Physiological and pathological roles of LRRK2 in the nuclear envelope integrity
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Abstract

Mutations in LRRK?2 cause autosomal dominant and sporadic Parkinson’s disease but
the mechanisms involved in LRRK2 toxicity in PD are yet to be fully understood. We
found that LRRK2 translocates to the nucleus by binding to seven in absentia
homolog (SIAH-1), and in the nucleus it directly interacts with lamin A/C,
independent of its kinase activity. LRRK2 knockdown caused nuclear lamina
abnormalities and nuclear disruption. LRRK2 disease mutations mostly abolish the
interaction with lamin A/C and, similar to LRRK2 knockdown, cause disorganization
of lamin A/C and leakage of nuclear proteins. Dopaminergic neurons of LRRK2
G2019S transgenic and LRRK2 -/- mice display decreased circularity of the nuclear
lamina and leakage of the nuclear protein 53BP1 to the cytosol. Dopaminergic nigral
and cortical neurons of both LRRK2 G2019S and idiopathic PD patients exhibit
abnormalities of the nuclear lamina. Our data indicate that LRRK2 plays an essential
role in maintaining nuclear envelope integrity. Disruption of this function by disease
mutations suggests a novel phosphorylation-independent loss of function mechanism

that may synergize with other neurotoxic effects caused by LRRK2 mutations.
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Introduction

Parkinson's disease (PD) leads to progressive degeneration of neurons, especially
of dopaminergic neurons in the substantia nigra (1). Several genes are mutated in
families with PD, including a-synuclein, LRRK2, parkin, and PINK1 (2).

Mutations in the LRRK2 (Leucine-Rich Repeat Kinase 2) gene cause autosomal
dominant (3, 4) and sporadic PD (5, 6). LRRK2 is a protein kinase that associates
with membranes of different intracellular organelles, including mitochondria,
endosomes and lysosomes, suggesting that it may regulate the activity of various
intracellular processes, including autophagy and mitophagy (7-11). Notably, LRRK2
interacts with several members of Rab GTPases, suggesting that LRRK2 regulates the
vesicular transport and other Rab-dependent processes (12-14).

LRRK2 kinase activity increases by several disease mutations, and this is
associated with neuronal toxicity (15-17), mitochondrial depolarization (10),
reduction in neurite length (18), and increased a-synuclein propagation (19).
However, it is still not clear if increased LRRK2 kinase activity mediates all
impairments seen with mutant LRRK2 (20, 21). For instance, LRRK2 R1441C
mutation interferes with the interaction of LRRK2 with Sec16A and affects ER-Golgi
transport in a kinase-independent manner (22). Also, targeted deletion of LRRK2 and
its homolog LRRK1 in mice cause dopaminergic degeneration, indicating that
LRRK2 normal function is required for survival of dopaminergic neurons (23).

While most recent LRRK2 studies focus on phosphorylation-dependent
regulation of Rab GTPases (12, 24), two studies previously linked LRRK2 mutations
to nuclear abnormalities (25, 26). LRRK2 G2019S mutant neuronal stem cells display
decreased nuclear circularity at late culture passages, a process ascribed to the higher
kinase activity of the LRRK2 G2019S mutant (25). LRRK2 R1441C transgenic mice
display progressive nuclear abnormalities in dopaminergic neurons, which were
ascribed to neuronal aging (26). While these studies highlight the nucleus as an
organelle affected in PD, they did not consider a normal role of wild type LRRK2 at
the nuclear envelope and did not consider loss of function mechanisms regarding
LRRKZ2 mutants.

We now hypothesize that wild type LRRK2 plays important roles in nuclear
maintenance and disruption of this normal role by disease mutations underlies the

nuclear alterations previously observed in LRRK2 disease mutant models (25, 26).
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We now demonstrate that wild type LRRK2 binds lamin A/C, which is crucial to
maintain nuclear lamina organization and nuclear membrane integrity. LRRK2
knockdown causes nuclear envelope pathology. SIAH proteins associate with LRRK?2
and promote its ubiquitination and nuclear translocation. Similar to that observed with
LRRK2 knockdown, different LRRK2 disease mutations virtually abolish the
interaction with lamin A/C, promoting nuclear envelope disruption by a kinase-
independent mechanism. Similar nuclear abnormalities were present in LRRK2 -/-
mice, LRRK2 G2019S transgenic mice and substantia nigra and cortex of LRRK2
G2019S and idiopathic PD. Our observations indicate that LRRK2 normal function is
required to stabilize the nuclear lamina and maintain nuclear envelope homeostasis, a

process that is disrupted in LRRK2 mutations.

Results
LRRK2 is present in the nucleus

We carried out subcellular fractionation of rat brains and found endogenous
LRRK?2 not only in the cytosol but also in the purified nuclear fraction (Fig. 1A). The
presence of LRRK2 in the nuclear fraction is not due to non-specific adsorption since
LRRK2 was not extracted by treatment with Triton X-100 or sodium carbonate, which
remove loosely-bound membrane proteins (Fig. 1A). The specificity of the anti-LRRK2
antibody was confirmed using brain lysates of LRRK2 -/- mice as controls
(Supplementary Material, Fig. S1A). In addition, the endoplasmic reticulum protein BiP
was not detected in the nuclear fraction (Supplementary Material, Fig. S1B), indicating
that the presence of LRRK2 in the nucleus is not due to cross-contamination with other
organelles, such as endoplasmic reticulum. Ectopically expressed LRRK2 G2019S,
LRRK2 R1441C and LRRK2 kinase-dead (KD) mutants were present at the nuclear
fraction at levels similar to the wild type LRRK2 protein (Fig. 1B). No significant
changes in the basal LRRK2 phosphorylation state (WT or G2019S mutant) were
observed between cytosolic and nuclear-associated LRRK2 species (Supplementary
Material, Fig. S2). In addition, the middle and C-terminal regions of LRRK2 translocate
to the nucleus (Supplementary Material, Fig. S3), suggesting that different LRRK2
regions may be involved in its translocation to the nucleus.

Immunocytochemical experiments demonstrate that LRRK2 is present in the
nuclei of transfected cells (Fig. 1C). Also, LRRK2 wild type and G2019S disease
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mutant were consistently present in the nucleus of primary cortical neurons (Fig. 1D).
Reconstitution of confocal z-series acquisitions into 3D projection at different angles,
including more transversal projections, shows the spatial co-localization of LRRK2
with the nuclear marker Hoechst 33342 (Fig. 1E, lower panels), and confirms
therefore the presence of LRRK2 immunoreactivity in the nucleus of cortical neurons
(Fig. 1E).

Interaction of LRRK2 with lamin A/C

Nuclear subfractionation reveals that endogenous LRRK2 is present in the
nucleoplasm (soluble nuclear fraction) and the insoluble nuclear fractions of
untransfected HEK293 cells (Fig. 2A) and primary cultured neurons (Fig. 2B).
Insoluble nuclear fraction contains nuclear lamina components, such as lamin A/C
(Fig. 2A and B). Upon separation of insoluble nuclear material into chromatin and
cytoskeletal fractions, we found that most endogenous LRRK2 is present in the
nuclear cytoskeleton fraction, which contains lamin A/C (Fig. 2A and B).

Next, we investigated if LRRK2 interacts with lamin A/C. Pull-down assays
revealed that endogenous LRRK2 from rat brain (Fig. 2C), as well as Flag-LRRK2
from transfected HEK293 cell lysates (Fig. 2D), interact with the second half of
GST-lamin A/C (amino acids 320-647), but not with fragments of the first half of the
protein or GST alone. Flag-LRRK2 specifically co-immunoprecipitated with full-
length lamin A/C from cells (Fig. 2E). By contrast, Flag-LRRK?2 interacted to a much
lesser extent with lamin B1 when compared to lamin A/C (Fig. 2F). Most importantly,
LRRK2 from rat brain co-immunoprecipitates with lamin A/C (Fig. 2G), indicating
that LRRK?2 interacts with lamin A/C at endogenous levels.

Notably, we found that recombinant LRRK2 G2019S and R1441C mutants
interact much less with purified lamin A/C (amino acids 320-647) when compared to
wild type LRRK2 (Fig. 3A). The weaker interaction is not due to the higher kinase
activity of the mutants since the kinase inhibitor LRRK2-IN-1 (27) did not increase the
binding of LRRK2 G2019S to purified lamin A/C (Fig. 3B). Co-immunoprecipitation of
Flag-LRRK2 with full-length myc-lamin A/C from cells was 70% lower with LRRK2
G2019S when compared to the wild type protein (Fig. 3C).

We also monitored the binding of LRRK2 to lamin using extracts from PD
patients harboring LRRK2 G2019S mutation and control individuals. The association of
LRRK2 G2019S from autosomal dominant PD brain extracts with GST-lamin A/C was
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significantly lower when compared to that observed for endogenous LRRK2 from
control brains (Fig. 3D). Altogether, the data indicate that LRRK2 disease mutations

disrupt the interaction with lamin A/C.

SIAH-1 facilitates LRRK2 nuclear translocation

SIAH proteins are ubiquitin-ligases that contain nuclear localization signals
and can shuttle proteins to the nucleus (28). In addition to binding lamin A/C, LRRK2
also co-precipitated with SIAH-1 and SIAH-2, but not with FKBP12 control (Fig.
4A). The G2019S disease mutation did not alter the interaction with SIAH-1
(Supplementary Material, Fig. S4A). The LRR (leucine-rich repeat) and MAPKKK
domains of LRRK2 were the regions of LRRK2 that more robustly interacted with
SIAH-1 (Supplementary Material, Fig. S4B). Furthermore, LRRK2 from rat brain co-
immunoprecipitated with SIAH-1, indicating interaction at endogenous levels
(Supplementary Material, Fig. S4C).

Since SIAH-1 is an ubiquitin-ligase, we investigated its ability to ubiquitinate
LRRK2. We found that both SIAH-1 and SIAH-2 ubiquitinate in vitro translated
LRRK2 (Supplementary Material, Fig. S4D) or LRRK2 immunoprecipitated from
cells (Fig. 4B). Next, we carried out in vivo ubiquitination experiments and found that
SIAH-1 ubiquitinates LRRK2 in cells treated with proteasome inhibitors but not with
lysosomal and autophagy inhibitors (Supplementary Material, Fig. S4E). Even so,
transfection of SIAH-1 only partially decreased the steady-state levels of wild type
LRRK2 or LRRK2 G2019S (Supplementary Material, Fig. S4F). Knockdown of
endogenous SIAH-1 caused a moderate increase in the steady-state levels of
endogenous LRRK2 (Fig. 4C), indicating that SIAH-1 has only a partial effect on
LRRK2 degradation. The effect of SIAH-1, rather SIAH-2, was thereafter chosen to
be investigated due to the paucity of reliable antibodies to SIAH-2 (29).

Like LRRK2, SIAH-1 partitions to the nuclear cytoskeleton fraction
containing lamin A/C, with much lower levels associated with the chromatin
(Supplementary Material, Fig. S5A and B). In contrast to LRRK2, however, SIAH-1
does not directly bind lamin A/C (Supplementary Material, Fig. S5C). Notably,
SIAH-1 increased the nuclear levels of LRRK2 (Fig. 4D). Nuclear LRRK2 levels
were consistently lower in the presence of a SIAH-1 construct devoid of nuclear
translocation signals (SIAH-1 ANLS) (Fig. 4D, first panel). Surprisingly, LRRK2 also
increased the nuclear levels of SIAH-1 (Fig. 4D, second and third panels), indicating
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that a LRRK2 and SIAH complex may facilitate the retention of both proteins in the
nucleus. In vitro phosphorylation experiments showed negligible phosphorylation of
SIAH-1 by LRRK2 (Supplementary Material, Fig. S6), suggesting that it does not
represent a substrate for LRRK2.

Knockdown of endogenous SIAH-1 decreased the levels of endogenous
LRRK2 in the nuclear fraction (Fig. 4E). Immunocytochemistry experiments
confirmed the LRRK2 and SIAH-1 co-localization in purified nuclei (Fig. 4F), as
better observed in z-series reconstituted into 3D projections at different angles (Fig.
4F, lower panels). SIAH-1 knockdown also decreased the percent of cells with
nuclear LRRK2 by 50% in HEK293 cells (Fig. 4G) and in primary neurons (Fig. 4H).
Strikingly, knockdown of SIAH prevented the toxicity of LRRK2 G2019S mutant, as
inferred from neurite length analysis (Fig. 41). Therefore, nuclear accumulation of
LRRK2 G2019S may be harmful to neurons.

LRRK?2 contains three putative monopartite NLS sites (amino acids 946-955;
1380-1389; 1634-1642) (30). We generated a LRRK2 construct where the lysines of
the putative monopartite NLS sites were mutated to uncharged glutamine residues
(K947,949,951Q; K1383,1385Q; K1637,1638,1640Q, which we called putANLS).
We carried out nuclear fractionation experiments with LRRK2 putANLS but found no
difference in its translocation to the nucleus compared to the wild type protein
(Supplementary Material, Fig. S7), suggesting that the predicted NLS sites are not

functional.

Roles of nuclear LRRK?2

Transfection of LRRK2 G2019S disease mutant but not wild type LRRK2
promoted disorganization and disruption of lamin A/C network (Fig. 5A and D). The
effect did not depend on LRRK?2 kinase activity, as it was not rescued by kinase-dead
LRRK2 (Fig. 5B) or the LRRK2 kinase inhibitors LRRK2-IN-1 and MLi-2 (27,
31)(Fig. 5C). Additional LRRK2 disease mutants also led to similar disruption of lamin
AJC network (Fig. 5B).

Since the LRRK2 G2019S mutant had a much lower interaction with lamin A/C
(Fig. 3A, B and D), we wondered if this mutation leads to disruption of lamin A/C by
preventing the binding of the non-mutated LRRK2 to lamin A/C. In agreement, we
found that LRRK2 G2019S decreases the amount of the wild type LRRK2 that co-
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immunoprecipitates with lamin A/C despite their identical levels of LRRK2 (Fig. 5E).
Overexpression of wild type LRRK2 rescued the nuclear lamina deformities caused by
LRRK2 G2019S (Fig. 5F), indicating that excess LRRK2 can overcome the deleterious
effects of LRRK2 G2019S.

Similar to LRRK2 G2019S mutant, siRNA-mediated LRRK2 knockdown
caused lamin A/C network disruption (Fig. 5G and H), suggesting that the nuclear
lamina integrity requires the interaction of LRRK2 with lamin A/C.

To verify in vivo effects of LRRK2, we analyzed the circularity of the nuclear
membrane in dopaminergic neurons of the substantia nigra of LRRK2 G2019S
transgenic mice (32). We found a decrease in circularity with a distribution toward
lower values in the LRRK2 G2019S transgenic mice (Fig. 51). A similar reduction in
circularity was seen in dopaminergic neurons of the substantia nigra of LRRK2 -/- mice
(33) (Fig. 5J). The similarities between LRRK2 G2019S and LRRK2 -/- mice suggest a
normal role of LRRK2 in stabilizing the nuclear lamina in vivo and are compatible with
a loss of function of the LRRK2 G2019S in this respect.

Next, we investigated the effect of LRRK2 in functional studies monitoring the
nuclear membrane integrity by the distribution of the nuclear marker pdsRed-NLS. We
found that pdsRed-NLS is retained in the nucleus when LacZ or LRRK2 wild type is
expressed in cells (Fig. 6A-C). Expression of LRRK2 G2019S promoted a significant
leakage of pdsRed-NLS from the nucleus to the cytosol, suggesting an increase in
nuclear membrane permeability (Fig. 6A-C). This effect was not prevented by inhibition
of LRRK2 kinase activity (Fig. 6B). An increase in the leakage of pdsRed-NLS to the
cytosol was also observed with all tested LRRK2 disease mutants (Fig. 6B), suggesting
they all disrupt the nuclear membrane. Similar to LRRK2 mutants, siRNA-mediated
knockdown of LRRK2 increased the leakage of pdsRed-NLS to the cytosol (Fig. 6D),
indicating that nuclear membrane leakage results from loss of normal LRRK2 activity.

We next investigated the alterations on the nuclear membrane integrity by
transmission electron microscopy. We found that the expression of LRRK2 G2019S or
LRRK2 knockdown in HEK293 cells caused similar lobulation of nuclei and elicited
nuclear membrane discontinuity compatible with small local disruptions on the nuclear
membrane integrity (Fig. 6E and F).

To evaluate if nuclear membrane permeability is also altered in vivo, we
analyzed the distribution of the nuclear protein 53BP1 in dopaminergic neurons of the
substantia nigra. We found higher levels of 53BP1 in the cytosol of dopaminergic
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neurons of both LRRK2 G2019S transgenic and LRRK2 -/- mice when compared to
control non-transgenic mice (Fig. 6G and H), confirming the data in cultured cells.

We next investigated possible changes in the organization of nuclear lamina in
the substantia nigra and frontal cortex of PD patients. We found evidence of abnormal
nuclear lamina characterized by excess folding and localized thickening of the nuclear
lamina in more than 70% of dopaminergic neurons in the substantia nigra of idiopathic
PD patients (Fig. 7A and B). In addition, approximately 88% of nigral neurons show
lamin A/C alteration in one PD patient with LRRK2 G2019S mutation (Fig. 7A).
Moreover, more than 60% of cortical neurons of both idiopathic and LRRK2 G2019S
PD have abnormalities in their nuclear lamina (Fig. 7C and D).

Altogether, our data suggest that LRRK2 helps maintain the nuclear lamina and
the nuclear membrane integrity and that the disease mutations interfere with this ability.
Moreover, dopaminergic neurons of PD patients have widespread alterations of the
lamina structure, supporting the notion that nuclear envelope disruption is a hallmark of

the disease.
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Discussion

Our study indicates that LRRK2 translocates to the nucleus and interacts with
lamin A/C, independent of its kinase activity. LRRK2 knockdown promotes the
disorganization of lamin A/C network and the disruption of nuclear membrane
integrity with leakage of nuclear marker to the cytosol. We also found decreased
nuclear lamina circularity and increased the release of 53BP1 to the cytosol in
dopaminergic neurons of the substantia nigra in LRRK2 -/- mice. These data indicate
that LRRK2 is essential to stabilize the nuclear lamina and nuclear membrane in vivo.

LRRK2 disease mutants interact significantly less with lamin A/C and this was
observed in binding experiments using recombinant proteins, PD G2019S brain
extracts, and co-immunoprecipitation analyses. However, similar to LRRK2 -/- mice,
LRRK2 G2019S expression leads to disruption of lamin A/C network and nuclear
membrane integrity with leakage of nuclear proteins to the cytosol. Evidence of
altered nuclear permeability was observed in transfected cells, primary neurons, and
substantia nigra of LRRK2 G2019S transgenic mice. Our data is compatible with a
loss of function with the LRRK2 G2019S mutation regarding LRRK2-mediated
maintenance of nuclear stability. Our data may also be relevant for idiopathic PD as
we observed substantial nuclear lamina abnormalities, characterized by increased
folds and localized thickness in dopaminergic nigral and cortical neurons of both
LRRK2 G2019S PD and idiopathic PD. Still, we did not observe significant
exacerbation of the nuclear lamina abnormalities in LRRK2 G2019S carriers
compared to idiopathic PD. This could be because these post-mortem tissues were
analyzed at late stages of the disease. Future studies using brains from patients at
earlier stages are necessary to investigate such differences.

Studies analyzing a LRRK2 structural model, the crystal structure of its WD40
domain and low-resolution cryo-EM indicate that LRRK2 occurs as a dimer (34-36).
LRRK2 WT/G2019S heterodimers behave differently than WT/WT or
G2019/G2019S homodimers (37). In transfected cells, expression of LRRK2 wild
type in excess of LRRK2 G2019S restores the normal function of the nuclear
envelope, which is compatible to the notion that LRRK2 WT/WT homodimers are
more efficient than WT/G2019S in maintaining the nuclear structure. Therefore, it is
conceivable that LRRK2 G2019S disrupts normal LRRK2 function at the nuclear
envelope by making heterodimers in a dominant negative-like effect.
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The interaction of SIAH-1 with LRRK2 LRR and kinase domain fits with the
model of LRRK2 quaternary structure where the two domains are positioned in close
proximity (34), further supporting their ability to interact. In addition to ubiquitinate
and promote partial LRRK2 degradation, SIAH-1 facilitates the translocation of
LRRK?2 to the nucleus. SIAH-1 and LRRK?2 translocate to the nucleus as a complex
but phosphorylation of SIAH-1 by LRRK2 is negligible, suggesting that the
mechanism involved in their translocation to the nucleus is not dependent on
phosphorylation by LRRK2. On the other hand, translocation of LRRK2 was
dependent on the presence of SIAH-1 NLS regions. In line with these findings, SIAH-
1 promotes the translocation of GAPDH to the nucleus upon nitrosative stress (28).
Activation of SIAH/GAPDH pathway was also observed under non-apoptotic stimuli,
such as the addition of the growth factors BDNF and NGF (38), and in proliferation
and migration of liver cells (39).

Nuclear fractionation experiments with LRRK2 mutated at putative NLS sites
failed to validate functional monopartite NLS sites in LRRK2. Although future
mutagenesis studies may identify functional bipartite or non-convetional NLS sites
(30), the lack of functional monopartite NLS sites within LRRK2 are in line with the
role of SIAH-1 in promoting LRRK2 translocation to the nucleus. We also identified
that both the middle and C-terminal regions of LRRK2 translocate to the nucleus,
suggesting that multiple regions may be involved in LRRK2 translocation, including
regions different than the regulatory N-terminus of the protein (40, 41).

Lamin C is a shorter isoform of lamin A that is widely expressed in neurons
(42). Expression of lamin A in the brain is suppressed by miRNA-9 (43), indicating
that lamin C is the main interacting partner for LRRK2 in neurons. We found that
LRRK2 co-immunoprecipitates with lamin B1 to a much lower extent, supporting the
preferential interaction of LRRK2 with lamin A/C. While lamin B1 plays essential
roles in neurodevelopment and survival of neurons (42), no mutations of lamin B1
were associated with neurological diseases to date. On the other hand, a point
mutation in lamin A/C (R298C) causes peripheral axonal degeneration in Charcot-
Marie-Tooth disease (44) and the point mutation E31N causes muscular dystrophy
associated with cognitive impairment (45). Lamin A/C is disrupted by expanded
CGG-repeat FMR1 and is present in FMR1 neuronal inclusions in Fragile X-
Associate Tremor/Ataxia Syndrome, supporting a role in neurodegeneration
mechanisms (46, 47). In this framework, our findings that LRRK2 interacts more
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prominently with lamin A/C than with lamin B1 suggest that disruption of lamin A/C
network by LRRK2 disease mutations may be instrumental for disruption of the
nuclear lamina of neurons in PD.

Aging is a risk factor for PD (48) and is associated with lamin A/C-dependent
nuclear defects, including ruffling of the nuclear lamina (49). Expression of progerin,
a short lamin A transcript associated with the Hutchinson-Gilford progeria syndrome,
accelerates disease-related phenotypes in inducible pluripotent cells derived from PD
patients, including dendrite degeneration, mitochondrial swelling and inclusion bodies
(50). Human neural-stem-cells harboring LRRK2 G2019S mutation display passage-
dependent disorganization of nuclear lamina ascribed to phosphorylation of lamin B1
by the mutant LRRK2 (25). Hippocampal tissue from PD brains with G2019S
mutation and LRRK2 R1441C transgenic mice exhibit abnormalities of nuclear
envelope as well (25, 26). However, none of the above studies considered a normal
role of LRRK2 along with lamin A/C in the nucleus. Our data indicate that nuclear
abnormalities with LRRK2 mutants are likely due to LRRK2 loss of function.

Some studies demonstrated partial loss of function mechanisms associated
with some aspects of LRRK2 toxicity. Targeted deletion of both LRRK2 and LRRK1
in mice impairs the autophagy-lysosomal pathway and causes degeneration of
dopaminergic neurons (23). Also, knockout of the Drosophila LRRK2 orthologue
causes severe reduction of locomotor activity and neurodegeneration (51), while the
knockout of the C. elegans LRRK2 orthologue increases the vulnerability to
mitochondrial dysfunction (52). Further supporting loss of function mechanisms, the
LRRK2 R1441C mutation decreases its interaction with Secl6A (22), while the
LRRK2 G2385R mutant interacts less strongly with the 14-3-3 protein and synaptic
vesicles (53-55).

Although increased kinase activity of LRRK2 disease mutants has been
strongly linked to their toxicity (15, 56), additional mechanisms were suggested to
contribute to the toxicity of LRRK2 disease mutants. For instance, we and others have
shown that unconventional ubiquitination may contribute to LRRK2 toxicity (20, 21).
Since inhibiting LRRK2 kinase activity did not prevent lamina disorganization or
nuclear membrane leakage by the LRRK2 G2019S mutant, we now raise the
possibility that part of LRRK2 disease mutations toxicity could be mediated by a
kinase-independent manner. Therefore, we hypothesize that LRRK2 mutations
represent a gain-of-function regarding kinase activity but that in the context of

6102 1890100 1.z U0 Jasn (uopuo 869109 Alsieaiun) 10N Ad 91.6585G/5yZZpP/BLIL/EE0L 0 |/10P/OBISHE-2[01E-80UBAPE/BWL/WOS" dNODlWSPEIE//:SARY WO} PSPEOJUMOQ



13

nucleus, LRRK2 mutations may act as a dominant negative by preventing wild type
LRRK2 to interact with lamin A/C.

Compatible with a nuclear role in PD, a-synuclein was shown to translocate to
the nucleus and to promote severe transcriptional deregulation (57). Unlike o-
synuclein, we found no evidence for LRRK2 interaction with chromatin in subnuclear
fractionation experiments. Nevertheless, we cannot discard the possibility that
LRRK2 G2019S or some stressors may prompt LRRK?2 to interact with chromatin. As
some LRRK2 G2019S transgenic mice models were shown to accelerate a-synuclein
pathology (58-60), it is possible that nuclear lamina disruption may contribute to
further transcriptional deregulation by a-synuclein. Electron microscopy studies of
idiopathic PD and LRRK2 G2019S PD brains at different stages of disease will be of
great value to correlate the damage of nuclear lamina and a-synuclein pathology in
patients.

In summary, our study has uncovered a new role of LRRK2 in interacting with
SIAH proteins and lamin A/C to maintain nuclear envelope integrity. We raise the
possibility that nuclear envelope disorganization by LRRK2 disease mutations is at
least in part a consequence of loss-of-function that may synergize with the neurotoxic
mechanisms caused by the activation of LRRK2 kinase activity.
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Materials and Methods

Cell culture and transfections

HEK?293 cells were grown in DMEM containing 10% fetal bovine serum in a 5%
CO; atmosphere. HEK293 cells were transiently transfected with N-terminal-tagged
PRKS5 plasmids utilizing Lipofectamine 2000 (Invitrogen). LRRK2 with mutations
K1906A and D1994N was used as kinase-dead (16).

For experiments using small-interference RNAs, cells were transfected with
Lipofectamine 2000 as previously described (61) wusing SiSIAH-1 (5'-
CGCCCAUUCUUCAAUGUCA-3"), LRRK2 (5- GCUGUGCCUUAUAACCGAA-
3") or scrambled siRNA control (Ambion).

Primary neuronal cultures

E18 primary cortical cultures were prepared from Sprague-Dawley rats according to
the protocol approved by the committee for animal experimentation at the Technion-
Israel Institute of Technology. Briefly, after decapitation, the cortices were retrieved
and maintained in Hank's balanced salt solution. Then, the samples were digested by
incubation ten minutes with trypsin (Beit-Haemek Biological Industries) at 37°C. This
was followed by physical trituration with Pasteur pipettes, and the samples were
briefly centrifuged for 10s at 1,000 x g to remove debris. The supernatant was filtered
through a 0.7 um filter (BD Biosciences) followed by centrifugation at 900 x g for 4
minutes. The cell pellet was resuspended in Neurobasal medium supplemented with
B27 (Invitrogen) and 0.5mM L-glutamine (Beit-Haemek Biological Industries).
Neurons were plated in 12 or 6 well plates covered with poly-D-Lysine (Sigma) at a
density of 0.45 and 2 x10° cells per well, respectively. Transfections were carried out
at DIV 4 using the calcium phosphate method, as previously described (62).

Antibodies and Western blot analysis

Samples were homogenized as previously described (29). Blots were probed with the
antibodies mouse anti-HA (901501, BioLegend); mouse anti-actin (SKU 08691001,
MP Biomedicals); rabbit anti-myc (sc-789), rabbit anti-HA (sc-805), mouse anti-LDH
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(sc-133123), mouse anti-GAPDH (sc-47724), mouse anti-GST (sc-138), mouse anti-
ubiquitin (sc-8017), rabbit anti-lamin A/C (sc-20681), mouse anti-lamin A/C (sc-
376248), goat anti-lamin B1 (sc-6216), rabbit anti-histone 2b (sc-10808)(Santa Cruz);
mouse anti-myc (M4439), mouse anti-Flag (F1804), rabbit anti-Flag (F7425)(Sigma);
rabbit anti-ubiquitin (Z0458, Dako); rabbit anti-histone 3 (ab1791), goat anti-SIAH-1
(ab2237), rabbit anti-53BP1 (ab175933), rabbit anti-LRRK2 (ab133474), rabbit anti-
Phospho-LRRK2 S1292 (ab203181)(Abcam); and mouse anti-LRRK2 (N241A/34,
NeuroMab). More specifically, for endogenous brain and HEK293 lysates, anti-
LRRK2 antibody (1:100) was incubated overnight at 4 °C in 5% nonfat dried milk and
0.1% Tween 20. Quantifications of enhanced chemiluminescence reactions were

carried out according to ImageMaster analysis.

Co-immunoprecipitation assays

For the co-immunoprecipitations, transfected cells were lysed in buffer containing 50
mM Tris (pH 7.4), 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 30 uM MG132, 20
mM NaF, 2 mM Na3zVO,4, 10 mM PPi, 20 mM B-Glycerol phosphate, and protease
inhibitor cocktail (MiniComplete, Roche). Cell extracts were clarified by
centrifugation and incubated for 4h with anti-HA (E6779), anti-myc (A7470) or anti-
Flag (F2426) coupled to protein G beads (Sigma) (29). Immunoprecipitates were
washed with lysis buffer containing 500 mM NaCl and detected by Western blot.

For endogenous co-immunoprecipitation assays, rat brains were homogenized
in lysis buffer as above. Brain homogenates were clarified by centrifugation at
13,000g for 5 min. The antibody to SIAH-1 or lamin A/C was coupled to protein G
beads (29) and incubated for 4 h with brain homogenate (2 mg/ml).
Immunoprecipitates were washed with lysis buffer and detected by Western blot using
anti-LRRK2 antibody.

In vitro ubiquitination assays

LRRK2 was translated using TnT wheat germ in vitro translation kit (Promega) in the
presence of [**S] methionine (Amersham). In vitro translated proteins were incubated
in reaction medium containing 40 mM Tris (pH 7.6), 5 mM MgCl,, 2 mM DTT, 1
mM ATP, 10 mM phosphocreatine, 0.1 mg/ml creatine kinase, 7.5 ug ubiquitin, 1 pg
ubiquitin aldehyde, 100 ng E1, 200 ng UbcH5Db, in the absence and presence of 500 ng
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of GST-SIAH-1 or 500 ng of GST-SIAH-2. Reactions were incubated at 37°C for 1h,
loaded on a SDS-PAGE and then transferred to nitrocellulose membranes. *°S-
labeled-LRRK?2 was determined by Phospholmager analysis.

In some experiments, LRRK2 was immunoprecipitated from transfected cells
and incubated with components of the in vitro ubiquitination described above, in the
absence or in the presence of 500 ng GST-SIAH-1. Reactions were incubated at 37 °C

for 1h, loaded on an SDS-PAGE and then transferred to nitrocellulose membranes.

In vivo ubiquitination assays

Transfected cells were processed as previously described (63). Briefly, cells were
directly lysed in buffer containing 50 mM Tris (pH 7.4), 140 mM NaCl and 1% SDS,
and boiled at 100°C for 5 min. Next, the lysates were sonicated and ten times diluted
with buffer containing 50 mM Tris (pH 7.4), 140 mM NacCl, 1% Triton X-100, 30 uM
MG132 and protease inhibitor cocktail (Mini Complete, Roche). The samples were
centrifuged at 13,000 x g for 5 min, and the supernatants were incubated with anti-
Flag antibody coupled to beads (Sigma) for 4h at 4 °C. After incubation, beads were
extensively washed with buffer containing 50 mM Tris (pH 7.4), 500 mM NaCl, 1%
Triton X-100, and 0.1 % SDS. Immunoprecipitates were loaded on an SDS-PAGE gel
for Western blot analysis.

In vitro phosphorylation assays

Purified recombinant LRRK2 (ThermoScientific) (100 ng) and GST-SIAH-1 (200 ng)
were incubated in the presence of 40 mM Tris (pH 7.6), 2 mM DTT, 5 mM MgCI2,
0.1 mM ATP and 2.5 uCi [*P]JATP per reaction. After one hour of incubation at 37
9C, reactions were stopped with SDS sample buffer and analyzed by SDS-PAGE. The
amount of *’P-labeled SIAH-1 and **P-labeled LRRK2 were determined by
Phosphorimager analysis. The total amount of SIAH-1 and LRRK2 was determined
by Western blot using anti-SIAH-1 and anti-LRRK2 antibodies.

Nuclear preparations

Nuclear fractions were carried out as described previously (64, 65). Briefly, cells were
homogenized with a glass homogenizer in buffer containing 0.25 M sucrose, 20 mM
HEPES (pH 7.4), 140 mM NaCl, 3 mM EDTA, 20 mM NEM, 30 uM MG132, 20
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mM NaF, 2 mM NazVO,, 10 mM PPi, 20 mM p-glycerol phosphate, and protease
inhibitor cocktail (Mini Complete, Roche). Homogenates were centrifuged for 10 min
at 3,000 x g, and supernatant (S1) and nuclear pellet (P1) were collected. The P1
fraction was washed in fresh buffer and centrifuged for 10 min at 3,000 x g to remove
contaminating cytosolic proteins and denoted WP1. S1 was centrifuged for 30 min at
200,000 x g. The supernatant consisting of soluble cytosolic fraction was collected.
WP1 pellet was then resuspended in buffer containing 1.32 M Sucrose, 1 mM KP
Buffer (0.1 M KH,;PO,4 and 0.1 M K;HPO,), 0.25% Triton, 1 mM MgCl,, 30 uM
MG132, 20 mM NaF, 2 mM NazVO,, 10 mM PPi, 20 mM -glycerol phosphate and
protease inhibitor cocktail (Mini Complete, Roche), and poured over 1.7 M sucrose
solution. Purified nuclear pellet was obtained after a 75min centrifugation at 53,000 x
g.

Purification of sub-nuclear fractions was done as described (64) by disrupting
purified nuclei with three rounds of freeze and thaw, followed by a 13,000 x g
centrifugation for 10 min, generating a supernatant (nucleoplasm) and pellet
(insoluble nuclear) fractions. The insoluble fraction was further separated into
chromatin-bound and cytoskeletal fractions by incubating with 20,000 units
micrococcal nuclease (New England Biolabs) for 30 min at 37 °C and spinning at
13,000 x g for 5min. The supernatant consisted of chromatin fraction and the pellet of

cytoskeletal fraction.

Lamin A/C binding experiments
GST-Lamin A/C constructs were expressed in E. coli BL21 bacteria and purified as
described before (29). GST-lamin A/C proteins attached to glutathione beads were
incubated with brain or cell lysates (2 mg/ml) in buffer containing 50 mM Tris-HCI
(pH 7.4), 140 mM NaCl, 1% Triton X-100, 30 uM MG132, 20 mM NaF, 2 mM
NazVOq4, 10 mM PPi, 20 mM B-glycerol phosphate, and protease inhibitor cocktail
(MiniComplete, Roche). Binding was carried out at 4 °C for 30 min, and then washed
in lysis buffer containing 500 mM NaCl and analyzed by Western blots. Binding of
purified recombinant LRRK2 (ThermoScientific) with GST-lamin A/C was
determined by incubating 2 ng of LRRK2 with GST-lamin A/C or control GST in the
same conditions as above.

For the binding experiments where LRRK2 was previously phosphorylated,
purified LRRK2 was pre-incubated in medium containing 50 mM Tris-HCI (pH 7.4),
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2 mM DTT, 5 mM MgCl,, 0.1 mM ATP and 2 mg/ml BSA, in the absence or in the
presence of 2.5 uM LRRK2-IN-1, for 1h at 37 °C. Reactions were then incubated with

GST-lamin A/C and subjected to binding assays as above.

Immunocytochemistry

Transfected cells and neurons were fixed with 4% paraformaldehyde for 15 min and
blocked in PBS containing 0.2% Triton X-100 and 5% normal goat serum. Cells were
labeled with primary antibodies as previously described (29). Immunolabeling was
detected using FITC- and Cy3-labeled secondary antibodies (Jackson Laboratories).

For the nuclear localization and lamin A/C integrity experiments samples were
examined under a Zeiss LSM 700 confocal microscope and optical sections were
obtained under a 63x immersion objective at a definition of 1,024 x 1,024 pixels with
the pinhole diameter adjusted to 1 um. Sections were acquired under the same laser
parameters and image magnification.

To determine the percent of HEK293 cells containing LRRK?2 in the nucleus,
cells were counted for the co-localization of LRRK2 and the nuclear marker Hoechst
33342 in their best confocal plane. ZEN software (Zeiss) was used to determine the
Manders’s co-localization coefficient (66). Cells were counted as positive for LRRK2
and Hoechst 33342 when the Manders’ coefficient of selected areas within the
nucleus was at least 0.4. Approximately 100 cells were examined for each condition
in every experiment.

Distribution of LRRK2 in the nucleus of neurons was analyzed 72h after
neuronal transfection and visualized by 3-D reconstitution from confocal Z-series
using Imaris Image Analysis Software 9.0.1. Hoechst 33342 surface was generated in
Imaris to highlight specific LRRK2 signal throughout the nucleus.

To determine the integrity of lamin A/C in cells, three adjacent confocal
planes were analyzed. Approximately 100 cells were examined for each condition in
every independent experiment, and data are representative of at least three

independent experiments.

LRRK2 neuronal toxicity
Primary neurons were transfected at DIV 4 with LRRK2 and 72h after transfection
the cells were fixed with 4% paraformaldenyde and processed for
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immunocytochemistry as described above. Low magnification pictures were taken in
an upright fluorescent microscope (Zeiss Axio Imager.Z2 upright) and length of
processes determined according to ImageJ/FIJI. Approximately 100 cells were
examined for each condition in every independent experiment, and data are

representative of at least three independent experiments.

Animals

The use of the animals followed the National Institutes of Health guidelines and was
approved by the Institutional Animal Care and Use Committee at Thomas Jefferson
University. All efforts were made to minimize the number of animals used. LRRK2-
G2019S transgenic (Tg) mice (stock #012467, The Jackson Laboratory) were
originally obtained from Dr. Zhenyu Yue at Icahn School of Medicine at Mount Sinai
and maintained in Dr. Zhang’s laboratory. LRRK2 -/- mice (33) were a kind gift from
Dr. Jie Shen (Harvard Medical School) and maintained in Dr. Zhang’s laboratory.

Three pairs of mice at the age of 9-14 months of each strain were used in the study.

Immunohistochemistry

Twelve months-old LRRK2 G2019S transgenic mice, LRRK2 -/- mice and wild type
littermate controls were perfused with 4% paraformaldehyde and 30 um coronal
sections of midbrain were obtained with a vibratome. The sections were blocked in
10% normal goat serum in PBS for 1 hour at RT. Anti-53BP1 (ab175933, Abcam),
anti-lamin A/C (sc-376248, Santa Cruz), anti-tyrosine hydroxylase (TH) (MAB5280,
Millipore; P40101, Pel-Freez) antibodies were incubated at 4 °C for 30h and sections
were subsequently incubated with Alexa Fluor 488- and 594-conjugated secondary
antibodies (Life Technologies). Sections were counterstained with the nuclear marker
Hoechst 33342. Samples were examined under a Leica SP8 confocal microscope, and
images were collected at the same laser power, gain and offset settings. Images were
analyzed by Imaris software, and approximately 400 substantia nigra dopaminergic

neurons were counted per genotype.

Human Tissues
For immunohistochemistry, human midbrains were obtained from Queen

Square Brain Bank (UCL, London). Paraffin-embedded sections (8 um) of midbrain
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from three idiopathic PD and three control cases were deparaffinized in xylene
followed by graded rehydration. Endogenous peroxidase activity was blocked with
methanol/0.3% H202. Sections were pretreated by pressure cooking in citrate buffer
at pH 6.0 for 10 min, and nonspecific protein binding was blocked in 10% normal
goat serum in PBS for 30 min at room temperature. Primary antibody was incubated
at 4 °C for 16h, immunostained by the avidin-biotin peroxidase complex method
antibody (Santa Cruz). Sections were counterstained with Mayer’s hematoxylin.

For lamin A/C binding experiments using PD brain homogenates, human
corteci (control and PD G2019S) were obtained from Queen Square Brain Bank
(UCL, London). Samples were homogenized in 10 volumes of buffer containing 50
mM Tris-HCI (pH 7.4), 140 mM NaCl, 1% Triton X-100, 30 uM MG132, 20 mM
NaF, 2 mM NasVO,, 10 mM PPi, 20 mM B-glycerol phosphate, and protease inhibitor
cocktail (MiniComplete, Roche). The binding was carried out at 4 °C for 30 min, and
then washed in lysis buffer containing 500 mM NaCl and analyzed by Western blots.

Electron microscopy

HEK?293 cells were seeded in 100 mm plates and transfected with LRRK2 constructs
or siRNAs (control and to LRRK2). After 36h, cells were washed with preheated
serum-free medium, fixed for 1 hour at RT with 2% glutaraldehyde and 3%
paraformaldehyde in 0.1 M sodium cacodylate buffer containing 5 mM CaCl, and 3%
sucrose. Cells were washed with sodium cacodylate buffer, scraped and embedded in
agarose. Following post-fixation and staining with 1% osmium tetraoxide, 0.5%
potassium hexacyanoferrate, 0.5% potassium dichromate in 0.1 M cacodylate buffer,
the samples were en-block stained with 1% uranyl acetate for 1 hour at RT. Cells
were then dehydrated in graded ethanol series, transferred to propylene oxide and
embedded in Epon 812. Ultrathin sections (75 nm) were cut with an ultramicrotome
UC7 (Leica), transferred to copper grids and viewed using Zeiss Ultra-Plus FEG-SEM
equipped with STEM detector at accelerating voltage of 30 kV.

Statistics
Statistical analysis was performed by repeated measures one-way ANOVA with
Bonferroni’s multiple comparison test, two-tailed Student's t-test or Mann-Whitney

test using GraphPad Prism software version 6.03 (GraphPad Inc.). Differences were
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considered significant when p<0.05. All Western blots shown in this study are
representative of at least three independent experiments.
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Figure 1. Presence of LRRK2 in the nucleus. (A) Rat brain lysates were fractionated
into cytosolic and nuclear fractions. Nuclear fractions were further treated with 1%
Triton X-100 or sodium carbonate (pH 11.5). Levels of endogenous LRRK2 were
determined with anti-LRRK2 (first panel). The purity of cytosolic and nuclear
fractions was monitored with anti-LDH and anti-histone H2B, respectively. (B)
Transfected wild type LRRK2, G2019S and R1441C disease mutants, and LRRK2
kinase-dead (KD) are equally present in the nuclear fraction of HEK293 cells. The
distribution of LRRK2 was determined using anti-Flag (upper panel). The graph
represents the percent of LRRK2 present in the nuclear fractions relative to the total
LRRK?2 levels. Values represent the average £ S.E.M. of 3 independent experiments.
Repeated measures one-way ANOVA with Bonferroni post-hoc test (non-significant
p<0.999). (C) HEK293 cells with nuclear Flag-LRRK2 (arrows) according to co-
localization with Hoescht 33342. Arrowhead indicates a cell with Flag-LRRK2
present only at the cytosol. HEK293 cells were processed for immunocytochemistry
with anti-Flag antibody (red) and the nuclear marker Hoechst 33342 (blue), and
analyzed by confocal microscopy. Scale bar, 10 um. (D) Nuclear LRRK2 in primary
cultured neurons were transfected with Flag-LRRK2 (wild type or G2019S) or mock-
transfected. At DIV 7 cells were analyzed by confocal microscopy regarding the co-
localization of Flag-LRRK2 (red, lower panels) with Hoechst 33342 (blue, lower
panels). Upper panels depict correspondent LRRK2 signal without pseudocolor. Scale
bar, 10 um. (E) Cortical neurons were transfected and processed as in (D). Confocal
z-series were acquired for transfected neurons, and images of serial sections were
reconstituted by Imaris into 3D images. The first panels (upper and lower) represent
total LRRK2 3D signal while subsequent panels show LRRK2 3D signal present only
in the nucleus and rotated at different angles. The LRRK2 signal that did not co-
localize with the nuclear marker Hoechst 33342 (cytosolic LRRK2) was digitally

subtracted by Imaris. Scale bar, 10 um.
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Figure 2. LRRK2 is present in the nuclear cytoskeleton and interacts with lamin A/C
in vitro and in vivo. HEK293 cells (A) and primary neurons (B) were fractionated into
cytosolic and nuclear fractions. Nuclear fractions were separated into soluble and
insoluble material, and the insoluble fraction further separated into chromatin-bound
and nuclear cytoskeletal fractions. Levels of endogenous LRRK2 were determined
with anti-LRRK2 (upper panels). The blots were re-probed for lamin A/C, histone 3
(A) or 2B (B). (C) Interaction of endogenous LRRK2 from rat brain lysate with GST-
lamin A/C (aa 320-647). Binding of endogenous LRRK2 was determined using anti-
LRRK2 (upper panel). The lower panel depicts lamin A/C fragments stained by
Ponceau S. (D) Binding of Flag-LRRK2 from cell lysate with GST-lamin A/C
fragments. The binding was determined with anti-Flag (upper panel). The lower panel
depicts lamin A/C fragments stained by Ponceau S. Graph depicts the relative binding
of Flag-LRRK2 to the various GST-lamin A/C fragments. Values represent the
average + S.E.M. of 3 independent experiments. Repeated measures one-way
ANOVA with Bonferroni post-hoc test (p<0.001). (E) Co-immunoprecipitation of
Flag-LRRK2 with HA-lamin A/C from transfected HEK293 cells. Co-
immunoprecipitation of LRRK2 was detected with anti-Flag (upper panel) while
levels of lamin A/C immunoprecipitation was determined with anti-HA (middle
panel). (F) HEK293 cells were transfected with Flag-LRRK2, in the presence of HA-
lamin A/C or HA-lamin B1. Lamins were immunoprecipitated from cell lysates with
anti-HA antibody (middle panel), and co-immunoprecipitation with Flag-LRRK2 was
detected with anti-Flag (upper panel). The graph represents the relative co-
immunoprecipitation of wild type LRRK2 with lamin A/C compared to lamin B1.
Values represent the average + S.E.M. of 3 independent experiments. Unpaired two-
tailed Student’s t-test (p<0.001). (G) Lamin A/C was immunoprecipitated from rat
brain using anti-lamin A/C antibody (lower panel), and co-immunoprecipitation with

endogenous LRRK2 determined with anti-LRRK2 antibody (upper panel).
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Figure 3. Disease mutations disrupt the interaction of LRRK2 with lamin A/C. (A)
Purified recombinant LRRK2 (wild type, G2019S, and R1441C) were incubated with
GST or GST-lamin A/C fragment 320-647, and binding was determined using anti-
LRRK2 antibody. The lower panel depicts lamin A/C fragments detected by anti-
GST. The graph depicts the relative binding of wild type LRRK2, G2019S and
R1441C to GST-lamin A/C 320-647 fragment. Values represent the average + S.E.M.
of 3 independent experiments. Repeated measures one-way ANOVA with Bonferroni
post-hoc test (p=0.001 and <0.001 for G2019S and R1441C, respectively, compared
to WT). (B) Purified recombinant LRRK2 G2019S was incubated with ATP-
containing medium, in the absence and the presence of 2.5 uM LRRK2-IN-1, and
subsequently incubated with GST-lamin A/C 320-647. The binding was determined
with anti-LRRK2 antibody. The lower panel depicts lamin A/C fragment detected
with anti-GST. (C) Full-length myc-lamin A/C was immunoprecipitated with anti-
myc antibody (middle panel), and co-immunoprecipitation of transfected wild type
Flag-LRRK2 and G2019S mutant was detected with anti-Flag (upper panel). The
graph depicts the relative co-immunoprecipitation of wild type LRRK2 and G2019S
mutant with myc-lamin A/C. Values represent the average + S.E.M. of 3 independent
experiments. Unpaired two-tailed Student’s t-test (p<0.001). (D) Post-mortem human
brain lysates from control and PD patient harboring the G2019S mutation were
incubated with GST-lamin A/C 320-647 fragment. Binding of LRRK2 was
determined using anti-LRRK2 antibody. The lower panel depicts lamin A/C
fragments detected by anti-GST. The graph depicts the relative binding of the human
LRRK2 from control and PD LRRK2 G2019S brains to lamin A/C. Values represent
the average = S.E.M. of 3 independent experiments. Unpaired two-tailed Student’s t-
test (p=0.001).
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Figure 4. SIAH promotes the nuclear accumulation of LRRK2 and enhances LRRK?2
G2019S toxicity. (A) Co-immunoprecipitation of SIAH-1 or SIAH-2 with Flag-
LRRK2 from HEK293 transfected cells. Transfected LRRK2 was
immunoprecipitated with anti-Flag (middle panel), and co-immunoprecipitation of
SIAH-1 or SIAH-2 (upper panel) was detected with anti-myc (upper panel). (B)
LRRK2 ubiquitination by SIAH-1. Flag-LRRK2 from transfected HEK293 cells was
immunopurified with anti-Flag antibody, and further incubated with ubiquitination
components and purified SIAH-1 (second and third lanes). Levels of ubiquitinated
LRRK2 were determined wusing anti-ubiquitin (upper panel). Levels of
immunoprecipitated LRRK2 were determined with anti-Flag (second and third lanes
of middle and lower panels). First lane represents the input of Flag-LRRK2 from
transfected cells using anti-Flag (better visualized in lower panel). (C) SIAH-1
knockdown increases endogenous LRRK2 levels (upper panel) in HEK293 cells
transfected with siRNA control or to SIAH-1. The graph depicts the percent of
endogenous LRRK2 steady-state levels relative to LDH in the presence of siRNA
control or siRNA to SIAH-1. Values represent the average + S.E.M. of 3 independent
experiments. Unpaired two-tailed Student’s t-test (p=0.022). (D) SIAH-1 increases
the levels of Flag-LRRK2 in the nucleus of HEK293 cell, and this effect is disrupted
by deletion of SIAH-1 nuclear localization signal. The graph represents the percent of
LRRK?2 present in the nucleus relative to the total LRRK2 levels. Values represent the
average = S.E.M. of 3 independent experiments. Unpaired two-tailed Student’s t-test
(p=0.01). (E) siRNA-mediated SIAH-1 knockdown decreased the levels of
endogenous LRRK2 in the nuclear fraction of HEK293 cells. The purity of fractions
was monitored with anti-LDH and anti-histone H2B. The graph represents the percent
of LRRK2 present in the nucleus relative to the total LRRK2 levels with siRNA to
SIAH-1 or control siRNA. Values represent the average + S.E.M. of 3 independent
experiments. Unpaired two-tailed Student’s t-test (p=0.008). (F) Purified nuclei from
cells transfected with Flag-LRRK2 and myc-SIAH-1 were processed by
immunocytochemistry with anti-Flag (red) and anti-myc (green) and analyzed by
confocal microscopy (Upper panels). Nuclei are shown by Hoechst 33342 staining.
Scale bar, 10 um. Lower panels show the confocal z-series reconstituted by Imaris
into 3D images and rotated at different angles (Lower panels). Scale bar, 5 um. (G)
HEK?293 transfected with Flag-LRRK2 and control sSiRNA or siRNA to SIAH-1 were
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processed for immunocytochemistry with anti-Flag antibody, and analyzed by
confocal microscopy regarding the co-localization of LRRK2 with Hoechst 33342.
The graph represents the percentage of cells containing nuclear LRRK2 with different
SiIRNAs. Values represent the average + S.E.M. of 3 independent experiments.
Unpaired two-tailed Student’s t-test (p=0.016). (H) Primary neurons were transfected
with Flag-LRRK2, in the presence of control shRNA or shRNA to SIAH-1, and
analyzed by confocal microscopy regarding the co-localization of Flag-LRRK?2 (red,
lower panels) with Hoechst 33342 (blue, lower panels). Upper panels depict
correspondent LRRK2 signal without pseudocolor: scale bar, 10 um. The graph
represents the mean intensity of nuclear LRRK2 relative to cytosolic LRRK2 in the
presence of different shRNAs. Values represent the average + S.E.M. of 3
independent experiments. Unpaired two-tailed Student’s t-test (p=0.004). (I) Primary
neurons were transfected with Flag-LRRK2 (wild type and G2019S), and after 72
hours, the cells were fixed and processed by immunocytochemistry with anti-Flag
antibody to assess the neurite length of transfected neurons. End of longest neurite in
each field is indicated by arrowheads: scale bar, 10 um. The graph represents the total
length in microns of the longest neurite in transfected neurons, in the presence of
different shRNAs. Values represent the average + S.E.M. of 3 independent
experiments. Unpaired two-tailed Student’s t-test (p=0.468 and p<0.001 for LRRK2
and LRRK2 G2019S, respectively).
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Figure 5. LRRK2 mutations or LRRK2 knockdown/deletion destabilize lamin A/C
network in vitro and transgenic mice models. (A) HEK293 cells were transfected with
Flag-LRRK2, Flag-LRRK2 G2019S, or Flag-LacZ. Cells were processed for
immunocytochemistry with anti-lamin A/C and Hoechst 33342 and analyzed by
confocal microscopy. Scale bar, 10 um. (B) HEK293 cells were transfected with Flag-
LRRK2, Flag-LRRK?2 disease mutants (G2019S, R1441C, Y1669C, 12020T), LRRK2
G2019S kinase-dead (KD) or Flag-LacZ. Cells were processed and analyzed as in
(A). The graph represents the percentage of cells displaying lamin A/C deformities.
Values represent the mean = S.E.M. of 6 independent experiments. Repeated
measures one-way ANOVA with Bonferroni post-hoc test comparing mutants to
LRRK2 wild type control (p<0.001). (C) HEK293 cells were transfected with Flag-
LRRK2 G2019S mutant and treated without or with LRRK2 inhibitors (1 uM
LRRK2-IN-1 or 30 nM MLi-2) for 16 hours. The graph represents the percentage of
cells exhibiting lamin A/C deformities. Values represent the mean + S.E.M. of 3-6
independent experiments. Repeated measures one-way ANOVA with Bonferroni
post-hoc test comparing mutants to LRRK2 G2019S without LRRK2 inhibitors
(p>0.999). Unpaired two-tailed Student’s t-test (non-significant p=0.821). (D)
HEK293 cells were transfected with Flag-LRRK2 or Flag-LRRK2 G2019S. Cells
were processed for immunocytochemistry with anti-LRRK2, anti-lamin A/C and
Hoechst 33342, and analyzed by confocal microscopy. Scale bar, 5 um. (E) Co-
expression of HA-LRRK2 G2019S inhibits the co-immunoprecipitation of Flag-
LRRK2 wild type with myc-Lamin A/C. Co-immunoprecipitation of LRRK2 wild
type with lamin A/C was detected with anti-Flag (first panel) while levels of lamin
A/C immunoprecipitation was determined with anti-myc (second panel). The third
panel shows similar expression of Flag-LRRK2 wild type in the absence and the
presence of HA-LRRK2 G2019S. The fourth panel shows the levels of LRRK2
G2019S with anti-HA. The graph depicts the relative co-immunoprecipitation of
LRRK2 wild type with lamin A/C, in the absence and presence of LRRK2 G2019S.
Values represent the mean + S.E.M. of 3 independent experiments. Unpaired two-
tailed Student’s t-test of LRRK2 WT co-immunoprecipitation in the presence of
G2019S compared to that in the absence of G2019S (p=0.038). (F) Percent of cells
displaying lamin A/C deformities in HEK293 cells transfected with Flag-LRRK2
G2019S in the absence or presence of excess LRRK2 wild type. Values represent the
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mean + S.E.M. of 3 independent experiments. Repeated measures one-way ANOVA
with Bonferroni post-hoc test (p<0.001 and =0.344 for G2019S and G2019S plus WT,
respectively, compared with WT alone). (G) HEK293 cells transfected with sSiRNA
control or LRRK2 siRNA, processed and analyzed as in (A). Scale bar, 10 um. The
graph represents the percentage of cells with lamin A/C deformities. Values represent
the mean £ S.E.M. of 3 independent experiments. Unpaired two-tailed Student’s t-test
(p<0.0001). (H) Control showing the extent of sSiRNA-mediated LRRK2 silencing on
levels of endogenous LRRK2 in HEK?293 cells. The graph depicts the quantification
of endogenous LRRK2 in the presence of different siRNAs. Values represent the
mean + S.E.M. of 3 independent experiments. Unpaired two-tailed Student’s t-test
(p=0.003). (I) Substantia nigra from non-transgenic and G2019S overexpressing mice
(12 months) was processed for immunohistochemistry with anti-lamin A/C, anti-
tyrosine hydroxylase (TH) and Hoechst 33258, and analyzed by confocal microscopy.
Scale bar, 25 um. The histogram represents the distribution of lamin A/C circularity
values in non-transgenic and LRRK2 G2019S Tg mice. Values represent the mean +
S.E.M. of 3 independent experiments with a total of 400 dopaminergic neurons
analyzed per genotype. Mann-Whitney test (p<0.0001). (J) Substantia nigra from
non-transgenic and LRRK2 knockout mice (LRRK2 -/-) (12 months) were processed
and analyzed as in (H). Scale bar, 25 um. The histogram represents the distribution of
lamin A/C circularity values in LRRK2 +/+ and LRRK2 -/- mice. Values represent
the mean = S.E.M. of 3 independent experiments with a total of 400 dopaminergic

neurons analyzed per genotype. Mann-Whitney test (p<0.0001).
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Figure 6. LRRK2 disease mutants or LRRK2 knockdown/deletion disrupt nuclear
membrane and alter its permeability in vitro and in vivo. (A) HEK293 cells
transfected with Flag-LacZ, Flag-LRRK2 or Flag-LRRK2 G2019S. Cells were
processed for immunocytochemistry, and pdsRed-NLS intracellular distribution was
analyzed by confocal microscopy. Scale bar, 10 um. (B) HEK293 cells were
transfected with Flag-LRRK2, Flag-LRRK2 disease mutants (G2019S, R1441C,
Y1669C, 12020T), LRRK2 G2019S KD, or Flag-LacZ. Cells were processed and
analyzed as in (A). The graph represents the percentage of cells with cytosolic
pdsRed-NLS. Values represent the mean + S.E.M. of 6 independent experiments.
Repeated measures one-way ANOVA with Bonferroni post-hoc test comparing
mutants to LRRK2 wild type control (p<0.0001 for LRRK2 G2019S, R1441C,
Y1669C and G2019S KD and p<0.001 for 12020T). (C) HEK293 cells transfected
with Flag-LRRK2 or Flag-LRRK2 G2019S. Cells were processed for
immunocytochemistry with anti-LRRK2 and pdsRed-NLS intracellular distribution
was analyzed by confocal microscopy. Upper panels show merged image while lower
panels show the same image but depicted with pdsRed-NLS and Hoechst 33342 only.
Scale bar, 10 um. (D) siRNA to LRRK2 increase the nuclear membrane permeability
to pdsRed-NLS. Scale bar, 10 um. The graph represents the percentage of cells with
pdsRed-NLS present in the cytosol. Values represent the mean = S.E.M. of 3
independent experiments. Unpaired two-tailed Student’s t-test (p=0.002). (E)
Transmission electron microscopy of HEK293 cells transfected with Flag-LRRK2 or
Flag-LRRK2 G2019S. Scale bar, 1 um (upper panels) and 200 nm (lower panels).
Arrow in lower right panel depicts a site with rupture of the nuclear membrane. The
graph represents the percentage of cells exhibiting aberrant nuclei. Values represent
the mean + S.E.M. of 3 independent experiments with at least 30 cells analyzed per
condition. Unpaired two-tailed Student’s t-test (p=0.004). (F) Transmission electron
microscopy of HEK293 cells transfected with siRNA control or LRRK2 siRNA and
processed and analyzed as in (D). Scale bar, 1 um (upper panels) and 200 nm (lower
panels). Arrow in lower right panel depicts a rupture of the nuclear membrane. The
graph represents the percentage of cells exhibiting aberrant nuclei. Values represent
the mean + S.E.M. of 3 independent experiments with at least 30 cells analyzed per
condition. Unpaired two-tailed Student’s t-test (p=0.008). (G) Increase in cytosolic
53BP1 occurrence in dopaminergic neurons of SN of LRRK2 G2019S transgenic
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mice (12 months). Tissues were processed for immunohistochemistry with anti-
53BP1, anti-TH and Hoechst 33258, and analyzed by confocal microscopy. Inset
depicts enlarged boxed area: scale bar, 25 um. The graph represents the 53BP1 puncta
number present in the cytosol per SN dopaminergic (DA) neurons. Values represent
the mean + S.E.M. of 3 independent experiments with a total of 400 dopaminergic
neurons analyzed per genotype. Mann-Whitney test (p<0.0001). (H) Increase in
cytosolic 53BP1 in the SN of LRRK2 -/- mice. Mice (12 months) were processed and
analyzed as in (F). Inset depicts enlarged boxed area: scale bar, 25 um. The graph
represents the 53BP1 puncta number present in the cytosol per SN DA neurons.
Values represent the mean £ S.E.M. of 3 independent experiments with a total of 400

dopaminergic neurons analyzed per genotype. Mann-Whitney test (p<0.0001).
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Figure 7. Abnormalities in the nuclear lamina structure in dopaminergic neurons of
PD patients. (A) Substantia nigra from control, idiopathic PD and LRRK2 G2019S
PD patients were processed for immunohistochemistry with anti-lamin A/C. Scale
bar, 20 um (first and second panels) and 10 um (third to fifth panels). Arrows indicate
the nuclear lamina of neuromelanin-containing neurons. Misshapen nuclear lamina of
neuromelanin-containing neurons is indicated with arrowheads. (B) The graph
represents the percent of dopaminergic neurons with abnormal lamina structure
characterized by accentuated folds and localized thickness. Values represent the mean
+ S.E.M. Substantia nigra of three control and three PD patients were analyzed, and
18-40 dopaminergic neurons were scored for every patient. Unpaired two-tailed
Student’s t-test (p<0.001). (C) Frontal cortex from control, idiopathic PD and LRRK2
G2019S PD patients were processed for immunohistochemistry with anti-lamin A/C.
Scale bar, 20 um. Arrows indicate the nuclear lamina of neuromelanin-containing
neurons. Misshapen nuclear lamina of neuromelanin-containing neurons is indicated
with arrowheads. (D) The graph represents the percent of cortical neurons with
abnormal lamina. Values represent the mean + S.E.M. Cortici of 4 control, 4
idiopathic PD and 3 LRRK2 G2019S PD patients were analyzed, and an average of
90-105 cortical neurons were scored from each patient group. Repeated measures one-
way ANOVA with Bonferroni post-hoc test (p<0.0001).
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