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LRRK2 G2019S Mutation Induces Dendrite Degeneration
through Mislocalization and Phosphorylation of Tau by
Recruiting Autoactivated GSK33
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Intraneuronal tau aggregations are distinctive pathological features of Parkinson’s disease (PD) with autosomal-dominant mutations in
leucine-rich repeat kinase 2 (LRRK2). The most prevalent LRRK2 mutation, G2019S (glycine to serine substitution at amino acid 2019),
causes neurite shrinkage through unclear pathogenetic mechanisms. We found that expression of G2019S mutant in Drosophila dendritic
arborization neurons induces mislocalization of the axonal protein tau in dendrites and causes dendrite degeneration. G2019S-induced
dendrite degeneration is suppressed by reducing the level of tau protein and aggravated by tau coexpression. Additional genetic
analyses suggest that G2019S and tau function synergistically to cause microtubule fragmentation, inclusion formation, and
dendrite degeneration. Mechanistically, hyperactivated G2019S promotes tau phosphorylation at the T212 site by the Drosophila
glycogen synthase kinase 33 homolog Shaggy (Sgg). G2019S increases the recruitment of autoactivated Sgg, thus inducing hyper-
phosphorylation and mislocalization of tau with resultant dendrite degeneration.

Introduction

Neurodegenerative disorders are often characterized with abnor-
mal protein aggregates, such as the Lewy body (LB) in Parkinson’s
disease (PD) (Forno, 1996). Although PD is mostly a sporadic dis-
order, familial forms of PD have been shown recently to associate
with several genetic loci (Lesage and Brice, 2009). Mutations in
leucine-rich repeat kinase 2 (LRRK2), identified in sporadic and fa-
milial PD, are associated with pleomorphic pathological features
ranging from typical a-synuclein-positive LB, nonspecific nigral cell
degeneration to, surprisingly, tau depositions in degenerated neu-
rites (Wszolek et al., 2004; Zimprich et al., 2004; Rajput et al., 2006).
The interconnection between PD and tau is further strengthened by the
identification of mutations in the tau-encoding MAPT (microtubule-
associated protein tau) gene that are linked to frontotemporal dementia
with parkinsonism (FTDP-17) (Wszolek et al., 2006).

Dominant mutations in LRRK2, by far the most prevalent
genetic cause for PD, display indistinguishable clinical features in
sporadic and familial cases. Among identified mutations of
LRRK2, the amino acid substitution G2019S (substitution of gly-
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cine to serine at amino acid 2019) augments Lrrk2 kinase activity,
causing neurite degeneration and neuronal cell death (Smith et
al., 2005; West et al., 2005; MacLeod et al., 2006). Although several
studies suggest cellular pathogenesis ranging from abnormal activa-
tions of the cell death pathway and autophagy to perturbed homeo-
stasis of pERM (phosphorylated ezrin/radixin/moesin) and F-actin
in sprouting neurites in LRRK2 mutants (Plowey et al., 2008; Ho et
al., 2009; Parisiadou et al., 2009), the linkage to tau aggregates iden-
tified in LRRK2-inflicted PD patients has not been explored.

The axonal protein tau is involved in the establishment and
maintenance of neuronal morphogenesis through the activity to
bind microtubules, which are regulated by the levels and sites of
phosphorylation (Shahani and Brandt, 2002). Among identified
kinases that phosphorylate tau, glycogen synthase kinase 3[3
(GSK3p) and cyclin-dependent kinase 5 (Cdk5) were copurified
with microtubules (Hosoi et al., 1995; Billingsley and Kincaid et
al., 1997). The involvement of GSK3 in PD development is sub-
stantiated by a recent study that PD risk is associated with genetic
polymorphisms of GSK3f3 (Kwok et al., 2005). Knowing that activ-
ities of tau kinases are also regulated by phosphorylation events (Kim
and Kimmel, 2006; Timm et al., 2008), LRRK2 disease mutations
may affect tau phosphorylation through upstream kinases such as
GSK3p, thereby contributing to PD pathogenesis.

In this study, we used the system of Drosophila dendritic ar-
borization (DA) neurons to study the pathogenetic mechanism in-
duced by LRRK2 mutations (Gao et al., 1999; Grueber et al., 2003).
We showed that expressions of LRRK2 transgenes cause dendrite
degeneration, with the kinase activity-elevated G2019S inducing the
most severe defect. The increased kinase activity in the G2019S mu-
tant does not affect dendritic protein distribution, but the localiza-
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tion of axonal proteins, including tau, was found in dendrites. We
further studied the pathological consequences of tau dendrite distribu-
tion and the genetic interaction with Tau in these pathological processes.
Furthermore, we demonstrated the molecular mechanism by which
G2019S mutation causes tau phosphorylation, tau dendrite localization,
and dendrite degeneration through recruiting autoactivated GSK3p.

Materials and Methods

Fly stocks and generation of LRRK2 transgenics. Human LRRK2 ¢cDNA or
carrying mutations G2019S, R1441C (substitution of arginine to cystine
at amino acid 1441), G2385R (substitution of glycine to arginine at
amino acid 2385), or G2019S-K1906M (substitutions of lysine to methi-
onine at amino acid 1906 in G2019S) were subcloned into the
N-terminally Flag-tagged GateWay pUAST vector, and the resulting
constructs were injected into w'’'® embryos to generate transgenic flies.
Flies lines used in this study are 109(2)80 (Gao et al., 1999), ppk-GAL4,
Igl-1 (Grueber et al., 2003), GAL80" (Suster et al., 2004), UAS-
Dscam(TM1)-GFP (Soba et al., 2007), UAS-tauWT (Steinhilb et al.,
2007), UAS-taul75/181(Steinhilb et al., 2007), UAS-tau212 (Steinhilb et
al., 2007), UAS-tau214 (Steinhilb et al., 2007), UAS-tau-RNAi (Vienna Dro-
sophila RNAi Center), UAS-tauGFP (Murray et al., 1998), UAS-Syt-GFP
(Estesetal., 2000), UAS-sggWT (Jiaetal.,2002), UAS-sggDN (Jiaetal.,2002),
and sg¢g"“" (Bloomington Drosophila Stock Center).

Antibodies for Western blots, immunoprecipitation, and immunohisto-
chemistry. Primary antibodies used are against Flag (M2; Sigma),
a-Tubulin [Developmental Studies Hybridoma Bank (DSHB)], AT8
(recognizes phosphorylated tau at serine 202 and threonine 205) (Inno-
genetics), Taul (Millipore Bioscience Research Reagents), AT270
(recognizes phosphorylated tau at threonine 175 and tyrosine 181)
(Pierce-Endogen), AT100 (recognizes phosphorylated tau at threonine
212 and serine 214) (Innogenetics), GSK-33 (Abcam), phospho-Y216 (rec-
ognizes phosphorylated GSK-3 at tyrosine 216) (BD Biosciences), Cdk5
(Abcam), green fluorescent protein (GFP; Invitrogen), dsRed (BD Biosci-
ences), Futsch (22C10; DSHB), BP104 (DSHB), anti-tyrosine hydroxylase
(TH; Pel-Freez), anti-5-HT (Sigma), and phalloidin (Jackson ImmunoRe-
search). In immunostaining of DA neurons, wandering third instar larvae
were dissected in cold 1X PBS solution and then fixed in 4% paraformalde-
hyde with 0.4% Triton X-100. Fluorescence intensities of AT270 and of GFP
immunostaining were monitored by dual-channel confocal microscopy
and quantified using MetaMorph imaging system (Universal Imaging).
For quantification of fluorescence intensities in Figure 2, a square frame was
positioned between two dorsolateral groups of dopaminergic neurons to
obtain the total GFP fluorescence intensities. The ratios of the GFP fluores-
cence intensities of different time points relative to control flies are presented
in Figure 2, C and D. For quantification in Figure 3, a square frame was
positioned over the area of the axon and primary dendrites to obtain their fluo-
rescence intensities in both channels for AT270 and GFP. The frame was then
positioned outside the neuron to obtain background fluorescence intensities for
subtraction. The ratios of AT270 to GFP are presented in Figure 3E.

Results

G2019S induces DA dendrite degeneration

To examine the potential impacts on DA dendrites by human
disease forms of Lrrk2, we generated transgenic lines expressing
Flag-tagged wild-type (WT) Lrrk2, or Lrrk2 carrying amino acid
substitutions G2019S (abbreviated as G2019S and thereafter),
R1441C, or G2385R. Unlike G2019S and R1441C mutations,
which are tightly associated with familial PD and have been
shown to elevate the kinase activity of Lrrk2 (Smith et al., 2005;
West et al., 2005; MacLeod et al., 2006), G2385R is the Asian-
specific polymorphism that enhances the risk of PD development
by twofold (Farrer et al., 2007). Transgenic lines with similar
expression levels were selected for subsequent experiments (Fig.
1A). Expressions of these LRRK2 transgenes in DA neurons by
the GAL4 driver 109(2)80 cause dendrite arborization defects, as
shown by the quantification of numbers of dendritic ends in the
dorsal field of A6 segments in third-instar larvae. Whereas
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R1441C and G2385R cause similar levels of defects to wild-type
LRRK?2, G2019S causes the strongest reduction in the number of
dendritic ends among all transgenes (Fig. 1 B-D) (for phenotypes
of wild-type Lrrk2, R1441C and G2385R, see supplemental Fig.
S1A-C, available at www.jneurosci.org as supplemental mate-
rial). In G2019S-expressing DA neurons, the dendritic field is
significantly reduced. The lengths of both lower- and higher-
order branches are shortened, and many terminal arbors fail to
reach the segmental and dorsal-midline boundaries (Fig. 1 D). To
examine whether G2019S also affects axonal processes, the class
IV DA-neuron-specific ppk-GAL4 was used to drive wild-type
Lrrk2 or G2019S expression. Axonal terminals of the class IV DA
neurons remain normal, targeting to the ventral nerve cord (Fig.
1 E, F), although the complexity of dendrites is severely compro-
mised, displaying shorter and fewer terminal arbors and leaving
some receptive fields uncovered (supplemental Fig. S1 D, E, available
at www.jneurosci.org as supplemental material). By scoring the
number of dendrites in each order, we found that higher-order den-
drites are more vulnerable to expressions of G2019S or R1441C mu-
tants than lower-order ones (supplemental Fig. S1F, available at
www.jneurosci.org as supplemental material). Expressions of these
transgenes in simple class I DA neurons by Igl-1 GAL4, however,
cause no observable defect (supplemental Fig. S1G-I, available at
www.jneurosci.org as supplemental material). The effect of G2019S
to sensory neurons in the peripheral nervous system seems specific,
since we failed to observe significant difference in the dendrite com-
plexity of motor neurons expressing G2019S (data not shown).

Given that G2019S has the highest population-attributable
risk among all LRRK2 mutations and induces the most severe
defects in dendrite arborization among all LRRK2 transgenes, we
decided to focus on the pathogenetic mechanism underlying
G2019S-induced dendritic defects (Lesage et al., 2006). To exam-
ine whether the kinase activity of G2019S is involved in causing
the dendritic defect, Lys1906 that orients the y-phosphate of ATP
onto Lrrk2 was mutated to Met in G2019S to generate the kinase-
decreased G2019S-K1906M mutant (Smith et al., 2005; West et
al., 2005; MacLeod et al., 2006; Plowey et al., 2008). It has been
shown that the K1906M mutation nullifies the increased level of
kinase activity in G2019S but preserves its basal level similar to wild-
type Lrrk2 (Luzon-Toro et al., 2007). When expressed by either
109(2)80 in all DA neurons or ppk-GAL4 in class IV DA neurons,
G2019S-K1906M behaves similarly to the wild-type Lrrk2 in induc-
ing dendritic defects (Fig. 1B; supplemental Fig.S1F, available at
www.jneurosci.org as supplemental material), suggesting that the
gain-of-function G2019S mutant aggravates dendrite arborization
defect by the elevated level of Lrrk2 kinase activity.

The distinct dendrite phenotypes of G2019S DA neurons sug-
gest a possibility of dendrite retraction, leaving some dendritic
field uncovered (Fig. 1D; supplemental Fig. S1E, available at
www.jneurosci.org as supplemental material). To further con-
firm the involvement of degeneration, we used the temperature-
sensitive form of GAL80 (GAL80") that functions as a
transcription repressor for GAL4 at the permissive temperature
(25°C) but allows GAL4-dependent transcription at 30°C be-
cause of the inactivation of GAL80", providing a temporal regu-
lation of the GAL4/UAS system (Suster et al., 2004). The G2019S
transgenic larvae carrying the GAL4 driver 109(2)80 and tubP-
GALS80" were reared at 25°C after egglaying and shifted to 30°C at
day 3 to induce expression of the transgene (see scheme in sup-
plemental Fig. S2A, available at www.jneurosci.org as supple-
mental material). The control larvae carrying only 109(2)80 and
tubP-GALS0" were performed in parallel. When larvae were con-
tinuously reared at 25°C without temperature shift, the numbers
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of dendritic ends were comparable be-
tween G2019S and 109(2)80 control lar-
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vae at day 4 or day 6 (supplemental Fig. S o
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as supplemental material), suggesting that S & N
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G2019S expression is silenced in the pres-

ence of functional GAL80 at 25°C. When TR

G2019S larvae were shifted to 30°C at day

3, the DA dendrites grow normally when
examined at day 4, compared to the GAL4
control (supplemental Fig. S2 F, H,], avail-
able at www.jneurosci.org as supplemen-
tal material), indicating that G2019S
affects little, if any, dendrite growth in
early stages of larval growth. Strikingly,
G2019S DA neurons display a sparse den-
drite pattern at day 6; the number of den-
dritic ends is significantly lower than that
of G2019S DA neurons at day 4 and that of
the GAL4 control at day 6 (supplemental
Fig. S2G—J, available at www.jneurosci.org
as supplemental material). Therefore, after
G2019S expression, the dendrite complexity
is reduced in later larval stages compared
to that in early stages, an indication of
degeneration.

%

Dendrite degeneration precedes axon
degeneration in G2019S

dopaminergic neurons

With dopaminergic neurons being the
prime pathological target of PD, we exam-
ined whether dendrite degeneration is also
the prominent feature of dopaminergic
neurons expressing LRRK2 mutants. We
first determined whether the introduc-
tion of LRRK2 transgenes in dopami-
nergic neurons causes parkinsonism-like
phenotypes in adult flies. Using dopa decar-
boxylase (ddc)-GAL4 to drive G2019S expression in Drosophila do-
paminergic neurons, locomotion of adult flies is affected by the third
week after eclosion, and the viability shows significant decline at the
fourth week compared to ddc-GAL4 control (supplemental Fig.
S3A, B, available at www.jneurosci.org as supplemental material).
Adult brains dissected from transgenic flies at the fourth week after
eclosion were immunostained with anti-TH antibodies. We found a
significant loss of dopaminergic neurons in both dorsomedial and
dorsolateral groups of G2019S adult brains at the fourth week after
eclosion compared to ddc-GAL4 controls of the same age (supple-
mental Fig. S3C-E, available at www.jneurosci.org as supplemental
material). We further examined whether G2019S affects serotonin
(5-HT) neurons that also express ddc-GAL4 by using anti-5-HT im-
munohistochemical analysis. We found that the brains of G2019S
flies at the fourth week after eclosion displayed 5-HT immunoreac-
tivity similar to that of the control flies (supplemental Fig. S3C, avail-
able at www.jneurosci.org as supplemental material). These results
suggest that G2019S specifically induces the loss of dopaminergic
neurons, thus compromising life span and motor activity.

We then examined whether dendrite degeneration occurs be-
fore neuronal loss in G2019S dopaminergic neurons. As revealed
by Dscam (Down’s syndrome cell adhesion molecule)-[TM1
(transmembrane 1)]-GFP that labels dendrites (Soba et al.,
2007), G2019S expression in ddc-GAL4-neurons results in signif-
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Degeneration of DA neuron dendrites induced by LRRK2 mutants. A, Expression levels of Flag-tagged human LRRK2
transgenes of wild-type or with amino acid substitutions G2019S, R1441C, G2385R, and G20195-K1906M driven by 709(2)80in DA
neurons of third-instar larvae are shown in Western blots using the Flag antibody (top) or c-Tubulin (-Tub, bottom). The ratio of
Flag to c-Tub immunointensities are averaged from three experiments and shown as mean percentages and SEMs. B, Quantifi-
cation of dendriticends in dorsal fields of A6 segments of third instar larvae that express individual LRRK2 transgenes and mCD8GFP
by 709(2)80. Averages are the mean * SEM of dendritic ends per 10,000 m 2 area. Significance is compared by Student’s ¢ test
with**p <<0.01,and numbers of segments scored are inside columns. €, D, Images of dorsal DA dendrites in the A6 segment of third instar
larvae of the 709(2)80 control (C) or the 709(2)80-driven G2079S (D). Dendrites are labeled by the coexpressed mCD8GFP. E, F, Axonal
terminals of ppk-GAL4 control (E) and G20795 (F) ddaC neurons. Scale bars: (in D) , D, 50 pm; (in F) E, F, 10 jum.

icant reduction of dendritic structures in 2- and 4-week-old adult
brains (Fig. 2A, C). Quantification of GFP immunoreactivity in a
defined region shows that dendritic GFP signal in G2019S ani-
mals in 2-week-old brains is expressed at 0.6-fold the level in
ddc-GAL4 control animals (Fig. 2A,C). With decreasing num-
bers of neurons in both control and G2019S animals at the fourth
week (supplemental Fig. S3 D, E, available at www.jneurosci.org
as supplemental material), the dendritic GFP immunoreactivity
in G2019S animals is decreased to 0.5-fold that in the ddc-GAL4
control of the same age (Fig. 2C). To examine the degeneration of
axonal processes, the transgene for synaptotagmin (Syt)-GFP is
driven by ddc-GAL4 in dopaminergic neurons. In 2-week-old
adults, G2019S neurons retained correct projection and targeting
in the ventral nerve cord (data not shown). No significant differ-
ence in the levels of GFP immunoreactivity was measured be-
tween the ddc-GAL4 control and G2019S adults at this stage (Fig.
2B,D). When advancing to the fourth week after eclosion, the
axonal GFP signals decreased in both ddc-GAL4 and G2019S
brains. The axonal GFP immunoreactivity in G2019S animals is
decreased to 0.85-fold of that in the ddc-GAL4 control (Fig.
2B,D). Together, these analyses inferred from GFP immunore-
activity suggest that dendrite degeneration precedes axon degen-
eration and cell-body loss in G2019S dopaminergic neurons.
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Figure 2.  Dendrite degeneration in G20195-expressing dopaminergic neurons. A, Whole-

mount adult brains show dendrites of dopaminergic neurons marked by ddc-GAL4, UAS-dscam
[TM1]-GFP. Projected images show reduced GFP signals (green) in adult brains (costained with
Phalloidin, red) of 620795 compared to ddc-GAL4 control at 2 weeks after eclosion. At 4 weeks,
GFP signals are markedly reduced in both control and 620795 adult brains compared to respec-
tive 2-week-old brains. B, Whole-mount adult brains show axons of dopaminergic neurons
marked by ddc-GAL4, UAS-syt-GFP. Projected images show equivalent GFP signals in 620795
and ddc-GAL4 control brains at 2 weeks after eclosion. At 4 weeks, whereas GFP signals are
slightly reduced in ddc-GAL4, they are markedly reduced in 620795 transgenic adult brains.
Dashed hoxes enclose the regions forimmunointensity scoring. Scale bar: (in 4) A, B, 50 wum. C,
D, Quantification of GFP immunoreactivities within dashed boxes for ddc-GAL4 control and trans-
genicadultbrains with denoted genotypes at2 and 4 weeks after eclosion. Significances are compared
by Mann—Whitney test; *p << 0.05; **p << 0.01. Error bars indicate mean = SEM.

G2019S causes tau localization in DA dendrites

To dissect the molecular pathogenetic mechanism underlying
G2019S-induced dendrite degeneration, the larval DA neu-
rons were further used as the system for additional study for
the following reasons: First, the two-dimensional elaboration of
dendrites is feasible for quantitative analysis of dendrite pheno-
types and protein localization. Second, the axon and dendrites
can be easily differentiated by their stereotypical projection pat-
terns. Third, several class-specific GAL4 drivers are available for
different expression levels.

The axonal protein tau is detected as aggregates in neurites of
dopaminergic neurons in the autopsied brains of G2019S-inflicted
PD patients and in dorsal striatum and piriform cortex of R1441G
transgenic mice (Wszolek et al., 2004; Zimprich et al., 2004; Li et al.,
2009). It is not clear whether tau aggregation is a consequence of
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degeneration or indeed contributes to the LRRK2 mutant-induced
degeneration. To test this, G2019S expressing-DA neurons were
examined for the distribution of tau protein. We first screened a
panel of antibodies (see Materials and Methods) for recognizing
endogenous tau proteins in DA neurons, and found that AT270
labels predominantly the axon of ppk-GAL4-driven mCD8GFP-
labeled class IV DA neurons (Fig. 3A, arrowhead). Weak punc-
tates are also detected in some but not all primary dendrites (Fig. 3A,
arrow). To confirm that AT270 recognizes the endogenous tau pro-
tein, the Drosophila tau-RNAi transgene was used to knock down tau
expression. Reduction of tau expression by fau-RNAi was detected
in the Western blot for larval extracts (data not shown). The immu-
noreactivity by AT270 in the axon is significantly reduced when
tau-RNAi is driven by ppk-GAL4 (Fig. 3 B, E), indicating the specific-
ity of AT270 in the recognition of the Drosophila tau protein in DA
neurons. Strikingly, in class IV DA neurons that express G2019S, the
tau protein localizes in all primary dendrites, and in many cases the
localization reaches secondary branches (Fig. 3C, arrows). Axonal
distribution of tau, however, is unaltered (Fig. 3C, arrowhead, E,
statistics). The mislocalization of tau depends on the elevated kinase
activity of G2019S because the tau localization is predominantly lim-
ited to the axon of G2019S-K1906M DA neurons (Fig. 3D, E). The
expression levels of tau recognized by AT270 are similar in these
transgenic lines, as shown by Western blot analyses (see Fig. 6A). In
addition to tau, we also observed the mislocalization of the axonal
protein Syt-GFP to dendrites in G2019S DA neurons (supplemental
Fig. S4A, B, available at www.jneurosci.org as supplemental mate-
rial). Conversely, the distribution of the dendrite-specific
Dscam-[TM1]-GFP fusion protein in DA neurons is not af-
fected (data not shown). These results suggest that G2019S
promotes the localization of axonal proteins, including tau, to
dendrites in DA neurons.

G2019S enhances Tau-induced dendrite degeneration,
microtubule fragmentation, and inclusion formation

With the mislocalization of axonal proteins in dendrites, it is
imperative to assess the contribution of tau in the G2019S-
induced dendrite degeneration. To assess this, tau-RNAi that can
effectively suppress tau protein expression was introduced into
G2019S DA neurons. Although expression of fau-RNAi alone
causes no defect on the dendrite morphology of DA neurons (Fig.
4B, I, statistics), coexpression of tau-RNAi alleviates dendritic
defects caused by G2019S (Fig. 4C,D). The dorsal dendritic field
is almost fully restored and the number of dendritic ends is also
markedly increased (Fig. 4I). These results suggest that tau con-
tributes significantly to G2019S-induced dendrite degeneration.

Ectopic expression of the bovine Tau-GFP fusion transgene in
DA neurons causes severe dendrite degeneration (Fig. 4 E). Such
defect is strongly enhanced with the coexpression of G2019S (Fig.
4G,I). In severe cases, only six of the eight DA somas are present
in the dorsal field, an indication of neuronal loss that is not de-
tected in the expression of G2019S or tau-GFP alone (Fig. 4H).
Thus, G2019S and tau-GFP interact synergistically in inducing
dendrite degeneration and, in severe cases, neuronal loss.

The genetic interaction between G2019S and microtubule-
binding protein tau prompted us to examine the structure of
dendritic microtubules, which can be revealed by immunostain-
ing for the MAP1B-like protein Futsch (Hummel et al., 2000,
Roos et al., 2000). In the ppk-GAL4 control, dendrites of class IV
DA neurons display a continuous and smooth Futsch-expression
pattern along the process (Fig. 5A). Expression of tau-GFP causes
a defect in the microtubule structure, as shown by the discontin-
uous and irregular Futsch staining pattern in dendrites (Fig. 5B,
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arrowhead). Expression of G2019S also AT270
causes discontinuous Futsch staining in A

dendrites, an indication that G2019S
functions in the same pathway as tau in
causing dendrite degeneration (Fig. 5D,
arrowhead). This effect of G2019S de-
pends on the elevated kinase activity be-
cause the Futsch staining pattern is
normal in dendrites of DA neurons ex-
pressing either wild-type Lrrk2 or
G2019S-K1906M (Fig. 5C,E). Further-
more, combination of tau-GFP and
G2019S causes severe microtubule de-
struction in dendrites with large gaps void
of Futsch expression (Fig. 5F, arrowhead).
Very often, dendrites contain nearly no E

ppk-GAL4

G2019S

>
Futsch signals (Fig. 5F, asterisk). Such mi- )
crotubule deficiency has not been de- § 0.6
tected in either G2019S or tau-GFP alone. -g 0.5
Therefore, G2019S and tau act synergis- =
tically in causing microtubule fragmen- £ 0.41
tation and dendrite degeneration, E 0.3
suggesting that they function closely in &
the degenerative process. g0.2
Overexpression of tau proteins is suffi- 0.1
cient to induce tau inclusions in neurites =
<0.0

(Buee et al., 2000; Lee et al., 2001; Gong et
al., 2005). With the effect of G2019S on
tau distribution and the enhancement of
tau-induced dendrite degeneration and
microtubule fragmentation, we then
tested whether G2019S also enhances the
formation of tau inclusions in dendrites.
The tau-GFP fusion protein, when ex-
pressed in class IV DA neurons by ppk-
GAL4, localizes in dendrites and induces
spheroid inclusion-like structures (supplemental Fig. S4C-C", avail-
able at www.jneurosci.org as supplemental material). These inclu-
sions form preferentially at distal dendrites (supplemental Fig. S4C’,
arrows, available at www.jneurosci.org as supplemental material),
although some are also present at proximal segments, causing
local swelling (supplemental Fig. S4C”, arrow, available at www.
jneurosci.org as supplemental material). Strikingly, G2019S en-
hances the formation of spheroid inclusions that appear much
more frequent in both distal and proximal dendrites (supple-
mental Fig. S4 D-D", available at www.jneurosci.org as supple-
mental material). The spheroid structures along the primary and
secondary dendrites with diameters 1.5-fold larger than the
neighboring dendritic arbors were counted (supplemental Fig.
S4F, available at www.jneurosci.org as supplemental material). The
presence of G2019S enhances the formation of spheroid structures
by fivefold. Therefore, G2019S is able to enhance tau-induced mi-
crotubule fragmentation and inclusion formation, two processes
that can lead to dendrite degeneration and neuronal loss.

Figure 3.

Drosophila Irrk mutations suppress tau-induced dendrite
degeneration

and inclusion formation

The Drosophila genome includes a single LRRK2 homolog Irrk
(CG5483). The PBac(PB)e03680 insertion in the Irrk locus was
regarded as a null allele and has a subtle defect in the loss of
dopaminergic neurons in adult flies (Lee et al., 2007). Also, the
dendrite arborization of DA neurons is normal in homozygous
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Dendritic localization of tau induced by G2019S. A-D, Class IV ddaC neurons marked by ppk-GAL4-driven mCD8GFP
(A), or also carrying Drosophila tau-RNAi (B), 620795 (C), or G20795-K1906M (D) are immunostained by AT270 for tau (magenta,
left panels), and merged images with GFP are shown in the right panels. The axons (arrowheads), cell bodies (asterisks), and
dendrites with tau signals (arrows) are indicated. Scale bar: (in D) A-D, 50 um. E, Quantifications of immunofluorescence
intensities in the axon and dendrites for indicated genotypes (listed at right with numbers of samples scored in parentheses) are
shown as ratios of AT270/GFP (mean == SEM). Significant differences (by Mann—Whitney test) are shown in comparison with the
axons (p < 0.05) and dendrites (*p < 0.05; **p < 0.01).

larvae for the 03680 allele (data not shown). Overexpression of
Irrk in DA neurons suppresses dendrite arborization (in end
points/1 X 10* wm? 109(2)80, 23.3 + 2.3, n = 8; UAS-Irrk,
16.8 = 2.2, n = 8; p = 0.031 by Mann—Whitney test), with phe-
notypes indistinguishable from the overexpression of human
LRRK?2, suggesting that Drosophila lrrk and human LRRK2 func-
tion similarly in regulating dendrite arborization.

We then addressed whether the gene dosage of Irrk affects the
toxicity of tau in dendrite degeneration. With the introduction of
one e03680 allele, dendrites of the tau-GFP-expressing neurons
are longer and the number of dendritic ends is increased (Fig.
4F,I). The suppression by the Irrk mutation is also observed in
inclusion formation and microtubule fragmentation. The num-
ber of tau-GFP inclusions is reduced by more than fourfold in
€03680/+ heterozygotes (supplemental Fig. S4 E-E",F, available
at www.jneurosci.org as supplemental material). The discontin-
uous Futsch pattern in tau-GFP dendrites regains the smooth
and continuous pattern by the introduction of the e03680 al-
lele (Fig. 5G). Therefore, reduction of the Irrk gene dosage is
able to alleviate pathogenic phenotypes induced by tau overex-
pression, including dendrite degeneration, inclusion formation,
and microtubule fragmentation.

The human Tau T212A phosphomutant suppresses
G2019S-induced dendrite degeneration

Our results suggest a genetic correlation between G2019S and tau
in microtubule fragmentation and inclusion formation, two
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Figure4.  G2019S and /rrk modify Tau-induced dendrite degeneration. A-H, Images of dor-
sal DA dendrites in the A6 segment of third instar larvae of the 709(2)80 control () or DA
dendrites that also expresses transgenes UAS- Drosophila tau RNAi (B), 620195 (€), 620795 +
Drosophila tau-RNAi (D), Tau-GFP (E), Tau-GFP in e03680/+ (F), or Tau-GFP + G2079S with
typical (G) or severe (H) phenotypes. Asterisks in H mark cell bodies without apparent dendritic
processes. I, Quantification for dendritic ends in dorsal fields of A6 segments of third instar
larvae with genotypes listed at right. Averages are the mean = SEM of dendritic ends per
10,000 pm ? area. Significances are compared by Mann—Whitney test; *p < 0.05; **p << 0.01.
Numbers of segments scored are in parentheses. Scale bars: G (for A-G), H, 50 Lm.

pathogenic processes involving tau hyperphosphorylation (Blard
etal.,2007). It is therefore important to examine whether G2019S
affects the phosphorylation status of tau. Antibodies that specif-
ically recognize phosphorylated serine-proline or threonine-
proline sites of tau were used, including AT270 (pT175/pT181),
ATS8 (pS202/pT205), and AT100 (pT212/pS214) (Steinhilb et al.,
2007). Western blots show that the phosphorylation levels of tau
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Figure 5.  Microtubule fragmentation in G20795- and Tau-expressing dendrites. A—G, Low-
order trunks of class IV ddaC neurons visualized by ppk-GAL4-driven mCD8GFP (4), or also
carrying transgenes Tau-GFP (B), wild-type LRRK2 (C), 620795 (D), G207195-K1906M (E),
620198 + Tau-GFP (F), or Tau-GFPin an e03680/+ background (G). Third-instar larvae were
dissected and stained for the microtubule-associated protein Futsch (left panels) and GFP
(merged in right panels). Arrowheads in B, D, and F indicate dendrites with discontinuous
Futsch expression, and asterisks in F mark dendrites containing nearly no Futsch signals. Scale
bar: (in 4) A-G, 15 pm.

protein at T175/T181 and S202/T205 sites are unaltered by neu-
ronal expressions of wild-type and mutant LRRK2 transgenes,
compared to the elav-GAL4 GAL4 driver alone (Fig. 6 A, top two
panels). In contrast, the level of phospho-tau at the T212/S214
sites is elevated in G2019S-expressing neurons, compared to
wild-type Lrrk2 or G2019S-K1906M (Fig. 6 A, third panel, statis-
tics at bottom). Expression levels of total tau proteins measured
by the Taul antibody are comparable among all samples (Fig. 6 A,
fourth panel). These results suggest that G2019S, through its el-
evated kinase activity, directly or indirectly induces tau phos-
phorylation at the T212/5214 sites.

If phosphorylation at the tau T212/S214 sites is critical to
mediate the G2019S activity, mutating T212 or S214 with alanine
(TauT212A and TauS214A transgenes) would abrogate G2019S-
induced dendrite degeneration. As a control, TauWT and
TauT175/181A transgenes were tested in parallel. Expressions of
these Tau transgenes, which are at comparable levels (Steinhilb et
al., 2007), suppress dendrite arborization of DA neurons with
different severities (Fig. 6 H). Whereas tauWT and tauT175/
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181A suppress dendrite arborization
strongly, tauS214A confers intermedi-
ate suppression, and tauT212A has al-
most no suppression (Fig. 6 B,D,F,H).
When coexpressed in DA neurons,
G2019S causes further dendrite degenera-

tion in DA neurons that express tau-
WT, tauT175/181A, or tauS214A (Fig.

6C,G,H) (dat t sh I trast, I
) (data not shown). In contras ijmw

G2019S fails to cause dendrite degenera-

tion in tauT212A-expressing neurons,
suggesting that T212A blocks the G2019S

neuronal toxicity (Fig. 6 E,H ). Together,
the analyses of phospho-tau levels and ge-
netic suppression support the model that
the dendritic defect caused by G2019S is
mediated through phosphorylation at the
tau T212 site.

%

SEM 07 11 23
GSK3 mediates the activity of G2019S
in dendrite degeneration

The T212 site of tau may be directly phos-
phorylated by hyperactivated G2019S,
which was not detected in the phosphoryla-
tion assay we performed (data not shown).
Asthe tauT212/S214 sites are known targets
for GSK3 (Zheng-Fischhofer et al., 1998),
we then tested whether Shaggy (Sgg), the
Drosophila homolog of GSK3f3, mediates
G2019S-induced dendrite degeneration. By
introducing a single copy of the sgg™*" allele,
dendrite arborization in G2019S DA neu-
rons is significantly restored (Fig. 7A-C),
suggesting that Sgg functions in the G2019S
pathogenic pathway to cause dendrite de-
generation. We also tested the introduction
of dominant-negative Sgg (SggDN) in
blocking the G2019S effect. Whereas
SggDN alone causes significant dendritic
defects as compared to SggWT, the den-
dritic defect is not enhanced by SggDN and
G2019S coexpression (supplemental Fig.
S5A-E, available at www.jneurosci.org as
supplemental material). In supporting that
Sgg kinase activity is involved in the
G2019S pathogenesis, we found that ex-
pression of SggWT has no effect on tau
phosphorylation at T212/S214 sites, but
SggDN reduces tau phosphorylation by
77% (supplemental Fig. S5F, available at
www.jneurosci.org as supplemental ma-
terial). Together, these results suggest that tau phosphorylation
by Sgg at T212/S214 is important for G2019S to cause dendrite
degeneration, which can be blocked by SggDN.

We then tested whether dendrite phenotypes induced by
G2019S can be suppressed by compromising the Sgg activity.
Expression of SggWT in G2019S DA neurons maintains the den-
drite localization of tau (Fig. 7D), similarly to expression of
G2019S alone (Fig. 3C). However, expression of SggDN restricts
tau to the axon in G2019S-expressing neurons (Figs. 3E, statistics,
7E). In addition, SggDN suppresses the toxic effects of G2019S on
microtubule fragmentation, showing smooth pattern of Futsch
staining in dendritic processes (Fig. 7G). As a control, SggWT

Figure 6.

*p < 0.05; **p < 0.01.
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Tau phosphorylation at T212/5214in 620795 neurons. A, Western blot analysis of adult brain lysates of the elav-GAL4
control or elav-GAL4-driving LRRK2, G2079S, or G20795-K1096M expressions to detect phospho-tau levels by antibodies AT270
(recognizing pT175/pT181), AT8 (pS202/pT205), and AT100 (pT212/pS214). Tau 1 detects total tau protein and c-Tubulin (o~
Tub) as control. The immunoreactivities of AT100 are shown as a percentage relative to those of Tau 1, averaged from three
independent experiments. B—G, Images of dorsal DA dendrites in the A6 segment of third instar larvae with 709(2)80 driving
transgenes TauT175/181A (B), G2019S + TauT175/181A(C), TauT212A (D), G2019S + TauT212A(E), TauS214A (F), or G2079S +
Tau$214A (G). Dendrites are marked by coexpressed mCD8GFP. Scale bar: (in 6) B-G, 50 m. H, Quantification of dendritic ends
for109(2)80 (n = 13), 62019 (n = 12), TauWT (n =15), TauWT + 620795 (n = 8), TauT175/181A (n = 10), TauT175/181A +
620795 (n = 8), TauT212A (n = 10), TauT212A + 620795 (n = 10), TauS214A (n = 10), and TauS214A + 620195 (n = 10).
Averages are the mean + SEM of dendritic ends per 10,000 wm 2 area, and significance is compared by Mann—Whitney test with

fails to suppress discontinuous Futsch staining pattern in
G2019S-expresing neurons and sometimes enhances such phe-
notype as revealed by dendrites without Futsch staining (Fig. 7F,
asterisk). We next examined whether the level of phospho-T212/
S214 tau, recognized by the AT100 antibody in G2019S DA neu-
rons would also be altered by the expression of Sgg. The AT100
level that is upregulated in G2019S neurons is completely suppressed
by coexpressed SggDN but not SggWT (Fig. 7] ). Therefore, compro-
mising Sgg activities in DA neurons is able to block the detrimental
effects induced by G2019S, including upregulated phosphorylation
and dendrite localization of tau, microtubule fragmentation, and
dendrite degeneration.
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Figure7. Sggsuppresses G2019S-induced dendrite degeneration. 4, B, Images of dorsal DA dendrites in A6 segments of third
instar larvae of 709(2)80 (A) or G2079S (B) in an sgg”””/ * background. Dendrites are marked by coexpressed mCD8GFP. C,
Quantification of dendritic ends for 709(2)80 (n = 7), 620195 (n = 8), sgg™"* (n = 11), and sgg™"*,620195 (n = 11).
Averages are the mean = SEM of dendritic ends per 10,000 wm 2 area, and significance is compared by Mann—Whitney test with
*¥p < 0.01. D-G, ddaC neurons marked by ppk-GAL4-driven mCD8GFP with coexpression of G2079S + sqgWT (D, F) or
62019 + sggDN (E, G). D, E, AT270 (magenta) and GFP (green) staining. The axons (arrowheads), cell bodies (asterisks), and
dendrites with tau signals (arrows) are indicated. Scale bar is 50 wm. F, G, Futsch staining (magenta). Arrowheads indicate
dendrites with discontinuous Futsch expression, and asterisks mark dendrites containing no Futsch signals. H, I, Whole-mount adult
brains shows dendrites of dopaminergic neurons marked by ddc-GAL4, UAS-dscam [TMT]-GFP, as done for Figure 2, A and B. Projected
images show reduced GFP signals (green) in adult brains (costained with Phalloidin, red) of 620795 + SggDN compared to 620795 +
sggWT control at 2 weeks after eclosion. J, Western blot analysis of adult brain lysates of elav-GAL4 control or elav-GAL4-driven G2079S,
620795 + sggWT, and G2079S + sggDN by Flag, AT100, or c-Tubulin (c-Tub). The immunoreactivities of AT100 are
shown as percentages to those of c-Tub, averaged from three independent experiments. Scale bars: B (for 4, B), E (for D,
E), H (for H, 1), 50 m; F (for F, G), 15 wm.

We further tested whether Sgg also mediates G2019S in causing den-
drite degeneration of dopaminergic neurons. Coexpression of SggWT
in G2019S-expressing neurons by ddc-GAL4 maintains the dis-
rupted dendritic structure in 2-week-old adult brains, similar to ex-
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pression of G2019S alone (compare Figs.
2A,7H).However, expression of SggDN re-
stores dendritic patterns caused by G2019S
(Figs. 2C, statistics, 7I). In addition,
SggDN suppresses the effects of G2019S
on the life-span-shortening and locomo-
tion defects (supplemental Fig. S3A,B,
available at www.jneurosci.org as supple-
mental material). Therefore, Sgg is the
major executor of G2019S in causing den-
drite degeneration in both peripheral DA
neurons and central dopaminergic
neurons.

G2019S associates with autoactivated
Sgg to increase tau phosphorylation
We further examined how G2019S regu-
lates Sgg activities. In neurons expressing
LRRK2 transgenes, the protein levels of
Sggare enhanced in Western blot analyses
using the GSK3f antibody, compared to
the GAL4 control (Fig. 8 A, left). The up-
regulated levels of Sgg are almost identical
among all LRRK? transgenes, which is not
sufficient to account for the more aggra-
vated defect caused by G2019S (Fig. 1B).
We then tested whether Lrrk2 and Sgg
form a protein complex to mediate tau
phosphorylation. In immunoprecipitates
by the anti-Flag antibody, we found that
G2019S is able to associate with Sgg (Fig.
8 A, right). Quantitative analysis of the im-
munointensities indicates that the level of
G2019S-associated Sgg is nearly threefold
that of G2019S-K1906M-associated Sgg and
more than fivefold that of wild-type Lrrk2-
associated Sgg (Fig. 8 A, ratios below the
panel). Activity of GSK3p is regulated by
phosphorylation at the Ser 9 site (Papado-
poulou et al., 2004). In the immunoprecipi-
tates from G2019S-expressing neurons, no
significant changes in the levels of Sgg pS9
were detected (data not shown). However,
GSK3p is autoactivated at the Y216 site in
the activation loop through a chaperone-
assisted process (Lochhead et al., 2006). The
Y216 site is conserved at Y214 of Sgg, which
is also recognized by the phospho-Y216 an-
tibody. The phospho-level of Sgg pY214 in
the Flag-G2019S immunoprecipitates is at
least fourfold that precipitated by wild-type
Lrrk2 or G2019S-K1906M (Fig. 8 B). It thus
appears that the kinase-activated G2019S is
able to enhance the levels of and associ-
ate with autoactivated pY214, rather
than pS9 Sgg.

We further tested whether G2019S-
associated Sgg is active in tau phosphory-
lation at T212/S214 sites. The Flag

immunoprecipitates were incubated with the recombinant tau
substrate, and the phosphorylation at T212/5214 sites was re-
vealed by the AT100 antibody in Western blots. In neurons ex-
pressing wild-type Lrrk2, tau phosphorylation at the T212/S214
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sites was almost undetectable, identical to
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(Fig. 8C, four lanes from left). Thus, Sgg
that associates with G2019S appears to be
active for the phosphorylation of the tau
T212/S214 sites.
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CDKS5 is also the upstream kinase for
tau protein at T212/S214 sites (Liu et al.,
2002). We then examined whether
G2019S regulates Drosophila CDKS5 activ-
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ity as we have done for GSK3. In neurons
that express either wild-type LRRK2,
G2019S, or G2019S-K1906M transgenes, %
the protein levels of CDKS5 are compara-
ble (Fig. 8 D, left), and no coprecipitations
of CDKS5 can be detected with any Lrrk2
immunoprecipitates (Fig. 8 D, right). In
addition, no significant genetic interac-
tion between G2019S and CDK5 can be
detected (data not shown). These analyses
rule out a direct relationship between
G2019S and CDK5, and further
strengthen the specific role of GSK38 in
mediating G2019S-induced dendrite de-
generation phenotypes.

Figure 8.

31
a-Tub

0.7 01 05040408 87 1.1
SEM 0.1 0.0 0.1 0.0 0.1 0.1 1.2 0.1
AT100/ a-Tub

CDK5

a-Tub

620195 associates with Sgg to phosphorylate tau at T212/5214. A, Western blot analysis of adult brain lysates of
elav-GAL4 control or elav-GAL4-driven LRRK2, 620195, or G20795-K1096M to detect expressions of Lrrk2 proteins (Flag antibody),
Sqg (GSK3 3 antibody), and c-Tub (left panels). Inmunoprecipitated wild-type and mutant forms of Lrrk2 are shown by blotting
with the Flag antibody, and the coprecipitated Sqq is revealed by GSK3 3 antibodies (right panels). Percentages of GSK33 to Flag
immunointensities of the IP (immunoprecipitation) complex are averages from three experiments (bottom right). B, Similarly, Flag
immunoprecipitates are analyzed by Western blots using antibodies against Flag or GSK33-Y216p antibody. Percentages of Y216p
to Flag signals are shown (n = 3). The value of the mean percentage is expressed as a percentage relative to IP Flag controls. C, Flag
immunoprecipitates were incubated with recombinant human tau in the presence of 150 mm LiCl (left four lanes) or NaCl (right four
lanes). Phosphorylation of tau at T212/5214 is revealed by Western blot using AT100 antibody. c-Tub (bottom) was used as a
loading control. The immunoreactivities of AT100 are shown as percentages relative to those of «-Tub, averaged from three

independent experiments. D, Western blot analyses fail to detect the association between CDK5 and G2019S, and were performed

Discussion
Drosophila melanogaster has been a model
organism for studying neurodegenerative diseases (Sang and
Jackson, 2005; Lu and Vogel, 2009). The adult compound eye has
been used extensively to screen for modifiers of human disease
genes, in the attempt to dissect genetic pathways involved in
pathogenesis. Equipped with complex but stereotypic dendrite
patterns that can be easily visualized and quantified, DA neurons
have become an ideal model to study pathogenetic mechanisms
causing neurite degeneration characteristic in several neurode-
generative diseases, including G2019S-induced dendrite degen-
eration (Iseki et al., 2001). With this system, we have studied the
underlying mechanism in G2019S-induced neurite shortening
(MacLeod etal., 2006). We have observed that dendrites are more
vulnerable than the axon to LRRK2 G2019S mutant expressions
in both dopaminergic neurons and DA neurons. Neurites of the
peripheral sensory nervous system have been shown recently to
undergo degeneration in skin biopsy findings of PD patients,
suggesting the neurite defect is a common process devastating
both central and peripheral nervous systems in PD (Nolano et al.,
2008).

In DA neurons, we show that the Lrrk2 G2019S dominant
mutant causes several dendrite defects, including tau mislocaliza-
tion in dendrites, tau hyperphosphorylation at the T212/5214

essentially as for association with Sgg in A, except that the CDK5 antibodies were used to substitute the GSK3 3 antibodies.

sites, microtubule fragmentation, and dendrite degeneration,
which phenocopy tau overexpression in DA neurons. These phe-
notypic similarities suggest that tau and G2019S likely function in
the same pathway in causing neuronal degeneration. Impor-
tantly, our data further show that tau is a prominent mediator for
G2019S-induced dendrite degeneration, as reducing endogenous
tau protein levels by the RNAi transgene strikingly rescues these
dendrite phenotypes. However, the strong genetic interaction
from coexpression of G2019S and Tau suggests that they may not
function in a simple linear pathway. Coexpression of G2019S and
Tau leads severe phenotypes that are not detected in the expres-
sion of either one alone, such as neuronal loss and lack of micro-
tubules in dendrites. Thus, the synergistic interaction of G2019S
with Tau is consistent with the idea that the G2019S mutation
induces and enhances the detrimental activities of tau in
neurodegeneration.

How does G2019S induce the detrimental activities of tau?
There are >30 phosphorylation sites identified on the tau pro-
tein, and phosphorylated tau plays a major role in neuronal de-
generation (Kenessey and Yen, 1993; Buee et al., 2000; Lee et al.,
2001; Gong et al., 2005). Some of these phosphorylation sites,
including T212/5214, T231/S235, and $422, are pathological and
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not detected in normal aging brains (Hoffmann et al., 1997; Bus-
siere etal., 1999). We propose that tau phosphorylation at T212 is
the primary site responding to G2019S induction, as evidenced
by the increased level of phospho-tau at the T212/S214 sites and
that the T212A mutant completely suppresses the toxic effects
induced by G2019S. How does G2019S induce hyperphosphory-
lation of tau at the T212 site? One of the upstream kinases that
targets the T212/5214 sites of tau is GSK3 (Zheng-Fischhofer et
al., 1998). Cotransfection of human tau and GSK38 in mamma-
lian cells is shown to induce tau hyperphosphorylation with the
loss of microtubule-binding affinity (Lovestone et al., 1996). Our
genetic approaches provide the evidence that GSK33 mediates
G2019S activity to regulate detrimental effects on dendrites, be-
cause compromising the activity of Sgg by either removing one
gene dosage of sgg or expressing SggDN suppresses G2019S-
induced hyperphosphorylation and dendritic distribution of tau,
microtubule fragmentation, and dendrite degeneration.

In addition, we also found that expression of SggDN alone is
sufficient to cause considerable dendritic arborization defect that
is likely independent of the G2019S dendritic toxicity (supple-
mental Fig. S5E, available at www.jneurosci.org as supplemental
material). GSK38 has many substrates involved in microtubule
binding, like Crmp-2 and adenomatous polyposis coli tumor
suppressor protein. Alterations in GSK3 activity could therefore
have multiple effects on microtubule dynamics and, conse-
quently, dendrite arborization (Zumbrunn et al., 2001; Yo-
shimura et al., 2005). Although SggDN fails to modify the effect
of G2019S on peripheral DA dendrites, it significantly restores
the dendritic reduction of dopaminergic neurons induced by
G2019S (Fig. 7H,I). Such tissue specificity implies the more
dominant contribution of the G2019S-Sgg—tau pathway in cen-
tral dopaminergic neurons than in the peripheral DA neurons.
Recent studies in human dopaminergic neuronal cell lines and rat
striatal pathology sections have shown that activation of dopa-
mine D1 receptors augment GSK3f activity and tau hyperphos-
phorylation through phosphorylation at tyrosine 216 of GSK33
(Beaulieu et al., 2004; Lebel et al., 2009). Thus, the vulnerability of
dopaminergic neurons to the G2019S-Sgg—tau pathway is evi-
dent in both mammalian and Drosophila systems.

To further depict the mechanism how G2019S induces tau
phosphorylation through Sgg, we found an enhanced association
between G2019S and activated Sgg that is capable of phosphory-
lating tau at T212. With the ability of the ROC (Ras of complex)
domain of Lrrk2 to bind microtubules (Gandhi et al., 2008),
G2019S might bring Sgg to the proximity of the microtubule-
binding protein tau for phosphorylation. Autoactivation of
GSK3pis deemed as a protein-folding event after protein synthe-
sis. This step is not coupled to protein translation and is assisted
by the molecular chaperone Hsp90 (Lochhead et al., 2006). In-
terestingly, Lrrk2 and G2019S were shown recently to bind to
Hsp90 with equal affinities (Wang et al., 2008). One possible
model is that the G2019S mutation promotes the autoactivation
of Sgg and facilitates the recruitment of autoactivated Sgg for tau
phosphorylation at the T212 site during the pathogenesis of den-
drite degeneration.

We also observed mislocalization of tau in the somatoden-
dritic compartment in G2019S-DA neurons. The mislocalization
of tau is GSK3B-activity regulated as it is suppressed by SggDN,
underscoring the important role of GSK3 in dendritic distribu-
tion of tau in addition to tau phosphorylation. The hyperphos-
phorylated tau protein, unbound to microtubules, is therefore
not limited to the axonal compartment and accumulates in den-
drites. Phosphorylation of tau by GSK3 8 can also affect its bind-
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ing ability to the kinesin-1 light chain, and therefore the transport
rate in the axon (Cuchillo-Ibanez et al., 2008). Thus, G2019S
might act through GSK3B to impair the binding affinity to
kinesin-1 and decreased axonal tau transportation (Scott et al.,
1993; Cuchillo-Ibanez et al., 2008). Alternatively, G2019S may
cause abnormal intracellular trafficking in DA neurons, causing
axonal proteins including tau to localize to dendrites. The func-
tion of Lrrk2 in regulating protein trafficking has been high-
lighted in the study of the Caenorhabditis elegans LRRK2
homolog Irk-1. In the Irk-1 deletion mutant, the presynaptic ves-
icle proteins are aberrantly localized to dendritic endings in the
head sensory neurons (Sakaguchi-Nakashima et al., 2007). It is
suggested that LRK-1 functions to exclude synaptic vesicle pro-
teins from sorting into the somatodendritic domain. In addition
to tau, we also found that the presynaptic protein Syt-GFP mis-
localizes to dendrites of G2019S neurons, suggesting a more pro-
found effect of G2019S in disrupting the integrity of protein
sorting or trafficking.

In addition to G2019S, expressions of wild-type LRRK2 or the
kinase-activity-lessened G2019S-K1906M mutant in DA neurons
also cause dendrite arborization defects, to a lesser extent than
G2019S. However, the underlying mechanisms of these defects
are very different, as we did not observe tau accumulation or
microtubule fragmentation in dendrites of wild-type LRRK2 and
G2019S-K1906M DA neurons. In addition, the association with
activated GSK3p and the ability of the coimmunoprecipitates to
phosphorylate tau at T212/S214 sites are greatly reduced com-
pared to those of G2019S. The effects of wild-type LRRK2 and
G2019S-K1906M on the dendrite arborization may be caused by
the upregulation of GSK3p levels (Fig. 8A), which have been
shown to impede neurite outgrowth by disrupting organelle
transport in mammalian cell cultures (Munoz-Montano et al.,
1999).

Neurite degeneration represents a prominent feature of neu-
rodegeneration associated with LRRK2 mutations (MacLeod et
al., 2006; Plowey et al., 2008). We propose a model in which
Lrrk2, GSK3p, and tau function in the same pathogenetic path-
way to cause neuronal degeneration in the highly recognized
LRRK2-inflicted PD. We also confirm previous observations in
PD patients that dopaminergic neurons and peripheral sensory
neurons are more sensitive to the LRRK2 neurotoxicity (Nolano
et al., 2008). However, the vulnerability of specific neurons, es-
pecially nigral dopaminergic neurons, in the pathogenesis of PD
is still unclear. Potential clues to the susceptibilities of these neurons
include their increasing reliance on Ca®" channels to maintain au-
tonomous activity with age, which could pose a sustained metabolic
stress on mitochondria (Surmeier, 2007). Additionally, neurotoxin
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), with its
metabolite MPP+ (1-methyl-4-phenylpyridinium), preferen-
tially binds to neuromelanin in the dopaminergic neurons, contrib-
uting to the susceptibility of these neurons in PD pathogenesis
(Hirsch et al.,, 1988). These studies suggest that although genetic
factors such as the G2019S mutation can hasten the onset, PD stems
from a joint effect of both genetic and environmental factors. Our
study will provide a tractable model to facilitate the study of PD
pathogenetic mechanisms as well as the development of therapeutic
molecules to slow the detrimental process.
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