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DJ-1 deficiency impairs glutamate
uptake into astrocytes via the
‘regulation of flotillin-1 and
enome caveolin-1 expression
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. Parkinson’s disease (PD) is a common chronic and progressive neurodegenerative disorder. Although

. the cause of PD is still poorly understood, mutations in many genes including SNCA, parkin, PINK1,
LRRK2, and DJ-1 have been identified in the familial forms of PD. It was recently proposed that
alterations in lipid rafts may cause the neurodegeneration shown in PD. Here, we observe that DJ-1
deficiency decreased the expression of flotillin-1 (flot-1) and caveolin-1 (cav-1), the main protein
components of lipid rafts, in primary astrocytes and MEF cells. As a mechanism, DJ-1 regulated flot-1
stability by direct interaction, however, decreased cav-1 expression may not be a direct effect of DJ-1,
but rather as a result of decreased flot-1 expression. Dysregulation of flot-1 and cav-1 by DJ-1 deficiency
caused an alteration in the cellular cholesterol level, membrane fluidity, and alteration in lipid rafts-

. dependent endocytosis. Moreover, DJ-1 deficiency impaired glutamate uptake into astrocytes, a major

. function of astrocytes in the maintenance of CNS homeostasis, by altering EAAT2 expression. This
study will be helpful to understand the role of DJ-1in the pathogenesis of PD, and the modulation of
lipid rafts through the regulation of flot-1 or cav-1 may be a novel therapeutic target for PD.

Parkinson’s disease (PD) is a common chronic and progressive neurodegenerative disease. Patients with PD suffer
. from several motor symptoms including tremors, rigidity, hypokinesia, and difficulty with gait, which result from
. the death of dopaminergic neurons in the substantia nigra pas compacta (SNpc)"% The cause of PD is still poorly
. understood, however, mutations in many genes including SNCA, parkin, PINK1, LRRK2, and DJ-1 have been
. identified in the familial forms of PD. The list of PD-associated genes continues to grow, which provides valuable
insight into the pathogenesis of PD*%.
: DJ-1 has been identified as an early-onset, autosomal recessive gene related to PD®, and several familial
* mutations in the DJ-1 gene such as M26I, E64D, and L166P, have been reported in patients with PD¢. DJ-1 is a
. ubiquitously-expressed multifunctional protein that has been implicated in several cellular processes as a molec-
. ular chaperone”?, a transcriptional regulator®', and a redox sensor'? in a cell-specific manner. In addition, it
: has been reported that DJ-1 is mainly localized in the cytosol, while a small portion is localized in the mitochon-
. dria, nucleus and synaptic membrane'**. Although the roles of DJ-1 against oxidative stress are well-known to
: be implicated in the pathogenesis of PD'?, it is highly possible that DJ-1 also functions in different ways in PD,
: considering the variety of roles of DJ-1 in many cellular processes.
Recent evidence indicates that PD-associated genes functionally interact with each other and in common
. signaling pathways!®-18, implying that the discovery of common signaling pathways by PD-associated genes
. holds great potential in the unraveling of the pathogenesis of PD. Lipid rafts are cell type-specific, variable-sized
membrane microdomains that are enriched in cholesterol and glycosphingolipids, and act as platforms for the
. organization and interaction of proteins involved in a variety of functions, including signal transduction, receptor
. trafficking, and exo/endocytosis'’. Previous reports have shown PD-associated proteins, including a-synuclein®,
: parkin?!, PINK12?, LRRK2%, and DJ-1?* associating with lipid rafts, and major alterations in lipid composition
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Figure 1. DJ-1 deficiency decreases the expression of flot-1and cav-1. Primary astrocytes (A) and MEF cells
(B) from WT and DJ-1 KO mice were lysed, and the lysates were analyzed for flot-1, flot-2, cav-1, and cav-2 by
Western blotting. Actin was used as a loading control. Primary astrocytes (C) and MEF cells (D) from WT and
DJ-1 KO mice were lysed using ice-cold 1% Triton X-100 buffer, and fractionated as described in ‘Methods.
The soluble and insoluble fractions were analyzed for flot-1, flot-2, cav-1, and cav-2 by Western blotting. The
transferrin receptor (CD71) was used as a marker for the soluble fraction. Values obtained are from three
independent experiments. **p < 0.01 against WT by an unpaired t-test. (E) WT and DJ-1 KO MEF cells were
stained with anti-flot-1 (red) or anti-cav-1 (red) antibodies, respectively. Stained cells were observed using
confocal microscopy. Blue indicates DAPI staining. Scale bar indicates 20 pm. Data are representative of three
independent experiments. (F) Whole brain lysates of WT and DJ-1 KO mice were analyzed for flot-1 and cav-1
by Western blotting. *p < 0.05, **p < 0.01 against WT by an unpaired t-test (n=3).

have also been shown in lipid rafts purified from the frontal cortex of PD patients?*. Considering that the sub-
localization of proteins is essential for their proper functions, these observations led to the speculation that
PD-associated gene products in lipid rafts may operate through common signaling pathways to develop PD,
which has attracted interest recently??.

In our previous study, we demonstrated that DJ-1 regulates lipid raft-dependent endocytosis in astrocytes®.
Lipid rafts-dependent endocytosis is a subgroup of heterogeneous variable endocytic pathways that is still not
well-defined. Increasing evidence indicates that it includes caveolae- and flotillin- dependent endocytosis?®*. In
the present study, we explore how DJ-1 regulates lipid rafts-dependent endocytosis, and whether alterations in
lipid rafts as a result of DJ-1 deficiency impair glutamate uptake by astrocytes, a major function of astrocytes in
the maintenance of CNS homeostasis.

Results

DJ-1 deficiency decreases the expression of flotillin-1 and caveolin-1. To explore whether DJ-1
deficiency alters lipid rafts, we firstly examined the expression of the main protein components of lipid rafts such
as flotillins and caveolins in DJ-1 knockout (KO) astrocytes. Interestingly, the expression level of flotillin-1 (flot-1)
and caveolin-1 (cav-1) proteins was decreased in DJ-1 KO astrocytes compared with WT astrocytes, but the
expression of flotillin-2 (flot-2) and caveolin-2 (cav-2) was not (Fig. 1A). Similar findings were observed in DJ-1
KO mouse embryonic fibroblast (MEF) cells (Fig. 1B), suggesting that alterations in flot-1 and cav-1 expression
are not cell type-specific. Flotillins and caveolins are localized in lipid rafts*. Accordingly, in order to explore the
spatial alterations in flot-1 and cav-1, lipid rafts were isolated based on their solubility in 1% Triton X-100 on ice
as described previously***°. As shown in Fig. 1C,D, the expression of flot-1 and cav-1 in the insoluble fraction
of DJ-1 KO astrocytes and MEF cells was significantly decreased compared with that of the insoluble fraction of
WT astrocytes and MEF cells. Additionally, the expression of flot-1 was also decreased in the soluble fraction.
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Figure 2. Mutations in DJ-1 found in familial PD patients do not rescue alterations in flot-1 and cav-1
expression. (A) WT and DJ-1 KO MEEF cells were transfected with myc-tagged WT DJ-1. (B) WT and DJ-1
KO primary astrocytes were transfected with Flag tagged WT DJ-1 or DJ-1 mutants (M26I, E64D, and L166P).
The cells were lysed and the lysates were analyzed for flot-1, and cav-1 by Western blotting. Values obtained are
from three independent experiments. *p < 0.05, **p < 0.01 against mock transfectant in DJ-1 KO cells by an
unpaired t-test (A) and one-way ANOVA (B).

With respect to the confocal microscopic analysis, similar alterations in flot-1 and cav-1 expression were observed
(Fig. 1E). Decreased expression of flot-1 and cav-1 was also observed in brain lysates obtained from DJ-1 KO
mice, compared with those from WT mice (Fig. 1F), suggesting that DJ-1 deficiency decreases the expression of
flot-1 and cav-1.

Mutationsin DJ-1found infamilial PD patients donotrescuealterationsinflot-1and cav-1expression.
Next, to confirm whether alterations in flot-1 and cav-1 expression in DJ-1 KO astrocytes and MEF cells are
derived from DJ-1 specifically, DJ-1 was overexpressed in DJ-1 KO MEF cells. Overexpression of DJ-1 rescued the
expression of flot-1 and cav-1 in DJ-1 KO MEEF cells (Fig. 2A) and in primary astrocytes (Fig. 2B), confirming that
alterations in flot-1 and cav-1 expression are derived from DJ-1 specifically. To further investigate whether muta-
tions in DJ-1 found in familial PD patients affect flot-1 and cav-1 expression, three mutants of DJ-1 (M261, E64D,
and L166P) were overexpressed in DJ-1 KO astrocytes. Interestingly, these mutants did not rescue alterations in
flot-1 and cav-1 expression, suggesting that the regulation of flot-1 and cav-1 expression by DJ-1 is reduced by the
mutations in DJ-1 found in familial PD patients.

DJ-1regulates the protein stability of flot-1 and cav-1. To investigate the manner in which DJ-1 reg-
ulates the expression of flot-1 and cav-1, we firstly examined the alterations in the mRNA levels of flot-1 and cav-1
using quantitative RT-PCR. The mRNA levels of flot-1 and cav-1 were not different between WT and DJ-1 KO
astrocytes (Fig. 3A) and MEF cells (Fig. 3B), implying that DJ-1 does not regulate flot-1 and cav-1 expression at
the transcriptional level, and may instead regulate the protein stability of flot-1 and cav-1. To confirm this hypoth-
esis, WT and DJ-1 KO MEF cells were treated with cycloheximide (CHX), an inhibitor of protein synthesis, and
the expression of flot-1 and cav-1 was assessed using Western blotting. As shown in Fig. 3C, the degradation of
flot-1 and cav-1 in DJ-1 KO MEF cells was significantly faster than in WT MEEF cells. There is evidence that flot-1
and cav-1 expression is regulated by the proteasomal degradation pathway®"*2. Treatment with MG132, a protea-
somal inhibitor, rescued the fast degradation of flot-1 and cav-1 in DJ-1 KO MEF cells (Fig. 3D), suggesting that
DJ-1 regulates the stability of flot-1 and cav-1 via the proteasomal degradation pathway.

DJ-1interacts with flot-1, but not with cav-1. Next, we investigated whether DJ-1 interacts with flot-1
and cav-1. As shown in Fig. 4A,B, DJ-1 interacted with flot-1, but not with cav-1 in WT MEF cells. The inter-
action between DJ-1 and flot-1 was also confirmed using an in situ proximity ligation assay (PLA) (Fig. 4C).
In addition, when familial mutants of DJ-1 (M26I and L166P) were overexpressed in HEK293 cells, the inter-
action between endogenous flot-1 and DJ-1 mutants (M261 and L166P) was decreased compared with WT
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Figure 3. DJ-1 regulates the protein stability of flot-1 and cav-1. The mRNA level of flot-1 and cav-1in WT
and DJ-1 KO primary astrocytes (A) and WT and DJ-1 KO MEF cells (B) were analyzed by quantitative RT-
PCR. The primers for actin were used as the internal control. WT and DJ-1 KO MEEF cells were treated with
20 pg/ml cyclohexamide (CHX) for the indicated times (C), and 5 pM MG132 for 6 hours (D). The cells were
then lysed and analyzed by Western blotting. Actin was used as a loading control. Values obtained are from
three independent experiments. *p < 0.05, **p < 0.01 against WT by a two-way ANOVA (C) and against the
control by an unpaired t-test (D).

DJ-1 (Fig. 4D), which correlates well with the data showing that DJ-1 mutants failed to regulate flot-1 expres-
sion, as shown in Fig. 2B. Although we did not observe DJ-1 interacting with cav-1, it has been reported that
down-regulation of flot-1 expression decreases the cav-1 expression level in intestinal epithelial cells*. Thus, to
investigate whether the decrease in flot-1 expression by DJ-1 deficiency results in decreased cav-1 expression,
flot-1-mCherry and cav-1-mCherry were overexpressed in DJ-1 KO MEF cells, and the expression of endogenous
flot-1 and cav-1 was analyzed using Western blotting. As shown in Fig. 4E, overexpression of flot-1-mCherry
rescued the decreased endogenous cav-1 expression that had been caused by DJ-1 deficiency. However, overex-
pression of cav-1-mCherry had no effect on endogenous flot-1 expression, suggesting that DJ-1 regulates flot-1
stability through direct interaction, and that decreased cav-1 expression may result from a decreased flot-1 level
caused by DJ-1 deficiency.

Alteration in cellular cholesterol level and membrane fluidity by DJ-1 deficiency. Flot-1 and
cav-1 have been shown to regulate cholesterol transport*3>. Accordingly, we measured the total cellular choles-
terol level in DJ-1 KO MEF cells. As shown in Fig. 5A, the total cholesterol level in DJ-1 KO MEEF cells was lower
than that in WT MEF cells, suggesting that the decreased amount of flot-1 and cav-1 caused by DJ-1 deficiency
altered the total cholesterol level. We also observed a similar alteration in the total cholesterol level in DJ-1 KO
astrocytes (Fig. 5B). In addition, the cholesterol level influences membrane fluidity*®. Upon measurement of
membrane fluidity using C-laurdan?’, the GP value in DJ-1 KO astrocytes was much lower than that in WT astro-
cytes, indicating an increase in membrane fluidity (Fig. 5C,D). This suggests that DJ-1 deficiency altered the total
cellular cholesterol level, causing an alteration in membrane fluidity.
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Figure 4. DJ-1 interacts with flot-1, but not with cav-1. (A,B) Lysates from WT and DJ-1 KO MEF cells were
immunoprecipitated with anti-DJ-1 and anti-flot-1 antibodies, respectively and IgG as a negative control. The
samples were then analyzed for DJ-1, flot-1 and cav-1 by Western blotting. Asterisk indicates Ig light chain.

(C) An in situ PLA assay was performed in WT MEF cells as described in ‘Methods’ Red PLA spots represent
interactions between DJ-1 and flot-1. Blue indicates DAPI staining. Scale bar indicates 10 pm. (D) HEK293 cells
were transfected with flag-tagged WT DJ-1 and DJ-1 mutants (M26I and L166P), and were immunoprecipitated
with an anti-flot-1 antibody. The samples were then analyzed for flot-1 and DJ-1 by Western blotting. Data are
representative of at least three independent experiments. Asterisk indicates a non-specific band. (E) WT and
DJ-1 KO MEEF cells were transfected with flot-1-mCherry and cav-1-mCherry. After 24 hours, the cells were
lysed and the lysates were analyzed for DJ-1, flot-1, and cav-1 by Western blotting. Values obtained are from
three independent experiments. Asterisk indicates a non-specific band. *p < 0.05 against mock transfectant in
DJ-1 KO cells by a one-way ANOVA.

DJ-1regulates lipid raft-dependent endocytosis via flot-1 and cav-1.  Alteration in membrane flu-
idity affects endocytosis®. In agreement with previous study showing that DJ-1 regulates lipid rafts-dependent
endocytosis in astrocytes?, lactosylceramide (LacCer), a marker for lipid rafts-dependent endocytosis®® showed
less endocytosis in DJ-1 KO MEF cells than in WT MEEF cells. In addition, lipid rafts-dependent endocytosis was
rescued by overexpression of DJ-1 (Fig. 5E). To explore whether alterations in flot-1 and cav-1 expression caused
by DJ-1 contribute to the decrease in lipid rafts-dependent endocytosis shown in DJ-1 KO MEEF cells, we overex-
pressed flot-1 and cav-1 in DJ-1 KO MEEF cells. Overexpression of flot-1 and/or cav-1 rescued the decreased lipid
rafts-dependent endocytosis shown in DJ-1 KO MEEF cells (Fig. 5F). Moreover, overexpression of DJ-1 mutants
(M26I and L166P) did not rescue lipid rafts-dependent endocytosis (Fig. 5G), which correlates well with the data
shown in Figs 2B and 4C. These data suggest that the decrease in lipid rafts-dependent endocytosis caused by
DJ-1 deficiency was mediated by alterations in flot-1 and cav-1, and lipid rafts-dependent endocytosis may be
reduced in familial PD patients with mutations in DJ-1.

DJ-1regulates glutamate uptake into astrocytes through regulating EAAT2 expression. DJ-1
deficiency altered membrane fluidity, which may interfere with a variety of lipid rafts-associated signaling path-
ways. It has been reported that EAAT?2, a major glutamate transporter expressed in astrocytes, associates with
lipid rafts and this association is important for its function®*°. Accordingly, we explored whether glutamate
uptake into astrocytes is altered by DJ-1 deficiency. As shown in Fig. 6A, glutamate uptake was impaired in DJ-1
KO astrocytes compared with WT astrocytes. In addition, the expression level of the major glutamate trans-
porters, EAAT1 and EAAT2* was assessed. Interestingly, the expression of EAAT2 was decreased in DJ-1 KO
astrocytes compared with WT astrocytes, however, the expression of EAAT1 was not (Fig. 6B). The expression of
EAAT?2 was decreased in both the soluble and insoluble fractions of DJ-1 KO astrocytes (Supplementary Fig. 1).
In addition, overexpression of WT DJ-1 in DJ-1 KO astrocytes rescued the decrease in glutamate uptake and
EAAT?2 expression, but overexpression of familial mutants (M26I and L166P) did not (Fig. 6C,D). To investi-
gate whether an alteration in flot-1 and cav-1 contributed to a decrease in EAAT?2 expression in astrocytes, flot-
1-mCherry and cav-1-mCherry were overexpressed in DJ-1 KO astrocytes. Overexpression of flot-1-mCherry
and cav-1-mCherry rescued the decreased expression of EAAT2, however, did not affect EAAT1 expression
(Fig. 6E). In addition, overexpression of flot-1-mCherry and cav-1-mCherry rescued the decrease in glu-
tamate uptake into DJ-1 KO astrocytes (Fig. 6F), suggesting that alterations in flot-1 and cav-1 expression by
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Figure 5. Alterations in the total cholesterol level, membrane fluidity, and lipid rafts-dependent
endocytosis. The total cholesterol level was measured in WT and DJ-1 KO MEEF cells (A), WT and DJ-1 KO
primary astrocytes (B), as described in ‘Methods’ Data are representative of three independent experiments.
*p < 0.05 against WT by an unpaired t-test. (C,D) WT and DJ-1 KO primary astrocytes were stained with
0.5 uM C-laurdan, and then observed by two-photon microscopy. Images were processed to obtain GP values
as described in ‘Methods. Scale bar indicates 20 pm. (E) DJ-1 KO MEEF cells were transfected with DJ-1-myc,
(F) DJ-1 KO MEF cells were transfected with flot-1 and/or cav-1, respectively, (G) DJ-1 KO MEF cells were
transfected with WT DJ-1, or DJ-1 mutants (M26I and L166P), respectively, and incubated with 50 nM
BOIPY FL Cs-lactosylceramide (LacCer, green) for 10 minutes. The cells were fixed and observed using
confocal microscopy. Blue indicates DAPI. The intensity of LacCer was analyzed by the Image] program.
Scale bar indicates 20 pm. Values obtained are from three (E,F) or four independent experiments (G).
**p < 0.01 against mock transfectant in DJ-1 KO cells by one-way ANOVA.

DJ-1 deficiency contribute to the impairment of glutamate uptake into DJ-1 KO astrocytes. Finally, we observed
decreased EAAT? in brain lysates from DJ-1 KO mice, compared with those from WT mice (Fig. 6G). These data
suggest that DJ-1 regulates glutamate uptake in astrocytes via flot-1 and cav-1.

Discussion

Increasing evidence indicates that alterations in lipid rafts are associated with many neurodegenerative diseases
including Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) as well
as PD?742%_ Altered lipid composition in cortical lipid rafts occurs in AD* and PD%, and altered protein com-
position in lipid rafts occurs in murine models of AD* and ALS*. Accordingly, it was proposed that altered lipid
rafts may be a common pathology that causes the neurodegeneration shown in neurodegenerative diseases®”*2.

In the present study, we demonstrate that DJ-1 regulates flot-1 and cav-1 expression, which are the main
protein components of lipid rafts. Flot-1 is a member of the flotillin family, composed of flot-1 and -2, and is con-
sidered to be a scaffolding protein of lipid rafts, generally being used as a marker protein of lipid rafts*’. Although
their functions are still controversial, they are known to be involved in the trafficking and targeted delivery of
membrane and membrane proteins to very specific sites in a cell type-specific manner*. Cav-1 is a member of
the caveolin family, composed of cav-1, -2, and -3, and is also considered to be a scaffolding protein of caveolae, a
subset of lipid rafts®, functioning in membrane-initiated intracellular signaling via the clustering and segregation
of proteins, and the trafficking of proteins and lipids®**!, which is similar with flot-1. We observed that flot-1 and
cav-1 are specifically downregulated in DJ-1 KO MEEF cells and primary astrocytes, which was also observed in
DJ-1 KO brain lysates.

Regarding the mechanism of regulation of flot-1 and cav-1 by DJ-1, we demonstrate that DJ-1 regulated flot-1
stability by direct interaction, however, decreased cav-1 expression may not be a direct effect of DJ-1, but rather as
aresult of decreased flot-1 expression. Interestingly, flot-1 which binds to DJ-1 has slightly different mobility com-
pared with that in total lysates, implying that DJ-1 may interact with post-translationally modified flot-1, such as
by phosphorylation. Although we conclude that decreased cav-1 expression may not be a direct effect of DJ-1, we
cannot exclude other mechanisms completely. It has been reported that DJ-1 regulates SOCS1 expression through
the regulation of miR-155 levels®>. MicroRNAs (miRNAs) are endogenous noncoding small RNAs that contribute
to the regulation of their target gene, resulting in mRNA degradation or translational inhibition®. According to
a prediction program (PITA (http://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html)), we found that
flot-1 and cav-1 expression can be regulated by common miRNAs, miR-124, and -138. It has also been reported
that miR-124, and -138 regulate flot-1 and cav-1 expression®**, indicating that DJ-1 may regulate flot-1 and cav-1
via miRNAs. Accordingly, as another possible mechanism of the regulation of flot-1 and cav-1 expression by DJ-1,
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Figure 6. DJ-1 regulates glutamate uptake into astrocytes through the regulation of EAAT?2 expression.
(A) Glutamate uptake was measured as described in ‘Methods. Data are representative of three independent
experiments (n=3). (B) WT and DJ-1 KO primary astrocytes were lysed and the lysates were analyzed for
EAAT1 and EAAT?2 by Western blotting. Values obtained are from three independent experiments. *p < 0.05,
**p < 0.01 against WT by an unpaired t-test. DJ-1 KO primary astrocytes were transfected with flag-tagged
WT DJ-1 and DJ-1 mutants (M26I and L166P), and (C) glutamate uptake was measured. (D) The cells were
then lysed and the lysates were analyzed for EAAT2 by Western blotting. DJ-1 KO primary astrocytes were
transfected with flot-1-mCherry and cav-1-mCherry. (E) The cells were then lysed and the lysates were analyzed
for EAAT1 and EAAT2 by Western blotting, and (F) glutamate uptake was measured. Values obtained are from
three independent experiments. *p < 0.05, **p < 0.01 against mock transfectant in DJ-1 KO cells by one-way
ANOVA. (G) Whole brain lysates of WT and DJ-1 KO mice were analyzed for EAAT1 and EAAT2 by Western
blotting. *p < 0.05 against WT by an unpaired t-test (n=3).
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we explored the level of miR-124, and -138 between WT and DJ-1 KO MEEF cells. However, we did not observe
any difference in miR-124, and -138 levels between the two cell lines (Supplementary Fig. 2), suggesting that the
regulation of flot-1 and cav-1 expression by DJ-1 is not mediated by miRNAs. Further study is needed to clarify
the molecular mechanism by which DJ-1 regulates cav-1 expression.

In addition, we demonstrate that the total cellular cholesterol level and membrane fluidity were altered by
DJ-1 deficiency, causing defects in lipid rafts-dependent endocytosis, which is rescued by flot-1 and cav-1 over-
expression. This suggests that dysregulation of lipid rafts-dependent endocytosis by DJ-1 deficiency was derived
from the abnormal regulation of flot-1 and cav-1 expression, and these results can explain the molecular mech-
anism underlying our previous findings that DJ-1 regulates lipid rafts-dependent endocytosis in astrocytes*.
Interestingly, we observed that familial mutants of DJ-1 did not rescue flot-1 or cav-1 expression in DJ-1 KO
MEF cells and astrocytes, and less interacted with flot-1. In addition, the mutants did not rescue decreased lipid
rafts-dependent endocytosis in DJ-1 KO MEF cells, suggesting that it is highly possible that the dysregulation of
flot-1 and cav-1 expression contributes to the pathogenesis of PD. Flotillins have been identified as regeneration
molecules upregulated in the regenerating axons of retinal ganglion cells after lesions of the optic nerve®. The
downregulation of flotillins has been shown to trigger a clear reduction in the number of regenerating axons
in zebrafish, indicating that flotillins are indeed necessary for axon regeneration®’. Jacobowitz and Kallarakal
observed that the expression of flot-1 was upregulated in the substantia nigra of patients with PD, and proposed
that this may be a possible attempt of the nigrostriatal system to innervate and sprout new fibers in the striatum.
This suggests that the downregulation of flot-1 may cause neurodegeneration, and partially supports our specu-
lation of the association between flot-1 and PD.

In our previous study, we demonstrated that DJ-1 regulates inflammation through the regulation of lipid
rafts-dependent endocytosis in astrocytes?!. Considering that DJ-1 regulates flot-1 and cav-1, the main protein
components of lipid rafts, it can be speculated that DJ-1 deficiency may cause many more defects associated with
lipid rafts. One of the major functions of astrocytes is the regulation of extracellular glutamate levels through
glutamate uptake into astrocytes by glutamate transporters®. Glutamate uptake by EAATSs plays an important
role in reducing the glutamate concentration in the extracellular space. Astrocytes express EAAT1 and EAAT?2 as
their main glutamate transporters®. It has been reported that a large proportion of the total EAAT2 and a minor
proportion of the total EAAT1 are associated with lipid rafts, and the function of glutamate transporters is asso-
ciated with lipid rafts®, indicating that DJ-1 may regulate glutamate clearance through glutamate transporters
associated with lipid rafts. Supporting our speculation, decreased glutamate uptake was observed in DJ-1 KO
primary astrocytes, which may cause abnormal clearance of extracellular glutamate under stress conditions such
as stroke, further followed by excitotoxicity. Previous findings showing that loss of DJ-1 increases the sensitivity
to excitotoxicity in an in vivo stroke model® correlate well with our data. In addition, EAAT2, but not EAAT1,
was specifically downregulated in DJ-1 KO primary astrocytes, and overexpression of cav-1 and flot-1 rescued the
decreased glutamate uptake and decreased expression of EAAT2 by DJ-1 deficiency. Although EAAT?2 expression
was highly decreased in DJ-1 KO primary astrocytes, impaired glutamate uptake was less severe, which may be
explained by the intact function of EAAT1. In addition, partial rescues by overexpression of cav-1 and flot-1 can
be explained by the transfection efficiency in primary astrocytes. This suggests that EAAT2 may be mistrafficked
by an alteration in lipid rafts, resulting in degradation, which is in agreement with a previous report regarding the
role of flot-1 in Erb2 expression®. Accordingly, it suggests that functional DJ-1 deficiency, including mutations
found in PD patients, may disrupt a more broad variety of lipid rafts-associated membrane signaling, which
cause the neurodegeneration seen in PD. Previous reports indicating a decreased EAAT?2 expression in animal
models of PD, including the 6-hydroxydopamine lesioned PD model® and the acute 1-methyle-4-phenyl-1,2,3,6
-tetrahydropyridine treated model®, also partially support our data.

In conclusion, we have demonstrated that DJ-1 deficiency induced a decrease in flot-1 and cav-1 expression.
DJ-1 regulated flot-1 stability by direct interaction, however, decreased cav-1 expression may be due to decreased
flot-1 expression, rather than DJ-1 directly. Dysregulation of flot-1 and cav-1 by DJ-1 deficiency caused an alter-
ation in the total cellular cholesterol level and membrane fluidity, and further alteration in lipid rafts-dependent
endocytosis. Moreover, DJ-1 deficiency impairs glutamate uptake into astrocytes by altering EAAT?2 expression.
The present study will be helpful in the understanding of the role of DJ-1 in the pathogenesis of PD, and the mod-
ulation of lipid rafts by regulating flot-1 or cav-1 may be a novel therapeutic target for PD.

Methods

Reagents and antibodies. Antibodies against caveolin-1, caveolin-2, flotillin-1 and flotillin-2 for Western
blotting were purchased from BD Bioscience (Franklin Lakes, NJ) and antibodies against caveolin-1 and flotillin-1
for immunocytochemistry were purchased from Abcam (Cambridge, MA). Antibodies against the transferrin
receptor (CD71), B-actin, EAAT1, EAAT2 and DJ-1 were purchased from Santa Cruz Biotechnology (CA, USA).
BOIPY® FL C,-Lactosylceramide was purchased from Molecular Probes (Leiden, the Netherlands). L-[3,4-*H]
glutamic acid was purchased from PerkinElmer (Boston, MA, USA). MG132 was purchased from Sigma
(St Louis, MO). Cycloheximide was purchased from Calbiochem (Danvers, MA).

Constructs. p3XFlag-WT, M26], E64D, and L166P DJ-1 constructs were prepared previously?. pFlot-
1-mCherry was kindly provided by Dr. Verena Niggli, Department of Pathology, University of Bern, Switzerland.
pCav-1-mCherry and pCDNA3.1-DJ-1-myc. His were generated using PCR. All constructs were verified by DNA
sequencing and were prepared by an Endo-Free plasmid Maxi prep Kit (Qiagen, Valencia, CA) to remove endo-
toxin contamination.

Cell culture and transfection. DJ-1 KO mice were kindly provided by Dr. UJ Kang, Department of
Neurology, University of Chicago. DJ-1 WT and KO mouse embryo fibroblasts (MEFs) were kindly provided
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by Dr. Tak Mak, Department of Medical Biophysics, University of Toronto, Canada. Mouse primary astrocytes,
isolated from cerebral cortical tissues of 1 day postnatal mice, were cultured as previously described?*. MEF
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) in a humidified atmosphere under 5% CO, at 37 °C. MEF cells and primary astrocytes were transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Twenty four
hours post-transfection, the cells were used for further experiments. All animal procedures used in the present
study were carried out in accordance with the guidelines approved by the Ajou University School of Medicine
Ethics Review Committee for Animal Experiments, and all experimental protocols were approved by the Ajou
University School of Medicine Review Committee for Animal Experiments.

Western blotting and co-immunoprecipitation. Cell extracts were prepared in RIPA buffer (50 mM
Tris-HCL, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, and 1 mM Na;VO,) containing
protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 100 pg/ml leupeptin, 10 pg/ml pepstatin, 1 ug/ml apro-
tinin, and 2 mM EDTA) and phosphatase inhibitor cocktail (GenDEPOT, Baker, TX). After the cell extracts were
incubated for 20 minutes at 4 °C, the lysates were centrifuged at 12,000 rpm for 20 minutes at 4 °C, and the super-
natants were collected for Western blotting. The protein concentration was measured using a BCA protein assay
kit (Bio-rad, USA). The lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes. Membranes were incubated with 5% skimmed milk
for 1 hour at room temperature, and then incubated with primary antibodies overnight at 4 °C. After washing
extensively, membranes were then incubated with the horseradish peroxidase (HRP)-conjugated secondary anti-
body (Jackson Immunoresearch, West Grove, PA). The signal was detected using WESTSAVE™ (Ab FRONTIER,
Seoul, Korea), and the enhanced chemiluminescence (ECL) system.

For co-immunoprecipitation, 1 mg each supernatant was incubated with 1 g primary antibody overnight at
4°C, which was subsequently adsorbed onto protein G-agarose (Millipore, Temecula, CA). After extensive wash-
ing with ice-cold RIPA buffer, the samples were prepared in 2X SDS sample buffer for 10 minutes and loaded onto
gels for SDS-PAGE followed by Western blotting.

Isolation of the lipid rafts fraction. Cells were washed twice with ice-cold phosphate buffered saline (PBS)
and lysed in ice-cold 1% Triton X-100 buffer containing protease inhibitor cocktail (GenDEPOT, Barker, TX).
Following incubation of the cells for 10 minutes at 4 °C, the lysates were centrifuged at 12,000 rpm for 20 min-
utes at 4 °C. Supernatants were used as the soluble fraction. The pellets were washed with ice-cold PBS buffer,
solubilized in 1X SDS sample buffer and used as the insoluble fraction. The protein concentration for the soluble
fraction was measured using a BCA protein assay kit and then the loading volume for the insoluble fraction was
determined. These individual fractions were analyzed by SDS-PAGE and Western blotting.

Preparation of brain lysates. Brain tissues from WT and DJ-1 KO mice were isolated at the age of 10
weeks. Whole brain tissues were lysed by homogenization in 1 ml RIPA buffer containing protease inhibitor and
phosphatase inhibitor cocktail. Following incubation for 20 minutes at 4 °C, the tissues were sonicated, and the
lysates were centrifuged at 12,000 rpm for 20 minutes at 4°C. The supernatants were collected for Western blot-
ting. The protein concentration was measured using a BCA protein assay kit.

Immunocytochemistry. Cells grown on a glass coverslip were fixed with 4% paraformaldehyde for 10 minutes
at room temperature. The fixed cells were then washed with PBS and permeabilized with PBS containing
0.1% Triton X-100 for 10 minutes at room temperature. After washing several times with PBS, the cells were
blocked with PBS containing 5% BSA for 1hour at room temperature. The cells were then incubated with pri-
mary antibody for 1 hour at room temperature, followed by incubation with Alexa 488- or Alexa 568- conjugated
secondary antibodies (Jackson Immunoresearch, West Grove, PA) for 2 hours and Hoechst for 10 minutes for
nuclear staining. The coverslips were then mounted and observed under a confocal microscope (Zeiss, Germany).

In situ proximity ligations assay (PLA). The PLA was performed using the DuoLink PLA kit
(Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s instructions. Briefly, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100. Following treatment with DuoLink blocking
buffer, cells were incubated with diluted primary antibodies against DJ-1 and flot-1. After washing, cells were
incubated with species-specific PLA probes and two additional oligonucleotides under hybridization conditions.
Hybridization occurs when PLA probes are in close proximity, which can be subsequently ligated to form a closed
circle. A rolling-circle amplification step follows with polymerase to generate a concatemeric product, which can
be visualized with fluorophore-labeled oligonucleotides after hybridization. The slides were stained with DAPI
and analyzed using confocal microscopy (Zeiss, Germany).

Quantitative real-time PCR. Total RNA was isolated from cells, and reverse-transcription was performed
to synthesize cDNA using avian myeloblastosis virus (AMV) RT (Promega, Madison, WI). cDNA samples were
analyzed by 2 x KAPA SYBR Fast Master Mix (Kapa Biosystems, Cape Town, South Africa) on Rotor-Gene cyclers
(Corbett Research, Sydney, Australia) with specific primers. The primer sequences for PCR were as follows: forward,
5'-CGTAGACTCCGAGGGACATC-3/, and reverse, 5'-TCCCTTCTGGTTCTGCAATC-3’, for mouse cav-1;
forward, 5-AGAAGCCTTCCAGATGTACC-3’, and reverse, 5-ATGTCCAGTACTTCCCCAGT-3/, for mouse
flot-1; forward, 5-TGTTACCAACTGGGACGACA-3’, and reverse, 5-GGGGTGTTGAAGGTCTCAAA-3' for
actin as an internal control. The values of mRNA were calculated using the delta Ct method and expressed as a
change relative to the expression of actin mRNA as an internal control.
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Measurement of the total cellular cholesterol. The membrane cholesterol was measured using the
Amplex Red cholesterol assay kit (Molecular probe, Eugene, OR). MEF cells and mouse primary astrocytes were
lysed in 1x reaction buffer (0.1 M potassium phosphate, pH 7.4, 50 mM NaCl, 5mM cholic acid, 0.1% Triton
X-100) for 30 minutes at 4 °C and sonicated. The lysates were incubated with a working solution of 300 uM
Amplex Red reagent containing 2 U/ml HRP, 2 U/ml cholesterol oxidase, and 0.2 U/ml cholesterol esterase in
1x reaction buffer for 10 minutes at room temperature. Fluorescence was measured using a microplate reader
(Nex="530nm, A\, =590nm). The protein concentration was measured using a BCA protein assay kit. The mem-
brane cholesterol levels are expressed as specific fluorescence/mg protein.

Measurement of membrane fluidity using C-laurdan.  Primary astrocytes from WT and DJ-1 KO mice
cultured on glass-bottomed culture dishes were incubated with culture media containing 0.5 uM C-laurdan (SFP
Co., Ltd, Chungbuk, Korea) for 20 minutes at 37 °C. The membrane fluidity observed using two-photon fluores-
cence images was obtained with spectral confocal multiphoton microscopes (Leica TCS SP2, Wetzlar, Germany).
The intensity images of C-laurdan were recorded with the emission in the range of 400-460 nm and 470-530 nm
with two channels of PMT. Generalized polarization (GP) values for each pixel were obtained using the GP analy-
sis program, an Image] plugin (http://imagej.nih.gov/ij/), and were processed as described previously””. GP values
range from —1, corresponding to the highest fluidity, to +1 for the lowest fluidity.

In vitro lipid rafts-dependent endocytosis assay. WT and DJ-1 KO MEF cells were transfected with
WT DJ-1, mCherry-tagged flot-1 and cav-1, and Flag-tagged WT DJ-1 and DJ-1 mutants (M26I, and L166P).
The cells were incubated with 50 nM BOIPY FL Cs-lactosylceramide for 10 minutes, fixed, and incubated with
Hoechst for nuclear staining. Subsequently, they were mounted and observed under a confocal microscope (Zeiss,
Germany). The intensity of LacCer was analyzed by the Image] (http://imagej.nih.gov/ij/) program.

Glutamate uptake assay. Primary astrocytes from WT and DJ-1 KO mice were cultured in 24-well plates
to measure the uptake of L-[3,4-*H] glutamic acid. Cells were incubated with media containing 0.4 pCi L-[3,4-*H]
glutamic acid for 10 minutes at room temperature. The media were then removed, and the cells were washed twice
with ice-cold PBS in order to terminate glutamic acid uptake. Cells were lysed with 0.5ml] 1 N NaOH, and the
accumulated radiolabeled glutamic acid was measured using liquid scintillation counting. The concentration of
total cell protein was used as a reference, which was determined using a BCA protein assay kit.

Statistical analysis.  All values are expressed as the mean + SEM. Statistical significance was evaluated using
the Graphpad software (San Diego, CA).
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