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Abstract

Parkinson’s disease (PD) is characterized by slow, progressive degeneration of dopaminergic neurons in the substantia nigra.
The cause of neuronal death in PD is largely unknown, but several genetic loci, including leucine-rich repeat kinase 2 (LRRK2),
have been identified. LRRK2 has guanosine triphosphatase (GTPase) and kinase activities, and mutations in LRRK2 are the
major cause of autosomal-dominant familial PD. Histone deacetylases (HDACs) remove acetyl groups from lysine residues on
histone tails, promoting transcriptional repression via condensation of chromatin. Here, we demonstrate that LRRK2 binds to
and directly phosphorylates HDAC3 at Ser-424, thereby stimulating HDAC activity. Specifically, LRRK2 promoted the deacety-
lation of Lys-5 and Lys-12 on histone H4, causing repression of gene transcription. Moreover, LRRK2 stimulated nuclear
translocation of HDAC3 via the phoshorylation of karyopherin subunit «2 and «6. HDAC3 phosphorylation and its nuclear
translocation were increased in response to 6-hydroxydopamine (6-OHDA) treatment. LRRK2 also inhibited myocyte-specific
enhancer factor 2D activity, which is required for neuronal survival. LRRK2 ultimately promoted 6-OHDA-induced cell death
via positive modulation of HDAC3. These findings suggest that LRRK2 affects epigenetic histone modification and neuronal
survival by facilitating HDAC3 activity and regulating its localization.

Introduction

Parkinson'’s disease (PD) is a progressive neurodegenerative dis-
order characterized by the death of dopaminergic neurons in
the substantia nigra pars compacta (1) and the presence of ab-
normal protein aggregates in the cytosol known as Lewy bodies

(LBs) (2). While the aetiology of PD remains largely unknown,
several genetic loci have been implicated in the pathogenesis of
familial PD. Leucine-rich repeat kinase 2 (LRRK2) is a genetic factor
known to cause the autosomal-dominant form of PD (3). LRRK2
encodes a large, multi-domain protein with kinase, guanosine
triphosphatase (GTPase) and protein-protein interaction
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domains (LRR, COR and WD40). LRRK2 mutants have been
known to cause neural degeneration (4). For example, the most
common G2019S mutation increases the kinase activity of
LRRK2, promoting cellular toxicity (5,6). The LRRK2-R1441C mu-
tation decreases its GTPase and increases its kinase activities
(6,7), but there are conflicting results regarding this kinase-
modifying effect (3). A number of LRRK2 substrates involved in
diverse signalling pathways have been identified. For example,
LRRK2 participates in vesicle trafficking, mitochondria function,
microtubule dynamics, immunity and protein translational reg-
ulation through interaction with various proteins (8). Despite its
role in different cellular pathways, the molecular mechanism of
LRRK2-induced neurodegeneration is still unclear.

Histone deacetylases (HDACs) remove acetyl groups from ly-
sine residues on histone tails, promoting transcriptional repres-
sion via condensation of chromatin (9). There are 18 different
mammalian HDACs, which can be divided into four classes
based on sequence similarities (10). HDAC3 is a class I HDAC,
and is distinguishable from other class I HDACs (HDAC1, HDAC2
and HDACS) by its localization (10). Chromosome region main-
tenance 1 (CRM1) mediates HDAC3 movement between the nu-
cleus and the cytoplasm (11). Thus, HDAC3 is found in the
nucleus, cytoplasm and plasma membrane, whereas HDACs 1
and 2 predominantly localize in the nucleus (10,12).

Histones H2, H3 and H4 are the typical substrates of HDAC3
(13). H2-K5, H4-K5 and H4-K12 are completely deacetylated by
HDAC3, but H3, H2B, H4-K8 and H4-K16 are only partially deace-
tylated (13). Furthermore, HDAC3 mainly targets and deacety-
lates three lysine residues of H4 at its K5, K8 and K12 sites (14).
Consistent with these findings, HDAC3 deletion leads to in-
creased acetylation of some H3 and H4 tails, including H4-K5
and H4-K12 (15,16). HDAC3 also deacetylates various non-
histone targets, such as Myocyte-specific enhancer factor 2D
(MEF2D) (17), NF-xB (18), retinoblastoma protein (19) and p53
(20).

Recent studies have demonstrated that HDAC3 is involved in
neurotoxic process. For example, knockdown of Had-3, a nema-
tode homolog of HDAC3, reduces poly-Q-Huntingtin toxicity,
while overexpression of Had-3 restores neurotoxicity induced by
poly-Q-huntingtin in the Caenorhabditis elegans model of
Huntington’s disease (21). Moreover, HDAC3 interacts with
HDACI1, a well-known molecular switch between neuronal sur-
vival and death, promoting neuronal death (22). Interestingly,
a number of kinases regulate the activity and/or cytotoxicity
of HDAC3. For example, casein kinase 2, PTEN-induced puta-
tive kinase 1 (PINK1) and DNA-dependent protein kinase
phosphorylate HDAC3 and enhance its enzymatic activity
(20,23,24). Glycogen synthase kinase-3f (GSK-3p) also regulates
the neurotoxic function of HDAC3 through its kinase activity (25).

Despite currently limited knowledge about the substrates of
LRRK? and their biological effects, it remains necessary to iden-
tify and characterize other targets of LRRK2 and their physiolog-
ical functions for a complete understanding of its neurotoxic
mechanisms and contribution to the pathogenesis of PD. To
identify additional substrates and/or regulators of LRRK2,
we performed yeast two-hybrid screenings using wild-type
LRRK2 as bait. After screening of a human fetal brain ¢cDNA li-
brary, we identified HDAC3 as a novel interaction partner of
LRRK?2. Based on these findings, we investigated a possible func-
tional link between LRRK2 and HDAC3 during neuronal
death. Here, we report that HDAC3 is a novel substrate of LRRK2
in mammalian neuronal cells. We further demonstrate
that LRRK? facilitates cytotoxicity through phosphorylation of
HDACS.

Results
LRRK2 interacts and co-localizes with HDAC3

To determine whether LRRK2 and HDAC3 interact in mamma-
lian cells, co-immunoprecipitation experiments were per-
formed. After HEK293 cells were transfected with Myc-LRRK2
and/or Flag-HDACS, total cell lysates were immunoprecipitated
with an anti-Myc antibody. Immunoblotting of anti-Myc immu-
nocomplexes with an anti-Flag antibody indicated an interac-
tion between ectopically expressed LRRK2 and HDAC3 (Fig. 1A).
Co-immunoprecipitation of cell lysates in the reverse order fur-
ther confirmed the interaction between LRRK2 and HDAC3
(Fig. 1B).

Next, to determine whether LRRK?2 co-localizes with HDAC3,
immunocytochemical analyses were performed. After HEK293
cells were transfected with Myc-LRRK2 and Flag-HDAC3 con-
structs, immunostaining with anti-Myc and anti-Flag antibodies
showed that LRRK2 and HDAC3 co-localize mainly in the cytosol
(Fig. 1C). Consistent with the previous finding (10), HDAC3 was
present in equal proportions in the nucleus and cytosol.

In vitro GST pull-down assays further demonstrated a direct
interaction between LRRK2 and HDAC3 (Fig. 1D). To address
the possibility that these results were artifact of DNA transfec-
tion, we further tested whether endogenous LRRK2 binds to
endogenous HDAC3 in neuroblastoma SH-SY5Y cells. Co-
immunoprecipitation of cell lysates was performed using anti-
HDAC3 or anti-LRRK2 antibodies, followed by immunoblotting
with anti-LRRK2 or anti-HDAC3 antibodies. Endogenous LRRK2
was found to bind endogenous HDAC3 in SH-SY5Y cells (Fig. 1E).
Confocal microscopy revealed that endogenous LRRK2 co-
localized with endogenous HDAC3 in SH-SY5Y cells (Fig. 1F).
Moreover, immunoprecipitation using whole brain and kidney
lysates from 8-week-old mice further indicated that there is an
interaction between LRRK2 and HDAC3 (Fig. 1G). Collectively,
these results suggest that LRRK2 specifically binds HDAC3 in
mammalian cells.

LRRK2 specifically phosphorylates HDAC3 at ser-424

To address whether LRRK2 directly phosphorylates HDAC3, in
vitro kinase assays were performed using recombinant GST-
fused HDAC3 as a substrate, and Myc-tagged LRRK2-WT or
LRRK2-KD mutant was immunoprecipitated from HEK293 cell
lysates. Autoradiography of the reaction products showed that
wild-type LRRK2, but not its kinase-deficient form, phosphory-
lates HDACS3 in vitro (Fig. 2A). In addition, LRRK2 has no effect on
GST alone as a control (Supplementary Material, Fig. 1). We also
observed that phosphorylation of endogenous HDAC3 at serine
residue(s) is increased by LRRK2 overexpression in SH-SY5Y
cells (Fig. 2B).

We then assessed the migration of HDAC3 in the presence or
absence of LRRK2 in a phos-tag gel. SDS-polyacrylamide gel con-
taining phos-tag specifically retards the migration of phosphor-
ylated proteins, which are visualized as slow-migrating bands,
compared with non-phosphorylated control counterparts.
HEK293 cells were transfected with Flag-tagged HDAC3 alone, or
with either Myc-tagged wild-type LRRK2 or its kinase-dead mu-
tant (LRRK2-KD). A slow-migration band corresponding to phos-
phorylated HDAC3 was observed in the presence of wild-type
LRRK2 on the phos-tag gel; however, this band was markedly di-
minished in the presence of LRRK2-KD (Fig. 2C). Collectively,
these results suggest that HDAC3 serves as a substrate for
LRRK2.
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Figure 1. LRRK2 binds to HDAC3. (A,B) HEK293 cells were transfected for 24 h with plasmids encoding Myc-LRRK2 and/or Flag-HDAC3, and co-immunoprecipitation as-
says were performed with anti-Myc (A) or anti-Flag (B) antibodies, as indicated. Inmunocomplexes were analysed using anti-Flag (A) or anti-Myc (B) antibodies. The ex-
pression of transiently-transfected proteins in cell lysates were determined by western blotting with anti-Myc or anti-Flag antibodies. (C) HEK293 cells were
transfected for 24h with plasmids encoding Myc-LRRK2 and Flag-HDAC3. Where specified, cells were fixed, permeabilized, and stained with either anti-Myc antibody
followed by TRITC-conjugated secondary antibody or anti-Flag antibody followed by FITC-conjugated secondary antibody. Nuclei were counterstained with DAPIL
Immunostained cells were analysed using confocal microscopy (LSM 510 META, Carl Zeiss, scale bars: 10 ym). (D) GST pull-down assays were performed using GST-
HDAC3-immobilized glutathione-sepharose and HEK293 cell lysates were prepared after a 24 h transfection with Myc-LRRK2. Bound complexes were analysed by west-
ern blotting with anti-Myc antibody and GST served as a negative control. Purification of GST-fused HDAC3 and the presence of Myc-LRRK2 in cell extracts were con-
firmed by western blotting with anti-GST or anti-Myc antibodies, respectively. (E) Where indicated, immunoprecipitation of neuroblastoma SH-SYSY cell lysates was
performed using anti-HDAC3 or anti-LRRK2 antibodies, followed by immunoblotting with anti-LRRK2 or anti-HDAC3 antibodies. As a negative control, cell lysates were
immunoprecipitated with pre-immune IgG (IgG). The expression of LRRK2 and HDACS3 in cell extracts was determined by immunoblotting with anti-LRRK2 or anti-
HDACS3 antibodies. GAPDH served as a loading control. (F) SH-SYS5Y cells were fixed, permeabilized, and labelled with anti-LRRK2 and anti-HDAC3 antibodies. Cells
were then stained with TRITC- and FITC-conjugated secondary antibodies. Nuclei were counterstained with DAPI. Immunostained preparations were examined with a
confocal microscope (scale bars: 10 ym). (G) Immunoprecipitation of mouse brain or kidney lysates was performed using an anti-HDAC3 antibody, followed by immuno-
blotting with anti-LRRK2 antibody. As a control, cell lysates were immunoprecipitated with pre-immune IgG (IgG). The expression of LRRK2 and HDAC3 in tissue lysates

was determined by immunoblotting with anti-LRRK2 or anti-HDAC3 antibodies.

We next investigated the effects of two PD-linked mutants
(LRRK2-G2019S and LRRK2-R1441C) on HDAC3 phosphorylation.
Both mutants, particularly LRRK2-G2019S, increased levels of
phosphorylated HDAC3 by approximately 1.5 fold (Fig. 2D).

To determine which region(s) of HDAC3 is phosphorylated
by LRRK2, we performed in vitro kinase assays using GST-fused
HDAC3 deletion mutants. After DNA transfection with Myc-
LRRK2-WT for 24h, HEK293 cell lysates were incubated with
bacterially-expressed GST-HDAC3 deletion mutants. Anti-Myc
immunocomplexes phosphorylated multiple recombinant
HDACGCS3 truncation mutants, which all contained the C-terminal
NLS domain, spanning the amino acids 313-428 (Fig. 3A and B).
This effect was not observed with the HDAC3 fragment lacking
the NLS domain (Fig. 3B). As the NLS region contains twelve Ser/
Thr residues, we sought to identify which among them is/are
targeted by LRRK2. Four GST-HDAC3 fragments with triple point
mutations at twelve Ser/Thr residues were tested as targets for
LRRK2 phosphorylation. Among them, the HDAC3 mutant with
alanine substitutions at T390/S405/S424 exhibited greatly re-
duced levels of phosphorylation by LRRK2 (Fig. 3C), but the other
three mutants were unaffected.

We next generated three GST-HDAC3 mutants with point
mutations at the T390, S405, or S424 position; in vitro kinase as-
says were performed. The GST-HDAC3 mutant with a single
point mutation at S424A exhibited no HDAC3 phosphorylation,
whereas the other two HDAC3 mutants (T390A and S405A) did
not show any change in LRRK2-mediated phosphorylation
(Fig. 3D). These results indicate that LRRK2 specifically

phosphorylates HDAC3 at Ser-424. These results were corrobo-
rated by assays utilizing two PD-linked mutants (LRRK2-G2019S
and LRRK2-R1441C). Although these two mutants enhance
LRRK2 kinase activity, co-transfection with the HDAC3-S424A
mutant completely abolished phosphorylation of HDAC3
(Fig. 3E).

Next, we tested whether LRRK2 phosphorylates HDAC3 at
Ser-424 residue in vivo. Immunoblotting of SH-SY5Y cell lysates
with an anti-phospho-antibody specific to HDAC3-5424 showed
that wild-type LRRK2 overexpression causes an increase in its
endogenous level by approximately 1.9-fold (Fig. 3F). This effect
was not seen in cells transfected with the LRRK2-KD mutant
(Fig. 3F). Furthermore, the phosphorylated HDAC3 level at S424
was dramatically increased by two PD-linked LRRK2 mutants
(Fig. 3G).

We further verified the effect of LRRK2 on the phosphoryla-
tion of HDAC3-5424 by employing LRRK2-siRNA. While the effi-
ciency of siRNA against LRRK2 was validated by immunoblot
analyses (Fig. 3H), HDAC3 phosphorylation was significantly re-
duced in cells transfected with LRRK2-siRNA, compared with
nonspecific siRNA (Fig. 3I). We then examined the effect
of LRRK2 deletion on the phosphorylation of HDAC3-S424.
Western blotting of cell lysates with phospho-HDAC3-
S424-specific antiserum revealed that levels were significantly
decreased in LRRK2 -/- MEFs, compared with control LRRK2 +/
+ MEFs (Fig. 3)).

To determine the physiological relevance of LRRK2-
mediated phosphorylation of HDAC3 in neuronal cell death, we
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Figure 2. LRRK2 directly phosphorylates HDAC3. (A) HEK293 cells were transfected for 24h with Myc-tagged LRRK2-WT or LRRK2-KD. Cells were immunoprecipitated
with anti-Myc IgG, and the samples were incubated for 15 min with recombinant GST-HDAC3 and [y->?P]. The reaction products were separated by SDS-PAGE and auto-
radiograms were acquired. (B) SH-SY5Y cells were transfected for 24 h with Myc-tagged LRRK2-WT or LRRK2-KD. Immunoprecipitation of cell lysates was performed us-
ing an anti-HDAC3 antibody, followed by immunoblotting with an anti-phospho-Ser antibody. Transiently-expressed Myc-LRRK2 and endogenous HDAC3
proteins were identified by western blotting with anti-Myc or anti-HDAC3 antibodies. GAPDH served as a loading control. (C) HEK293 cells were transfected for 24h
with plasmids encoding Flag-tagged HDAC3, Myc-tagged LRRK2-WT, or LRRK2-KD alone or in combination, as indicated. Cell lysates were separated on a phos-tag gel,
followed by western blotting using an anti-Flag antibody (phos-tag). The expression of transiently-transfected proteins in cell lysates was determined by separation by
SDS-PAGE and western blotting using anti-Myc or anti-Flag antibodies (non-phos-tag). GAPDH served as a loading control. (D) HEK293 cells were transfected with plas-
mids encoding Myc-tagged LRRK2-WT, LRRK2-G2019S, or LRRK2-R1441C. Cell lysates were immunoprecipitated using an anti-Myc IgG, and incubated for 15 min with
recombinant GST-tagged wild-type HDAC3 and [y->?P]. The reaction products were separated by SDS-PAGE and autoradiograms were acquired (left panel). Data are rep-
resentative of three independent experiments. Relative phosphorylated HDAC3 protein levels were quantified using MultiGauge V. 3.1 program (n=3; * P < 0.05; right

panel).

investigated the effects on LRRK2 activity and HDAC3 phosphor-
ylation of exposure of LRRK2 +/+ and LRRK2 -/- MEFs to 6-OHDA.
Stereotaxic injection of the neurotoxin 6-OHDA into the sub-
stantia nigra region of mid-brain is widely used to lesion dopa-
minergic pathways and generate experimental mouse
models for PD. After cells were treated with 6-OHDA for 12h,
immunoblotting of cell lysates demonstrated that treatment of
LRRK2 +/+MEFs with 6-OHDA enhances LRRK2 kinase activity.
Moreover, the level of phosphorylated HDAC3-Ser-424 was
greatly increased in LRRK2 +/+ versus LRRK2 -/- MEFs (Fig. 3K). In
addition, the amount of phosphorylated HDAC3 bands was in-
creased by overexpressed LRRK2-WT or LRRK2-GS, which was
further enhanced under 6-OHDA treatment (Fig. 3L).

Collectively, these data suggest that LRRK2 specifically phos-
phorylates HDAC3 at its Ser-424 residue and that treatment
with 6-OHDA stimulates LRRK2 kinase activity.

LRRK2-mediated phosphorylation of HDAC3 increases
its deacetylase activity

Based on previous reports that the deacetylase activity of
HDACS3 is positively regulated by phosphorylation at Ser-424
(20,23), we next investigated the effect of LRRK2 on HDAC3 ac-
tivity. After HEK293 cells were transfected with Flag-tagged
wild-type HDAC3 and/or Myc-tagged LRRK2-WT, LRRK2-KD, or
the LRRK2-G2019S mutant, the HDAC3 activity of anti-Flag
immunocomplexes was analysed by measuring the lumines-
cence of the luminogenic peptide substrate resulting from

HDAC-mediated deacetylation. Results showed that the overex-
pression of wild-type LRRK2 enhances HDAC3 deacetylase ac-
tivity, with the LRRK2-G2019S mutant further enhancing this
activity (Fig. 4A). The kinase-inactive LRRK2 mutant did not
have this effect (Fig. 4A).

HDAC3 forms a tight complex with the silencing mediator
for retinoid and thyroid hormone receptors (SMRT) and nuclear
receptor corepressor (N-CoR), which act as transcriptional co-
regulatory factors; proper association is necessary for efficient
deacetylation of substrate histones by HDAC3 (26). Based on
these findings, we then examined whether LRRK2 promotes for-
mation of a transcriptional co-repressor complex that include
these two proteins. Dopaminergic neuroblastoma SH-SY5Y cells
were transfected with Myc-tagged LRRK2-WT or LRRK2-KD, and
cell lysates were immunoprecipitated with an anti-HDAC3 anti-
body. Immunoblotting of the samples with anti-SMRT or anti-
N-CoR antibodies revealed that wild-type LRRK2 increases the
amount of HDAC3 complexed with SMRT/N-CoR, but this effect
was not observed in cells transfected with the LRRK2-KD mu-
tant (Fig. 4B and C). To verify the plausible role of HDAC3 phos-
phorylation in the formation of HDAC3/SMRT/N-CoR complex,
we examined the effect of phosphorylation-mimetic HDAC3-
S424E and phosphorylation-defective HDAC3-S424A mutant on
it. Comparing with LRRK2-WT, these two mutants had no ap-
parent effect on the complex formation (Fig. 4D and E). These re-
sults suggest that LRRK2 kinase activity is necessary, not
only for positive modulation of HDAC3 activity, but also for
the enhanced formation of transcriptional co-regulatory
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Figure 3. LRRK2 phosphorylates HDAC3 at Ser-424 with 6-OHDA treatment. (A) Schematic representation of HDAC3 and its truncated mutants. (B) HEK293 cells were trans-
fected for 24h with Myc-tagged LRRK2-WT or LRRK2-KD. Cell lysates were immunoprecipitated using anti-Myc antibodies, and incubated for 15 min with recombinant
GST-HDAC3-WT or its truncated mutants and [y->?P]. The reaction products were separated by SDS-PAGE and autoradiograms were acquired (B-E). (C) HEK293 cells were
transfected for 24 h with Myc-LRRK2-WT, and cell lysates were immunoprecipitated with anti-Myc antiserum. Immunocomplexes were incubated for 15 min with recombi-
nant GST-tagged HDAC3-WT or mutants containing various triple point mutations (HDAC3-S320/S326/T337A, HDAC3-5343/T344/S351A, HDAC3-T361/S374/T386A, or
HDAC3-T390/S405/5424A) with [y-?P]. (D) HEK293 cells were transfected with Myc-tagged LRRK2-WT or LRRK2-KD. Where specified, anti-Myc immunocomplexes were pre-
pared using an anti-Myc antibody and incubated for 15 min with either purified GST-HDAC3-WT or its single point mutant proteins (T390A, S405A, or S424A) and [y->2P].
(E) HEK293 cells were transfected with Myc-tagged LRRK2-WT, LRRK2-G2019S, or LRRK2-R1441C. Target proteins were immunoprecipitated using anti-Myc antibodies, fol-
lowed by incubation for 15 min with recombinant GST-tagged HDAC3-WT or the HDAC3-S424A mutant with [y->?P]. (F) SH-SY5Y cells were transfected for 24 h with Myc-
tagged LRRK2-WT or LRRK2-KD. Immunoblotting of cell lysates was performed using an anti-phospho-Ser424-HDAC3 antibody. Expression of exogenous Myc-LRRK2 and
endogenous HDAC3 proteins was detected using anti-Myc or anti-HDAC3 antibodies. (G) HEK293 cells were transfected for 24 h with Myc-tagged LRRK2-WT, LRRK2-G2019S
or LRRK2-R1441C. Immunoblotting of cell lysates was performed using anti-phospho-HDAC3 (S424) antibody. Levels of exogenous Myc-LRRK2 and endogenous HDAC3
proteins were detected using anti-Myc or anti-HDAC3 antibodies. (H) SH-SYSY cells were either mock-transfected or transfected for 48 h with non-specific control siRNA (nc;
100pM) or the indicated concentrations of LRRK2-siRNA (si-LRRK2). Cell lysates were immunoblotted with anti-LRRK2 antibody. (I) SH-SY5Y cells were transfected for 48h
with nc siRNA (100pM) or LRRK2-siRNA (100 pM). Cell lysates were immunoblotted with anti-phospho-Ser424-HDAC3, anti-HDAC3, or anti-LRRK2 antibodies (left panel).
Relative phosphorylated HDAC3 protein level was quantified using the MultiGauge V. 3.1 program (n=4; ** P < 0.001; right panel). (J) LRRK2 +/+ and LRRK2 -/- MEF lysates
were probed using an anti-phospho-HDAC3-5424 antibody. Levels of endogenous LRRK2 and HDAC3 proteins were detected by immunoblotting using their respective anti-
bodies. (K) After LRRK2 +/+ and LRRK2 -/- MEFs were treated for 12h with 100 uM 6-OHDA, cell lysates were separated by SDS-PAGE. Immunoblotting was performed using
anti-phospho- HDAC3-5424 antibody. (L) SH-SYSY cells were transfected for 24h with Myc-tagged LRRK2-WT or LRRK2-G2019S, and then left untreated or treated for 12h
with 6-OHDA (100 uM). Immunoblotting of cell lysates was performed with anti-phospho-Ser424-HDAC3 antibody. Levels of exogenous Myc-LRRK2 and endogenous HDAC3
proteins were detected using anti-Myc or anti-HDAC3 antibodies.

complexes that include HDAC3. However, the formation of
the HDAC3/SMRT/N-CoR complex is not affected by HDAC3
phosphorylation.

largely unknown. Moreover, HDAC3-containing SMRT and
N-CoR complexes are usually found in the nucleus. Based on
these findings, we next examined whether interaction between
HDAC3 and LRRK2? affects the intracellular localization and/or
transport of HDAC3. After SH-SYSY cells were transfected with
Myc-tagged LRRK2-WT or the LRRK2-KD mutant, cytoplasmic
HDAC3 is known to shuttle between the nucleus and cytoplasm, and nuclear fractions were prepared via cell fractionation.
but the mechanism underlying this nuclear translocation is Immunoblotting of each fraction with an anti-HDAC3 antibody

LRRK2 promotes nuclear translocation of HDAC3
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Figure 4. LRRK2 enhances HDACS3 activity. (A) HEK293 cells were transfected for 24 h with plasmids encoding either Flag-tagged HDAC3-WT alone or with Myc-tagged
LRRK2-WT, LRRK2-KD, or LRRK2-GS2019S (LRRK2-GS). Cells were lysed with 1% NP-40 lysis buffer and target proteins immunoprecipitated using anti-Flag antibodies.
HDACS3 activity in anti-Flag immunocomplexes was determined using HDAC assay kit. All transfections were normalized to parental expression vectors, and data are
expressed as the mean + S.E.M of three independent experiments (n = 3; ** P < 0.001). (B,C) SH-SY5Y cells were mock-transfected or transfected for 24h with Myc-
tagged LRRK2-WT or LRRK2-KD. Immunoprecipitation of target proteins in cell lysates was performed using IgG or HDAC3 antibodies, followed by immunoblotting
with anti-SMRT (B) or anti-N-CoR antibodies (C), as indicated. (D,E) HEK293 cells were mock-transfected or transfected for 24h with Flag-tagged HDAC3-WT, HDAC3-
S424A or HDAC3-S424E. Immunoprecipitation of cell lysates was performed using IgG or Flag antibodies, followed by immunoblotting with anti-SMRT (D) or anti-N-

CoR antibodies (E), as indicated.

revealed that overexpression of LRRK2-WT, but not LRRK2-KD,
increases nuclear HDAC3 levels, accompanied by a correspond-
ing decrease in cytosolic HDAC3 levels (Fig. 5A). These results
suggest that LRRK2 induces nuclear translocation of HDAC3 in a
kinase-dependent manner.

To confirm these results, we evaluated the localization of
HDAC3 in MEFs derived from LRRK2 -/- and control LRRK2 +/
+mice. Immunoblotting with an anti-HDAC3 IgG indicated that
there were greater levels of endogenous HDACS3 in the cytosol
versus the nucleus in LRRK2 -/- MEFs. In contrast, HDAC3 was
much enriched in the nuclear fraction in LRRK2 +/+ MEFs com-
pared with the cytoplasmic fraction (Fig. 5B). Next, we reconsti-
tuted LRRK2 -/- MEFs with wild-type LRRK2 or the LRRK2-G2019S
or LRRK2-R1441C mutant and examined the effect on subcellu-
lar localization of HDAC3. Immunoblotting of the two fractions
showed that in the presence of LRRK2-WT, accumulation of
HDACS3 in the cytosol was greatly reduced and a significant
amount of HDAC3 translocated into the nucleus. Moreover, re-
constitution with two PD-linked LRRK2 mutants enhanced
HDAC3 nuclear translocation compared with wild-type LRRK2
(Fig. 5C).

We next examined the effects of 6-OHDA treatment on
HDAC3 nuclear translocation. LRRK2+/+and LRRK2 -/- MEFs
were treated with 6-OHDA for 12 h before cell fractionation. The
level of cytoplasmic HDAC3 decreased, while levels of nuclear
HDAC3 increased in LRRK2+/+MEFs. Treatment of LRRK2 -/-
MEFs with 6-OHDA did not affect levels of cytosolic HDAC3 and
did not induce any significant nuclear translocation of HDAC3

(Fig. 5D). LRRK2-G2019S mutant also induced the translocation
of HDAC3 into the nucleus more dramatically than LRRK2-WT
in SH-SY5Y cells (Fig. 5E). Moreover, 6-OHDA treatment acceler-
ated the effect of LRRK2-G2019S mutant (Fig. 5E). These results
suggest that LRRK2 mediates nuclear translocation of HDAC3,
which is further enhanced by treatment with 6-OHDA. These
findings were further supported by the immunocytochemical
analyses, confirming that LRRK2-WT and its two PD-linked pro-
mote the nuclear translocation of HDAC3 (Fig. SF).

We then addressed whether the phosphorylation of HDAC3-
S424 promotes nuclear translocation of HDAC3. We examined
the intracellular localization of Flag-tagged HDAC3 mutants
with single or multiple point mutations at three Ser/Thr resi-
dues in the NLS domain. Both the HDAC3-S424A and HDAC3-
T390/5405/S424A mutants were found to translocate into the
nucleus to an extent equal to wild-type HDAC3 (Fig. 6A).
Additionally, the intracellular localization of HDAC3 was unaf-
fected by the phospho-mimetic S424E mutation (Fig. 6B). These
results suggest that phosphorylation at Ser-424 has no effect on
HDACGCS3 nuclear translocation.

These results alternatively indicate that sites other than
Thr-390, Ser-405 and Ser-424 serve as targets for phosphoryla-
tion to induce HDAC3 nuclear translocation. Thus, we addition-
ally investigated the nuclear transport of other HDAC3 mutants
with single or double point mutations in other NLS domains
(S320/S326A, T337A, S343/344A, S351A, S361A, S374A, T386A,
T390A, S405A, or S424A). The nuclear and cytoplasmic distribu-
tions of HDAC3 were similar among these mutants (Fig. 6C).
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Figure 6. Phosphorylation of HDAC3 at Ser-424 or the NLS domain is not required for
24h with plasmids encoding Flag-tagged HDAC3-WT, its single (HDAC3-S424A) or tripl

Cytoplasm Nucleus

its nuclear translocation. (A) Where specified, HEK293 cells were transfected for
e (HDAC3-T390/5405/S424A) point mutant, or Myc-tagged wild-type LRRK2 alone

or in combination. Cells were fractionated into cytoplasmic and nuclear fractions (A-C). Each fraction was resolved by SDS-PAGE and analysed by western blotting with
anti-Flag or anti-Myc antibodies. The purity of each fraction was confirmed by immunoblotting with o-tubulin (cytoplasmic marker) or histone H1 or H3 (nuclear
marker) antibodies (A-C). (B) HEK293 cells were transfected with plasmids encoding Flag-tagged HDAC3-WT, its phosphorylation-mimetic mutant (HDAC3-S424E), or
Myc-tagged LRRK2-WT alone or in combination, as indicated. (C) HEK293 cells were transfected for 24 h with plasmids encoding Flag-tagged HDAC3-WT, its various sin-
gle or double point mutants, or Myc-tagged LRRK2-WT alone or in combination, as indicated.

Collectively, these data suggest that LRRK2 positively regu-
lates HDAC3 nuclear translocation, but this modulation is
not dependent upon direct phosphorylation of HDAC3-
S424.

Although efficient shuttling between the cytosol and nucleus
is important for the histone-modifying actions of and transcrip-
tional co-repression induced by HDAC3, the underlying mecha-
nism remains unclear. Macromolecules and proteins commonly
interact with karyopherins for proper translocation into the nu-
cleus. Karyopherins have two subunits, karyopherin-o and kar-
yopherin-f, which shuttle cytosolic proteins into the nucleus by
detecting and binding the NLS. Karyopherin-a first recognizes
the NLS of the cargo protein; karyopherin-p then interacts with
the N-terminus of karyopherin-o, and the cargo complex is im-
ported into the nucleus. Thus, we next examined whether
HDAC3 interacts with karyopherin-o subtypes. HEK293 cells
were co-transfected with plasmids encoding Flag-tagged
HDAC3 and a HA-tagged karyopherin-o subtype protein (KPNA-
1, -2, -3, -4, or -6). Co-immunoprecipitation of anti-Flag

immunocomplexes with anti-HA antiserum demonstrated
that HDAC3 specifically interacts with KPNA-2 and -6
(Supplementary Material, Fig. S2D and E). HDAC3 did not bind to
KPNA-1, -3, or -4 (Supplementary Material, Fig. S2A-C).
Furthermore, when cells were co-transfected with either Myc-
tagged LRRK2-WT or LRRK2-KD, wild-type LRRK2 promoted
binding of HDAC3 to KPNA-2 and KPNA-6, while the kinase-
dead mutant failed to affect their binding (Fig. 7A and B).
We then examined whether LRRK2 directly phosphorylates
KPNA2 and 6. Co-immunoprecipitation assays of anti-KPNA2
and 6 immunocomplexes with anti-phospho-Ser antibody re-
vealed that the phosphorylation of KPNA2 and 6 is increased
by LRRK2-WT, but not by LRRK2-KD (Fig. 7C and D), imply-
ing that KPNA 2/6, as the novel substrates of LRRK2, could medi-
ate the nuclear translocation of HDAC3, possibly through
phosphorylation.

Collectively, the overall results suggest that karyopherin-o2
and -06 mediate the nuclear translocation of HDAC3, and LRRK2
kinase activity enhances their binding affinities.
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Figure 7. LRRK2 increases the interaction between HDAC3 and KPNA2/6. (A,B) Where specified, HEK293 cells were transfected for 24 h with plasmids encoding HA-
KPNA2 (A), HA-KPNAG6 (B), Flag-HDAC3, Myc-LRRK2-WT or Myc-LRRK2-KD alone or in combination. Total cell lysates were immunoprecipitated with anti-Flag antibody,
followed by immunoblotting with anti-HA antibody. Expression of exogenous KPNA2 (A), KPNA6 (B), HDAC3, or LRRK2 in cell extracts was evaluated by immunoblotting
with anti-HA, anti-Flag, or anti-Myc antibodies. (C,D) Where specified, HEK293 cells were transfected for 24 h with plasmids encoding HA-KPNA?2 (C), HA-KPNAG6 (D),
Myc-LRRK2-WT or Myc-LRRK2-KD alone or in combination. Total cell lysates were immunoprecipitated with anti-phospho-Ser antibody, followed by immunoblotting
with anti-HA antibody. Expression of exogenous KPNA2 (C), KPNA6 (D), or LRRK2 in cell extracts was evaluated by immunoblotting with anti-HA or anti-Myc antibodies
(left panel). Data are representative of three independent experiments. Relative phosphorylated KPNA2/6 protein levels were quantified using the MultiGauge V. 3.1

program (n=3; * P < 0.05; P < 0.01; right panel).

LRRK2 specifically promotes deacetylation of histone H4
with 6-OHDA treatment

Histones H2, H3 and H4 are reported to be substrates of HDAC3.
H4, in particular, is thought to play a role in the initiation of
HDAC3-mediated neuronal death (27). We examined whether
knockout of LRRK2 affects the acetylation level of histone H4.
After nuclear fractions from LRRK2+/+ and LRRK2 -/- MEFs
were prepared, we compared the acetylation levels of H3, H4-K5
and H4-K12. Western blotting of cell lysates with antisera
specific for each acetylated histone protein showed that
LRRK2 -/- MEFs had much greater inhibition of H4 deacetylation
compared with LRRK2+/+ MEFs (Fig. 8A). Moreover, 6-OHDA
treatment increased deacetylation of H4-K5 and H4-K12 by ap-
proximately 50% and 45%, respectively, in LRRK2+/+ MEFs;
LRRK2 -/- MEFs showed a slight reduction in acetylation
at these sites (Fig. 8B). These results suggest that LRRK2 pro-
motes the deacetylation of H4-K5 and H4-K12 with 6-OHDA
treatment.

We next tested whether nuclear translocation of HDAC3 is
also required for the deacetylation of histone H4 lysine residues.
We transfected LRRK2 -/- MEFs with Myc-tagged LRRK2-WT, Flag-
HDAC3-WT, Flag-HDAC3-S424A, or/and Flag-HDAC3-S424E mu-
tant, and compared the acetylation levels of H4-K5 and H4-K12 in
the nuclear fractions. Our results showed that they were de-
creased in the presence of LRRK2-WT, and more reduced by co-
expression of HDAC3-S424E with LRRK2-WT (Fig. 8C). However,
this effect was not observed by co-expression of HDAC3-S424A
mutant with LRRK2-WT (Fig. 8C). Moreover, all of these HDAC3
proteins had no significant effect on the levels of acetylated H4-
K5 and H4-K12 in LRRK2 -/- MEFs when transfected alone. Based
on our previous finding that HDAC3-WT, HDAC3-S424A, or
HDAC3-S424E mutant alone predominantly localized in the cyto-
sol and co-expression of LRRK2-WT markedly stimulates their
nuclear transport (Fig. 6A and B). These results suggest that
LRRK2 promotes deacetylation of H4-K5 and H4-K12 residues
through the phosphorylation and subsequent nuclear transloca-
tion of HDAC3.
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Figure 9. Increased phosphorylation of HDAC3 at Ser-424 and impaired acetylation of histone H4 are observed in aged LRRK2-G2019S Tg mice. (A,B) Brain lysates from the cortex
(A) and mid-brain (B) regions of control and LRRK2-G2019S Tg mice were resolved using SDS-PAGE, and immunoblotted with anti-phospho-5424-HDAC3, anti-HDAC3, or anti-
LRRK? antibodies. To control for sample loading, immunoblotting with anti-Hsp90 or anti-GAPDH antibodies was also performed. (C,D) Brain lysates (A, B) were mixed with 1%
SDS, separated by SDS-PAGE, and immunoblotted with anti-acetylated H4-K5 or anti-acetylated H4-K12 antibodies. Levels of endogenous histone H4 protein were detected and
measured using an anti-histone H4 antibody. The graphs in A-D indicate the relative band intensities of phosphorylated HDAC3 (A, B) and acetylated H4-K5 or H4-K12 (C, D)
quantified using MultiGauge version 3.1. Data are expressed as the mean *+ S.EM of three independent experiments (n=3; * P < 0.05, n.s., not significant).

LRRK2 Tg mice show increased HDAC3 phosphorylation
and greatly reduced histone H4 acetylation in the brain

We next investigated whether LRRK2 promotes the phosphory-
lation of HDAC3 and deacetylation of histone H4 lysine residues
in the brains of 12-16 month-old Tg mice expressing LRRK2-
G2019S (28). These BAC transgenic LRRK2-G2019S mice, display-
ing age-dependent decrease in striatal dopamine content as
well as decreased striatal dopamine release and uptake, are
widely utilized in investigations of the biological significance of
LRRK2 overexpression in cultured cell lines. Furthermore, the
brains of aged (12-16 months old) LRRK2 Tg mice may closely
reflect those of PD patients, which also display significant neu-
ral degeneration (29). We first analysed gross changes in HDAC3
phosphorylation in the cortex and mid-brain regions of LRRK2-
G2019S Tg mice. Western blotting of brain extracts showed that
there were elevated levels of phosphorylated HDAC3-S424 in
the cortex and mid-brain regions of LRRK2-G2019S Tg mice
(Fig. 9A and B). Furthermore, when we examined the levels of
acetylated H4-K5 and H4-K12, H4-K12 acetylation was greatly
reduced in the cortex and mid-brain regions of LRRK2 Tg mice
compared with controls. Deacetylation of H4-K5 was observed
only in the cortex, but not the mid-brain region, of LRRK2-
G2019S Tg mice (Fig. 9C and D). These results indicate that
LRRK2 stimulates deacetylation of the H4-K12 residue, possibly
through HDAC3 modification, which might play a role in LRRK2-
induced neurodegeneration in the LRRK2 Tg mouse model.

LRRK2 inhibits transcriptional regulatory activity of
MEF2D via phosphorylation of HDAC3-S424

MEF2D is a non-histone substrate of HDAC3. While HDAC3 can
deacetylate MEF2D, other class I HDACs exhibit no obvious

deacetylase activity towards MEF2D (17). Additionally, regula-
tion of MEF2D activity is closely associated with neuronal sur-
vival. For example, MEF2D activation protects neuronal cells in
the mouse substantia nigra pars compacta (30). Thus, we exam-
ined whether LRRK2 regulates MEF2D activity via HDAC3 phos-
phorylation. HEK293 cells were transfected with Flag-tagged
HDAC3-WT alone or with Myc-tagged LRRK2-WT or LRRK2-KD.
MEF2D reporter assays revealed that HDAC3 overexpression re-
duced MEF2D activity by approximately 20%, and co-expression
of LRRK2-WT with HDAC3 further decreased MEF2D activity
compared with cells transfected with HDAC3 alone
(Supplementary Material, Fig. S3A). Transcriptional activity of
MEF2D also decreased in cells transfected with LRRK2-WT
alone, and this effect was rescued by treatment with trichosta-
tin A (TSA), an HDAC class I and II inhibitor (Supplementary
Material, Fig. S3B). Co-immunoprecipitation assays revealed
that LRRK2 does not bind to MEF2D (Supplementary Material,
Fig. S3D), suggesting that LRRK2 might regulate MEF2D activity
through HDAC3 modulation. This hypothesis was supported by
additional findings that overexpression of the phospho-
mimetic HDAC3-S424E mutant further suppressed MEF2D activ-
ity (Supplementary Material, Fig. S3C). In contrast, the
phosphorylation-resistant HDAC3-S424A mutant markedly in-
creased MEF2D activity (Supplementary Material, Fig. S3C).
These data collectively suggest that LRRK2 negatively regulates
MEF2D activity via phosphorylation of the HDAC3-5424 residue.
As the proper MEF2D activity is closely associated with neuronal
differentiation and cell survival (31,32), we then evaluated the
effect of MEF2D-knockdown or its overexpression on SH-SY5Y
cell viability. As expected, the cell viability was decreased by
MEF2D-knockdown (Supplementary Material, Fig. S3E and F),
whereas the overexpression of MEF2D correspondingly in-
creased it (Supplementary Material, Fig. S3G).
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Figure 10. Overexpression of phosphorylation-resistant HDAC3 or treatment with HDAC inhibitor protects mammalian neuronal cells from LRRK2-induced cellular
toxicity. (A) SH-SYSY cells were mock-transfected or transfected for 36 h with plasmids encoding Flag-tagged HDAC3-S424A, GFP-tagged LRRK2-WT, or LRRK2-G2019S
alone or in combination, as indicated. Cells were treated for an additional 12h with DMSO or 100 uM 6-OHDA, and viability was assessed using a CCK-8 assay. Data are
expressed as the mean *= S.E.M. of three independent experiments (n=9; ** P < 0.01). (B) Where specified, rat primary cortical neurons were transfected for 3 days at
DIV4 with plasmids encoding Myc-LRRK2-WT, Myc-LRRK2-G2019S, Flag-HDAC3-S424A, or GFP alone or in combination; images were obtained using confocal micros-
copy (LSM700; Carl Zeiss; upper panel). Neurite lengths of GFP-positive neurons were measured by MetaMorph software. Data are expressed as the mean + S.E.M. (con-
trol, n=27; WT, n=19; GS, n=24; SA, n=16; WT+SA, n=13; GS+SA, n=15; ** P < 0.001; scale bars: 10 ym). (C) Where specified, rat primary cortical neurons at DIV4
were transfected for 3 days with GFP alone or together with Myc-LRRK2-WT or Myc-LRRK2-G2019S, and treated for 8h with DMSO or TSA (3 pM). The images of each
sample were obtained using confocal microscopy (LSM700; Carl Zeiss; upper panel). Neurite lengths of GFP-positive neurons were measured by MetaMorph software.
Data are expressed as the mean = S.E.M. (control, n=17; WT, n=20; GS, n=16; control + TSA, n=22; WT + TSA, n=20; GS + TSA, n=19; * P < 0.05; *** P < 0.001; scale
bars: 10 um).

Phosphorylation of HDAC3 potentiates LRRK2-G20195 phosphorylation is important in mediating the cytotoxic effects

cytotoxicity

The LRRK2-G2019S mutant has been previously shown to have
a much greater neurotoxic effect than wild-type LRRK2 with
6-OHDA treatment (33). To determine whether HDAC3 can mod-
ulate the cytotoxic effects of LRRK2, we evaluated the effect of
HDAC3-S424A on 6-OHDA-induced toxicity in SH-SY5Y cells.
Cells were transfected with GFP-tagged LRRK2-WT or LRRK2-
G2019S mutant alone or with Flag-HDAC3-S424A, and treated
with dimethyl sulfoxide (DMSO) or 6-OHDA. Treatment with
6-OHDA triggered significant cell death in cells expressing
the LRRK2-G2019S mutant, reducing cell viability by approxi-
mately 40% (Fig. 10A). In contrast, transfection with LRRK2-
G2019S and HDAC3-S424A restored cell viability to control
levels with 6-OHDA treatment. These data suggest that HDAC3

of LRRK? in response to treatment with 6-OHDA.

Based on previous findings that LRRK2 negatively regulates
the length and complexity of neuronal processes in primary
neurons (34-36), we investigated the effects of phosphorylated
HDAC3 on LRRK2-induced neurite retraction. Rat primary corti-
cal neurons were transfected with GFP alone or with either Myc-
tagged LRRK2-WT, LRRK2-G2019S, or Flag-tagged HDAC3-S424A,
and neurite lengths were quantified. LRRK2-WT alone caused
significant retraction of neurite outgrowth; LRRK2-G2019S also
significantly reduced neurite length to a similar extent
(Fig. 10B). Co-expression of HDAC3-S424A attenuated this inhib-
itory effect, whereas the HDAC3-S424A mutant alone had no
significant effect on cell viability (Fig. 10B). Moreover, the
neurite retraction induced by LRRK2 was rescued back by the
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treatment of trichostatin A (TSA), an HDAC class I and II inhibi-
tor (Fig. 10C). Collectively, these data suggest that HDAC3 medi-
ates LRRK2-induced toxicity.

Discussion

The kinase LRRK2 phosphorylates a diverse array of substrates,
affecting their function and various signalling pathways. Firstly,
LRRK2 phosphorylates many vesicle trafficking-related proteins.
For example, it phosphorylates Rab5B at its Thr-6 residue and
increases its GTPase activity, which then inhibits endocytosis of
synaptic vesicles (37). Secondly, LRRK? targets transcription fac-
tors and modulates their transcriptional activities. For example,
LRRK2 phosphorylates the Ser-319 residue of FoxO1, increasing
its transcriptional activity (38). In addition, several neurodegen-
erative disease-related proteins are the substrates of LRRK2, in-
cluding a-synuclein in PD (39) and tau in Alzheimer’s disease
(40). Lastly, LRRK2 participates in a number of signalling path-
ways. For instance, LRRK2 phosphorylates the Ser-473 residue
of Akt (41). LRRK2 also phosphorylates many types of mitogen-
activated protein kinase (MKK), such as MKK3, 4, 6 and 7 (42,43).
Here, we identify HDAC3 as a novel substrate of LRRK2. This re-
lationship influences the epigenetic regulation through modula-
tion of histone conformation.

Our in vitro kinase assays revealed that LRRK2 phosphory-
lates HDACS3 at its Ser-424 residue. In addition to LRRK2, multi-
ple kinases phosphorylate HDAC3. For example, c-Src, GSK-3p,
CK2 and PINK1 phosphorylate HDAC3 and regulate its enzy-
matic and/or cytotoxic activities (12,20,23,25). With regard to
HDACS, its Ser-424 residue is the only reported target for phos-
phorylation that is important for its deacetylase activity. For ex-
ample, CK2 (23) and PINK1 (20) phosphorylate HDAC3 at Ser-424
and stimulate HDAC3 deacetylase activity. PINK1, like LRRK2, is
one of many genetic factors suspected of causing the familial
form of PD. Interestingly, PINK1-mediated HDAC3-S424 phos-
phorylation blocks caspase-dependent cleavage of HDAC3 in re-
sponse to treatment with hydrogen peroxide (20). Consistent
with these findings, cleavage of the phosphorylation-resistant
HDAC3-S424A mutant was not affected by PINK1. This same
phenomenon has also been observed with the HDAC3-Y298F
mutant, which lacks deacetylase activity, even though its Ser-
424 residue can be still phosphorylated. These findings suggest
that PINK1 mainly controls HDAC3 activity by blocking its deg-
radation. Therefore, preventing cleavage of HDAC3 may be a
unique function of PINK1. Unlike these two kinases, LRRK2 af-
fects not only HDAC3 activity, but also its intracellular localiza-
tion. Nuclear translocation of HDAC3 is mediated by LRRK2,
which occurs not through phosphorylation of HDAC3, but rather
through an increase in HDAC3 binding to KPNA-2/6. As a conse-
quence, accumulation of HDAC3 in the nucleus stimulates ly-
sine modification at target histones.

The shuttling and redistribution process between the cyto-
plasm and nucleus is important for the proper function of
HDACS3. Previous study demonstrated that HDAC3 displays dif-
ferential effect on the cytoplasmic and nuclear huntingtin ag-
gregates (44). Likewise, the precise nuclear transport of HDAC3
would be a key factor for its primary role of histone modification
and chromosome dynamics, though the detailed mechanism is
not clearly defined. In the present study, we firstly identified
that KPNA2 and 6 are the novel substrates of LRRK2 and
play a role in the shuttling of HDAC3, possibly through
phosphorylation.

Many studies have demonstrated that LRRK2 directly affects
gene transcription. For example, RNA interference-induced
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depletion of LRRK2 alters the expression of approximately 200
genes by a factor of at least 1.5 in SH-SY5Y cells and LRRK2 +/-
embryonic stem cells, whereas changes in genetic expression
were identified using microarrays (45,46). Additionally, LRRK2
affects the activities of some transcription factors. For example,
LRRK2 negatively regulates the nuclear factor of activated T
cells (NFAT) (47), and LRRK2 overexpression increases the tran-
scriptional activity of NF-«B (48). In contrast, LRRK2 knockdown
blocks NF-kB activity upon the stimulation with LPS (49).
Despite numerous investigations, the molecular mechanism
underlying LRRK2-mediated regulation of gene transcription re-
mains poorly understood. Here, we provide evidence that LRRK2
negatively regulates MEF2D-mediated gene transcription
through phosphorylation of HDAC3. Moreover, the present work
demonstrates that LRRK2 modulates gene transcription indi-
rectly through phosphorylation of HDAC3, histone
deacetylation and histone-mediated epigenetic control.

HDAC3 has many nuclear substrates, including histones.
Among them, histones H3 and H4 mediate nuclear condensa-
tion, causing cell death by modifying the acetylation state of ly-
sine residues (50). Based on these findings, we investigated the
effects of LRRK2-mediated HDAC3 phosphorylation on H3 and
H4 acetylation state. Analysis of nuclear samples from LRRK2 -/-
and LRRK2 +/+ MEFs showed that there was enhanced deacety-
lation of H4-K5 and H4-K12 in LRRK2 +/+ MEFs. In contrast, acet-
ylation of H3 at several lysine residues was not significantly
affected. These results indicate that LRRK2 specifically stimu-
lates deacetylation at H4-K5 and H4-K12 by phosphorylating
and activating HDAC3. Subsequent to histone deacetylation,
downstream effects leading to neuronal cell death may involve
neurite shortening, which was observed in model systems over-
expressing wild-type LRRK2 or a LRRK2 mutation. This hypothe-
sis was corroborated by findings that LRRK2-mediated HDAC3
phosphorylation exacerbated neurite shortening in primary cor-
tical neurons, which could be an underlying mechanism of neu-
ronal cell death.

PD-associated LRRK2 mutants can trigger toxicity in neuro-
nal cells, wherein the enhanced kinase activity is critical to this
process, and the underlying mechanisms are largely unknown.
For example, the G2019S mutation in LRRK2 has been shown to
increase the sensitivity of human dopaminergic neurons to 6-
OHDA (33). We also found that 6-OHDA markedly enhanced
LRRK?2 kinase activity, which increased the phosphorylation
and nuclear translocation of HDAC3 in SH-SYS5Y cells.
Furthermore, 6-OHDA treatment selectively facilitates deacety-
lation of H4-K5 and H4-K12 residues, which then exacerbates
neuronal cell death. Interestingly, levels of acetylated H4-K5
and H4-K12 were reduced in the brains of aged LRRK2-G2019S
Tg mice, while they were elevated in LRRK2 -/- MEFs. We did not
observe alterations in the acetylation of H4-K5 in the mid-brain
regions of aged LRRK2-G2019S Tg mice. While this aspect of our
results remains to be explored, these data suggest that the acet-
ylation state of H4-K12 might be an important factor in neuro-
nal cell death in mid-brain regions, including the substantia
nigra.

Evidence suggest that LRRK2-induced toxicity involves alter-
ations in cytoskeletal dynamics, autophagy, mitochondrial dys-
function and extrinsic cell death pathways. For example,
LRRK2-R1441G BAC Tg mice show enhanced phosphorylation of
tau, which is associated with disruption of the microtubule net-
work. This phosphorylation also likely plays a role in the retrac-
tion of neurites in cellular and in vivo models of LRRK2 mutants
(51). Additionally, overexpression of the LRRK2-G2019S mutant
causes accumulation of autophagic vacuoles; additionally,
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up-regulation of inducers of autophagy potentiates the neurite
shortening triggered by this mutant (52). Regarding a potential
link between LRRK2 and extrinsic cell death pathways, LRRK2 is
known to bind the Fas-associated protein with death domain
(FADD), and PD-associated mutations enhance this interaction,
which plays an important role in LRRK2-induced and caspase
8-dependent neuronal death (53). Here, we further demonstrate
that the neurotoxic effects of LRRK2 may be additionally medi-
ated by its phosphorylation of HDAC3 and downstream modula-
tion of histone conformation and MEF2D activity.

To conclude, our results strongly suggest that HDAC3 phos-
phorylation by LRRK2 plays a role in LRRK2-mediated neuronal
cell death and PD pathogenesis.

Materials and Methods

Materials

Peroxidase-conjugated anti-rabbit and anti-mouse antibodies
were purchased from Millipore. (Billerica, MA, USA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS) and
lipofectamine and PLUS reagents were purchased from Life
Technologies (Grand Island, NY, USA). 6-Hydroxydopamine
(6-OHDA) hydrobromide, phospho-Ser-specific antibody and the
anti-Flag antibody were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mouse monoclonal anti-HDAC3 and rabbit
polyclonal anti-phospho-HDAC3 (S424) antibodies were pur-
chased from Millipore (Billerica, MA, USA) and Cell Signaling
Technology (Danvers, MA, USA), respectively. Anti-Myc, anti-
GAPDH and polyclonal anti-HDAC3 antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
LRRK?2, anti-H3 and anti-acetylated H4-K12 antibodies were pur-
chased from Abcam (Cambridge, MA, USA). Anti-eGFP antibody
was purchased from Rockland (Gilbertsville, PA, USA).
Polyclonal and monoclonal anti-HA IgGs were purchased from
Abnova (Tebu, France) and Covance (Powhatan, VA, USA). Anti-
H4, anti-acetylated H4-K5 and anti-acetylated H3 antiserum
were purchased from Millipore. Protein A-sepharose and
glutathione-sepharose 4B beads were purchased from GE
Healthcare Life Science (Piscataway, NJ, USA). Enhanced chemi-
luminescence (ECL) reagent and [y->P] ATP were purchased
from PerkinElmer Life and Analytical Sciences (Waltham, MA,
USA). All other chemicals and reagents were analytical grade
commercial products and purchased from Sigma-Aldrich.

DNA constructs

Mammalian constructs encoding Myc-tagged wild-type LRRK2
(LRRK2-WT), its kinase-dead mutant with a point mutation at
D1994A (LRRK2-KD), or two PD-linked point mutants at G2019S
(LRRK2-G2019S) or R1441C (LRRK2-R1441C) were generated, as
described previously (54,55). The plasmids pDEST53-LRRK2-WT
and pDEST53-LRRK2-G2019S with an N-terminal-GFP-tag were
purchased from Addgene (Cambridge, MA, USA). The plasmid
encoding Flag-tagged HDAC3 was provided by E. Seto (H. Lee
Moffitt Cancer Center and Research Institute, Tampa, FL, USA).
The myocyte-specific enhancer factor 2D (MEF2D)-driven repor-
ter plasmid was kindly provided by H.D. Youn (Seoul National
University, Seoul, Republic of Korea). Plasmids encoding HA-
tagged KPNA1, 2, 3, 4 and 6 were kindly provided by LK. Chung
(Yonsei University, Seoul, Korea). Bacterial constructs encoding
GST-fused wild-type HDAC3 (pGEX4T-1-GST-HDACS3) and its de-
letion mutants were constructed through PCR amplification and
sub-cloning into a pGEX4T-1 vector. Several bacterial constructs

encoding GST-fused HDAC3 with single, double, or triple point
mutations in the nuclear localization signal (NLS) domain were
produced through PCR amplification using pGEX4T-1-GST-
HDAC3 as a template, and the corresponding site-directed mu-
tagenesis reactions were performed using the QuikChange TM
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA USA) according to the manufacturer’s instructions.

Cell cultures and DNA transfection

Human embryonic kidney 293 (HEK293) cells, human neuroblas-
toma SH-SYSY cells and mouse embryonic fibroblasts (MEFs)
derived from wild-type or LRRK2-knockout mice were main-
tained in DMEM containing 10% FBS and 100 units/ml penicillin-
streptomycin. Rat cortical neuron cultures were prepared from
embryonic day 18 (E18) embryos. Cortical neurons were dis-
sected and plated on coverslips coated with poly-D-lysine. Cells
were grown in neurobasal media supplemented with 2% B-27
(Invitrogen, Grand Island, NY, USA), 0.5% FBS, 0.5 mM Glutamax
(Invitrogen), 1 mM sodium pyruvate and 100 units/ml penicillin-
streptomycin. After 3-4 days in vitro (DIV), DNA transfections
were performed using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

RNA interference

Small interfering RNAs (siRNA) targeting LRRK2 was purchased
from Invitrogen (Cat No. 272780). The MEF2D-specific and
scrambled control siRNAs were purchased from Bioneer (Seoul,
Korea). For these experiments, neuroblastoma SH-SY5Y cells
were transfected with siRNAs for 48 h using Lipofectamine 2000.

Preparation of cell lysates

Cells were rinsed with ice-cold phosphate-buffered saline (PBS)
and solubilized using lysis buffer containing 10mM Tris (pH
7.4), 1% Nonidet P-40 (NP-40), 150 mM NaCl, 10% glycerol, 1mM
NazVO,, 1 pg/ml leupeptin, 1 pg/ml aprotinin, 10mM NaF and
0.2mM phenylmethylsulfonyl fluoride (PMSF), and then briefly
sonicated. Lysates were clarified by centrifugation at 13,000 x g
for 20min at4°C.

Immunoprecipitation and western blots

One pg of the appropriate antibody was incubated overnight at
4°C with 800 pg of cell extracts prepared in lysis buffer. The
mixture was subsequently incubated with gentle rotation for 2h
at 4°C with 30 pl of a 1:1 suspension of protein A-sepharose
beads. The beads were pelleted and washed three times with
lysis buffer. Inmunocomplexes were dissociated by boiling the
mixture in 2X SDS-PAGE sample buffer. Whole protein samples
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was blocked with Tris-buffered sa-
line with Tween 20 (TBST) buffer containing 20 mM Tris (pH 7.5),
137 mM Nacl, 0.1% Tween® 20 and 5% non-fat dry milk for 1h at
room temperature, and then incubated overnight at 4°C in 3%
non-fat dry milk containing the appropriate primary antibodies.
The membrane was washed several times in TBST and incu-
bated for 2h with horseradish peroxidase (HRP)-coupled sec-
ondary IgG. The membrane was washed several times with
TBST and bands were visualized using ECL reagents.

202 1idy €2 U0 1sanb Aq £65.192/1/1/92/2101e/Buy/wod dno-oiwspede//:sdny wouj papeojumoq


Deleted Text: Plowey et al, 2008
Deleted Text: Ho et al, 2009
Deleted Text: Materials and Methods
Deleted Text: ,
Deleted Text:  
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: <xref ref-type=
Deleted Text: u
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,

Phos-tag immunoblotting

After the DNA transfection for 24 h, cells were rinsed in ice-cold
PBS and lysed on ice with lysis buffer containing 0.2% NP-40,
50 mM Tris (pH 7.4), 150 mM NacCl, 10% glycerol, 0.2 mM PMSF, 1
pug/ml aprotinin, 1 pg/ml leupeptin, 1mM Na3VO, and 10mM
NaF. Phospho-HDAC3 was separated on 10% SDS-PAGE gel con-
taining 30 mM phos-tag (Wako Pure Chemical Industries, Ltd.,
Japan). Phos-tag immunoblotting was performed according to
the manufacturer’s instructions.

Immunocytochemistry

HEK?293, SH-SYS5Y cells and rat cortical neurons were washed
with PBS and fixed with 3.7% formaldehyde in PBS containing
4% sucrose for 10min. After fixation, cells were washed twice
with PBS and permeabilized with 0.2% Triton-X-100 for 10 min.
Cells were blocked with a mixture of 3% horse serum and 0.1%
bovine serum albumin in PBS for 30 min and incubated with an
appropriate dilution of primary antibody. After washing twice
with PBS, cells were incubated with Alexa Fluor 488, Alexa Fluor
594 (both from Invitrogen), Cy3, or fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies (both from Jackson
ImmunoResearch, West Grove, PA, USA). Cells were then sub-
jected to additional washes with PBS. Immunostained cells
were observed using a Carl Zeiss LSM700 META confocal micro-
scope. Primary cortical neurons were randomly chosen and im-
ages acquired using a 10x objective lens; all image settings were
kept constant. Z-stack images obtained by confocal microscopy
were converted into maximal projections.

Purification of bacterial recombinant HDAC3 protein

E. coli BL21 bacteria were transformed with pGEX4T-1-GST-
HDAC3, and the expression of GST-HDAC3 was induced with
the addition of 0.05mM isopropyl B-D-1-thiogalactopyranoside
for 3h at 30°C. Cells were sonicated while in PBS and centri-
fuged at 15,000 x g for 30 min at 4°C. The resulting supernatant
was incubated with glutathione-sepharose 4B overnight at 4°C
with gentle rotation. The beads were pelleted by centrifugation
at 6,000 x g for 30sec at 4°C and washed three times with PBS.
To exclude the potential confounding effects of GST, recombi-
nant proteins were eluted with elution buffer (50 mM Tris, pH
8.0 and 25 mM reduced glutathione).

GST pull-down assays

GST pull-down assays were performed by incubating lysates
with GST or GST-fused HDAC3 immobilized onto sepharose
beads for 2h or overnight at 4°C. The mixtures were then
washed three times with wash buffer [25mM Tris-HCI (pH 7.5),
1mM dithiothreitol (DTT), 30 mM MgCl,, 40mM NaCl and 1%
NP-40]. Bound proteins were eluted with 2X SDS buffer, sepa-
rated by SDS-PAGE, and subjected to Western blot analysis.

In vitro kinase assays

Cells were lysed with 1% NP-40 lysis buffer and cell lysates were
immunoprecipitated with anti-Myc antibody overnight at 4°C.
Anti-Myc immunocomplexes were incubated with 30 pl of a 1:1
protein A-sepharose bead suspension for 2h at 4°C with gentle
inversion. Beads were centrifuged at 6,000 x g for 30 sec, washed
twice with lysis buffer, and then washed twice with 1X kinase
reaction buffer [20mM HEPES (pH 7.4), 15mM MgCl,, 5mM

Human Molecular Genetics, 2017, Vol. 26, No. 1 | 15

EGTA, 0.1% Triton X-100, 0.5mM DTT and 1mM glycerophos-
phate]. Anti-LRRK2 immunocomplexes were mixed with 2 ug of
bacterial recombinant wild-type HDAC3 fused to GST or its vari-
ous deletion or point mutants, and then mixed with 1X kinase
reaction buffer containing 10 uM cold ATP. The in vitro kinase re-
action was initiated by the addition of 5 uCi [y-*?P] ATP. The re-
action was allowed to proceed for 15min at 30°C and was
terminated by the addition of SDS-PAGE sample buffer. Protein
samples were resolved by SDS-PAGE and incorporated [y->?P] ra-
dioisotope was detected using autoradiography.

HDAC assays

To perform HDAC assays on HEK293 cells, an HDAC-Glo™ I/II
kit (Promega, Madison, WI, USA) was used according to the
manufacturer’s instructions. Briefly, HDAC3 immunocomplexes
and HDAC-Glo™ I/II buffer (50 ul total) were incubated at room
temperature for 60 sec using an orbital shaker to ensure homo-
geneity. A 50-ul mixture of HDAC-Glo™ I/II substrate and the
developer reagent was added to the samples, which were mixed
using an orbital shaker at room temperature for 1min.
Luminescence was measured using a Victor X3 multi-label plate
reader (PerkinElmer).

Preparation of cytosolic and nuclear fractions

Cells were scrapped with ice-cold PBS and re-suspended in hy-
potonic buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10mM KCl,
0.5mM DTT, 0.2 mM PMSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin,
1mM NasVO, and 10mM NaF]. The cells were incubated for
10 min on ice and 0.5% NP-40 was added, followed by brief vor-
texing. Cell lysates were centrifuged at 15,000 x g for Smin at
4°C. The supernatants were used as the cytosolic fractions.
Nuclear pellets were washed with hypotonic buffer and re-
suspended with hypertonic buffer [27 mM HEPES (pH 7.9), 2mM
MgCl,, 560mM NacCl, 270 mM EDTA, 33% glycerol, 0.5 M DTT,
0.2mM PMSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1mM
Na3;VO,4 and 10 mM NaF). The pellets were lysed with 1% NP-40,
vortexed for 10sec several times, incubated for 20min on ice,
and then were centrifuged at 15,000 x g for 20 min at 4°C. These
supernatants were used as the nuclear fractions.

Animal care

LRRK2 transgenic (Tg) mice expressing the G2019S mutant [FVB/
N-Tg (LRRK2'G2019S) 1Gjli/J] were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) and maintained on a 12-h
light/dark cycle. Mice were given ad libitum access to food and
water. Female mice 12-18 months old with obvious behavioural
symptoms and littermate controls were used for this study. All
experimental procedures utilizing this in vivo PD model system
followed guidelines approved by the Institutional Animal Care
and Use Committee of Hanyang University (HY-IACUC-11-018
and HY-IACUC-12-018).

Preparation of LRRK2 Tg mouse brain tissues

Brains were dissected to acquire protein samples from the fron-
tal cortex (FC) and mid-brain (MB). Protein samples were pre-
pared in homogenization buffer (1% NP-40 lysis buffer, 1mM
EDTA and 0.1% or 1% SDS). The lysates were centrifuged for
30min at 15,000 x g at 4°C and the supernatant was collected for
experiments.
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MEF2D-specific luciferase reporter assay

After a 24-h transfection period with a MEF2D-dependent firefly
luciferase reporter and the Renilla luciferase plasmid, HEK293
cells were harvested in a passive lysis buffer (Promega,
Madison, WI, USA), and luciferase assays were performed using
the Dual-Luciferase Reporter Assay System (Promega). Relative
luciferase activity was calculated by dividing the firefly lucifer-
ase activity by Renilla luciferase activity. The data represent
three independent experiments performed in triplicate.

Cell viability assay

SH-SY5Y cells were transfected for 36 h with plasmids encoding
GFP-tagged LRRK2-WT or the G2019S mutant alone or with Flag-
HDAC3-S424A. Cells were treated for an additional 12h with
DMSO or 100 uM 6-OHDA. After removal of the media, Cell
Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan)
solution was added to each well. The plate was incubated for
30min at 37°C and absorbance was measured at 450 nm using a
microplate reader.

Quantification of neurite length

Rat cortical neurons at DIV4 were transfected with GFP alone or
with plasmids encoding Myc-LRRK2 and/or Flag-HDAC3-S424A
and immunostained with antibodies against GFP at DIVS.
Fluorescent images were acquired using a confocal microscope
and neurite length measurements were performed using
MetaMorph Software (Molecular Devices, Sunnyvale, CA, USA).
All analyses were performed by a blinded investigator.

Statistical analysis

Group means were compared using Student’s t-tests. P val-
ues <0.05 were considered statistically significant. Values are
reported as the mean = standard error of the mean (SEM).

Supplementary Material

Supplementary Material is available at HMG online.
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