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Cdkb-mediated phosphorylation of endophilin B1
IS required for induced autophagy in models of

Parkinson’s disease

Alan S. L. Wong"*?, Rebecca H. K. Lee*?, Anthony Y. Cheung"**, Patrick K. Yeung*, Sookja K. Chung*?,

Zelda H. Cheung"**® and Nancy Y. Ip»**®

Cyclin-dependent kinase 5 (Cdkb5) is a serine/threonine kinase that is increasingly implicated in various neurodegenerative
diseases. Deregulated Cdk5 activity has been associated with neuronal death, but the underlying mechanisms are not well
understood. Here we report an unexpected role for Cdk5 in the regulation of induced autophagy in neurons. We have identified

endophilin B1 (EndoB1) as a Cdk5 substrate, and show that Cdk5-mediated phosphorylation of EndoB1 is required for autophagy
induction in starved neurons. Furthermore, phosphorylation of EndoB1 facilitates EndoB1 dimerization and recruitment of UVRAG
(UV radiation resistance-associated gene). More importantly, Cdk5-mediated phosphorylation of EndoB1 is essential for autophagy

induction and neuronal loss in models of Parkinson’s disease. Our findings not only establish Cdk5 as a critical regulator of
autophagy induction, but also reveal a role for Cdk5 and EndoB1 in the pathophysiology of Parkinson’s disease through

modulating autophagy.

Cdk5 is a proline-directed serine/threonine kinase that is activated
on binding to the neural-specific activators p35 and p39. Cdk5
modulates many cellular processes, including neuronal migration,
survival, differentiation and synaptic functions'~>. Whereas basal Cdk5
activity is important for neuronal survival*®, aberrant Cdk5 activation
is associated with neurodegenerative conditions. For example,
calpain-mediated generation of p25 from p35 has been observed in
neurodegenerative disorders such as Parkinson’s disease, Alzheimer’s
disease and Huntington’s disease’'°. As the most common movement
disorder, Parkinson’s disease is characterized by dopaminergic neuron
loss in the substantia nigra and the presence of Lewy bodies
composed predominantly of aggregated a-synuclein. Despite its
prevalence, the pathogenic mechanism underlying Parkinson’s disease
remains enigmatic'"'2. Interestingly, Cdk5 has been demonstrated to
exhibit a critical role in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-mediated neuronal toxicity, one of the best characterized
Parkinson’s disease models”>'>. MPTP, a neurotoxin that leads to
selective degeneration of the substantia nigra neurons'?, increases
Cdk5 activity and triggers neuronal loss through inactivation of
survival factor MEF2 (myocyte enhancer factor 2), antioxidant enzyme

Prx2 (peroxiredoxin 2) and DNA damage repair enzyme Apel
(apurinic/apyrimidinic endonuclease 1; refs 9,13,14).

Autophagy (also known as macroautophagy) is a homeostatic process
for the turnover of cytoplasmic contents and organelles through
the engulfment of cargo into double-membraned autophagosomes,
which subsequently fuse with endosomes and lysosomes for cargo
degradation!>!®, Recently, deregulation of autophagy has been linked
with Parkinson’s disease. Autophagosome accumulation is evident

1718 and in Parkinson’s disease models

A53T

in Parkinson’s disease brains
including MPTP toxicity and overexpression of the a-synuclein
mutant'®?2. Although basal levels of autophagy and chaperone-
mediated autophagy are critical for the clearance of a-synuclein
aggregates®2’

neuronal loss?®*. Whether autophagy activation in Parkinson’s disease

, excessive autophagy has also been associated with

is protective or detrimental therefore remains unknown. Here we report
a further mechanism by which Cdk5 contributes to neuronal loss in
Parkinson’s disease models. We identify EndoB1, a protein previously
implicated in autophagy induction in fibroblasts®, as a Cdk5 substrate
and show that its phosphorylation is required for autophagy induction
and neuronal loss in Parkinson’s disease models.
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Figure 1 EndoB1 is a substrate of Cdk5/p35. (a) p35 interacts with
EndoB1 in a GST pulldown assay. (b,c) EndoB1 co-immunoprecipitates
(IP) with p35 in COS-7 cell lysates expressing p35 and full-length
EndoB1 (b) and adult rat brain lysate (c). (d) Putative Cdk5
phosphorylation site(s) in the EndoB1 sequence. Two proline-directed
threonine residues (arrows) are present with a Cdk5 consensus site
found at Thr 145 (underlined). (e) Dose-dependent phosphorylation

RESULTS

Cdk5 phosphorylates EndoB1 at Thr 145

A yeast two-hybrid screen was carried out, in which a truncated
form of EndoBl (tcEndoBl1) was identified as a p35-interacting
protein (data not shown). EndoBl is a lipid-binding protein that is
concentrated on internal membranes®'~**. We found that glutathione
S-transferase (GST)-tcEndoB1, but not GST alone, pulled down p35
from COS-7 cell lysates overexpressing p35 (Fig. 1a). Furthermore,
p35 co-immunoprecipitated with full-length EndoB1 in COS-7 cells
overexpressing EndoB1 and p35 (Fig. 1b) and brain lysates (Fig. 1¢c),
indicating that p35 associates with EndoB1 in the brain.

Sequence analysis revealed that EndoB1 contains two potential Cdk5
phosphorylation sites at Thr 145 and Thr 269 (Fig. 1d). GST-tcEndoB1,
which contains both potential Cdk5 phosphorylation sites, was
phosphorylated by Cdk5/p35 in a dose-dependent manner (Fig. 1e). To
confirm the phosphorylation site(s), we mutated Thr 145 or Thr 269, or
both, to alanine. Cdk5/p35 failed to phosphorylate GST-tcEndoB1T4%4,
whereas mutation of Thr 269 only slightly reduced the level of
EndoB1 phosphorylation (Fig. 1f), suggesting that Cdk5 predominantly
phosphorylates EndoB1 at Thr 145. Overexpression of full-length

of EndoB1 by Cdk5/p35 in an in vitro kinase assay. (f) Cdk5/p35
phosphorylates EndoB1 at Thr 145 in an in vitro kinase assay.
(g) Cdk5/p35 phosphorylates EndoB1 at Thr 145 in COS-7 cells.
(h) Cdk5 phosphorylates EndoB1 at Thr 145 in Cdk5*/*, but not
Cdk 5=/~ mouse brains. Quantification of p-Thr145-EndoB1 level is
shown in the right panel. Data are means + s.e.m.; n=3. Uncropped
images of blots are shown in Supplementary Fig. S8.

wild-type EndoB1 or EndoB1T'*A together with Cdk5/p35 in
COS-7 cells confirmed these observations. Whereas no Thr 145-
phosphorylated EndoB1 was detected in the absence of Cdk5/p35
expression or when T145A EndoB1 was expressed, overexpression
of Cdk5/p35 significantly increased Thr 145 phosphorylated EndoB1
(Fig. 1g), demonstrating that EndoB1 is phosphorylated at Thr 145 by
Cdk5. Importantly, the level of Thr 145-phosphorylated EndoB1 was
significantly reduced in the brains of Cdk5~/~ mice (Fig. 1h), revealing
the importance of Cdk5 as an endogenous kinase for EndoB1 in vivo.

EndoB1 phosphorylation by Cdk5 mediates starvation-induced
autophagy

To explore the physiological significance of EndoBl1 Thr 145
phosphorylation by neural-specific Cdk5, its effects on autophagy
in neurons were investigated, as EndoB1 has been implicated in
autophagy induction in fibroblasts™. Autophagosome formation
induced by starvation was monitored by measuring the processing
of microtubule-associated protein light chain 3 (LC3), a cytosolic
protein that on autophagy induction is processed from LC3-

16,35

I to LC3-II through lipid conjugation'®”. We also visualized
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LC3-II recruitment to autophagosomes through overexpression
of a red fluorescent protein (RFP)-LC3 construct, which during
autophagosome formation changes from a diffuse to a punctate
pattern. Starvation of cortical neurons significantly increased the
percentage of cells exhibiting RFP-LC3 puncta (Fig. 2a). Furthermore,
starvation induced a marked increase in LC3-II levels that was
significantly attenuated by 3-methyladenine (3-MA), an autophagy
inhibitor (Fig. 2a). These observations indicated that starvation induces
autophagy in cortical neurons.

Interestingly, knockdown of EndoB1 expression using a pSUPER
construct encoding a short interfering RNA (siRNA) sequence against
EndoBI essentially abrogated the increase in LC3-II levels induced by
starvation, in addition to markedly reducing the percentage of starved
neurons with RFP-LC3 puncta (Fig. 2b). To examine whether the effect
of EndoB1 knockdown on the formation of RFP-LC3 puncta involved
enhanced autophagosome degradation, neurons expressing RFP-LC3
were treated with the lysosomal inhibitors E64d and pepstatin A. We
found that, whereas treatment with lysosomal inhibitor increased the
basal level of cells containing RFP-LC3 puncta in both the control
and EndoBl-knockdown cells, the effect of EndoB1 knockdown
on starvation-induced RFP-LC3 punctum formation was minimal
(Fig. 2b). Collectively, these observations revealed that EndoBl
expression is crucial for autophagy induction in starved neurons.

We next investigated the involvement of Cdk5 in autophagy
regulation by EndoB1. Both Cdk5 activity and Thr 145-phosphorylated
EndoB1 levels were significantly elevated in starved neurons (Fig. 2c).
Treatment with the Cdk5-selective inhibitor roscovitine (Ros)
abrogated induction of Thr 145-phosphorylated EndoB1 in cortical
neurons, indicating that Cdk5 is essential for EndoB1 phosphorylation
at Thr 145 during starvation (Fig. 2d). Furthermore, Ros markedly
reduced the starvation-induced increase in the LC3-II level and the
percentage of cells exhibiting RFP-LC3 puncta (Fig. 2d). Knockdown
of Cdk5 expression essentially abrogated the starvation-induced
increase in Thr 145 EndoB1 phosphorylation, LC3-II levels and the
percentage of starved neurons exhibiting RFP-LC3 puncta (Fig. 2e).
Interestingly, knockdown of Cdk5 expression also upregulated the
level of LC3-II in control cells (Fig. 2e). Nonetheless, as the increase
was not recapitulated by quantification of RFP-LC3 puncta, the
elevation in LC3-1II level may not reflect changes in autophagosome
formation®®. More importantly, overexpression of the EndoB1714%4
mutant, but not wild-type or the phospho-mimetic mutant of
EndoB1 (T145E), inhibited the starvation-induced increase in LC3-II
levels and the percentage of cells exhibiting RFP-LC3 puncta in
cortical neurons (Fig. 2f). Collectively, our findings demonstrate that
Thr 145 phosphorylation of EndoB1 is required for starvation-induced
autophagy in neurons.

EndoB1 phosphorylation does not affect its lipid binding

EndoB1 contains an amino-terminal amphipathic helix and a BAR
(Bin—Amphiphysin—Rvs) domain (N-BAR domain), and at the carboxy
terminus an SH3 (SRC homology 3) domain®’. The N-BAR domain
mediates direct lipid binding for curving and tubulation of lipid
bilayers®?, and is required for dimerization of endophilins, a step
essential for promoting membrane curvature and recruitment of
interacting proteins®*. The SH3 domain is involved in the recruitment
of cytoplasmic interacting partners. EndoB1 was shown to induce

autophagy induction through direct association with UVRAG (ref. 30),
a protein essential for autophagosome formation and maturation®**?,
through its SH3 domain. EndoB1 association with UVRAG recruits
Beclin 1 to initiate autophagosome formation®. Interestingly, the
N-BAR domain of EndoBl is also required for autophagosome
formation in fibroblasts®*2*. We tested whether phosphorylation
alters the lipid-binding property of EndoB1 to induce autophagy. To
disrupt lipid binding, we generated a mutant of EndoB1 in which
the five lysine/arginine residues between amino acids 176 and 183
were mutated to glutamic acid (5E). Lipid binding of the 5E mutant
was markedly reduced, compared with wild-type EndoB1, when
incubated in brain lipid extracts (Fig. 3a). In addition, dimerization
of EndoB1 (Fig. 3b) and UVRAG recruitment (Fig. 3¢) were abolished
in the 5E mutant, indicating that the lipid-binding property of
EndoBl is critical for EndoB1 dimerization and UVRAG recruitment.
Importantly, overexpression of the 5E EndoBl mutant in neurons
markedly reduced starvation-induced autophagy (Fig. 3d), revealing
that lipid binding is required for the role of EndoB1 in autophagy
induction in starved neurons.

Given that the Cdk5 phosphorylation site, Thr 145, is in the
N-BAR domain, we tested whether phosphorylation affects EndoB1
binding to lipids. Interestingly, both purified full-length T145A
and T145E mutants bound lipid at a comparable level, which was
slightly reduced when compared with wild-type EndoB1, but the
difference was not statistically significant (Fig. 3e). Similar obser-
vations were obtained using the purified N-BAR domain of wild-
type, T145A and T145E EndoBl (Supplementary Fig. S1), indi-
cating that Thr 145 phosphorylation negligibly affected EndoBl
lipid binding. In addition, we tested whether Thr 145 phospho-
rylation regulates EndoB1 recruitment to Atg5 (autophagy-related
5)-positive vesicles. Consistent with earlier observation in fibroblasts®,
starvation triggered a marked increase in the co-localization of
GFP-tagged wild-type EndoB1 signals with Atg5 immunoreactiv-
ity. Interestingly, GFP-tagged wild-type and EndoB17*** were re-
cruited to Atg5-positive entities at comparable levels after star-
vation (Fig. 3f). Taken together, our observations indicate that
Thr 145 phosphorylation of EndoB1 by Cdk5 does not substan-
tially affect lipid binding of EndoBl or its recruitment to Atg5-
positive autophagic vacuoles.

EndoB1 phosphorylation enhances UVRAG binding

We next investigated whether Thr 145 phosphorylation regulates
EndoB1 dimerization to modulate UVRAG recruitment. Interestingly,
Cdk5/p35 overexpression significantly enhanced the dimerization
of haemagglutinin (HA)-tagged EndoB1 with GFP-tagged EndoB1
(Fig. 4a). Furthermore, dimerization of EndoB17E was markedly en-
hanced when compared with that of wild-type EndoB1 or EndoB17!4>*
in the absence of Cdk5/p35 co-expression (Fig. 4b). We next inves-
tigated whether Cdk5 modulated UVRAG recruitment to EndoB1.
Interestingly, EndoB1 and UVRAG co-immunoprecipitation was
significantly reduced in Cdk5~/~ brain lysates (Fig. 4c). Furthermore,
the association of EndoB17%** with UVRAG (Fig. 4d) and Beclin 1
(Fig. 4e) was significantly weaker than that observed for wild-type
EndoBl. We next carried out a gel-filtration assay using mouse brain
extracts to examine the distribution of Thr 145-phosphorylated EndoB1
in relation to other proteins involved in autophagosome formation.
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Figure 2 Cdk5-mediated phosphorylation of EndoB1 is required for
starvation-induced autophagy in neurons. (a) Left: starvation increases
the level of RFP-LC3 puncta (arrows) in rat cortical neurons. Middle:
quantification of the percentage of cells with RFP-LC3 puncta. Right:
pretreatment with 10 mM 3-MA attenuates the starvation-induced increase
in LC3-1l level in neurons. Data are means + s.e.m.; n=3. Samples
were run on the same gel and spliced together to create the image shown.
(b) Knockdown of EndoB1 abolishes the starvation-induced increase in
LC3-1I levels (left) and the percentage of cells with RFP-LC3 puncta (right)
in neurons. Data are means + s.e.m.; n=3. (c) Starvation enhances Cdk5

activity (top) and increases the level of Thr 145-phosphorylated EndoB1 in
neurons (top and bottom). Histone H1 was used as a Cdk5 substrate. Data
are means =+ s.e.m.; n=3. (d,e) Pretreatment with Ros (d) or knockdown of
Cdkb5 (e) attenuates starvation-induced EndoB1 phosphorylation at Thr 145
and autophagy induction in neurons. Data are means + s.e.m.; n=3

for d and n=28 for e. DMSO, dimethylsulphoxide. (f) Overexpression of
EndoB1T#% significantly reduces the starvation-induced increase in LC3-I
levels (left) and the percentage of cells with RFP-LC3 puncta (right) in
neurons. Data are means + s.e.m.; n=6. Uncropped images of blots are
shown in Supplementary Fig. S8.
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Figure 3 Thr 145 phosphorylation of EndoB1 does not affect its lipid
binding and co-localization with Atg5. (a) Left: lipid binding of EndoB1
is inhibited by mutating the five lysine/arginine residues between amino
acids 176 and 183 of EndoB1 to glutamic acid (5E mutant). Right: purified
GST protein was included as a negative control. S, supernatant fraction; P,
pellet fraction that contains the lipid-bound proteins. (b,c) The 5E mutant
of EndoB1 fails to dimerize (b) and interact with UVRAG (c) in 293T cells.
(d) Overexpression of the 5E mutant of EndoB1 blocks starvation-induced
autophagy in cortical neurons. Data are means + s.e.m.; n=3. (e) Mutation

Thr 145-phosphorylated EndoB1 was detected in fractions 24-26 of the
membrane fraction of mouse brain lysates, co-eluting with UVRAG,
Beclin 1, p35 and Cdk5 (Fig. 4f). In addition, we observed reduced
EndoB1 levels in the membrane fractions of Cdk5~/~ brain lysates,
accompanied by increased EndoB1 levels in the cytoplasmic fractions
(Supplementary Fig. S2). More importantly, co-immunoprecipitation
of EndoB1 with Beclin 1 and UVRAG in wild-type mice was observed
only in the fractions where Thr 145-phosphorylated EndoB1 was
detected (Fig. 4g). In addition, co-immunoprecipitation of the three
proteins was detected at fraction 26, which corresponded to the
approximate molecular weight of a potential complex consisting of an
EndoB1 dimer, UVRAG and Beclin 1 (Fig. 4g). These observations are
consistent with earlier findings demonstrating that membrane-bound
endophilins are dimers**. Our findings collectively suggest that Thr 145

of Thr 145 to alanine (T145A) or glutamic acid (T145E) has negligible

effect on the lipid-binding property of EndoB1. Conversely, the 5E mutant
is less able to bind lipid. The right panel shows quantified data as means
+ s.e.m.; n=3. (f) Starvation increases co-localization of GFP-EndoB1

(green) with Atgb (red) in neurons. The T145A mutation of GFP-EndoB1
does not affect its co-localization with Atgb-positive entities. Arrows denote
GFP-EndoB1- and Atgbh- positive vesicles. The right panel shows quantified
data as means + s.e.m.; n=9. Uncropped images of blots are shown in
Supplementary Fig. S8.

phosphorylation of EndoB1 by Cdk5 favours EndoB1 dimerization,
which then facilitates recruitment of UVRAG and Beclin 1 to trigger
autophagosome formation.

EndoB1 phosphorylation by Cdk5 mediates autophagy in
Parkinson’s disease models

Deregulation of autophagy is increasingly implicated in the
pathophysiology of Parkinson’s disease. Given the emerging link
between Cdk5 and neuronal loss triggered by MPTP toxicity, it
is plausible that the effect of Cdk5 on EndoBl and autophagy
contributes to the pathophysiology of Parkinson’s disease. We
thus examined whether autophagy is induced in MPTP-injected
mice. Consistent with earlier findings, injection of MPTP resulted
in progressive degeneration of tyrosine hydroxylase-positive cells
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Figure 4 Cdk5-mediated Thr 145 phosphorylation of EndoB1 regulates its
dimerization and interaction with UVRAG/Beclin 1. (a) Overexpression of
Cdk5/p35 enhances EndoB1 dimerization in 293T cells. Samples were
run on the same gel and spliced together to create the image shown.

(b) Thr 145 phosphorylation of EndoB1 facilitates its dimerization in 293T
cells. (c) Diminished interaction between EndoB1 and UVRAG in Cdk5~/~

in the substantia nigra’ (Fig. 5a). Interestingly, MPTP injection
increased Thr 145-phosphorylated EndoB1 and LC3-II levels in the
midbrain (Fig. 5b), whereas levels of EndoB1, Cdk5, p35 (Fig. 5b)
and p25 (data not shown) remained unchanged. Furthermore,
treatment with MPPT (1-methyl-4-phenylpyridinium) enhanced

mouse brain lysates. (d,e) Thr 145 phosphorylation of EndoB1 enhances its
interaction with UVRAG (d) and Beclin 1 (e) in 293T cells. (f,g) Gel-filtration
analysis on the membrane fraction of mouse brain lysates. Fractions
obtained were subjected to immunoblot analysis (f), or immunoprecipitation
followed by immunoblotting (g). Uncropped images of blots are shown in
Supplementary Fig. S8.

the LC3-II level (Supplementary Fig. S3a) and the percentage of
cells with RFP-LC3 puncta (Fig. 5¢) in cultured neurons. This was
accompanied by an increase in Cdk5 activity, and an elevation
in Thr 145-phosphorylated EndoB1 (Supplementary Fig. S3a).
Knockdown of EndoB1 or Cdk5 expression both markedly attenuated
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Figure 5 Cdk5-mediated Thr 145 phosphorylation of EndoB1 is involved
in autophagy triggered by MPTP. (a) MPTP administration decreases the
numbers of tyrosine hydroxylase (TH)- and cresyl violet (CV)-positive
neurons in the substantia nigra. Representative images of tyrosine
hydroxylase-stained brain sections are shown. Right panels show
quantified data as means + s.e.m.; n=9 for tyrosine hydroxylase
and n =3 for cresyl violet. (b) MPTP administration upregulates
the levels of LC3-Il and Thr 145-phosphorylated EndoB1 in the
midbrain. Lower panels show quantified data as means + s.e.m.;

n=23.

(c) Knockdown of EndoB1 or Cdk5 inhibits MPP*-induced

autophagy in cultured neurons. Data are means + s.e.m.;

p35
n=>5.

(d) Cdk5 mediates the MPP*-induced EndoB1 phosphorylation at

Thr 145 and the MPP*-induced increase in the LC3-II level in neurons.
(e) Overexpression of EndoB17145* attenuates MPP+-induced autophagy
in neurons. Data are means + s.e.m.; n=7. (f) MPTP fails to increase
LC3-Il and Thr 145-phosphorylated EndoB1 levels in the midbrain of

p357~/" mice.

The concomitant reduction in tyrosine hydroxylase level

triggered by MPTP injection is also markedly attenuated. Right panels
show quantified data as means + s.e.m.; n= 3. Uncropped images of
blots are shown in Supplementary Fig. S8.
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Figure 6 Thr 145 phosphorylation of EndoB1 by Cdk5 contributes to
a-synuclein®3T mutant-induced autophagy. (a) Upregulation of the levels
of LC3-II and Thr 145-phosphorylated EndoB1 in the cerebellum and
striatum of a-synuclein®®3T transgenic mice. Right panels show quantified
data as means =+ s.e.m.; n=23. (b) Overexpression of a-synuclein%"
mutant upregulates LC3-I1 level and Thr 145-phosphorylated EndoB1
in cultured neurons. Lower panel shows quantified data as means +

the MPP*-induced increase in the percentage of cells exhibiting
RFP-LC3 puncta (Fig. 5c). Knockdown of Cdk5 expression not
only inhibited the induction of Thr 145 phosphorylation by MPP*,
but also abrogated the MPP*-induced increase in LC3-II levels
(Fig. 5d). In addition, overexpression of EndoB114**, but not wild-type
EndoB1 or EndoB1T*%E, significantly reduced the percentage of cells
exhibiting RFP-LC3 puncta following MPP* treatment (Fig. 5e).
These observations revealed that MPP* induces autophagy in
neurons, and that Cdk5-mediated phosphorylation of EndoB1 at
Thr 145 is essential for this induction. Furthermore, MPTP injection
failed to increase LC3-II levels in the midbrain of p35-deficient
mice (Fig. 5f). Concomitantly, MPTP-induced reduction in tyrosine
hydroxylase levels was also abolished in p35-deficient mice (Fig. 5f).
These observations provide further evidence that Cdk5 activity is
essential for autophagy induction in the MPTP-toxicity model of
Parkinson’s disease.

We attempted to verify our findings with a second Parkinson’s

disease model, using mice expressing the o-synuclein®>T

mutant.
A53T and A30P mutations of a-synuclein have been associated with
familial Parkinson’s disease!!. Transgenic mice overexpressing the
A53T mutant of a-synuclein recapitulate symptoms of Parkinson’s
disease patients, with the development of cytoplasmic inclusions,
tremor, muscle rigidity and impairment of motor functions***'.
Interestingly, an increase in LC3-II levels was consistently observed
in the cerebellum and striatum of 6-month-old animals. This was
accompanied by elevation in Thr 145-phosphorylated EndoB1 (Fig. 6a)
and enhanced recruitment of UVRAG to EndoB1 (data not shown).

s.e.m.; n=23. (c) Knockdown of EndoB1 or Cdk5 inhibits a-synuclein%37
mutant-induced autophagy induction in neurons. Data are means +
s.e.m.; n=7. (d) Cdk5 mediates o-synuclein®>3T mutant-induced
Thr 145 phosphorylation of EndoB1 and the increase of LC3-Il in
neurons. (e) Overexpression of EndoB1T14%A attenuates a-synuclein®%37
mutant-induced autophagy in neurons. Data are means + s.e.m.; n=7.
Uncropped images of blots are shown in Supplementary Fig. S8.

Furthermore, a slight increase in p25 was observed in the striatum
(Fig. 6a). In agreement with our in vivo observations, overexpression of
the a-synuclein®>*T mutant increased Thr 145-phosphorylated EndoB1,
LC3-1II levels (Fig. 6b) and the percentage of cells exhibiting RFP-LC3
puncta (Fig. 6¢) in cultured neurons. Importantly, knockdown of Cdk5

in cells expressing the a-synuclein®>"

mutant not only abrogated
the increase in Thr 145-phosphorylated EndoB1, but also reversed
the elevation in LC3-II levels (Fig. 6d) and the percentage of cells
with RFP-LC3 puncta (Fig. 6¢). Furthermore, knockdown of EndoB1
(Fig. 6¢) or overexpression of EndoB17'4°* (Fig. 6e) similarly abrogated
the a-synuclein®>? mutant-induced increase in the percentage of
cells exhibiting RFP-LC3 puncta. Our observations demonstrate that
Cdk5-mediated Thr 145 phosphorylation of EndoB1 is required for
autophagy induction in cells expressing the a.-synuclein®**T mutant.
Neuronal loss in Parkinson’s disease models requires EndoB1
phosphorylation by Cdk5

Previous studies have established autophagy as a protective mechanism
critical for neuronal survival*2. Knockdown of Atg5 or Atg7, proteins es-
sential for autophagosome formation, leads to neurodegeneration®2.
Autophagy induction reduces huntingtin accumulation and neuronal
loss in a model of Huntington’s disease’”. Nonetheless, excessive
autophagy has also been associated with neuronal death?. Indeed,
we found that starvation also led to significant neuronal loss in cortical
neurons (Supplementary Fig. S4a). Knockdown of Atg5 expression,
which inhibited the starvation-triggered increase in LC3-II levels

(Supplementary Fig. S4b), also reduced neuronal survival in the
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Figure 7 Cdkb5-mediated Thr 145 phosphorylation of EndoB1 is
required for MPP+- and a-synuclein®®3T mutant-induced neuronal death.
(a) Pretreatment with 3-MA, but not z-VAD-fmk, significantly reduces
MPP*-induced neuronal death. Data are means + s.e.m.; n=6.
(b) Knockdown of Atgh expression abrogates MPP*-induced neuronal
loss, whereas it reduces neuronal survival in untreated cells. Data are
means + s.e.m.; n=3. (c) Knockdown of EndoB1 or Cdk5 expression
abolishes MPP*-induced neuronal death. Data are means + s.e.m.;
n=38. (d) Overexpression of EndoB1™#>* inhibits MPP*-induced neuronal

untreated cells, albeit to a lesser extent, confirming that the basal level of
autophagy contributed to neuronal survival (Supplementary Fig. S4c).
Nonetheless, Atg5 knockdown markedly attenuated starvation-induced
neuronal loss (Supplementary Fig. S4c). In addition, Atgl2 knockdown
attenuated autophagy activation and reduced neuronal survival in
untreated cells, whereas it reversed starvation-induced neuronal loss
(Supplementary Fig. S5a,b). We also examined the effect of the mTOR
(mammalian target of rapamycin) inhibitor rapamycin (a known

27,43

autophagy inducer)*”* on the survival of starved neurons. Rapamycin

elevated the percentage of cells with RFP-LC3 puncta in control
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death. Data are means + s.e.m.; n=>5. (e) Pretreatment with 3-MA, but
not z-VAD-fmk, reduces a-synuclein®3T mutant-induced neuronal death.
Data are means + s.e.m.; n=6. (f) Knockdown of Atg5 expression
abolishes a-synuclein®®3T mutant-induced neuronal death, whereas it
reduces neuronal survival in vector-transfected cells. Data are means +
s.e.m.; n=3. (g) Knockdown of EndoB1 or Cdk5 expression abolishes
a-synuclein®®3T mutant-induced neuronal death. Data are means +
s.e.m.; n=4. (h) Expression of EndoB1™4%A inhibits a-synucleinA3T
mutant-induced neuronal death. Data are means £ s.e.m.; n=6.

neurons, but not in starved neurons (Supplementary Fig. S4d), possibly
owing to a ceiling effect. Rapamycin also failed to regulate the survival of
starved neurons, although it compromised neuronal survival in control
neurons (Supplementary Fig. S4e). These observations collectively
suggest that aberrant activation of autophagy may lead to neuronal loss,
and an optimal level of autophagy is required for neuronal survival.

As starvation-induced autophagy contributes to neuronal death,
we examined whether induction of autophagy led to neuronal loss
in Parkinson’s disease models. MPP* treatment markedly reduced
neuronal survival by 48-72 h (ref. 7, Supplementary Fig. S3b). Previous
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studies have demonstrated that different modes of cell death are elicited
with different concentrations of MPTP (refs 12,44). To delineate
the contribution of apoptosis and autophagy to MPP*-induced
neuronal loss, cultured neurons were pretreated with autophagy
inhibitor 3-MA, or a pan-caspase inhibitor z-VAD-fmk, before MPP*
treatment. Whereas z-VAD-fmk was ineffective in reducing neuronal
loss, treatment with 3-MA significantly attenuated cell death induced
by MPP* stimulation (Fig. 7a), indicating that autophagy contributed
at least partially to MPP*-induced neuronal loss. Consistent with our
observation in starved neurons, whereas knockdown of Atg5 (Fig. 7b)
or Atgl2 (Supplementary Fig. S5c¢) expression slightly decreased
neuronal survival in the untreated cells, MPP*-induced neuronal
loss in culture was markedly attenuated on reduction of Atg5 or
Atg12 expression. These findings suggest that Atg5/Atgl2-mediated
autophagy is pivotal for MPP*-induced neuronal loss. Knockdown of
EndoB1 or Cdk5 expression also abrogated MPP*-induced cell loss
(Fig. 7c), which is consistent with an earlier observation that caspase-
independent cell death is suppressed in EndoB1-deficient fibroblasts*.
Furthermore, overexpression of EndoB17'***, but not wild-type
EndoB1 or EndoB1™%%E, significantly attenuated neuronal loss
triggered by MPP™ treatment (Fig. 7d). Collectively, our observations
revealed that MPTP toxicity induces autophagy-mediated neuronal loss,
which is dependent on Thr 145 phosphorylation of EndoB1 by Cdk5.
Consistent with an earlier study?!, overexpression of the
a-synuclein®T mutant led to neuronal loss (Fig. 7¢). Pretreatment
with 3-MA, but not z-VAD-fmk, significantly attenuated this neuronal
loss (Fig. 7e). Knockdown of Atg5 (Fig. 7f) or Atgl2 (Supplementary
Fig. S5d) also abrogated neuronal loss, whereas it reduced survival in
vector-transfected cells (Fig. 7f and Supplementary Fig. S5d). These
observations collectively suggest that autophagy induction contributes
to the a-synuclein®*T mutant-induced neuronal loss. Importantly, we
found that knockdown of EndoB1 or Cdk5 both nearly abolished
this neuronal loss (Fig.7g), and overexpression of EndoB1T!4%A
significantly reduced it (Fig. 7h). Thus, Thr 145 phosphorylation of
EndoBl is critical for neuronal loss induced by overexpression of the
AS3T

a-synuclein®”" mutant.

DISCUSSION

Here we identify Cdk5 and EndoBl as essential components in
starvation-induced autophagy in neurons, in addition to revealing
that elevation of Cdk5 activity leads to autophagy activation
and neuronal loss in models of Parkinson’s disease (Fig. 8). The
significance of our findings is several-fold. First, we demonstrate the
critical involvement of Cdk5 in autophagy regulation in neurons.
Cdk5-mediated phosphorylation of EndoB1 at Thr 145 facilitates
EndoB1 dimerization, UVRAG/Beclin 1 recruitment and autophagy
induction in starved neurons. In agreement with these observations,

overexpression of EndoB1T4°E

, which exhibits markedly enhanced
dimerization, increases the percentage of cells with RFP-LC3 puncta
in Cdk5-knockdown neurons following starvation (Supplementary Fig.
S6). This suggests that Thr 145 phosphorylation of EndoB1 is sufficient
to trigger starvation-induced autophagy. Intriguingly, overexpression
of EndoB1™4°E fails to induce autophagy in unstarved neurons (Fig. 2f)
and unstarved Cdk5-knockdown neurons (Supplementary Fig. S6).
These observations suggest that, in the absence of autophagy-inducing

stress, dimerization of EndoB1 alone may be insufficient to trigger
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Figure 8 Proposed model for the role of Cdk5 and EndoB1 in induced
autophagy and neuronal death. Cdk5-mediated Thr 145 phosphorylation
of EndoB1 is required for induced autophagy and cell death in
neurons. Starvation, treatment with MPTP/MPP* and overexpression

of the a-synuclein®®3T mutant increase the level of EndoB1 Thr 145
phosphorylation by Cdk5/p35 in neurons. Phosphorylation of EndoB1
promotes its dimerization and recruitment of the UVRAG/Beclin 1 complex
to induce autophagy.

autophagy. In support of this hypothesis, elevation of Cdk5 activity
through overexpression of Cdk5/p35 in HEK293T cells, which lack
p35 expression and Cdk5 activity, does not increase LC3-II levels
in the absence of autophagy-inducing stimuli (Supplementary Fig.
S7a). Overexpression of Cdk5 or p35 in cortical neurons also fails
to increase LC3-II levels, the percentage of cells exhibiting RFP-LC3
puncta or neuronal loss (Supplementary Fig. S7b—d). Taken together,
our observations indicate that, although Thr 145 phosphorylation of
EndoB1 by CdkS5 is required for autophagy induced by a number of
autophagy-triggering stimuli, this pathway may not be sufficient to
trigger autophagy in unchallenged neurons.

Our observations demonstrate that Thr 145 phosphorylation of
EndoBl1 is important for recruitment of UVRAG and Beclin 1.
It should be noted that, although we focus on the involvement
of EndoBl and UVRAG in autophagosome formation, UVRAG
is also implicated in autophagosome maturation and endocytic
trafficking of epidermal growth factor receptor®®. Interestingly, we have
previously identified EndoB1 as a regulator of TrkA (high-affinity nerve
growth-factor receptor) endocytic trafficking®. It is thus plausible that
EndoB1, in combination with UVRAG, may also regulate fusion of
autophagosomes with endocytic vesicles to control the degradation
of autophagosome cargo. It will be interesting to further explicate the
mechanisms by which autophagy is regulated by these molecules.

A second important aspect of our findings is the demonstration
of autophagy regulation as a mechanism by which Cdk5 modulates
Cdk5 has been
demonstrated to trigger MPTP-induced neuronal death by regulating

neuronal loss in Parkinson’s disease models.

survival factor MEF2, antioxidant enzyme Prx2 and DNA damage
repair enzyme Apel (refs 9,13,14). Our observation not only identifies
EndoB1 as an important component in Parkinson’s disease pathology,
but also indicates that Cdk5 activation may trigger neuronal death
through multiple pathways in Parkinson’s disease, underscoring the
pivotal role of Cdk5 in Parkinson’s disease pathophysiology. Notably, as
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deregulated Cdk5 activity and abnormality in the autophagic pathway
have also been observed in other neurodegenerative disorders such
as Alzheimer’s disease?®, the identification of Cdk5 and EndoBl1 as
essential components in induced autophagy raises the interesting
possibility that these two proteins may also play a role in other
neurodegenerative diseases through regulation of autophagy activation.

Importantly, our findings reveal autophagy deregulation as a patho-
physiological mechanism of Parkinson’s disease by demonstrating that
autophagy is induced in Parkinson’s disease models. Our evidence
suggests that aberrant activation of autophagy may lead to cell loss
instead of serving a protective role in Parkinson’s disease. There has
been a long-standing controversy concerning the precise nature of
autophagy in neurodegenerative diseases. Earlier studies indicated
that basal levels of chaperone-mediated autophagy and autophagy
are critical for the clearance of protein aggregates and prevention of
neurodegeneration’?’. Nonetheless, whether autophagy activation
in various neurodegenerative diseases serves a protective role or a
detrimental role remains incompletely understood. We have provided
evidence that at least part of the cell loss can be attributed to
the autophagic pathway, revealing a pathological role of aberrant
autophagy activation. Interestingly, similar observations have been
obtained in starved neurons, suggesting that aberrant autophagy
activation induced by other stressors may also result in neuronal
loss. In addition, as rapamycin also compromises neuronal survival
in unstarved cells, our findings raise the need to re-examine the
use of autophagy activators as therapeutic agents against Parkinson’s
disease, and indicate that maintaining autophagy at an optimal
level might be the key to attenuating neuronal loss in Parkinson’s
disease. As Cdk5-mediated phosphorylation of EndoB1 is required
for autophagy induced by several stressors, but has a negligible
effect on basal autophagy, our findings suggest that this pathway
may be selectively activated under pathological conditions. Indeed,
inhibition of the Cdk5/EndoB1-mediated signalling attenuates only
pathological autophagy activation and neuronal loss, while sparing
the basal level of autophagy that is critical for neuronal function and
survival. The identification of pathways that are selectively activated
during pathological conditions also suggests that different machinery
may be implicated in the control of basal and induced autophagy
under pathological conditions. In support of this hypothesis, a recent
study identified the engulfment receptor Draper as a factor that is
selectively involved in autophagy activation during cell death®. It
will be interesting to further delineate the molecular mechanisms
implicated in the control of basal and induced/pathological autophagy,
which will provide important insights for the development of selective
autophagy inhibitors as therapeutics for Parkinson’s disease. |

METHODS

Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website
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METHODS

Plasmids and RNA interference. The expression vector of mRFP-LC3 was a
gift from T. Yoshimori (Osaka University, Japan). Wild-type o-synuclein and
a-synuclein®>T constructs were gifts from V. M. Y. Lee (University of Pennsylvania
School of Medicine, USA). pcDNA3-Beclin 1 construct (no. 21150) was obtained
from Addgene’. The pCMV-SPORT6 vector of UVRAG was obtained from
Invitrogen. The pcDNA3 vectors of p35, Cdk5 and EndoB1 were prepared as
previously described®*#*. The last 30 nucleotides of EndoBI are absent from
the truncated EndoB1 construct. EndoB1 mutants were constructed by mutating
Thr 145, Thr 269 or both to alanine or glutamic acid using the overlapping
PCR technique. The EndoBl 5E mutant was prepared by mutating Lys 176,
Arg 178, Lys 180, Lys 181 and Lys 183 residues to glutamic acid. GFP-, HA-
and GST-tagged EndoB1 constructs were generated by subcloning the EndoBI
sequence into expression vectors pPEGFP-N1, pcDNA3-HA (Invitrogen) and pGEX-
6P-1 (Amersham-Biosciences), respectively. The Flag-tag sequence was inserted
into EndoBl constructs by the standard PCR technique. For gene knockdown
by RNA interference (RNAi), pSUPER vector-based small hairpin RNAs of
EndoBl1, Cdk5, Atg5 and Atgl2 were constructed as previously described**%%0,
The RNAI target sense sequence for EndoB1 is 5'-AAGCTGCAGAAACTAAAAG-
3’, that for Cdk5 is 5-TGCCACGGGGAGAGACCTG-3/, that for Atg5 is 5'-
ATCTGAGCTATCCAGACAA-3' and that for Atgl2 is 5-GGGACGTGCATAGTT-
TAAA-3.

Antibodies. The antibody against a-synuclein (SNL-1) was a gift from V. M. Y. Lee
(University of Pennsylvania School of Medicine, USA). Other antibodies used
include anti-GST (1:1,000; Amersham-Biosciences), anti-HA (1:1,000; Roche Ap-
plied Science), anti-Atgl2 (1:2,000; C18, Santa Cruz Biotechnology), anti-Cdk5
(1:1,000; C8 and DC17, Santa Cruz Biotechnology), anti-p35 (1:1,000; C-19,
Santa Cruz Biotechnology), anti-EndoB1 (1:1,000; Imgenex), anti-tyrosine hydrox-
ylase (1:1,000; Imgenex), anti-Atg5 (1:1,000; Novus Biologicals), anti-UVRAG
(1:1,000; Sigma-Aldrich), anti-a-tubulin (1:10,000; Sigma-Aldrich), anti-f-actin
(1:10,000; Sigma-Aldrich), antiphospho-Thr-Pro (1:1,000; Cell Signaling Technol-
ogy), anti-GFP (1:1,000; Cell Signaling Technology), anti-LC3B (1:1,000; Cell
Signaling Technology) and anti-Beclin 1 (1:1,000; Cell Signaling Technology).
Anti-phospho-Thr145-EndoB1 antibody was raised in rabbit immunized with a
synthetic peptide encoding the 141-155 amino acids of EndoBl (CNFLTPLRN-
FIEGDY; Invitrogen), and was purified from serum using SulfoLink Coupling
Gel (Pierce).

Animals. Sprague Dawley rats and C57BL/6 mice were used in this study. Cdk5-
knockout mice were provided by A. B. Kulkarni (National Institutes of Health,
USA) and T. Curran (St Jude Children’s Research Hospital, USA). p35-knockout
mice were provided by L. H. Tsai (Massachusetts Institute of Technology, USA).
a-synuclein®*" transgenic mice were obtained from The Jackson Laboratory. Mice
were collected at the desired stage and genotyped.

MPTP administration. MPTP was administrated to 10-week-old male mice
(26-31g) as previously reported’. In brief, a single injection of 25mgkg™" 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP.HCI, Research Biochemicals
International) was administered subcutaneously to the mice daily for five
consecutive days. An equivalent volume of 0.9% saline was used as the vehicle. Mice
were killed at days 0, 1, 3 and 5 after the last injection. The brain was dissected for
protein extraction or fixed in 10% formalin (BDH, VWR international) for further
immunohistochemical study.

Primary neuron cultures and transfection. Primary cortical neuron cultures
were prepared from rat embryos at E18 and maintained as previously described***.
Neurons were transfected with a primary neuron nucleofection kit (Amaxa
Biosystems) according to the manufacturer’s instructions before cell plating.
Alternatively, neurons were plated and transfected at 3—-5 days in vitro using calcium
phosphate precipitation. To starve the neurons, cells were washed once with Earle’s
Balanced Salt Solution (Sigma-Aldrich), and then cultured with Earle’s Balanced
Salt Solution for 3 h. For treatment with 1-methyl-4-phenylpyridinium (MPP"),
20uM MPPT (Sigma-Aldrich) was added to the neuron cultures for 16h for
assessment of autophagy induction, and 72h for quantification of cell viability.
Autophagy induction and neuronal survival in cells expressing the a-synuclein®>T
mutant were quantified at day 5 after transfection. In some experiments, cultured
neurons were treated with 10mM 3-MA, 10 ugml™" E64d, 10 ugml™" pepstatin
A (Sigma-Aldrich), 20 uM z-VAD-fmk (Promega), 10nM rapamycin or 10 uM
roscovitine (Calbiochem) for 30 min before starvation, 1h before treatment with
MPP* or 1 day after transfection of a-synuclein.

Cell cultures and transfection. HEK293T and COS-7 cells were obtained
from the American Type Culture Collection. HEK293T and COS-7 cells were
cultured in DMEM supplemented with 10% heat-inactivated fetal bovine
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serum, penicillin (50 unitsml™!) and streptomycin (100 ugml™') at 37°C in a
humidified atmosphere with 5% CO,. HEK293T and COS-7 cells were transfected
with Lipofectamine Plus transfection reagents (Invitrogen) according to the
manufacturer’s instructions.

Protein extraction, immunoprecipitation, in vitro pulldown assay and
immunoblot analysis. Protein extraction, fractionation of membrane and
cytosolic proteins, gel filtration assay, in vitro pulldown assay, in vitro kinase
assay, immunoprecipitation and immunoblotting were carried out as previously
described*>**2. Briefly, 500 pg—2 mg of protein lysate was incubated with 1-2 ug
of the corresponding antibody at 4°C overnight with end-to-end rotation for
immunoprecipitation. The antibody was pulled down by incubation with protein
G-Sepharose beads (Amersham Biosciences). For in vitro pulldown assays, GST
fusion proteins were expressed in Escherichia coli (BL21 strain) and purified using
a glutathione-Sepharose 4B column according to the manufacturer’s instructions
(GE Healthcare). Purified GST fusion protein was incubated with cell lysate
expressing the desired protein, followed by pulldown using glutathione-Sepharose
beads (GE Healthcare). The bound proteins were subjected to SDS-PAGE and
immunoblot analysis.

Lipid-binding assay. GST fusion proteins of EndoB1 were expressed in E. coli
(BL21 strain) and purified using a glutathione-Sepharose 4B column according
to the manufacturer’s instructions (GE Healthcare). GST was cleaved from the
fusion proteins using PreScission protease (GE Healthcare). The lipid-binding
assay was carried out as previously described®. The supernatant fraction with
proteins unbound to lipids was collected, and the pellet fraction with proteins
bound to lipids was washed once and resuspended in the same volume of buffer
as for the supernatant fraction. The supernatant and pellet fractions were subjected
to SDS-PAGE and the proteins were visualized by GelCode Blue Stain Reagent
(Thermo Scientific).

Immunohistochemistry. Serial sagittal paraffin sections (7 um) were rehydrated
in 0.3% hydrogen peroxide (VWR Laboratory Supplies) to block any endogenous
peroxidase activity. The sections were then blocked with 1.5% normal goat
serum for lh at room temperature, and incubated with antibody against
tyrosine hydroxylase at 4°C overnight. Immunoreactivity was detected with
biotinylated secondary antibodies and visualized with a Vectastain Elite ABC Kit
(Vector Laboratories) with 3,3’-diaminobenzidine tetrahydrochloride (Liquid DAB
substrate kit, Zymed). Harris haematoxylin was used as the counterstain of the
nucleus. To quantify neuronal survival in the substantia nigra, sections adjacent
to the ones used for tyrosine hydroxylase staining were stained with cresyl violet.
Photomicrographs were taken with a light microscope system (Zeiss) and the
analysis was made in a blinded fashion. The number of tyrosine hydroxylase-
positive and cresyl violet-stained neurons in the substantia nigra was counted
systematically under a light microscope with the aid of Neurolucida 8.0 software.
For each experimental animal, a total of three sections approximately 80 um apart
was used.

Fluorescence microscopy. To visualize RFP-LC3 puncta, cells were fixed with
4% paraformaldehyde in PBS at room temperature for 10min, washed with
PBS and mounted on slides with a Prolong Antifade kit (Invitrogen). Cells
were observed under a fluorescence microscope (Olympus). The percentage
of neurons showing accumulation of RFP-LC3 puncta (that is with at least
five puncta per neuron) was quantified. For immunofluorescence study, cells
were fixed with 3% paraformaldehyde in PBS at room temperature for 5min,
and then with 100% methanol for 5min at —20°C. Cells were washed with
75% methanol/PBS, 50% methanol/PBS and 25% methanol/PBS and twice with
PBS, blocked and permeabilized with 1% BSA, 0.4% Triton X-100 in PBS
for 30min at room temperature and incubated with antibodies against Atg5
at 4°C overnight. Immunoreactivity was detected with the Alexa Fluor dye-
conjugated secondary antibodies (Invitrogen) and visualized under a fluorescence
microscope (Olympus).

Cell viability assay. Cell viability was determined by SYTOX Green uptake assay
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Cortical neurons were treated with 1 uM SYTOX Green (Invitrogen) for 10 min and
washed with PBS three times. The cells were then fixed with 3% paraformaldehyde
in PBS for 5min at room temperature, mounted and visualized as described
above. Cells with green fluorescent signal were counted as positive for cell death.
At least 50 cells were counted for each experimental condition. Each experiment
was repeated at least three times. Alternatively, MTT solution was added to the
neuronal cultures in a 48-well plate at a 1:10 volume ratio to the medium and
incubated at 37 °C with 5% CO, for 4 h. Viable cells convert the soluble MTT salt
to insoluble blue formazan crystals. Formazan crystals formed were dissolved with
solubilization buffer at 37 °C overnight. The absorbance of the solubilized formazan

NATURE CELL BIOLOGY

© 2011 Macmillan Publishers Limited. All rights reserved.



DOI: 10.1038/nchb2217

was measured at 570 nm using a microplate reader. Each experiment was repeated
at least three times.

Statistical analysis. All data were presented as the mean = s.em. Statistical analysis
was determined by an unpaired Student ¢-test or one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test. A P value of less than 0.05 was
considered statistically significant. *P < 0.05;**P < 0.01;**P < 0.001.
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Figure S1 Thr145 phosphorylation of EndoB1 negligibly affected lipid lipid extracts. Purified GST protein was included as a negative control.
binding of the N-BAR domain of EndoB1. Purified wild type, T145A or S = supernatant fraction; P = pellet fraction that contains the lipid-bound
T145E mutant of the N-BAR domain of EndoB1 were incubated with brain proteins. Data are means + s.e.m.; n = 3.
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Figure S8 Full scan of immunoblots.
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	Figure 1 EndoB1 is a substrate of Cdk5/p35. (a) p35 interacts with EndoB1 in a GST pulldown assay. (b,c) EndoB1 co-immunoprecipitates (IP) with p35 in COS-7 cell lysates expressing p35 and full-length EndoB1 (b) and adult rat brain lysate (c). (d) Putative Cdk5 phosphorylation site(s) in the EndoB1 sequence. Two proline-directed threonine residues (arrows) are present with a Cdk5 consensus site found at Thr 145 (underlined). (e) Dose-dependent phosphorylation of EndoB1 by Cdk5/p35 in an in vitro kinase assay. (f) Cdk5/p35 phosphorylates EndoB1 at Thr 145 in an in vitro kinase assay. (g) Cdk5/p35 phosphorylates EndoB1 at Thr 145 in COS-7 cells. (h) Cdk5 phosphorylates EndoB1 at Thr 145 in Cdk5 + / + , but not Cdk5- / -  mouse brains. Quantification of p-Thr145-EndoB1 level is shown in the right panel. Data are means ± s.e.m.; n = 3. Uncropped images of blots are shown in Supplementary Fig. S8.
	Figure 2 Cdk5-mediated phosphorylation of EndoB1 is required for starvation-induced autophagy in neurons. (a) Left: starvation increases the level of RFP'025LC3 puncta (arrows) in rat cortical neurons. Middle: quantification of the percentage of cells with RFP'025LC3 puncta. Right: pretreatment with 10 mM 3-MA attenuates the starvation-induced increase in LC3-II level in neurons. Data are means ± s.e.m.; n = 3. Samples were run on the same gel and spliced together to create the image shown. (b) Knockdown of EndoB1 abolishes the starvation-induced increase in LC3-II levels (left) and the percentage of cells with RFP'025LC3 puncta (right) in neurons. Data are means ± s.e.m.; n = 3. (c) Starvation enhances Cdk5 activity (top) and increases the level of Thr 145-phosphorylated EndoB1 in neurons (top and bottom). Histone H1 was used as a Cdk5 substrate. Data are means ± s.e.m.; n = 3. (d,e) Pretreatment with Ros (d) or knockdown of Cdk5 (e) attenuates starvation-induced EndoB1 phosphorylation at Thr 145 and autophagy induction in neurons. Data are means ± s.e.m.; n = 3 for d and n = 8 for e. DMSO, dimethylsulphoxide. (f) Overexpression of EndoB1T145A significantly reduces the starvation-induced increase in LC3-II levels (left) and the percentage of cells with RFP'025LC3 puncta (right) in neurons. Data are means ± s.e.m.; n = 6. Uncropped images of blots are shown in Supplementary Fig. S8.
	Figure 3 Thr 145 phosphorylation of EndoB1 does not affect its lipid binding and co-localization with Atg5. (a) Left: lipid binding of EndoB1 is inhibited by mutating the five lysine/arginine residues between amino acids 176 and 183 of EndoB1 to glutamic acid (5E mutant). Right: purified GST protein was included as a negative control. S, supernatant fraction; P, pellet fraction that contains the lipid-bound proteins. (b,c) The 5E mutant of EndoB1 fails to dimerize (b) and interact with UVRAG (c) in 293T cells. (d) Overexpression of the 5E mutant of EndoB1 blocks starvation-induced autophagy in cortical neurons. Data are means ± s.e.m.; n = 3. (e) Mutation of Thr 145 to alanine (T145A) or glutamic acid (T145E) has negligible effect on the lipid-binding property of EndoB1. Conversely, the 5E mutant is less able to bind lipid. The right panel shows quantified data as means ± s.e.m.; n = 3. (f) Starvation increases co-localization of GFP'025EndoB1 (green) with Atg5 (red) in neurons. The T145A mutation of GFP'025EndoB1 does not affect its co-localization with Atg5-positive entities. Arrows denote GFP'025EndoB1- and Atg5- positive vesicles. The right panel shows quantified data as means ± s.e.m.; n = 9. Uncropped images of blots are shown in Supplementary Fig. S8.
	Figure 4 Cdk5-mediated Thr 145 phosphorylation of EndoB1 regulates its dimerization and interaction with UVRAG/Beclin 1. (a) Overexpression of Cdk5/p35 enhances EndoB1 dimerization in 293T cells. Samples were run on the same gel and spliced together to create the image shown. (b) Thr 145 phosphorylation of EndoB1 facilitates its dimerization in 293T cells. (c) Diminished interaction between EndoB1 and UVRAG in Cdk5 - / -  mouse brain lysates. (d,e) Thr 145 phosphorylation of EndoB1 enhances its interaction with UVRAG (d) and Beclin 1 (e) in 293T cells. (f,g) Gel-filtration analysis on the membrane fraction of mouse brain lysates. Fractions obtained were subjected to immunoblot analysis (f), or immunoprecipitation followed by immunoblotting (g). Uncropped images of blots are shown in Supplementary Fig. S8.
	Figure 5 Cdk5-mediated Thr 145 phosphorylation of EndoB1 is involved in autophagy triggered by MPTP. (a) MPTP administration decreases the numbers of tyrosine hydroxylase (TH)- and cresyl violet (CV)-positive neurons in the substantia nigra. Representative images of tyrosine hydroxylase-stained brain sections are shown. Right panels show quantified data as means ± s.e.m.; n = 9for tyrosine hydroxylase and n = 3 for cresyl violet. (b) MPTP administration upregulates the levels of LC3-II and Thr 145-phosphorylated EndoB1 in the midbrain. Lower panels show quantified data as means ± s.e.m.; n = 3. (c) Knockdown of EndoB1 or Cdk5 inhibits MPP + -induced autophagy in cultured neurons. Data are means ± s.e.m.; n = 5. (d) Cdk5 mediates the MPP + -induced EndoB1 phosphorylation at Thr 145 and the MPP + -induced increase in the LC3-II level in neurons. (e) Overexpression of EndoB1T145A attenuates MPP + -induced autophagy in neurons. Data are means ± s.e.m.; n = 7. (f) MPTP fails to increase LC3-II and Thr 145-phosphorylated EndoB1 levels in the midbrain of p35 - / -  mice. The concomitant reduction in tyrosine hydroxylase level triggered by MPTP injection is also markedly attenuated. Right panels show quantified data as means ± s.e.m.; n = 3. Uncropped images of blots are shown in Supplementary Fig. S8.



	Figure 6 Thr 145 phosphorylation of EndoB1 by Cdk5 contributes to α-synucleinA53T mutant-induced autophagy. (a) Upregulation of the levels of LC3-II and Thr 145-phosphorylated EndoB1 in the cerebellum and striatum of α-synucleinA53T transgenic mice. Right panels show quantified data as means ± s.e.m.; n = 3. (b) Overexpression of α-synucleinA53T mutant upregulates LC3-II level and Thr 145-phosphorylated EndoB1 in cultured neurons. Lower panel shows quantified data as means ± s.e.m.; n = 3. (c) Knockdown of EndoB1 or Cdk5 inhibits α-synucleinA53T mutant-induced autophagy induction in neurons. Data are means ± s.e.m.; n = 7. (d) Cdk5 mediates α-synucleinA53T mutant-induced Thr 145 phosphorylation of EndoB1 and the increase of LC3-II in neurons. (e) Overexpression of EndoB1T145A attenuates α-synucleinA53T mutant-induced autophagy in neurons. Data are means ± s.e.m.; n = 7. Uncropped images of blots are shown in Supplementary Fig. S8.
	Figure 7 Cdk5-mediated Thr 145 phosphorylation of EndoB1 is required for MPP + - and α-synucleinA53T mutant-induced neuronal death. (a) Pretreatment with 3-MA, but not z-VAD-fmk, significantly reduces MPP + -induced neuronal death. Data are means ± s.e.m.; n = 6. (b) Knockdown of Atg5 expression abrogates MPP + -induced neuronal loss, whereas it reduces neuronal survival in untreated cells. Data are means ± s.e.m.; n = 3. (c) Knockdown of EndoB1 or Cdk5 expression abolishes MPP + -induced neuronal death. Data are means ± s.e.m.; n = 8. (d) Overexpression of EndoB1T145A inhibits MPP + -induced neuronal death. Data are means ± s.e.m.; n = 5. (e) Pretreatment with 3-MA, but not z-VAD-fmk, reduces α-synucleinA53T mutant-induced neuronal death. Data are means ± s.e.m.; n = 6. (f) Knockdown of Atg5 expression abolishes α-synucleinA53T mutant-induced neuronal death, whereas it reduces neuronal survival in vector-transfected cells. Data are means ± s.e.m.; n = 3. (g) Knockdown of EndoB1 or Cdk5 expression abolishes α-synucleinA53T mutant-induced neuronal death. Data are means ± s.e.m.; n = 4. (h) Expression of EndoB1T145A inhibits α-synucleinA53T mutant-induced neuronal death. Data are means ± s.e.m.; n = 6.
	Figure 8 Proposed model for the role of Cdk5 and EndoB1 in induced autophagy and neuronal death. Cdk5-mediated Thr 145 phosphorylation of EndoB1 is required for induced autophagy and cell death in neurons. Starvation, treatment with MPTP/MPP +  and overexpression of the α-synucleinA53T mutant increase the level of EndoB1 Thr 145 phosphorylation by Cdk5/p35 in neurons. Phosphorylation of EndoB1 promotes its dimerization and recruitment of the UVRAG/Beclin 1 complex to induce autophagy.




