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Abstract
Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common known cause of inherited Parkinson’s disease (PD), and
LRRK2 is a risk factor for idiopathic PD. How LRRK2 function is regulated is not well understood. Recently, the highly conserved
14-3-3 proteins, which play a key role in many cellular functions including cell death, have been shown to interact with LRRK2.
In this study, we investigated whether 14-3-3s can regulate mutant LRRK2-induced neurite shortening and kinase activity. In
the presence of 14-3-3θ overexpression, neurite length of primary neurons from BAC transgenic G2019S-LRRK2 mice returned
back towild-type levels. Similarly, 14-3-3θ overexpression reversedneurite shortening in neuronal cultures fromBAC transgenic
R1441G-LRRK2mice. Conversely, inhibition of 14-3-3s by the pan-14-3-3 inhibitor difopein or dominant-negative 14-3-3θ further
reduced neurite length in G2019S-LRRK2 cultures. Since G2019S-LRRK2 toxicity is likely mediated through increased kinase
activity, we examined 14-3-3θ’s effects on LRRK2 kinase activity. 14-3-3θ overexpression reduced the kinase activity of G2019S-
LRRK2, while difopein promoted the kinase activity of G2019S-LRRK2. The ability of 14-3-3θ to reduce LRRK2 kinase activity
required direct binding of 14-3-3θwith LRRK2. The potentiation of neurite shortening by difopein in G2019S-LRRK2 neuronswas
reversed by LRRK2 kinase inhibitors. Taken together, we conclude that 14-3-3θ can regulate LRRK2 and reduce the toxicity of
mutant LRRK2 through a reduction of kinase activity.

Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disorder behind Alzheimer’s disease. The standard
treatment for PD, levodopa, helps ameliorate motor symptoms
and has improved the morbidity and mortality associated with
PD, yet patients still have increasedmortality rates and greatly di-
minished quality of life compared with the healthy population
(1,2). Additionally, the occurrence of levodopa induced dyskine-
sias and motor fluctuations points to the need for more effective
treatments for PD. Although most PD cases occur sporadically,
several genes can cause inherited forms of PD. Mutations in
leucine-rich repeat kinase 2 (LRRK2) are the most common known
genetic cause of PD with the G2019S mutation as the most

common known pathogenic mutation (3–6). Patients with LRRK2
mutations tend to show a clinically identical disease phenotype
as thosewith idiopathic PD (5,7). LRRK2 is also a risk factor for idio-
pathic PD in genome-wide association studies (8–10).

LRRK2 protein contains a leucine-rich repeat domain, a Ras-
of-complex domain, a C-terminus of ROC domain, a kinase do-
main, and a WD40-like domain. Current evidence points to
increased kinase activity as a key mechanism for LRRK2 neuro-
toxicity (11–15). The physiological function of LRRK2 remains to
be elucidated. Recent studies suggest that LRRK2 affects neurite
outgrowth through regulation of tubulin (16–18). Several patho-
genic LRRK2 mutations cause a reduction in neurite growth,
and inhibiting kinase activity can reverse this effect (19–23).
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How LRRK2 function is regulated in health and disease is not
well understood. LRRK2 protein interacts with 14-3-3s (24–26), a
family of seven conserved proteins that participate in many cel-
lular functionswith an important role in cell survival (27). 14-3-3s
mediate their function by interaction with binding proteins to
alter enzymatic activity, subcellular localization or stability
(28,29). Alterations in 14-3-3 expression or phosphorylation are
observed in alpha-synuclein (αsyn)-based PD models and in
human PD (30–33), and transcriptional analysis of PD samples
has shown 14-3-3s as a critical hub of dysregulated proteins in
PD (34). 14-3-3 overexpression is protective, while 14-3-3 inhib-
ition promotes toxicity in rotenone, 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine (MPTP) and αsyn models (32,35,36).

14-3-3s interact with LRRK2 at several phosphorylated serine
sites, serines 910, 935 and 1444 (25,26,37). Several pathogenic
LRRK2 mutants have decreased interaction with 14-3-3s (25,26),
suggesting the importance of 14-3-3s in regulating LRRK2 func-
tion and toxicity. Mutation of S910/S935 to alanine to disrupt
the 14-3-3/LRRK2 interaction causes punctate, perinuclear redis-
tribution of LRRK2 in HEK293 cells (26).

Here, we examine the effects of 14-3-3s on LRRK2 phosphoryl-
ation, kinase activity and regulation of neurite growth. We focus
on the 14-3-3θ isoform, as this isoform interacts with LRRK2 pro-
tein (25,26) and has the broadest protective effect on several PD
models (32).

Results
14-3-3s Regulate LRRK2 phosphorylation at serines
910 and 935

The interaction between 14-3-3s and LRRK2 is dependent on
phosphorylation at S910 and S935 residues in LRRK2, and muta-
tion of LRRK2 at either serine site to disrupt 14-3-3 binding causes
redistribution of cytosolic LRRK2 (26). We investigated the effects
of 14-3-3 inhibition on LRRK2 phosphorylation at these serine
sites. Difopein (dimeric fourteen-three-three peptide inhibitor)
is a high-affinity 14-3-3 competitive antagonist peptide that
inhibits 14-3-3/ligand interactions by binding within the amphi-
pathic groove of 14-3-3s without selectivity among the 14-3-3
isoforms (38). We first confirmed that difopein disrupts the inter-
action between 14-3-3s and LRRK2. Co-immunoprecipitation
of endogenous 14-3-3s with wild-type LRRK2 was reduced in
HEK293T cells co-transfected with LRRK2 and difopein tagged
with enhanced yellow fluorescent protein (eYFP), when com-
pared with control HEK293T cells co-transfected with LRRK2
and mutant difopein-eYFP that is unable to bind and inhibit
14-3-3s (38) (Fig. 1A). Mutant difopein-eYFP contains two muta-
tions of acidic residues (D12 and E14) to lysine residues that
block binding to 14-3-3s (38).

Binding of 14-3-3s to LRRK2 could prevent dephosphorylation
of LRRK2 by protein phosphatase 1 (PP1) at S910 and S935 (39). We
examined whether 14-3-3 inhibition by difopein altered LRRK2
phosphorylation at S910 or S935. Difopein caused a significant de-
crease in wild-type and G2019S-LRRK2 phosphorylation at both
S910 and S935 in HEK293T cells compared with cells transfected
with mutant difopein (Fig. 1B). Similarly, S935 phosphorylation of
endogenous LRRK2 was decreased in vivo by 85% in hippocampal
lysates from transgenic mice that express difopein-eYFP under
the Thy1.2 promoter (40), when compared with nontransgenic
littermates (Fig. 1C). The Thy1.2 promoter drove high difopein-
eYFP expression in the cortex and hippocampus (Fig. 3C and E).

We then tested the effect of 14-3-3θ overexpression on
S910 and S935 phosphorylation in vitro and in vivo. 14-3-3θ

Overexpression caused a significant increase in S910 and S935
phosphorylation of wild type and G2019S-LRRK2 in HEK 293T
cells (Fig. 1D). To examine the effects of 14-3-3θ overexpression
in vivo, we took advantage of our recently created transgenic
mouse that overexpresses HA-tagged 14-3-3θ under the Thy1.2
promoter. Two of the founder lines demonstrated high expres-
sion of HA-tagged 14-3-3θ in the cortex and hippocampus, with
the M5 line showing particularly high levels of exogenous HA-
tagged 14-3-3θ in the hippocampus (Fig. 2A–C). While HA-tagged
14-3-3θ expression increased over time in these mice due to the
Thy1.2 promoter, expression was detected early postnatally in
the M5 line (Fig. 2A and D and Supplementary Material, Fig. S1).
Cortical lysates from the M5 mouse line showed a 3.2-fold in-
crease in S935 phosphorylation of endogenous LRRK2 (Fig. 1E).

14-3-3θ Overexpression is protective against G2019S-
LRRK2-induced neurite shortening in primary
neuronal cultures

Several disease-causing mutations, including the G2019S-LRRK2
mutation, cause a decrease in arborization and overall neurite
length in primary hippocampal and cortical cultures (19–23,41).
We confirmed total primary neurite shortening in neuronal cul-
tures from a BAC human G2019S-LRRK2 transgenic mouse line
that demonstrates the highest level of G2019S-LRRK2 expression
in the hippocampus (19,42) (Fig. 2J). To test whether 14-3-3θ over-
expression can reverse the effects of the G2019S-LRRK2mutation
on neurite length, we crossed our hemizygous 14-3-3θ overex-
pressing mice (Fig. 2A–C) with the BAC G2019S-LRRK2 mice and
prepared primary hippocampal cultures from pups at postnatal
day zero (P0). Primary hippocampal neurons demonstrated cyto-
plasmic expression of exogenous HA-tagged 14-3-3θ expression,
as shown by immunocytochemistry at day in vitro (DIV) 8 (Supple-
mentary Material, Fig. S1A). 14-3-3θ overexpression in the BAC
G2019S-LRRK2 mouse did not alter LRRK2 transgene expression
levels (Fig. 2A and D), yet levels of 14-3-3θ overexpression in pri-
mary cultures from double transgenic mice were sufficient to
cause an increase in S935 phosphorylation in LRRK2 (Fig. 2D
and E). When 14-3-3θwas overexpressed alone, there was no no-
ticeable effect on neurite length compared with nontransgenic
cultures (Fig. 2F, G and J). In cultures from double transgenic
mice, 14-3-3θ overexpression reversed the neurite shortening
due to G2019S-LRRK2 expression (Fig. 2F–J).

14-3-3 Inhibition exacerbates neurite shortening
by the G2019S-LRRK2 mutation

Wenext investigatedwhether 14-3-3 inhibitionwould exacerbate
neurite shortening induced by G2019S-LRRK2 expression. Neur-
onal cultures from G2019S-LRRK2 mice were transduced with a
tetracycline-inducible lentivirus expressing either difopein-
eYFP or mutant difopein-eYFP (control virus) (32), and difopein
expression was induced with doxycycline (2 µg/ml) the next
day. Difopein expression alone in nontransgenic neurons caused
reduced neurite length compared with nontransgenic neurons
expressing controlmutant difopein (Fig. 3A). Difopein expression
in G2019S-LRRK2 neurons additionally decreased total neurite
length by 25% compared with G2019S-LRRK2 neurons also
expressing the control mutant difopein (Fig. 3A).

We further confirmed these findings by crossing a transgenic
mouse expressing difopein-eYFP (40) with the G2019S-LRRK2
mouse. The difopein mouse demonstrated high levels of difo-
pein-eYFP expression in the hippocampus and other brain regions
(Fig. 3C-E). Primaryhippocampalneurons fromdifopein-eYFPmice
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Figure 1. 14-3-3s regulate LRRK2 phosphorylation at serine 910 and 935. (A) Western blots from co-immunoprecipitation experiments of endogenous 14-3-3 interaction

with HA-tagged LRRK2 protein. Difopein-eYFP migrates slightly higher than mutant difopein-eYFP since difopein has two R18 peptide sequences while the mutant

difopein peptide has one copy of the mutated R18 peptide sequence (38). (B) Lysates from HEK 293T cells transfected with difopein and either wild type or G2019S-

LRRK2 were analyzed for LRRK2 phosphorylation at S910 and S935 and total LRRK2 by western blot. Representative western blots are shown. The ratio of

phosphorylated LRRK2 to total LRRK2 is quantified from three independent experiments. ***P < 0.001 (unpaired t-test). (C) Quantification of S935 phosphorylation in

hippocampal lysates from wild-type and difopein-eYFP transgenic mice. n = 4 mice per group, **P < 0.01 (unpaired t-test). (D) Lysates from HEK 293T cells transfected

with GFP or 14-3-3θ and either wild type or G2019S-LRRK2 were analyzed for LRRK2 phosphorylation at S910 and S935 and total LRRK2 by western blot. n = 3

independent rounds, **P < 0.01, ***P < 0.001 (unpaired t-test). (E) Representative western blots and quantification of S935 phosphorylation in cortical lysates generated

from transgenic mice overexpressing 14-3-3θ. n = 4 mice per group, *P < 0.05 (unpaired t-test).
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showed diffuse, cytoplasmic expression of difopein-eYFP, as de-
monstrated by immunocytochemistry at DIV8 (Supplementary
Material, Fig. S1B). LRRK2 transgene expression was unchanged
when the BAC G2019S-LRRK2 mouse was crossed with the difo-
pein-eYFP mouse, but S935 phosphorylation of LRRK2 was re-
duced in cultures from these double transgenic mice (Fig. 3D).
Consistent with other experiments (Fig. 3A), neurons from
G2019S-LRRK2/difopein double transgenic mice showed a 16%
decrease in total neurite length compared with neurons from
G2019S-LRRK2 mice (Fig. 3B and F).

Difopein is a pan-14-3-3 inhibitor that binds and inhibits all
seven 14-3-3 isoforms. To test whether inhibition of the 14-3-3θ
isoform is sufficient to promote G2019S-LRRK2-induced neurite
shortening, we tested the effect of a dominant-negative (DN)
14-3-3θ mutant (R56A/R60A) (43) on G2019S-LRRK2-induced
neurite shortening. 14-3-3θ forms both homodimers and hetero-
dimers with only a subset of 14-3-3 isoforms (44–47), such that
the effects of DN 14-3-3θ is limited to only 14-3-3θ and those
isoforms with which it can heterodimerize, allowing the other
six isoforms to dimerize with one another. We crossed the

Figure 2. 14-3-3θ overexpression reverses G2019S-LRRK2-mediated neurite shortening in primary hippocampal cultures. (A) Western blots against HA-tagged 14-3-3θ and

LRRK2 from lysates of dissected hippocampi from 8-day-old transgenicmice. (B and C) Immunohistochemistry for HA-tagged 14-3-3θ in coronal brain section through the

hippocampus from a 14-3-3θ mouse. Scale bar = 200 µm. (D and E) Western blot of lysates from DIV8 primary hippocampal cultures prepared from nontransgenic (ntg),

G2019S-LRRK2, 14-3-3θ and G2019S-LRRK2/14-3-3θ mice to measure S935 LRRK2 phosphorylation. n = 4 mice per group, **P < 0.01 (unpaired t-test). (F–I) Representative
images of neurons stained for MAP2 from each of the four genotypes represented in the cross. Scale bar = 50 µm. (J) Total neurite length analysis of neurons from

nontransgenic, G2019S-LRRK2, 14-3-3θ and G2019S-LRRK2/14-3-3θ mouse cultures. n = 52 neurons for ntg, n = 52 for 14-3-3θ, n = 65 for G2019S-LRRK2 and n = 44 for

G2019S-LRRK2/14-3-3θ combined from three independent rounds. *P < 0.05, **P < 0.01 (Tukey’s multiple comparison test).

Figure 3. 14-3-3 inhibitionwith difopein promotes neurite shortening induced by G2019S-LRRK2. (A) Primary hippocampal cultures fromnontransgenic (ntg) and G2019S-

LRRK2 littermateswere transducedwith a doxycycline-inducible lentivirus expressing either difopein-eYFP (dif ) ormutant difopein-eYFP (mut dif) and then treatedwith

doxycycline (2 µg/ml). Total neurite length was measured for neurons expressing eYFP. n = 22 neurons for ntg/mut dif, n = 39 for ntg/dif, n = 36 for G2019S-LRRK2/mut dif

and n = 66 for G2019S-LRRK2/dif combined from three independent rounds. *P < 0.05, ***P < 0.001 (Tukey’s multiple comparison test). (B) Total neurite length analysis of

neurons from nontransgenic, G2019S-LRRK2, difopein and G2019S-LRRK2/difopein cultures. n = 34 neurons for ntg, n = 17 for dif, n = 34 for G2019S-LRRK2 and n = 22 for

G2019S-LRRK2/dif combined from three independent rounds. *P < 0.05, **P < 0.01, ***P < 0.001 (Tukey’s multiple comparison test). (C) Western blot for eYFP-tagged

difopein and LRRK2 of lysates from dissected hippocampi from 8-day-old transgenic mice. (D) Western blot for S935 phosphorylation of lysates from DIV8 primary

hippocampal cultures from transgenic mice. n = 3 mice per group, **P < 0.01 (unpaired t-test). (E) Immunohistochemistry for difopein-eYFP in coronal sections through

the hippocampus of difopein mice and nontransgenic mice. Scale bar = 500 µm. (F) Representative tracings of neurons analyzed in each resulting genotype in the

cross. Scale bar = 50 µm.
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G2019S-LRRK2 mouse line with a transgenic mouse that overex-
presses HA-tagged DN 14-3-3θ under the Thy1.2 promoter. This
DN 14-3-3θmouse showed expression of DN 14-3-3θ in the hippo-
campus (Fig. 4A), and LRRK2 transgene expression was un-
changed in primary cultures from double transgenic mice when
the BAC G2019S-LRRK2 mouse was crossed with the DN 14-3-3θ
mouse (Fig. 4B). Neurons from G2019S-LRRK2/DN 14-3-3θ double
transgenic mice showed a 23% reduction in total neurite length
compared with neurons from G2019S-LRRK2 mice (Fig. 4C). Ex-
pression of DN 14-3-3θ alone caused a 17.3% reduction in total
neurite length compared with that from nontransgenic neurons
(Fig. 4C). These data indicated that inhibition of 14-3-3θ is suffi-
cient to cause reduced neurite length, highlighting the import-
ance of this particular isoform.

14-3-3θ overexpression is protective against the R1441G
mutation

While G2019S is the most common LRRK2 mutation found in PD
patients, there are several other mutants that cause autosomal-
dominant PD, including R1441G-LRRK2. R1441G-LRRK2 has been
shown by other groups to have reduced interaction (25,37) or no
interaction (26) with 14-3-3s compared with wild type or
G2019S-LRRK2. We observed that endogenous 14-3-3s co-immu-
noprecipitated with myc-tagged R1441G-LRRK2 expressed in
HEK293T cells, but at reduced levels when compared with wild-
type LRRK2 (Fig. 5A). Similarly, in hippocampal lysates from
age-matched BAC wild-type, G2019S, or R1441G-LRRK2 mice, we
observed a similar reduction in 14-3-3 co-immunoprecipitation
with R1441G-LRRK2 compared with wild type or G2019S-LRRK2,

although the interaction was not completely abolished (Fig. 5B).
We also observed a reduction in S910 and S935 phosphorylation
in R1441G-LRRK2 lysates, which was not reversed by 14-3-3θ
overexpression (Fig. 5C).

To test whether 14-3-3θ could reverse neurite shortening by
R1441G-LRRK2 despite reduced interaction with R1441G-LRRK2,
we crossed our 14-3-3θ transgenic mice with a BAC R1441G-
LRRK2 mouse (48). As previously reported (48), we observed that
hippocampal neurons from BAC R1441G-LRRK2 mice showed re-
duced neurite length (Fig. 5D). 14-3-3θ overexpression reversed
this neurite shortening by R1441G-LRRK2 (Fig. 5D).

LRRK2-independent effects of 14-3-3 inhibition on
neurite growth

Both difopein and DN 14-3-3θ caused neurite shortening not only
in cultures fromG2019S-LRRK2mice but also fromnontransgenic
mice. As hippocampal neurons express endogenous LRRK2
(49,50), we hypothesized that inhibition of 14-3-3s could allow
unmasking of endogenous wild-type LRRK2 action on neurite
length. To test whether difopein’s effect on nontransgenic cul-
tures is dependent upon the presence of endogenous LRRK2,
we examined the effect of difopein on neurite length in the
LRRK2 null background. Difopein transgenic mice were crossed
with LRRK2 heterozygous knockout (+/−) mice, and hippocampal
cultures from the resulting mice were analyzed for neurite
length. LRRK2 knockout (LRRK2 −/−) cultures showed a mild in-
crease in total neurite length compared with wild-type (LRRK2
+/+) cultures as previously reported (19,20,21), yet difopein
caused a similar reduction in neurite length in both wild-type

Figure 4. Dominant-negative 14-3-3θ expression also promotes G2019S-LRRK2-induced neurite shortening. (A) Immunohistochemistry for HA-tagged DN 14-3-3θ in

coronal sections through the hippocampus of DN 14-3-3θ and nontransgenic mice. Scale bar = 500 µm. (B) Western blot for HA-tagged 14-3-3θ and LRRK2 from lysates

from DIV8 primary hippocampal cultures from transgenic mice. (C) Total neurite length analysis of neurons from nontransgenic, G2019S-LRRK2, DN 14-3-3θ and

G2019S-LRRK2/DN 14-3-3θ cultures. n = 25 neurons for ntg, n = 50 for DN 14-3-3θ, n = 75 for G2019S-LRRK2 and n = 35 for G2019S-LRRK2/DN 14-3-3θ combined from three

independent rounds. *P < 0.05, **P < 0.01, ***P < 0.001 (Tukey’s multiple comparison test).
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(LRRK2 +/+) and LRRK2 −/− cultures (Fig. 6A). This finding sug-
gests that difopein can reduce neurite length through a LRRK2-
independent mechanism.

To test whether DN 14-3-3θ’s effect on neurites was depend-
ent on endogenous LRRK2, we crossed DN 14-3-3θ mice with
LRRK2 +/− mice. DN 14-3-3θ expression caused a reduction in
neurite length, even in the absence of LRRK2 (Fig. 6B).

14-3-3θ regulates LRRK2 kinase activity

The G2019S-LRRK2 mutation is thought to confer toxicity
through an increase in its kinase activity (11–15,51), and neurite
shortening has been shown to be kinase-dependent (15,19,20).
To test whether 14-3-3θ protects against G2019S-LRRK2 neuro-
toxicity by reducing its kinase activity, we examined the effect
of 14-3-3θ on both wild-type and G2019S-LRRK2 kinase activity.
HEK293T cells were transfected with HA-tagged wild type or
G2019S-LRRK2 with or without 14-3-3θ, and then immunopreci-
pitated for HA-tagged LRRK2 using a monoclonal antibody
against HA prior to performing the kinase assay. Kinase activity
was measured by the level of autophosphorylation at threonine
1503 (T1503) in LRRK2 (52). We measured a 1.7-fold increase in
T1503 phosphorylation with the G2019S-LRRK2 when compared
with wild-type LRRK2 (Fig. 7A). When 14-3-3θwas co-transfected
with G2019S-LRRK2, T1503 phosphorylation decreased by 50%.
The effect of 14-3-3θ on G2019S-LRRK2 was dose-dependent,
with a greater reduction of T1503 phosphorylation with increas-
ing amounts of 14-3-3θ expression (Fig. 7A).

We next tested the effects of 14-3-3 inhibition on LRRK2
kinase activity in HEK293T cells. HEK293T cells co-transfected
with difopein and wild-type LRRK2 showed a 2.4-fold increase
in kinase activity compared with cells transfected with wild-
type LRRK2 andmutant difopein (Fig. 7B). G2019S-LRRK2 showed
a 2.2-fold increase in kinase activity compared with wild-type
LRRK2, and in the presence of difopein, G2019S-LRRK2 kinase
activity was increased by 74% (Fig. 7B).

As another measure of LRRK2 kinase activity, we examined
LRRK2 phosphorylation at S1292. LRRK2 autophosphorylation
at the S1292 site correlates with LRRK2 kinase activity (15).
S1292 phosphorylation was increased by 1.7-fold in HEK293T
cells transfected with G2019S-LRRK2 compared with cells
transfected with wild-type LRRK2 (Fig. 7C). When 14-3-3θ was
cotransfected with G2019S-LRRK2, S1292 phosphorylation
was reduced by 46% (Fig. 7C). The effect of 14-3-3θ on LRRK2
was dose-dependent, with a greater reduction of S1292 phosphor-
ylation with increasing amounts of 14-3-3θ expression with
G2019S-LRRK2 (Fig. 7C). Conversely, S1292 phosphorylation in-
creased by 62% when G2019S-LRRK2 was transfected together
with constructs expressing difopein (Fig. 7D). Difopein also
increased S1292 phosphorylation 3.5-fold when co-transfected
with wild-type LRRK2 (Fig. 7D).

Next, we measured S1292 phosphorylation in lysates from
microdissected hippocampi from 6-week-old mice. G2019S-
LRRK2/14-3-3θ double transgenic mice showed a 79% decrease
in S1292 phosphorylation compared with G2019S-LRRK2 litter-
mates (Fig. 7E). In contrast, G2019S-LRRK2/difopein mice showed

Figure 5. 14-3-3θ overexpression ameliorates R1441G-LRRK2-induced neurite shortening. (A) Cell lysates from HEK 293T cells transfected with myc-tagged wild-type,

G2019S, or R1441G-LRRK2 were immunoprecipitated with a monoclonal antibody against myc, and resulting immunoprecipitants were analyzed by western blot with

a polyclonal rabbit antibody against endogenous 14-3-3s (pan). The ratio of pan 14-3-3 to myc LRRK2 was quantified for three independent rounds. **P < 0.01 (Tukey’s

multiple comparison test). (B) Hippocampal lysates from 8-day-old BAC wild-type, G2019S, or R1441G-LRRK2 transgenic mice were immunoprecipitated for LRRK2 and

the resulting immunoprecipitates were probed for endogenous 14-3-3s by western blot. (C) Lysates from HEK 293T cells transfected with V5-tagged 14-3-3θ and either

wild type or R1441G-LRRK2 were analyzed for LRRK2 phosphorylation at S910 and S935 and total LRRK2 by western blot. The ratio of phosphorylated LRRK2 to total

LRRK2 was quantified for three independent rounds. ***P < 0.001, ns = not significant (Tukey’s multiple comparison test). (D) Total neurite length analysis of neurons

from nontransgenic, R1441G-LRRK2, 14-3-3θ and R1441G-LRRK2/DN 14-3-3θ cultures. n = 29 neurons for ntg, n = 22 for 14-3-3θ, n = 48 for R1441G-LRRK2 and n = 55 for

R1441G-LRRK2/14-3-3θ combined from three independent rounds. ***P < 0.001 (Tukey’s multiple comparison test).
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a 2.3-fold increase in hippocampal S1292 phosphorylation com-
pared with G2019S-LRRK2 mice (Fig. 7F).

Finally, we measured the effect of 14-3-3θ overexpression on
the phosphorylation of a known in vitro substrate of LRRK2, ADP-
ribosylation factor GTPase-activating protein 1 (ArfGAP1) (53,54).
Lysates fromHEK293T cells transfectedwith LRRK2with andwith-
out 14-3-3θ were immunoprecipitated for HA-tagged wild type
or G2019S-LRRK2, and then recombinant ArfGAP1 was added to
the immunoprecipitate prior to the kinase reaction. As expected,
G2019S-LRRK2 caused a 2-fold increase in ArfGAP1 phosphoryl-
ation compared with wild-type LRRK2 (Fig. 7G). Co-transfection
of 14-3-3θwithG2019S-LRRK2decreasedArfGAP1phosphorylation
to wild-type LRRK2 levels, while 14-3-3θ co-expression with wild-
type LRRK2 did not affect ArfGAP1 phosphorylation (Fig. 7G).

14-3-3θ Binds LRRK2 directly to regulate kinase activity

To determine whether a direct interaction between 14-3-3θ and
LRRK2 is required in order for 14-3-3θ to regulate LRRK2 kinase

activity, we tested the ability of 14-3-3θ to regulate the kinase ac-
tivity of LRRK2 mutants that cannot bind 14-3-3s. As previously
shown (24–26), the S935A mutation of LRRK2 eliminates the abil-
ity of 14-3-3s to bind LRRK2, which we confirmed by immunopre-
cipitation (Fig. 8). Phosphorylation at T1503 was similar with
the S935A mutant compared with wild-type LRRK2. Likewise,
the S935A mutation did not alter phosphorylation at T1503 in
G2019S-LRRK2 (Fig. 8). While 14-3-3θ overexpression reduced
T1503 phosphorylation of wild type and G2019S-LRRK2, it did
not reduce T1503 phosphorylation in the presence of the S935A
mutation in either wild type or G2019S-LRRK2 (Fig. 8). These
results suggest that 14-3-3θ must directly interact with LRRK2
in order to regulate LRRK2 kinase activity.

LRRK2 kinase inhibitors reverse-enhanced neurite
shortening in G2019S-LRRK2/difopein double
transgenic cultures

If the effect of 14-3-3s on G2019S-LRRK2 toxicity were mediated
by the ability of 14-3-3s to regulate LRRK2 kinase activity, we
predicted that the exacerbation of G2910S-LRRK2-induced neur-
ite retraction by difopein would be reversed by LRRK2 kinase in-
hibitors. Primary cultures from G2019S-LRRK2/difopein double
transgenic mice were treated with the LRRK2 kinase inhibitor,
HG-10-102-01 (55) at 1.5 µ at DIV6, and cultures were then
fixed and stained for neurite analysis at DIV8. HG-10-102-01
caused a reversal of neurite shortening in G2019S-LRRK2/
difopein primary neuron cultures (Fig. 9A). HG-10-102-01 did
not alter neurite length in LRRK2 −/− cultures, suggesting that
HG-10-102-01 effects on neurite length were caused by LRRK2 in-
hibition (SupplementaryMaterial, Fig. S2). Thesefindings suggest
that the exacerbation of neurite shortening in G2019S-LRRK2/
difopein cultures is mediated in part through increased LRRK2
kinase activity.

We next tested the effects of HG-10-102-01 treatment in pri-
mary cultures from G2019S-LRRK2/14-3-3θ double transgenic
mice. Untreated G2019S-LRRK2/14-3-3θ neurons showed neurite
lengths comparable with nontransgenic neurons (Fig. 9B). In
cultures from G2019S-LRRK2/14-3-3θ mice, the addition of HG-
10-102-01 caused further increase in neurite length compared
with control G2019S-LRRK2/14-3-3θ neurons (Fig. 9B). These find-
ings suggest that 14-3-3θ overexpression and LRRK2 inhibitors
may act synergistically to promote neurite length.

Discussion
In this study, we demonstrate that 14-3-3s can regulate several
aspects of LRRK2 biology, including phosphorylation, kinase
activity and regulation of neurite length. 14-3-3θ overexpression
increased LRRK2 phosphorylation at S910 and S935 in both wild
type and G2019S-LRRK2, while 14-3-3 inhibition by difopein re-
duced S910 and S935 phosphorylation. 14-3-3θ overexpression
also reversed neurite shortening induced by G2019S or R1441G-
LRRK2 mutations, while inhibition of all 14-3-3 isoforms pro-
moted further neurite shortening. 14-3-3θ inhibition with the
dominant-negative 14-3-3θ similarly enhanced neurite shorten-
ing by G2019S-LRRK2, suggesting that inhibition of the 14-3-3θ
isoform is sufficient to affect mutant LRRK2-mediated neurite
shortening. The effect of 14-3-3θ expression on LRRK2 function
is likely mediated through effects on LRRK2 kinase activity. 14-3-
3θ Overexpression reduced G2019S-LRRK2 kinase activity both
in vitro and in vivo, as measured by autophosphorylation and
phosphorylation of a known in vitro LRRK2 substrate, ArfGAP1.
Notably, 14-3-3θ’s effect on kinase activity was dose-dependent.

Figure 6. Difopein and DN 14-3-3θ cause neurite shortening in the absence of

LRRK2 expression. (A) Total neurite length analysis of neurons from difopein-

eYFP crossed with LRRK2 −/− cultures. n = 22 neurons for wild type (wt), n = 16

for LRRK2 −/−, n = 16 for dif and n = 22 for LRRK2 −/− + dif combined from four

independent rounds. *P < 0.05, ***P < 0.001, ns = nonsignificant (Tukey’s multiple

comparison test). (B) Total neurite length analysis of neurons from DN 14-3-3θ

crossed with LRRK2 −/− cultures. n = 23 neurons for wt, n = 25 for LRRK2 −/−,
n = 44 for DN 14-3-3θ and n = 39 for LRRK2 −/− +DN 14-3-3θ combined from four

independent rounds. **P < 0.01, ***P < 0.001, ns = nonsignificant (Tukey’s multiple

comparison test).
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Conversely, difopein expression increased LRRK2 kinase activity in
vitro and in vivo. The ability of 14-3-3θ to reduce LRRK2 kinase ac-
tivity was dependent on direct binding of 14-3-3θ to LRRK2, as 14-
3-3θ had no effect on the kinase activity of the non-14-3-3 binding
S935A-LRRK2 mutant. Finally, treatment of primary cultures from
G2019S-LRRK2/difopein double transgenic mice with a selective
LRRK2 kinase inhibitorHG-10-102-01 reversed the enhanced neur-
ite shortening observed in these double transgenic cultures.

The interaction between 14-3-3s and LRRK2 is well estab-
lished, but the biological significance of this interaction with re-
gards to LRRK2 kinase activity and function is not clear (25,26,37).
Our findings demonstrate that 14-3-3s can regulate LRRK2 kinase
activity and function so that alterations in 14-3-3 binding to

LRRK2 may be important in LRRK2-linked disease. Several
LRRK2 mutants show reduced binding to 14-3-3s (25,26,37) that
could lead to increased LRRK2 kinase activity and thereby tox-
icity. This increase in LRRK2 kinase activity would not necessar-
ily be apparent in kinase assays using recombinant LRRK2
fragments that lack the ability to interact with 14-3-3s. In add-
ition, reduced 14-3-3 expression and function has been demon-
strated in PD models and human PD (30–32,34) and could
potentially lead to increased LRRK2 kinase activity that could
contribute to the neurodegenerative process.

We have previously evaluated the effects of 14-3-3s in several
other PD model systems. Overexpression of 14-3-3θ reduces tox-
icity of both rotenone and 1-methyl-4-phenylpyridinium (MPP+)

Figure 7. 14-3-3s regulates LRRK2 autophosphorylation and trans-phosphorylation activities. (A) Lysates fromHEK293T cells transfectedwithwt or G2019S-LRRK2 together

with increasing amounts of V5-tagged 14-3-3θ plasmid were generated. LRRK2 was immunoprecipitated with a HA-specific antibody to isolate LRRK2 for in vitro kinase

reactions. Following kinase reaction, immunoprecipitates were then analyzed for the LRRK2 autophosphorylation residue phospho-T1503 and total HA-tagged LRRK2 by

western blot. n = 3 independent rounds. **P < 0.01, ***P < 0.001, ****P < 0.0001 (Tukey’s multiple comparison test). (B) Lysates from HEK293T cells transfected with wt or

G2019S-LRRK2 together with difopein-eYFP or mutant difopein-eYFP were immunoprecipitated with a HA-specific antibody prior to the kinase assay. After the kinase

reaction, immunoprecipitates were probed for phospho-T1503 and total HA-tagged LRRK2 by western blot. n = 3 independent rounds. *P < 0.05, **P < 0.01 (Tukey’s

multiple comparison test). (C) Lysates from HEK 293T cells transfected with wt or G2019S-LRRK2 along with increasing amounts of V5-tagged 14-3-3θ plasmid were

analyzed for LRRK2 autophosphorylation at S1292 and total LRRK2 by western blot. n = 4 independent rounds. ***P < 0.001, ****P < 0.0001 (Tukey’s multiple comparison

test). (D) Lysates from HEK 293T cells transfected with wt or G2019S-LRRK2 along with difopein-eYFP or mutant difopein-eYFP were analyzed for LRRK2

autophosphorylation at S1292 and total LRRK2 by western blot. n = 3 independent rounds. **P < 0.01, ***P < 0.001 (Tukey’s multiple comparison test). (E) Hippocampal

lysates from 6-week-old G2019S-LRRK2 or G2019S-LRRK2/14-3-3θ littermates were analyzed for LRRK2 autophosphorylation at S1292 and total LRRK2 by western blot.

n = 3 mice per group, *P < 0.05 (unpaired t-test). (F) Hippocampal lysates from 6-week-old G2019S-LRRK2 or G2019S-LRRK2/difopein-eYFP littermates were analyzed for

LRRK2 autophosphorylation at S1292 and total LRRK2 by western blot. n = 3 mice per group, ***P < 0.001 (unpaired t-test). (G) Lysates from HEK293T cells transfected

with wt or G2019S-LRRK2 with and without V5-tagged 14-3-3θ were immunoprecipitated with an HA-specific antibody prior to performing the kinase assay. Kinase

assays were performed with immunoprecipitates together with recombinant GST-tagged ArfGAP1. Following incubation in kinase buffer, immunoprecipitates were

then probed for phospho-threonine and GST by western blot. n = 3 independent rounds. **P < 0.01 (Tukey’s multiple comparison test).
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in vitro, reduces dopaminergic cell loss in an invertebrate αsyn
model, and promotes earlier striatal dopaminemetabolite recov-
ery in MPTP-treated mice (32,35,36). Our data expand the evi-
dence for the neuroprotective effects of 14-3-3s in PD into
pathways relevant to late-onset PD and suggest that 14-3-3s
mayserveasa therapeutic target for intervention inboth idiopathic
and genetic forms of disease. Indeed, several commercially avail-
able drugs induce 14-3-3 expression at both the mRNA and
protein levels—suggesting the potential of small molecule treat-
ments to enhance 14-3-3 expression (56–60).

We observed that 14-3-3s potently regulate LRRK2 phosphor-
ylation at S910 and S935, consistent with other studies using dif-
ferent approaches (25,26,37). These phosphorylation sites have
been shown to be dephosphorylated by PP1 (39). Here, we show
that difopein, which disrupts the 14-3-3/LRRK2 interaction,
caused reduced S910 and S935 phosphorylation of LRRK2 while
14-3-3θ increased S910 and S935 phosphorylation. These data
suggest that 14-3-3 binding protects these LRRK2 phosphoryl-
ation sites from dephosphorylation. Indeed, this is consistent
with the finding by Lobbestael et al. (39), who observed that PP1
inhibition with calyculin A was associated with restoration of

14-3-3 binding by LRRK2 under conditions that disrupt the 14-3-
3/LRRK2 interaction. Alternatively, 14-3-3 binding could expose
S910 and S935 to kinases that phosphorylate LRRK2, including
protein kinase A and IκB kinase (25,61,62).

In our study, we demonstrated that 14-3-3θ overexpression
can reduce the neurite shortening effects associated with both
G2019S and R1441G-LRRK2 expression. G2019S-LRRK2 interacts
with 14-3-3s, as we and others (24–26) have observed. R1441G-
LRRK2 either does not bind endogenous 14-3-3s (26,37) or
shows dramatically reduced interaction with 14-3-3s depending
on the experimental parameters (25,39). Here, we did detect en-
dogenous 14-3-3 interaction with R1441G-LRRK2, although at

Figure 8. Binding to LRRK2 is required for 14-3-3θ regulation of LRRK2 kinase

activity. HEK 293T cells were cotransfected with either FLAG-tagged wt or

G2019S-LRRK2 with and without the S935A mutation and V5-tagged 14-3-3θ.

Lysates were immunoprecipitated with FLAG antibodies. Kinase assays were

performed with immunoprecipitates. Resultant immunoprecipitants were

analyzed by western blot for phospho-T1503, and for LRRK2 and V5 to verify

that 14-3-3 co-immunoprecipitation was disrupted by the S935A mutation. n = 4

independent rounds. *P < 0.05, ***P < 0.001, n.s. = not significant (Tukey’s multiple

comparison test).

Figure 9. The LRRK2 kinase inhibitor HG-10-102-01 reverses the enhanced neurite

shortening observed in the G2019S-LRRK2/difopein double transgenic mice. (A)

Total neurite length analysis of primary hippocampal neurons from

nontransgenic, G2019S-LRRK2, difopein-eYFP and G2019S-LRRK2/difopein-eYFP

mouse cultures treated with HG-10-102-01 (1 µ) for 48 h prior to fixing and

staining. n = 45 neurons for ntg, n = 21 for G2019S-LRRK2, n = 25 for G2019S-

LRRK2 + HG-10-102, n = 24 for dif and n = 21 for dif + HG-10-102, n = 23 for

G2019S-LRRK2/dif, n = 24 for G2019S-LRRK2/dif + HG-10-102 combined from four

independent rounds. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Tukey’s

multiple comparison test). (B) Total neurite length analysis of neurons from

nontransgenic, G2019S-LRRK2, 14-3-3θ and G2019S-LRRK2/14-3-3θ mouse

cultures treated with HG-10-102-01 (1 µ) for 48 h prior to fixing and staining.

n = 27 neurons for ntg, n = 44 for G2019S-LRRK2 and n = 20 for G2019S-LRRK2/14-

3-3θ, n = 11 for G2019S-LRRK2/14-3-3θ + HG-10-102 combined from three

independent rounds. *P < 0.05, ***P < 0.001 (Tukey’s multiple comparison test).
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reduced levels compared with that of wild type or G2019S-LRRK2
(Fig. 5A–C). Our data are consistent with amodel inwhich 14-3-3s
directly interact with mutant LRRK2 to reduce kinase activity.

It is possible that theremay be intermediary steps required for
14-3-3θ to regulate LRRK2 kinase activity, especially in the case of
R1441G-LRRK2 which has reduced binding to 14-3-3s. To deter-
minewhether direct interaction between 14-3-3θ and LRRK2 is re-
quired for the ability of 14-3-3θ to regulate LRRK2 kinase activity,
we evaluated the effect of 14-3-3θ overexpression on the S935A-
LRRK2 mutant which cannot bind 14-3-3s. 14-3-3θ Was unable
to reduce kinase activity of wild type or G2019S-LRRK2whenmu-
tated at S935 to disrupt the interaction with 14-3-3s. Thus, we
conclude that 14-3-3θ acts to inhibit kinase activity by direct
binding to LRRK2.

There are several possible ways 14-3-3s may regulate LRRK2
kinase activity. 14-3-3s Normally act as dimers to bind enzymes
and cause conformational changes to alter activity. 14-3-3s
Have been shown to affect several kinases through these direct
interactions (29,63). Our data with the S935A-LRRK2 mutant sug-
gest that 14-3-3θ does need to directly bind to LRRK2 to regulate
LRRK2 kinase activity. One possibility is that 14-3-3θ binding
could stabilizewild type andG2019S-LRRK2 into a kinase inactive
conformation. 14-3-3θOverexpression could allow formore 14-3-
3θ to bind LRRK2 to hold it in an inactive state, while disruption of
14-3-3 binding could promote the formation of active-state
LRRK2.

An interesting finding in our study was that difopein caused
neurite shortening in nontransgenic cultures. 14-3-3 Proteins
have been shown to regulate both axonal and dendritic growth
through several mechanisms, including regulation of the cell ad-
hesionmolecules L1 and neural cell adhesionmolecule, actin de-
polymerizing factor, neuron navigator 2 and SLIT and NTRK-like
family member 1 (64–68). 14-3-3s have also been implicated in
protecting phosphorylation sites on Raf1 and MEK, leading to
persistent activation of the MEK–ERK pathway which plays a
role in neurite outgrowth as well (69–72). Interestingly, different
isoforms cause differential effects on neurite length, with some
promoting extension and others causing retraction. In our
study, we observed that inhibition of all 14-3-3s with difopein
caused shortened neurites, suggesting that the sum effect of all
endogenous 14-3-3s is to promote elongation.

As difopein’s effect on neurite outgrowth occurs in wild-type
and LRRK2 knockout cultures in a similar manner, it is reason-
able to conclude that 14-3-3s affect neurite outgrowth through
LRRK2-independent mechanisms. However, these results do
not preclude the possibility of 14-3-3s regulating LRRK2 effects
on neurite growth. Indeed, our kinase assay data and our
LRRK2 kinase inhibition studies suggest that difopein’s exacerba-
tion of effects on G2019S-LRRK2-mediated neurite shortening is
likely secondary to difopein upregulating LRRK2 kinase activity.
Our kinase assay studies demonstrated that difopein increases
G2019S-LRRK2 kinase activity, both with respect to autopho-
sphorylation and trans-phosphorylation of a LRRK2 kinase sub-
strate ArfGAP1. G2019S-LRRK2’s effect on neurite length is
kinase-dependent, as LRRK2 kinase inhibitors can reverse neur-
ite shortening caused by G2019S-LRRK2 expression (15). Finally,
the specific LRRK2 kinase inhibitor HG-10-102-01 reverses difo-
pein’s exacerbation of neurite shortening of G2019S-LRRK2 neu-
rons. 14-3-3’s effects on neurite growth are complex and involve
severalmechanisms, and in the presence ofmutant LRRK2, 14-3-
3s can regulate mutant LRRK2-mediated neurite effects through
regulation of kinase activity.

If 14-3-3θ acts to restore neurite length in G2019S-LRRK2 cul-
tures by inhibiting LRRK2 kinase activity, we would predict that

additional LRRK2 kinase inhibition should not haveanyaddition-
al effect on neurite length in the presence of 14-3-3θ overexpres-
sion. However, the addition of LRRK2 kinase inhibitor showed a
synergistic effect on neurite length in 14-3-3θ/G2019S-LRRK2 cul-
tures. One possibility is that the amount of 14-3-3θ overexpres-
sion in our cultures does not fully inhibit all LRRK2 kinase
activity. Indeed, our in vitro kinase assays show that 14-3-3θ did
not fully eliminate G2019S-LRRK2 kinase activity. The addition
of the LRRK2 inhibitor may cause neurite elongation by fully in-
hibiting any remaining active LRRK2 within the cell.

In conclusion, our studies reveal that 14-3-3s can regulatemu-
tant LRRK2 kinase activity and action on neurite outgrowth. 14-3-
3θ overexpression reduces mutant LRRK2 neurite effects by in-
hibition of kinase activity, while 14-3-3 inhibition enhances
LRRK2 kinase activity and neurite shortening. Therefore, increas-
ing the expression of 14-3-3 proteins may provide a new thera-
peutic avenue to addressing PD caused by LRRK2 mutations.

Material and Methods
Cell transfection

HEK 293T cells were grown in DMEM containing 10% normal calf
serum with 1% penicillin/streptomycin. Twenty-four hours after
plating, cells were transfected using Superfect transfection re-
agent (Qiagen, Germantown, MD) using manufacturer’s guide-
lines. After transfection, cells were incubated in fresh media for
48 h prior to protein collection.

Immunoblotting

HEK 293T cells or primary cultured neurons were washed in
phosphate buffered saline (PBS) and pelleted at 1500g for five
minutes. Cell pellets were then sonicated in lysis buffer
[150 m NaCl, 10 m Tris–HCl pH 7.4, 1 m EGTA, 1 m EDTA,
0.5%NP-40, protease inhibitor cocktail and phosphatase inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN)], followed by cen-
trifugation at 16 000g for 10 min. Protein concentrations were as-
sessed by BCA assay (Pierce, Rockford, IL). Samples were boiled
for five minutes in DTT sample loading buffer (0.25 M Tris–HCl
pH 6.8, 8% SDS, 200 mDTT, 30% glycerol, bromophenol blue), re-
solved on 7.5 or 12% SDS-polyacrylamide gels, and transferred to
nitrocellulose membranes. After blocking in 5% nonfat dry milk
in TBST (25 m Tris–HCl pH 7.6, 137 m NaCl, 0.1% Tween 20),
membranes were incubated overnight in rabbit polyclonal anti-
body against pan-14-3-3 (1:1000 Abcam, Cambridge, MA), rabbit
polyclonal antibody against GFP (1:5000 Abcam), mouse mono-
clonal antibody against HA (1:1000 Covance, Princeton, NJ),
mouse monoclonal antibody against FLAG (1:1000 Sigma,
St. Louis, MO), rabbit polyclonal antibody against LRRK2 (1:1000
Abcam), rabbit polyclonal antibody against alpha-tubulin
(1:2500 Cell Signaling, Danvers, MA), rabbit polyclonal antibody
against phosphorylated T1503 LRRK2 (1:1000 Abcam) or rabbit
polyclonal antibody against phosphorylated S1292 LRRK2
(1:1000 Abcam) at 4°C. Membranes were then incubated in HRP-
conjugated goat anti-mouse or anti-rabbit secondary antibody
(1:2000 Jackson ImmunoResearch Laboratories, West Grove, PA)
for 2 hours and then washed in TBST six times for 10 min each.
Blots were developed with the enhanced chemiluminescence
method (GE Healthcare, Piscataway, NJ). Images were scanned
and analyzed using Un-ScanIT software (Orem, UT) for densito-
metric analysis of bands.

Hippocampi and cortices from mouse brains were homoge-
nized in lysis buffer (Tris/HCl 50 m pH 7.4, NaCl 175 m, EDTA

118 | Human Molecular Genetics, 2016, Vol. 25, No. 1



5 m, protease inhibitor and phosphatase inhibitor cocktails)
and sonicated for 10 s. Cell lysates were then incubated on ice
for 30 min after the addition of 1% Triton X-100 and then spun
at 15 000g for 1 h at 4°C. The supernatant was saved as the Triton
X-100 soluble fraction. Samples were resolved on SDS-polyacryl-
amide gels and analyzed by western blotting as described above.

Immunoprecipitation

For immunoprecipitation of HA-tagged LRRK2, Protein G Dyna-
beads (Life Technologies, Grand Island, NY) were incubated
with 4 µg mouse HA antibody (Sigma) overnight. Of note, 500 µg
of cell lysate was incubated with antibody-conjugated beads for
30 min at room temperature. Beads were then washed five
times in PBSwith 0.02% Tween. After washing, beads were boiled
in DTT sample loading buffer and loaded on a SDS-polyacryl-
amide gel. After transfer to nitrocellulose, the membrane was
probed for 14-3-3 proteins using a polyclonal rabbit antibody
against 14-3-3s (1:1000 Abcam). For immunoprecipitation of
FLAG-tagged LRRK2, immunoprecipitation was performed using
anti-FLAG affinity gel (Sigma) following the manufacturer’s
protocol.

LRRK2 kinase assay

HEK 293 T cells were transfected with HA-tagged LRRK2 with or
without V5-tagged 14-3-3θ or difopein-YFP. Forty-eight hours
after transfection, cell lysates were incubated with HA-anti-
body-conjugated Dynabeads for 30 min. Beads were washed
with PBS with two high salt washes of PBS with 500 m NaCl be-
fore being resuspended in kinase buffer (10 m Tris pH 7.4,
0.1 m EGTA, 20 m MgCl2, 0.1 m ATP). The samples were
then shaken at 30°C for 30 min. The kinase reaction was termi-
nated by incubating samples on ice and beads were then incu-
bated in Laemmli buffer at 75°C for 10 min. Sample was then
run on a 7.5% SDS-acrylamide gel, transferred to nitrocellulose,
and probed for phosphorylated LRRK2 at T1503 using a primary
rabbit antibody against phospho-T1503 (1:1000, Abcam) and for
total LRRK2 using an antibody against the HA tag (1:1000,
Covance).

Formeasuring LRRK2 kinase activity via ArfGAP1 phosphoryl-
ation, the same kinase assay protocol was followed, but 1 µg re-
combinant ArfGAP1 (Abnova, Taipei City, Taiwan) was added to
the kinase buffer prior to the 30 min incubation at 30°C. Samples
were electrophoresed on 7.5% SDS-acrylamide gel, transferred to
nitrocellulose, and probed for phospho-threonine (Cell Signaling)
or total ArfGAP1 using an antibody against the GST tag on the
recombinant protein (GST-HRP, Pierce).

Generation of 14-3-3θ transgenic line

Mice were used in accordance with the guidelines of the Associ-
ation for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC) and University of Alabama at Bir-
mingham (UAB) Institutional Animal Care and Use Committee
(IACUC). Human 14-3-3θ tagged with an HA epitope tag at the
C-terminal end was cloned into a Thy1.2 expression cassette
(73) to drive neuronal expression of 14-3-3θ. Following digestion
with NdeI and EcoRI, the Thy1.2 construct containing HA-tagged
14-3-3θ was purified and microinjected into C57BL/6 fertilized
mouse oocytes. Founder mice were bred with C57BL/6 mice
from Jackson labs, and pups were examined for expression of
HA-tagged 14-3-3θ in mouse brain by both immunohistochemis-
try andwestern blotting. Two of the founder lines showed diffuse

neuronal expression of HA-tagged 14-3-3θ (M5 and F1 lines). The
M5 line was used for experiments in this paper due to high ex-
pression levels in the hippocampus. Hemizygous transgenic
mice were identified by genotyping using the following primers:
forward primer 5′ ATCTCAAGCCCTCAAGGTAAATG, and reverse
primer 5′ CTCCACTTTCTCCCGATAGTCC.

Other mouse lines

BAC wild-type and G2019S-LRRK2 hemizygous transgenic mice
(42) were backcrossed on a C57BL/6 background and were bred
with wild-type C57BL/6 mice from Jackson labs (Bar Harbor,
ME). For experiments evaluating the effect of 14-3-3s on LRRK2,
BAC G2019S-LRRK2 hemizygousmice were crossed with hemizy-
gous 14-3-3θ transgenic mice. BAC G2019S-LRRK2 hemizygous
mice were also bred with hemizygous difopein-YFP transgenic
mice or HA-tagged DN 14-3-3θmice on a C57BL/6 background ob-
tained from Yi Zhou (40). LRRK2 heterozygous (+/−) knockout
mice (19) were crossed with hemizygous difopein or DN 14-3-3
θmice. BAC R1441G-LRRK2 mice (48) were obtained from Jackson
Labs, and a breeding colony was maintained by crossing with
FVB/NJ mice, also from Jackson Labs. To test the effect of 14-3-
3θ on neurite shortening phenotype of the R1441G-LRRK2 mice,
hemizygous R1441G-LRRK2 mice were crossed with hemizygous
14-3-3θ transgenic mice. Only mice from the F1 generation were
used for neurite analysis to maintain 50% C57BL/6 and 50% FVB/
NJ strain contributions, as the 14-3-3θ mice were created in the
C57BL/6 strain and the R1441G-LRRK2 mice were created in the
FVB strain.

Primary culture preparation

Hippocampal neurons were isolated from male and female P0
mice. Hippocampiwere dissected from individualmice and incu-
bated in papain (Worthington Biochemical, Lakewood, NJ) for
20 min at 37°C. Cells were thoroughly washed using Neuroba-
sal-A media (Thermo Fisher Scientific, Waltham, MA) containing
B-27 supplement (Thermo Fisher) and 5% FBS (Sigma) before ti-
turation using fire polished glass pipettes. After centrifugation
at 1500g for 5 min, pelleted cells were layered on top of a 4%
BSA (Jackson ImmunoResearch) in HBSS and centrifuged at
700 rpm for 5 min. Cells were resuspended and plated on
18 mm glass coverslips coated with poly-d-lysine (Sigma). After
16 h, media was removed and replaced by Neurobasal-A media
containing B-27 supplement and Arabinose C at 6 µ. Fifty per-
centage media changes were made every 3 days. For certain
experiments, the LRRK2 inhibitor HG-10-102-01 was used to
treat cultures at 1.5 µ for the final 48 h in culture prior to
immunostaining.

Neurite analysis

At DIV8, cells were fixed in 4% paraformaldehyde and permeabi-
lizedwith 0.5%Triton X-100. Cellswere blocked for aminimumof
1 hwith 5%normal goat serum (NGS) in Tris-buffered saline (TBS)
and incubated overnight with a primary rabbit antibody against
MAP2 (EMDMillipore, Billerica, MA) at 4°C. Cells were rinsed thor-
oughly with TBS before being incubated with a Cy3-conjugated
goat anti-rabbit secondary antibody for 2 h. Cells were again
thoroughly washed with TBS before coverslips were mounted
on slides using Vectashield mounting solution (Vector Labs,
Burlingame, CA). Dendrite lengths were measured using Neuro-
lucida analytical software (MBF Bioscience, Williston, VT).
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Immunohistochemistry

Mice were anesthetized with ketamine and xylazine and trans-
cardially perfused with PBS followed by 4% paraformaldehyde
in PBS. Brainswere dissected, postfixed for 24 h in 4%paraformal-
dehyde at 4°C, and then placed into a 30% sucrose solution in PBS
for 48 h. Brains were sectioned coronally on a Leica microtome
with cut thickness of 40 µm. Free floating brain sections were
blocked in 10% NGS for 30 min and then incubated overnight
with primarymouse anti-HA antibody (1:1000, Sigma) or primary
rabbit anti-GFP antibody (1:1000, Abcam), followed by incubation
with Cy3-conjugated goat anti-mouse antibody and Alexa-488
conjugated goat anti-rabbit antibody (1:500 Life Technologies)

Statistical analysis

GraphPad Prism 6 (La Jolla, CA) was used for statistical analysis of
experiments. Kinase assays, western blot experiments and neur-
ite analyses were analyzed by either Student t-test or by one-way
ANOVA, followed by post hoc pairwise comparisons using Tukey’s
multiple comparison test.

Supplementary Material
Supplementary Material is available at HMG online.
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