunofluo-
rescence microscopy we found a slight non-significant increase of GLUT4 staining on the cell surface of G2019S
mutated patient cells 40 min after stimulation (Fig. 6¢,d). In contrast, fibroblasts from healthy control individuals
show a strong, significant (p-value 0.000001) elevation of GLUT4 immunostaining 30 min after insulin addition
followed by a distinct decline of staining within next ten minutes (p-value 0.0015, time point 40 min, Fig. 6¢,d).
The total GLUT4 expression is comparable in fibroblast from LRRK2 G2019S PD patients and healthy controls
as shown by Western blot analysis (p-value 0.2983, Fig. 6e and Suppl. Fig. 3h). Investigation of AS160 and Rab10
protein expression in human fibroblasts showed a significant up-regulation (p-value 0.0035) for AS160 and slight
but non-significant (p=0.055) elevation for Rab10 (Fig. 6e and Suppl. Fig. 3h).

Discussion

Within this study we investigated the possible role of the Parkinson’s disease-linked LRRK?2 in intracellular sig-
nalling and showed that LRRK2 plays a crucial role in insulin-dependent signal transduction. Insulin-induced
translocation of glucose transporter type 4 containing vesicles to the cell surface fails under Lrrk2 deficiency as
can be seen by the strong reduction of GLUT4 immunostaining of plasma membranes in cells from 6-months
old Lrrk2 deficient animals. Furthermore, using the Phos-tag SDS-PAGE we find that the LRRK2-dependent
phosphorylation of Rab10 GTPase seems necessary und crucial for sufficient insulin-triggered GLUT4 translo-
cation. Further investigations in cells from 22-months old Lrrk2 deficient animals showed considerable basal and
insulin dependent changes in phosphorylation of the key signalling protein Akt, phosphorylation and expression
of Akt substrate AS160, and the cellular distribution of GLUT4. These molecular compensatory arrangements
appear to restore GLUT4 translocation deficits in Lrrk2 deficient cells at higher age as can be seen using ICC. In
addition we find that the Lrrk2-dependent changes in phosphorylation of Akt seems to be restricted to insulin
signal transduction: the dynamics of Akt phosphorylation triggered by hFGE, IL-3, IL-6, M-CSF and C5a in Lrrk2
deficient cells is not affected. Furthermore, our data indicate a functional insulin/IGF1-receptor and unhindered
downstream insulin signalling up to AS160 in Lrrk2 deficient cells.

GLUT4 is the insulin-regulated glucose transporter found primarily in adipose tissues and striated muscle
(skeletal and cardiac). Recent reports demonstrated the expression of the GLUT4 (SLC2A4) gene in fibroblasts®
and parts of the central nervous system such as the hippocampus. Moreover, impairment in insulin-stimulated
trafficking of GLUT4 in the hippocampus results in decreased metabolic activities and plasticity of hippocampal
neurons, which leads to depressive like behaviour and cognitive dysfunction”-"2,

Insulin-triggered transport of glucose into cell is mediated by the redistribution of GLUT4 from intracellular
GLUT4 storage vesicles (GSVs) to the plasma membrane”. The redistribution of GLUT4 involves insulin signal
transduction and vesicle trafficking, each of which is comprised of multiple steps. It is well established that acti-
vation of insulin/IGF1-receptor by insulin and subsequent activation of PI3K through insulin receptor substrate
is essential for insulin-dependent GLUT4 translocation (reviewed in)®. Downstream from PI3K, the phospho-
rylation of PKB/Akt and its substrate AS160 is required and sufficient to trigger GLUT4 translocation®®¢26677°,
In addition to the PI3K/Akt pathway, other signalling intermediators have been implicated in the regulation of
GLUT4 translocation’®7%. The GLUT4 trafficking pathway itself includes budding of GSVs from intracellular
compartments, transport of GSV's along cytoskeleton (microtubules and actin filaments), docking, priming and
fusion at the plasma membrane (summarized in)®.

The investigation of the insulin signal transduction in Lrrk2 deficient cells revealed significant dys-regulation
in PI3K/Akt pathway and expression of AS160. AS160 phosphorylation by Akt in response to insulin regulates its
interaction with 14-3-37. Insulin-stimulated phosphorylation and 14-3-3 binding inhibit the AS160 GAP activity,
which leads to activation of Rabs and GLUT4 translocation. 14-3-3 proteins have been described as LRRK2 inter-
actors®*. Furthermore, binding of 14-3-3 proteins to LRRK2 is known to be impaired by PD-relevant LRRK2
mutations R1441C/G/H, Y1699C and G20195*¢*, Using a Reactome pathway analysis tool Porras et al.** showed
a potential role of LRRK2 in GLUT4 translocation via interaction with 14-3-3 proteins. A possible inhibition of
AS160 - 14-3-3 interaction by Lrrk2 deficiency or/and mutations in LRRK2 and subsequent increased AS160
GAP activity are supposable mechanism for affected insulin-triggered GLUT4 translocation in cells from Lrrk2
deficient animals and Parkinson’s patients with G2019S mutation.

The GAP domain of AS160 displays strong activity toward Rabs 8A, 10 and other Rab GTPases®. Rab8A
and especially Rab10 are required for insulin-stimulated translocation of GLUT4 vesicles®***8! and have been
described as direct physiological substrates for LRRK2 in vivo and in vitro®. LRRK2 directly phosphorylates
these on evolutionary conserved residues Thr72 and Thr73 respectively in the switch IT domain®. By Phos-tag
SDS-PAGE we confirm the Rab10 phosphorylation by LRRK2 ex vivo, as the phospho-specific Rab10 signal
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Figure 6. Insulin signalling in human fibroblasts from Parkinson’s patients with G2019S mutated LRRK?2. (a)
Example: Western blot analysis of protein extracts from fibroblasts of one PD patient with G2019S mutation
(top) and one healthy control individual (button) and (b) the corresponding quantification of P-Akt Thr308
(top) and P-Akt Ser473 (button) signal intensity (normalized to Akt, n =7 independent experiments, fibroblasts
from 3 different healthy controls and 3 PD patients with G2019S mutation in LRRK2; mean &= SEM). (c)

GLUT4 immunostaining on the plasma membrane of human fibroblasts derived from PD patients with

G2019S mutation and healthy control individuals (red: GLUT4 immunostaining; green: wheat germ agglutinin
(=plasma membrane) staining; blue: DAPI) and (d) the corresponding quantification of GLUT4 signal intensity
(mean + SEM). (e) Quantification of total GLUT4, AS160 and Rab10 protein expression in human fibroblasts
(normalized to tubulin) analysed by Western blot (mean and SEM).

lacks completely in Lrrk2 deficient cells. Furthermore, we found a significant insulin-triggered effect on Rab10
phosphorylation in wild-type fibroblasts: the phosphorylation-signal is decreased by ca. 50% 10 min after insu-
lin addition. Therefore we conclude that (i) the presence of LRRK?2 is essential for Rab10 phosphorylation; (ii)
the phosphorylation of Rab10 by LRRK2 is necessary for sufficient GLUT4 translocation to the cell surface and
(iii) the activation of the insulin pathway triggers an unknown insulin-dependent phosphatase X responsible for
subsequent dephosphorylation of Rab10. The continuous phosphorylation of Rab10 by LRRK2 and the insulin
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Figure 7. The role of LRRK?2 for insulin signal transduction. (a) In wild-type, GDP-bound Rab10 is tightly
bound by guanine dissociation inhibitor (GDI) in the cytosol. LRRK2 promotes the insertion of Rab10 in
GLUT4 storage vesicles by phosphorylation. Insulin addition activates an insulin-dependent Phosphatase X
with following dephosphorylation of Rab10 (accompanied by GDP-GTP exchange), necessary for efficient
GLUTH4 translocation. (b) In LRRK2 deficient situation, the phosphorylation of Rab10 by LRRK2 and the
following insertion in GLUT4 storage vesicles fail. As consequence, GDP-bound Rab10 - GDI complexes
accumulate in the cytosol. By insulin addition activated PI3K/Akt/AS160 signalling cascade did not reach the
GLUT4 storage vesicles and the GLUT4 translocation fails.

regulated switch to the non-phosphorylated form seems to be a crucial mechanism for efficient GLUT4 vesicle
translocation.

More than 60 Rab GTPases are involved in almost every step of vesicle-mediated transport (summarized
in)82. Rabs are reversibly associated with membranes. Guanine dissociation inhibitors (GDIs) extract inac-
tive Rabs from membranes and bind them in the cytoplasm (summarized in)®. Interference of the Rab-GDI
interaction through affected phosphorylation results in an altered subcellular distribution of Rab GTPases:
non-phosphorylatable Rab mutants accumulate in the cytosol, phosphomimetric mutant associate with the mem-
brane fraction®. Therefore, a disrupted membrane-cytosol distribution of Rab10 in Lrrk2 deficient cells is quite
imaginable: abolished phosphorylation of Rab10 results in its accumulation in the cytoplasm; Rab10-targeting to
the GLUT4 storage vesicle (GSV) membrane fails (Fig. 7). Using the standard fluorescence immunocytochem-
istry (ICC) we tried to investigate insulin triggered sub-cellular re-distribution of Rab10 and its co-localisation
with GSVs in rat fibroblasts. Unfortunately, insulin-regulated GSVs cannot be easily seen, because GLUT4 resides
in small, insulin-responsive and non-insulin-responsive GSV's as well as larger structures that are derived from
endosomes and trans-Golgi network. Distinguishing between all these compartments using fluorescence micros-
copy is extremely difficult, if not impossible (technical and biological challenges are summarised in)*’. In our
approach we did not find any clearly visible differences in Rab10 distribution between wild-type and Lrrk2 defi-
cient cells or between stimulated and non-stimulated cells (data not shown).

Lrrk2 deficiency is accompanied by significantly elevated phosphorylation of Akt and AS160 as well as
increased expression of GLUT4 on the cell surface in “aged” cells. These molecular changes, with the exception
of slightly elevated Akt phosphorylation, are not characteristic of “young” cells and therefore are a secondary
compensatory response, possibly induced by sugar uptake deficit. Our data suggest that this intracellular “com-
pensatory strategy” starts in young animals and reach gradually its maximum in aged individuals. On the one
hand the dys-regulated protein expression and phosphorylation “rescues” the GLUT4 translocation to the cell
surface in Lrrk2 deficient cells. On the other hand undesirable secondary effects by prolonged Akt phosphoryl-
ation are inevitable and affect cell homeostasis accompanied by long-term consequences. Affected development
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and survival of Lrrk2 deficient hematopoietic stem cells (Fig. 2d) and hippocampal neurons (Fig. 2a,c) are some
examples for disrupted control of intracellular signalling in Lrrk2 deficient cells. Altogether our data provides
evidence that LRRK2 deficiency in presence of insulin can outflank the otherwise strict regulation of cellular
processes by growth factors, cytokines and other factors.

Rab10 studied here is just one of many Rab GTPases described to interact with LRRK2%. Rab3, Rab5, Rab7,
Rab8, Rab12, Rab32 are published as further substrates and interaction partners for LRRK2 (summarized
in'737:3949) 'very probably even more Rabs interact. As already indicated, Rab GTPases are important for almost
every step of vesicle-mediated transport of any kind, therefore the involvement of LRRK2 in a number of different
intracellular processes based on vesicular transport is not surprising (synaptic vesicle recycling/endocytosis*'-*;
mitochondrial- and autophagy/lysosomal functions'”*”?%-313 and others). The molecular mechanism regulating
most (if not all) of these processes are possibly based on phosphorylation of the target Rab GTPases by LRRK2
and followed by extracellularly or intracellularly triggered de-phosphorylation, or similar processes, and need to
be investigated in additional studies.

The characterization of protein expression and phosphorylation in human fibroblasts derived from PD
patients with the pathogenic G2019S mutation indicate significant changes for Akt and AS160, similar to those
in Lrrk2 deficient cells. Timmons et al.>* showed that defective Akt is implicated as a putative signalling pathway
linked to loss of dopaminergic neurons in PD. The presence of the hyperactive G2019S mutated LRRK2 in the
cell shifts the balance towards phosphorylated Rab GTPases and results in accumulation of Rabs in membranes®.
Follow-up investigations are needed to clarify the exact molecular mechanism behind these intracellular changes.

The discussion about the interactions between PD and diabetes mellitus began in the 1960’s and there is still
controversy. It has been reported that 50 to 80% of patients with PD have abnormal glucose tolerance (summa-
rized in)®*. Several clinical studies show a correlation between Parkinson’s disease and diabetes: Patients with
diabetes have a high risk (up to 60% higher than healthy controls, dependent on the population under study) of
Parkinson’s disease onset®-%”. Mebel et al.*® show a significant reduction of dopamine-dependent signal trans-
duction in the brain by insulin via increased reuptake of dopamine by dopamine transporter (DAT). Dopamine
depletion in the striatum can cause a decrease of insulin signalling in basal ganglia; several therapeutic targets for
PD (AMP-activated protein kinase, glucagons-like peptide-1 etc., summarized in)* reinforce the association of
PD with diabetes®.

Overall the insulin signalling pathway might play an important role in disease pathogenesis of LRRK2 associ-
ated PD and might have potential therapeutic implications in the future. Additional clinical studies (e.g. impact
of “low carbohydrates” diet on PD-progression) are needed to clarify therapeutic power of insulin signal suppres-
sion in PD.

Methods
Ethical approval and informed consent. Primary human cells were isolated from skin-biopsies. Cell iso-
lation was approved by the ethical commission of the University of Tuebingen (Application 287/2004V). Informed
and written consent from all patients and healthy individuals was obtained. Experiments were conducted in com-
pliance with the rules for investigation on human subjects, as defined in the Declaration of Helsinki.

Animal experiments were approved by the Regional Commission of Tuebingen and conducted with strict
accordance with the European Convention for the Protection of Vertabrates used for Scientific Purposes.

Animal models. The Lrrk2 knock-out mouse was generated as described’!. The Lrrk2 knock-down mouse
was generated by recombination of the neo-U6shLrrk2 donor construct via phiC31 integrase into the modified
Rosalocus of the IDG3.2 mouse ES cell line (Fig. 1b) and the derivation of germline chimaeric mice®>. The shRNA
was addressed to a 25 nt target sequence within the Lrrk2 mRNA (sense: GGACAGCTTTCCTTATTTGACTTAA,
antisense: TTAAGTCAAATAAGGAAAGCTGTCC, separated by a 8bp loop: GAAGCTTG).

The Lrrk2 knock-out rat was generated in our lab via microinjection of a pair of TAL-nucleases into pronuclei.
TAL-nucleases were directed against target sequences within exon 2 of Lrrk2 (TALEN1: TGATAGTCCTGGACT;
TALEN2: TACCTGCTGCACACT) and constructed as described®. The rat line used here contains a 7 bp deletion
in exon 2 of the Lrrk2 gene (Fig. 1a) resulting in an open read frame shift and translational stop. All mouse and rat
models were kept as heterozygous lines (two independent lines (lines 1 and 2) for each animal model) by breeding
to C57BL/6 mice (Charles River) or CD (SD) rats (Charles River). For experiments, the heterozygous animals
were bred to generate homozygous Lrrk2 deficient mice and rats. Wild-type littermates were used as wild-type
control in all experiments.

Primary neuronal culture. Pups from heterozygous breeding were prepared at postnatal day 0 (P0). Brains
were removed and transferred to a culture dish containing sterile HBSS (Gibco/Invitrogen). Brain hippocampi
were dissected under a microscope and transferred to a 1.5 ml tube containing HBSS. For enzymatic digestion, the
HBSS was replaced by 0.05% (w/v) Trypsin/EDTA (Gibco, 25300-054) and the tissue/Trypsin suspension was kept
at 37°C for 14 min (water bath). The tissue fragments were washed three times with 1 ml Neurobasal-A/Glutamax
I media (Gibco/Invitrogen) and mechanically digested by trituration using a yellow pipet tip. The appropriate
amount of the cell suspension was mixed with culture media (Neurobasal-A with Glutamax I (Gibco/Invitrogen),
1x B27 Supplement (Gibco/Invitrogen) and growth factors). The cells were seeded on poly-DL-ornithine hydro-
bromide (Sigma, P-8638) coated 96-well imaging plates (BD Falcon, 353219) or 6-well plates (Nunc). The media
was replaced on the next day and then every two days. Cultures were maintained at 37 °C, 5% CO,. The following
growth factors were used for this study: rhFGF (5 ng/ml), rhBDNF (5ng/ml), rmEpo (5ng/ml) and rrCNTF
(5ng/ml), all from R&D Systems. To study physiological consequences of Lrrk2 deficiency in respect to insulin
the culture media was supplemented with insulin-free B27 supplement (Gibco/Invitrigen).
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Colony forming cell assay. The methylcellulose based colony forming cell (CFC) assay was performed
according to the manufacturers’ protocol (http://www.rndsystems.com/literature_MouseMethylcellulose.aspx).
For the assay a suspension of hematopoietic cells was prepared by mechanical trituration of spleen from 3-4
months old mouse. The cells were washed twice with IMDM (12440, Gibco/Invitrogen) and cultivated for 10
days at 37°C and 5% CO, in medium HSC006 (R&D Systems) without any cytokines (negative control) and
medium HSC008 (R&D Systems) containing mSCF, mIL-3, mIL-6, human insulin and human transferrin with-
out Erythropoietin (Epo) or with different concentrations of Epo (rmEpo, #959-ME, R&D System:s).

Antibodies. Primary antibodies used: Akt #9272 (1:1000), p-Akt (Ser473) # 4058 (1:1000), p-Akt (Thr308)
#2965, Rab8A #6975 (1:1000), Rab10 #8127 (1:1000), AS160 #2670 (1:1000), p-AS160 (Thr642) #4288 (1:1000),
IR beta #3025 (1:1000), p-IGF-IR beta (Tyr1131)/IR beta (Tyr1146) #3021 (1:1000) (all from Cell Signalling);
LRRK2 (3514-1 (MJFF2) Epitomics); tubulin (ab6160, abcam); SLC2A4 (ARP43785_P050, avivasysbio, 1:100);
GLUT4 (MAB1262, R&D Systems, 1:1000); Alexa Fluor 488 Mouse anti-3-Tubulin, Class III Clone TUJ1 #560338
(BD Pharmingen).

Secondary antibodies used: anti-rabbit IgG, HRP-linked #7074 (1:5000, Cell signalling); Goat anti-rat IgG,
HRP-linked (1:20 000, ab6845, abcam); Rabbit anti-sheep IgG, HRP-linked (1:10 000, 31480, ThermoScientific);
Goat anti-mouse IgG, HRP-linked (1:10 000, 172-1011, Bio-Rad); Cy3-conjugated Goat anti-rabbit IgG (1:350,
111-165-046, Jackson ImmunoResearch); Cy2-conjugated Goat anti-mouse IgG (1:350, 115-225-164, Jackson
ImmunoResearch).

Immunocytochemistry. For the neurite outgrowth quantification, cells were stained with Alexa Fluor 488
Mouse anti-3-Tubulin, class III antibody (BD Pharmingen, 560338) according to the manufacturer ‘s protocol for
bioimaging. In brief, cells were fixed with 3.7% (w/v) paraformaldehyde (Electron Microscopy Sciences, 15710),
washed three times with PBS (Biochrom, L1825), permeabilized with 0.1% Triton X-100 and block with 3% (v/v)
NGS in PBS for 30 min. Cells were stained with 50 pl/well anti-3-Tubulin, class III antibody (1:50 in PBS) plus
DAPI (0.5ng/ml) for 1h at RT, and washed three times with PBS. Finally, cells were analysed using BD Pathway
855. The neurite outgrowth quantification occurred on AttoVision 1.5 software (BD Bioscience).

For GLUT4 distribution analysis fibroblasts were seeded on 10 mm glass coverslips over night. On next day
the media was replaced to RPMI1640 (Biochrom, F1275) with 1xGlutaMAX I (Gibco, 35050) for 2 h. For insu-
lin stimulation the media was replaced again to PBS (Biochrom, L1825). Human recombinant insulin (biomol,
87402) was diluted in HBSS with calcium and magnesium (Gibco, 14025) containing 0.1% (w/v) BSA (final
dilution 1 ug/ml) and add to the cells for the indicated time. Cells were fixed with 4% (w/v) paraformaldehyde
(Electron Microscopy Sciences, 15710), washed with PBS (Biochrom, L1825) and stained with Wheat Germ
Agglutinin, Alexa Fluor™ 488 Conjugate (W11261, Thermo Fisher Scientific) in PBS (final concentration 5 ug/
ml) for 10 min at room temperature. Next the cells were washed, blocked with 15% (v/v) NGS in PBS for 1 h and
stained with anti-SLC2A4 antibody (1:100 in 5% (v/v) NGS in PBS) over night at 4°C. After washing with PBS
coverslips were mounted using Vectashield mounting medium (Vector Laboratories, H-1500). Finally, cells were
analysed using a fluorescence microscope (Zeiss Axio Imager Z1). The fluorescence intensity was quantified using
Image].

Western blot analysis. For tissue protein extracts, animals were killed by CO, and the tissue homoge-
nized in 3x volumes (w/v) of ice-cold lysis-puffer (PBS containing 0.1% Triton X-100, protease inhibitor (Roche,
11836170001) and phosphatase inhibitor (Roche, 04906837001) cocktails). Tissue homogenates were incubated
for 15min on ice and centrifuged at 13.000 g, 4 °C for 15 min. The supernatant was aliquotted and stored at
—80°C.

For cell protein extracts, cells from a 6-well were lysed in 75 pl ice-cold lysis-puffer, incubated on ice for 5min
and lysates centrifuged at 13.000g, 4 °C for 15 min. Protein concentration was measured by BCA protein assay
(Pierce). For Western blot analysis, 50-100 pg of the tissue protein lysates or 25-50 ug of the cell lysates were
mixed with 2x Laemmli sample buffer (Sigma, $3401-10VL), separated in 8% or 8-12% gel (peqlab PerfectBlue
Twin) and transferred to Immobilon-P PVDF membrane (0.45 um, IPVH00010, Millipore). Membranes were
blocked in 5% (w/v) milk (A0830, AppliChem) in TBS-T for 1h at RT, incubated with primary antibody overnight
at 4°C and for 1h with secondary HRP-conjugated antibody. For detection, membranes were incubated with ECL
detection solution (ECL plus or ECL prime western blot detection reagents, Amersham/GE Healthcare) and
signal was detected using X-ray film (Amersham Hyperfilm ECL). For the quantification of the signal intensity,
the chemiluminescence signal was detected by a CCD camera (FluorChem 8900 imaging system, Alphalnnotech)
and the intensity was measured using AlphaEaseFC software (Alphalnnotech) or Image].

Mn?* Phos-tag SDS-PAGE. Cell lysates prepared as described in “Stimulation with insulin and growth fac-
tors” were mixed with 2x Laemmli sample buffer (Sigma, $3401-10VL) containing 0.5nM MnCl,, heated at 95°C
for 5min and loaded on a gel. Gels for Phos-tag SDS-PAGE consisted of a stacking gel (4.5% acrylamide (Mix
29:1, AppliChem, A0951), 125 mM Tris/HCl pH 6.8, 0.1% (w/v) SDS, 0.1% (v/v) TEMED (Roth) and 0.05% (w/v)
ammonium persulfate (APS)) and a separating gel (10% acrylamide (Mix 29:1, AppliChem, A0951), 376 mM
Tris/HCl pH 8.8, 0.1% (w/v) SDS, 50 uM Phos-tag acrylamide (Aviva Systems Biology), 0.1 mM MnCl,, 0.1%
(v/v) TEMED and 0.05% (w/v) APS). Samples were electrophoresed using running buffer (25 mM Tris base,
192 mM glycine, 0.1% (w/v) SDS) at 18 mA for the stacking part and 36 mA for the separating part (2 gels, BioRad
Mini Trans-Blot Cell System). Gels were washed three times for 10 min in the transfer buffer (48.5 mM Tris base,
39mM glycine, 20% (v/v) methanol, 0.04% (w/v) SDS) containing 10 mM EDTA with gentle agitation. Next, gels
were soaked in the transfer buffer without EDTA for 10 min and proteins transferred to the PVDF membrane
(0.2 um, BioRad, 162-0177). After transfer membranes were blocked with 5% (w/v) milk (A0830, AppliChem)
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in TBS-T for 1 h at RT, incubated with primary antibody diluted in 5% (w/v) BSA in TBS-T overnight at 4°C and
for 1 h with secondary HRP-conjugated antibody. For detection, membranes were incubated with ECL detec-
tion solution (ECL prime western blot detection reagents, Amersham/GE Healthcare) and signal was detected
using X-ray film (Amersham Hyperfilm ECL). For the quantification, the signal intensity was measured using
AlphaEaseFC software (Alphalnnotech) or Image].

Bone marrow derived monocyte isolation and culturing. The monocyte precursors were isolated
from mice or rat bone marrow of the hind limbs by centrifugation of the bone marrow cell mix through a percoll
(GE Healthcare, 17-0891-02) density gradient (3 ml 45%, 5ml 62% and 3 ml 81% (v/v) percoll in HBSS). The cell
fraction between 45 and 62% layers containing monocyte precursors was cultured in IMDM media (21056-023,
Gibco by life technologies) containing 20% (v/v) FCS, 1% (v/v) Pen/Strep and 100 ng/ml M-CSF (R&D Systems)
at 37°C, 5% CO,.

Fibroblasts isolation and culturing. Mouse and rat fibroblasts were isolated from ear pieces. Ear pieces
were cut in small parts, put in 2-3 wells of a 6-well plate (Nunc) containing 50 pl fibroblast culture media (RPMI
1640 (Millipore, F1215), 20% (v/v) ECS (Gibco by life technologies, 10270), 1% (v/v) Pen/Strep (Millipore,
A2213), 10mM HEPES (Gibco by life technologies, 15630-056), 1 mM Sodium pyruvate (Millipore, L0473), 1x
NEAA (Millipore, K0293), 1x Glutamax-I (Gibco by life technologies, 35050-038)), covered with 2 coverslips and
flooded with 3 ml fibroblasts culture media. The media was changed every 3-4 days. Growing fibroblasts were
split using Accumax solution (Sigma, A7089) after the cells become confluent. For all experiments fibroblasts in
the passage 3 to 7 were used.

All human fibroblasts from Parkinson patients and healthy control individuals are from the Blood- and
Tissue-library Hertie Institute for Clinical Brain Research Tuebingen (Ethics-Application 287/2004V). Human
fibroblasts are cultured in RPMI media (Millipore, F1215) containing 10% (v/v) FCS (Gibco by life technologies,
10270), 1 mM Sodium pyruvate (Millipore, L0473) and 1x Glutamax-I (Gibco by life technologies, 35050-038).

Stimulation with insulin and growth factors. For Western blot analysis cells were plated on 24-well
culture plates (Nunc, monocytes: 70 000/well; fibroblasts: 50 000/well) and cultured over night. Before stimula-
tion, media was replaced with growth factor free and low serum (2% (v/v) FCS) media for 2 h. Subsequently, the
media was replaced to PBS and insulin (or growth factors) diluted in HBSS with Ca*" and Mg?* containing 0.25%
(w/v) BSA were added. Final concentrations for insulin (human, recombinant, biomol, # 08563): 1 ug/ml; IL-3
(R&D Systems, 403-ML): 10 ng/ml; IL-6 (R&D Systems, 406-ML): 10 ng/ml; M-CSF (R&D Systems 416-ML-050
and 216-MC-025): 100 ng/ml; C5a (recombinant mouse C5a, R&D Systems, # 2150-C5): 10 ng/ml. At different
time-points the PBS/HBSS stimulation mix was removed and the cells lysed in 30 pl ice-could lysis puffer (PBS
containing 1% (v/v) Triton X100, Protease inhibitor cocktail (Roche, # 04 693 124 001) and Phosphatase inhibitor
cocktail (Roche, # 04 906 845 001)) for 5min on ice. Protein lysates were centrifuged at 13.000 g, 4 °C for 15 min
and stored at —80 °C or directly separated in gel (s. Western blot analysis and Mn?" Phos-tag SDS-PAGE).

Statistical analysis. The data were analysed by two-tailed Wilcoxon-Mann-Whitney U-test and two-tailed
t-test.

References
1. Zimprich, A. et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron. 44(4),
601-7 (2004).
2. Paisdn-Ruiz, C. et al. Cloning of the gene containing mutations that cause PARKS8-linked Parkinson’s disease. Neuron. 44(4),
595-600 (2004).
3. Delamarre, A. & Meissner, W. G. Epidemiology, environmental risk factors and genetics of Parkinson’s disease. Presse Med. 46(2 Pt
1), 175-181, https://doi.org/10.1016/j.lpm.2017.01.001 (2017).
4. Blanca Ramirez, M. et al. LRRK2 and Parkinson’s disease: from lack of structure to gain of function. Curr. Protein Pept. Sci. (2016).
5. Lill, C. M. Genetics of Parkinson’s disease. Mol Cell Probes. 30(6), 386-396, https://doi.org/10.1016/j.mcp.2016.11.001 (2016).
6. Boddu, R. et al. Leucine-rich repeat kinase 2 deficiency is protective in rhabdomyolysis-induced kidney injury. Hum Mol Genet.
24(14), 4078-93, https://doi.org/10.1093/hmg/ddv147 (2015).
7. Lin, M. K., Farrer, M. J. Genetics and genomics of Parkinson’s disease. Genome Med. 6(6):48, https://doi.org/10.1186/gm566.
eCollection (2014).
8. Liu, Z. & Lenardo, M. J. The role of LRRK2 in inflammatory bowel disease. Cell Res. 22(7), 10924, https://doi.org/10.1038/
cr.2012.42. (2012).
9. de Lau, L. M. & Breteler, M. M. Epidemiology of Parkinson’s disease. Lancet Neurol. 5(6), 525-35 (2006).
10. Goedert, M., Spillantini, M. G., Del Tredici, K. & Braak, H. 100 years of Lewy pathology. Nat Rev Neurol. 9(1), 13-24, https://doi.
org/10.1038/nrneurol.2012.242 (2013).
11. Ferreira, M. & Massano, J. An updated review of Parkinson’s disease genetics and clinicopathological correlations. Acta Neurol
Scand. 135(3), 273-284, https://doi.org/10.1111/ane.12616. (2017).
12. 14, J.-O., Tan, L. & Yu, J.-T. The role of the LRRK2 gene in Parkinsonism. Mol Neurodegener. 47, https://doi.org/10.1186/1750-1326-
9-47 (2014).
13. Civiero, L. et al. Leucine-rich repeat kinase 2 interacts with p21-activated kinase 6 to control neurite complexity in mammalian
brain. ] Neurochem. 1242-56, https://doi.org/10.1111/jnc.13369 (2015).
14. Paus, M. et al. Enhanced dendritogenesis and axogenesis in hippocampal neuroblasts of LRRK2 knockout mice. Brain Res. 1497,
85-100, https://doi.org/10.1016/j.brainres.2012.12.024 (2013).
15. Chan, D., Citro, A., Cordy, J. M., Shen, G. C. & Wolozin, B. Racl protein rescues neurite retraction caused by G2019S leucine-rich
repeat kinase 2 (LRRK?2). ] Biol Chem. 286(18), 16140-9, https://doi.org/10.1074/jbc.M111.234005 (2011).
16. Dichsel, J. C. et al. A comparative study of Lrrk2 function in primary neuronal cultures. Parkinsonism Relat Disord. 16(10), 6505,
https://doi.org/10.1016/j.parkreldis.2010.08.018 (2010).
17. Heo, H. Y., Kim, K. S. & Seol, W. Coordinate Regulation of Neurite Outgrowth by LRRK2 and Its Interactor, Rab5. Exp Neurobiol.
19(2), 97-105, https://doi.org/10.5607/en.2010.19.2.97 (2010).

SCIENTIFICREPORTS| (2019) 9:4515 | https://doi.org/10.1038/s41598-019-40808-y 13


https://doi.org/10.1038/s41598-019-40808-y
https://doi.org/10.1016/j.lpm.2017.01.001
https://doi.org/10.1016/j.mcp.2016.11.001
https://doi.org/10.1093/hmg/ddv147
https://doi.org/10.1186/gm566.
https://doi.org/10.1038/cr.2012.42.
https://doi.org/10.1038/cr.2012.42.
https://doi.org/10.1038/nrneurol.2012.242
https://doi.org/10.1038/nrneurol.2012.242
https://doi.org/10.1111/ane.12616.
https://doi.org/10.1186/1750-1326-9-47
https://doi.org/10.1186/1750-1326-9-47
https://doi.org/10.1111/jnc.13369
https://doi.org/10.1016/j.brainres.2012.12.024
https://doi.org/10.1074/jbc.M111.234005
https://doi.org/10.1016/j.parkreldis.2010.08.018
https://doi.org/10.5607/en.2010.19.2.97

www.nature.com/scientificreports/

21.
22.
23.
24.
25.
26.

27.
. Yan, R. & Liu, Z. LRRK2 enhances Nod1/2-mediated inflammatory cytokine production by promoting Rip2 phosphorylation.

29.
30.
31.
32.
33.

34,

35.

36.
37.
38.
39.
40.
41.

42.

43.
44,

45.

46.
47.

48.

49.
50.
51.
52.
53.
54.
55.

56.

. Plowey, E. D., Cherra, S. J. III, Liu, Y. J. & Chu, C. T. Role of autophagy in G2019S-LRRK2-associated neurite shortening in

differentiated SH-SY5Y cells. ] Neurochem. 105(3), 104856, https://doi.org/10.1111/j.1471-4159.2008.05217.x (2008).

. MacLeod, D. et al. The familial Parkinsonism gene LRRK2 regulates neurite process morphology. Neuron. 52(4), 587-93 (2006).
. Carrion, M. D. P. et al. The LRRK2 G2385R variant is a partial loss-of-function mutation that affects synaptic vesicle trafficking

through altered protein interactions. Sci Rep. 7(1), 5377, https://doi.org/10.1038/s41598-017-05760-9 (2017).

Inoshita, T. et al. Vps35 in cooperation with LRRK2 regulates synaptic vesicle endocytosis through the endosomal pathway in
Drosophila. Hum Mol Genet, https://doi.org/10.1093/hmg/ddx179 (2017).

Maas, J. W, Yang, J. & Edwards, R. H. Endogenous Leucine-Rich Repeat Kinase 2 Slows Synaptic Vesicle Recycling in Striatal
Neurons. Front Synaptic Neurosci. 9:5, https://doi.org/10.3389/fnsyn.2017.00005. eCollection (2017).

Arranz, A. M. et al. LRRK2 functions in synaptic vesicle endocytosis through a kinase-dependent mechanism. J Cell Sci. 128(3),
541-52 (2015).

Beccano-Kelly, D. A. et al. Synaptic function is modulated by LRRK2 and glutamate release is increased in cortical neurons of
G2019S LRRK2 knock-in mice. Front Cell Neurosci. 8, 301, https://doi.org/10.3389/fncel.2014.00301. eCollection (2014).

Matta, S. et al. LRRK2 controls an EndoA phosphorylation cycle in synaptic endocytosis. Neuron. 75(6), 1008-21, https://doi.
org/10.1016/j.neuron.2012.08.022 (2012).

Rassu, M. et al. Role of LRRK2 in the regulation of dopamine receptor trafficking. PLoS One. 12(6):¢0179082, https://doi.
org/10.1371/journal.pone.0179082. eCollection (2017).

Manzoni, C. & Lewis, P. A. LRRK2 and Autophagy. Adv Neurobiol. 14, 89-105, https://doi.org/10.1007/978-3-319-49969-7_5 (2017).

Protein Cell. 8(1), 55-66, https://doi.org/10.1007/s13238-016-0326-x (2017).

Manzoni, C. et al. MTOR independent regulation of macroautophagy by Leucine Rich Repeat Kinase 2 via Beclin-1. Sci Rep. 6,
35106, https://doi.org/10.1038/srep35106 (2016).

Bang, Y., Kim, K. S., Seol, W. & Choi, H. J. LRRK?2 interferes with aggresome formation for autophagic clearance. Mol Cell Neurosci.
75, 71-80, https://doi.org/10.1016/j.mcn.2016.06.007 (2016).

Saez-Atienzar, S. et al. Bcl-xL-mediated antioxidant function abrogates the disruption of mitochondrial dynamics induced by
LRRK?2 inhibition. Biochim Biophys Acta. 1862(1), 20-31, https://doi.org/10.1016/j.bbadis.2015.09.021 (2016).

Moehle, M. S. et al. LRRK2 inhibition attenuates microglial inflammatory responses. J Neurosci. 32(5), 1602-11, https://doi.
org/10.1523/J]NEUROSCI.5601-11.2012 (2012).

Liu, Z. et al. The kinase LRRK2 is a regulator of the transcription factor NFAT that modulates the severity of inflammatory bowel
disease. Nat Immunol. 12(11), 1063-70, https://doi.org/10.1038/ni.2113 (2011).

Tong, Y. et al. Loss of leucine-rich repeat kinase 2 causes impairment of protein degradation pathways, accumulation of alpha-
synuclein, and apoptotic cell death in aged mice. Proc Natl Acad Sci USA 107(21), 9879-84, https://doi.org/10.1073/pnas.1004676107
(2010).

Caesar, M., Felk, S., Aasly, J. O. & Gillardon, F. Changes in actin dynamics and F-actin structure both in synaptoneurosomes of
LRRK2(R1441G) mutant mice and in primary human fibroblasts of LRRK2(G2019S) mutation carriers. Neuroscience. 284, 311-24,
https://doi.org/10.1016/j.neuroscience.2014.09.070 (2015).

Parisiadou, L. et al. Phosphorylation of ezrin/radixin/moesin proteins by LRRK2 promotes the rearrangement of actin cytoskeleton
in neuronal morphogenesis. ] Neurosci. 29(44), 13971-80, https://doi.org/10.1523/J]NEUROSCI.3799-09.2009 (2009).

Shi, M. M., Shi, C. H. & Xu, Y. M. Rab GTPases: The Key Players in the Molecular Pathway of Parkinson’s Disease. Front Cell
Neurosci. 11, 81, https://doi.org/10.3389/fncel.2017.00081. eCollection (2017).

Madero-Pérez, J. et al. Parkinson disease-associated mutations in LRRK2 cause centrosomal defects via Rab8a phosphorylation. Mol
Neurodegener. 13(1), 3, https://doi.org/10.1186/s13024-018-0235-y (2018).

Steger, M. et al. Phosphoproteomics reveals that Parkinson’s disease kinase LRRK2 regulates a subset of Rab GTPases. Elife. 5,
€12813, https://doi.org/10.7554/eLife.12813 (2016).

Yun, H. J. et al. An early endosome regulator, Rab5b, is an LRRK2 kinase substrate. ] Biochem. 157(6), 485-95, https://doi.
0rg/10.1093/jb/mvv005 (2015).

Cho, H.J. et al. Leucine-rich repeat kinase 2 regulates Sec16A at ER exit sites to allow ER-Golgi export. EMBO J. 33(20), 2314-31,
https://doi.org/10.15252/emb;j.201487807 (2014).

Ohta, E., Kawakami, F, Kubo, M. & Obata, F. LRRK2 directly phosphorylates Akt1 as a possible physiological substrate: impairment
of the kinase activity by Parkinson’s disease-associated mutations. FEBS Lett. 585(14), 2165-70, https://doi.org/10.1016/j.
febslet.2011.05.044 (2011).

Stevers, L. M. et al. Structural interface between LRRK2 and 14-3-3 protein. Biochem ]. 474(7), 1273-1287, https://doi.org/10.1042/
BCJ20161078 (2017).

Lavalley, N. J,, Slone, S. R., Ding, H., West, A. B. & Yacoubian, T. A. 14-3-3 Proteins regulate mutant LRRK2 kinase activity and
neurite shortening. Hum Mol Genet. 25(1), 109-22, https://doi.org/10.1093/hmg/ddv453 (2016).

Mamais, A. et al. Arsenite stress down-regulates phosphorylation and 14-3-3 binding of leucine-rich repeat kinase 2 (LRRK2),
promoting self-association and cellular redistribution. ] Biol Chem. 289(31), 21386-400, https://doi.org/10.1074/jbc.M113.528463
(2014).

Muda, K. et al. Parkinson-related LRRK2 mutation R1441C/G/H impairs PKA phosphorylation of LRRK2 and disrupts its
interaction with 14-3-3. Proc Natl Acad Sci USA 111(1), E34-43, https://doi.org/10.1073/pnas.1312701111 (2014).

Fraser, K. B. et al. LRRK2 secretion in exosomes is regulated by 14-3-3. Hum Mol Genet. 22(24), 4988-5000, https://doi.org/10.1093/
hmg/ddt346 (2013).

Li, X. et al. Phosphorylation-dependent 14-3-3 binding to LRRK2 is impaired by common mutations of familial Parkinson’s disease.
PLoS One. 6(3),e17153. https://doi.org/10.1371/journal.pone.0017153 (2011). Erratum in: PLoS One. 6(7), https://doi.org/10.1371/
annotation/e66e7€90-9503-46b8-91f9-abe4d5056bal (2011).

Rudenko, I. N. & Cookson, M. R. 14-3-3 proteins are promising LRRK2 interactors. Biochem J. 430(3), e5-6, https://doi.org/10.1042/
BJ20101200 (2010).

Yun, H. J. et al. LRRK2 phosphorylates Snapin and inhibits interaction of Snapin with SNAP-25. Experimental & Molecular Medicin.
45, €36, https://doi.org/10.1038/emm (2013).

Andres-Mateos, E. et al. Unexpected lack of hypersensitivity in LRRK2 knock-out mice to MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine). ] Neurosci. 29(50), 15846-50 (2009).

Giesert, F. et al. The pathogenic LRRK2 R1441C mutation induces specific deficits modeling the prodromal phase of Parkinson’s
disease in the mouse. Neurobiol Dis. 105, 179-193 (2017).

Hakimi, M. et al. Parkinson’s disease-linked LRRK2 is expressed in circulating and tissue immune cells and upregulated following
recognition of microbial structures. ] Neural Transm (Vienna). 118(5), 795-808, https://doi.org/10.1007/s00702-011-0653-2 (2011).
Timmons, S., Coakley, M. E, Moloney, A. M. & O’ Neill, C. Akt signal transduction dysfunction in Parkinson’s disease. Neurosci Lett.
467(1), 30-5, https://doi.org/10.1016/j.neulet.2009.09.055 (2009).

Bogan, J. S. Regulation of glucose transporter translocation in health and diabetes. Annu Rev Biochem. 81, 507-32, https://doi.
org/10.1146/annurev-biochem-060109-094246 (2012).

Leto, D. & Saltiel, A. R. Regulation of glucose transport by insulin: traffic control of GLUT4. Nat Rev Mol Cell Biol. 13(6), 383-96,
https://doi.org/10.1038/nrm3351 (2012).

SCIENTIFICREPORTS| (2019) 9:4515 | https://doi.org/10.1038/s41598-019-40808-y 14


https://doi.org/10.1038/s41598-019-40808-y
https://doi.org/10.1111/j.1471-4159.2008.05217.x
https://doi.org/10.1038/s41598-017-05760-9
https://doi.org/10.1093/hmg/ddx179
https://doi.org/10.3389/fnsyn.2017.00005.
https://doi.org/10.3389/fncel.2014.00301.
https://doi.org/10.1016/j.neuron.2012.08.022
https://doi.org/10.1016/j.neuron.2012.08.022
https://doi.org/10.1371/journal.pone.0179082.
https://doi.org/10.1371/journal.pone.0179082.
https://doi.org/10.1007/978-3-319-49969-7_5
https://doi.org/10.1007/s13238-016-0326-x
https://doi.org/10.1038/srep35106
https://doi.org/10.1016/j.mcn.2016.06.007
https://doi.org/10.1016/j.bbadis.2015.09.021
https://doi.org/10.1523/JNEUROSCI.5601-11.2012
https://doi.org/10.1523/JNEUROSCI.5601-11.2012
https://doi.org/10.1038/ni.2113
https://doi.org/10.1073/pnas.1004676107
https://doi.org/10.1016/j.neuroscience.2014.09.070
https://doi.org/10.1523/JNEUROSCI.3799-09.2009
https://doi.org/10.3389/fncel.2017.00081
https://doi.org/10.1186/s13024-018-0235-y
https://doi.org/10.7554/eLife.12813
https://doi.org/10.1093/jb/mvv005
https://doi.org/10.1093/jb/mvv005
https://doi.org/10.15252/embj.201487807
https://doi.org/10.1016/j.febslet.2011.05.044
https://doi.org/10.1016/j.febslet.2011.05.044
https://doi.org/10.1042/BCJ20161078
https://doi.org/10.1042/BCJ20161078
https://doi.org/10.1093/hmg/ddv453
https://doi.org/10.1074/jbc.M113.528463
https://doi.org/10.1073/pnas.1312701111
https://doi.org/10.1093/hmg/ddt346
https://doi.org/10.1093/hmg/ddt346
https://doi.org/10.1371/journal.pone.0017153
https://doi.org/10.1371/annotation/e66e7e90-9503-46b8-91f9-abe4d5056ba1
https://doi.org/10.1371/annotation/e66e7e90-9503-46b8-91f9-abe4d5056ba1
https://doi.org/10.1042/BJ20101200
https://doi.org/10.1042/BJ20101200
https://doi.org/10.1038/emm
https://doi.org/10.1007/s00702-011-0653-2
https://doi.org/10.1016/j.neulet.2009.09.055
https://doi.org/10.1146/annurev-biochem-060109-094246
https://doi.org/10.1146/annurev-biochem-060109-094246
https://doi.org/10.1038/nrm3351

www.nature.com/scientificreports/

57. StocKli, J., Fazakerley, D. J. & James, D. E. GLUT4 exocytosis. J Cell Sci. 124(Pt 24), 4147-59, https://doi.org/10.1242/jcs.097063
(2011).

58. Longo, N. et al. Human fibroblasts express the insulin-responsive glucose transporter (GLUT4). Trans Assoc Am Physicians. 103,
202-13 (1990).

59. Bevan, P. Insulin signalling. J Cell Sci. 114(Pt 8), 1429-30 (2001).

60. Saltiel, A. R. & Kahn, C. R. Insulin signalling and the regulation of glucose and lipid metabolism. Nature. 414, 799-806, https://doi.
org/10.1038/414799a (2001).

61. Tan, S. X. et al. The Rab GTPase-activating protein TBC1D4/AS160 contains an atypical phosphotyrosine-binding domain that
interacts with plasma membrane phospholipids to facilitate GLUT4 trafficking in adipocytes. Mol Cell Biol. 32(24), 4946-59, https://
doi.org/10.1128/MCB.00761-12 (2012).

62. Sakamoto, K. & Holman, G. D. Emerging role for AS160/TBC1D4 and TBC1D1 in the regulation of GLUT4 traffic. Am ] Physiol
Endocrinol Metab. 295(1), E29-37, https://doi.org/10.1152/ajpendo.90331.2008 (2008).

63. Randhawa, V. K. et al. GLUT4 vesicle recruitment and fusion are differentially regulated by Rac, AS160 and Rab8A in muscle cells.
] Biol Chem. 283(40), 27208-19, https://doi.org/10.1074/jbc.M804282200 (2008).

64. Eguez, L. et al. Full intracellular retention of GLUT4 requires AS160 Rab GTPase activating protein. Cell Metab. 2(4), 263-72 (2005).

65. Larance, M. et al. Characterization of the role of the Rab GTPase-activating protein AS160 in insulin-regulated GLUT4 trafficking.
J Biol Chem. 280(45), 37803-13 (2005).

66. Sano, H. et al. Insulin-stimulated phosphorylation of a Rab GTPase-activating protein regulates GLUT4 translocation. ] Biol Chem.
278(17), 14599-602 (2003).

67. Kane, S. et al. A method to identify serine kinase substrates. Akt phosphorylates a novel adipocyte protein with a Rab GTPase-
activating protein (GAP) domain. ] Biol Chem. 277(25), 22115-8 (2002).

68. Miinea, C. P. et al. AS160, the Akt substrate regulating GLUT4 translocation, has a functional Rab GTPase-activating protein
domain. Biochem J. 391(Pt 1), 87-93 (2005).

69. Sano, H. et al. Rab10, a target of the AS160 Rab GAP, is required for insulin-stimulated translocation of GLUT4 to the adipocyte
plasma membrane. Cell Metab. 5(4), 293-303 (2007).

70. Patel, S. S. & Udayabanu, M. Urtica dioica extract attenuates depressive like behavior and associative memory dysfunction in
dexamethasone induced diabetic mice. Metabolic Brain Disease. 29(1), 121-30, https://doi.org/10.1007/s11011-014-9480-0 (2014).

71. Huang, C. C,, Lee, C. C. & Hsu, K. S. The role of insulin receptor signaling in synaptic plasticity and cognitive function. Chang Gung
Medical Journal. 33(2), 115-25 (2010).

72. Piroli, G. G. et al. Corticosterone impairs insulin-stimulated translocation of GLUT4 in the rat hippocampus. Neuroendocrinology.
85(2), 71-80, https://doi.org/10.1159/000101694 (2007).

73. Bryant, N. J., Govers, R. & James, D. E. Regulated transport of the glucose transporter GLUT4. Nat Rev Mol Cell Biol. 3(4), 267-77
(2002).

74. Tengholm, A. & Meyer, T. A PI3-kinase signaling code for insulin-triggered insertion of glucose transporters into the plasma
membrane. Curr Biol. 12(21), 1871-6 (2002).

75. Kohn, A. D. et al. Construction and characterization of a conditionally active version of the serine/threonine kinase Akt. J Biol
Chem. 273(19), 11937-43 (1998).

76. Uhm, M. et al. Phosphorylation of the exocyst protein Exo84 by TBK1 promotes insulin-stimulated GLUT4 trafficking. Sci Signal.
10(471), eaah5085, https://doi.org/10.1126/scisignal.aah5085 (2017).

77. Bandyopadhyay, G. et al. PKC-zeta mediates insulin effects on glucose transport in cultured preadipocyte-derived human
adipocytes. ] Clin Endocrinol Metab. 87(2), 716-23 (2002).

78. Chiang, S. H. et al. Insulin-stimulated GLUT4 translocation requires the CAP-dependent activation of TC10. Nature. 410(6831),
944-8 (2001).

79. Ramm, G., Larance, M., Guilhaus, M. & James, D. E. A role for 14-3-3 in insulin-stimulated GLUT4 translocation through its
interaction with the RabGAP AS160. ] Biol Chem. 281(39), 29174-80 (2006).

80. Porras, P. et al. A visual review of the interactome of LRRK2: Using deep-curated molecular interaction data to represent biology.
Proteomics. 15(8), 1390-1404, https://doi.org/10.1002/pmic.201400390 (2015).

81. Jaldin-Fincati, J. R., Pavarotti, M., Frendo-Cumbo, S., Bilan, P. J. & Klip, A. Update on GLUT4 Vesicle Traffic: A Cornerstone of
Insulin Action. Trends Endocrinol Metab. 28(8), 597-611, https://doi.org/10.1016/j.tem.2017.05.002 (2017).

82. Zerial, M. & McBride, H. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol. 2, 107-17, https://doi.org/10.1038/35052055
(2001).

83. Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell Biol. 10(8), 513-25, https://doi.org/10.1038/nrm2728
(2009).

84. Sandyk, R. The relationship between diabetes mellitus and Parkinson’s disease. Int ] Neurosci. 69(1-4), 125-30 (1993).

85. Sun, Y. et al. Risk of Parkinson disease onset in patients with diabetes: a 9-year population-based cohort study with age and sex
stratifications. Diabetes Care. 35(5), 1047-9 (2012).

86. Schernhammer, E. et al. Diabetes and the risk of developing Parkinson’s disease in Denmark. Diabetes Care. 34(5), 1102-8 (2011).

87. Hu, G., Jousilahti, P, Bidel, S., Antikainen, R. & Tuomilehto, J. Type 2 diabetes and the risk of Parkinson’s disease. Diabetes Care.
30(4), 842-7 (2007).

88. Mebel, D. M., Wong, J. C., Dong, Y. J. & Borgland, S. L. Insulin in the ventral tegmental area reduces hedonic feeding and suppresses
dopamine concentration via increased reuptake. Eur | Neurosci. 36(3), 2336-46 (2012).

89. Lima, M. M. et al. Does Parkinson’s disease and type-2 diabetes mellitus present common pathophysiological mechanisms and
treatments? CNS Neurol Disord Drug Targets. 13(3), 418-28 (2014).

90. Wefers, B. et al. Generation of targeted mouse mutants by embryo microinjection of TALEN mRNA. Nat Protoc. 8, 2355-2379
(2013).

Acknowledgements

We thank Erich Buchner and Yvonne Ritze for advice and review of the manuscript and Ted M. Dawson for
contribution of Lrrk2 knock-out mice line. This work was supported by the Michael J. Fox Foundation
(grant number 11254 to SB), Fritz Tyssen Stiftung (grant number Az. 10.10.1.142 to SB), Deutsche
Forschungsgemeinschaft (grant numbers BI 1210/4-1 (to SB), WU 164/5-1, CRC 870 to WW) Bundesministerium
firr Bildung und Forschung (BMBF) grant “TAL-Cut-Technology’ (03V0261 to SB, RK and WW) and Helmholtz
Alliance ICEMED (to WW).

Author Contributions

N.E and S.B. initiated the project and prepared the manuscript. N.E and S.B. conceived and designed experiments.
R.K., WW. and T.O. generated TAL-nucleases and Lrrk2 knock-out rat. R.K., EG., D.V.-W. and W.W. generated
Lrrk2 knock-down mice. N.E,, M.M. and A.W.-W. performed experiments. N.F. and M.M. analyzed data. T.O.,
K.B. and T.G. contributed reagents/materials/analysis tools. All authors reviewed the manuscript.

SCIENTIFICREPORTS| (2019) 9:4515 | https://doi.org/10.1038/s41598-019-40808-y 15


https://doi.org/10.1038/s41598-019-40808-y
https://doi.org/10.1242/jcs.097063
https://doi.org/10.1038/414799a
https://doi.org/10.1038/414799a
https://doi.org/10.1128/MCB.00761-12
https://doi.org/10.1128/MCB.00761-12
https://doi.org/10.1152/ajpendo.90331.2008
https://doi.org/10.1074/jbc.M804282200
https://doi.org/10.1007/s11011-014-9480-0
https://doi.org/10.1159/000101694
https://doi.org/10.1126/scisignal.aah5085
https://doi.org/10.1002/pmic.201400390
https://doi.org/10.1016/j.tem.2017.05.002
https://doi.org/10.1038/35052055
https://doi.org/10.1038/nrm2728

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-40808-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:4515 | https://doi.org/10.1038/s41598-019-40808-y 16


https://doi.org/10.1038/s41598-019-40808-y
https://doi.org/10.1038/s41598-019-40808-y
http://creativecommons.org/licenses/by/4.0/

	The Parkinson’s disease-linked Leucine-rich repeat kinase 2 (LRRK2) is required for insulin-stimulated translocation of GLU ...
	Results

	Lrrk2 deficient animal models. 
	LRRK2 influences cell survival and neurite outgrowth in a growth factor independent manner. 
	Lrrk2 deficiency impairs feedback control of insulin signalling in aged cells. 
	Lrrk2 deficiency affects insulin dependent GLUT4 translocation to the cell surface. 
	LRRK2 controls insulin signal transduction through phosphorylation of Rab10. 
	Insulin signalling in fibroblasts from Parkinson’s patient with G2019S mutated LRRK2. 

	Discussion

	Methods

	Ethical approval and informed consent. 
	Animal models. 
	Primary neuronal culture. 
	Colony forming cell assay. 
	Antibodies. 
	Immunocytochemistry. 
	Western blot analysis. 
	Mn2+ Phos-tag SDS-PAGE. 
	Bone marrow derived monocyte isolation and culturing. 
	Fibroblasts isolation and culturing. 
	Stimulation with insulin and growth factors. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Animal models.
	Figure 2 Effect of different growth factors on neurite outgrowth and cell survival.
	Figure 3 Induced phosphorylation of Akt in Lrrk2 deficient cells.
	Figure 4 GLUT4 translocation in Lrrk2 deficient fibroblasts.
	Figure 5 Insulin signalling in Lrrk2 deficient animals.
	Figure 6 Insulin signalling in human fibroblasts from Parkinson’s patients with G2019S mutated LRRK2.
	Figure 7 The role of LRRK2 for insulin signal transduction.




