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Nilotinib reverses loss of dopamine neurons and
improves motor behavior viaautophagic degradation
of a-synuclein in Parkinson’s disease models
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Parkinson’s disease is a movement disorder characterized by death of dopaminergic substantia nigra (SN) neu-
rons and brain accumulation of a-synuclein. The tyrosine kinase Abl is activated in neurodegeneration. Here, we
show that lentiviral expression of a-synuclein in the mouse SN leads to Abl activation (phosphorylation) and len-
tiviral Abl expressionincreases a-synuclein levels, in agreement with Abl activation in PD brains. Administration
of the tyrosine kinase inhibitor nilotinib decreases Abl activity and ameliorates autophagic clearance of a-synu-
cleinintransgenic and lentiviral gene transfer models. Subcellular fractionation shows accumulation of a-synu-
clein and hyper-phosphorylated Tau (p-Tau) in autophagic vacuoles in a-synuclein expressing brains, but
nilotinib enhances protein deposition into the lysosomes. Nilotinib is used for adult leukemia treatment and it
enters the brain within US Food and Drug Administration approved doses, leading to autophagic degradation
of a-synuclein, protection of SN neurons and amelioration of motor performance. These data suggest that nilo-
tinib may be a therapeutic strategy to degrade a-synuclein in PD and other a-synucleinopathies.

INTRODUCTION including multiple system atrophy (MSA), as well as progressive

Parkinson’s disease (PD) is a motor disorder characterized by  supranuclear palsy (PSP) and cortico-basal degeneration.

death of dopaminergic (DA) neurons in the substantia nigra Normal autophagy is a dynamic multi-step process that
(SN) (1-3) and formation of inclusions known as Lewy bodies  includes several compartments referred to as the sequestering
(LBs) (4—13), which primarily contain aggregated a-synuclein ~ phagophore (22), the autophagosome (23), the amphisome
(4,7-9,11,13). Activation via phosphorylation of Abl (24,25) and the autophagolysosome (23). Changes in normal
(Abelson) is detected in neurodegenerative diseases (14—17). autophagy and accumulation of autophagic vacuoles (AVs),
Abl is a tyrosine kinase distributed in the nucleus and cytosol ~also known as autophagosomes, are recognized in neurodegen-
and involved in a wide range of functions, including apoptosis ~ eration, including PD (26—33). Our work and other reports
(18). Abl levels are increased in the nigrostriatal region of PD  show that a-synuclein accumulation is associated with impair-
patients (14,15), and Abl inhibition enhances survival of DA  ment of autophagy in PD models (33—35). Previous studies
neurons in PD models (14). Phosphorylated Abl is present in show that Abl knockout protects against 1-methyl-4-phenyl-
neuronal cell bodies in Alzheimer’s disease (16,17,19,20), fron-  1,2,3,6-tetrahydropyridine toxicity in PD animal models (15).
totemporal dementia linked to chromosome-17 and Guam Therefore, Abl inhibition may lead to oc—synuclein degradation
Parkinson-dementia and Pick’s disease (19). Activation of Abl ~and provide a therapeutic potential for a-synucleinopathies.
in the mouse forebrain induces neurodegeneration in the hippo-  Nilotinib is a second-generation Abl inhibitor, was approved
campus and striatum (21). Therefore, an increase in Abl activity by the US Food and Drug Administration (FDA) in 2007,
via phosphorylation may be associated with the a-synuclein for the treatment (300-400 mg orally twice daily) of adult
patho]ogy detected in PD and other a-synuc]einopathies’ patients with chronic and accelerated phase (AP) Phlladelphla
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chromosome-positive (Ph+) chronic myelogenous leukemia
(CML) (36—-38). The current studies evaluated the effects of
ADbl inhibition via nilotinib treatment on clearance of
a-synuclein in animal models of synucleinopathies. Transgenic
a-synuclein mice harboring the arginine to threonine (A53T)
mutation of human a-synuclein under the control of prion pro-
moter (39) were used as a model of a-synucleinopathies.
Because AS53T mice do not express a-synuclein in SN
neurons, lentiviral expression of human wild-type a-synuclein
in the SN was used to mimic PD pathology and evaluate the
effects of nilotinib on a-synuclein accumulation in DA
neurons and motor behavior.

RESULTS

Abl activation is associated with accumulation
of a-synuclein

To examine the relationship between Abl and a-synuclein, male
C57BL/6 mice were stereotaxically injected with 1 x 10* multi-
plicity of infection (m.o.i.) lentiviral Abl, or a-synuclein (or
LacZ) bilaterally into the SN. Lentiviral injection significantly
increased a-synuclein (42%) over LacZ level (Fig. 1A and B,
firstblot,n = 9 animals) 6 weeks post-injection. a-Synuclein ex-
pression led to an increase in total Abl (110%) relative to actin
and tyrosine 412 (T412) phosphorylation (289%) relative to
total Abl (Fig. 1A and B, P < 0.05, n=9) compared with
LacZ expressing mice, indicating Abl activation. Conversely,
lentiviral expression of Abl in the mouse SN led to an increase
(204%) in total Abl relative to actin (Fig. 1D and E, P < 0.05,
n =9) and T412 phosphorylation (231%) relative to total Abl
and resulted in increased levels of monomeric (51%) and high
molecular weight a-synuclein (relative to actin) 6 weeks post-
injection compared with LacZ. To verify that both lentiviral
LacZ and Abl were expressed, a V5-epitope tag of the lenti-
viruses was probed with immunohistochemistry (IHC). Staining
of 20 wm thick SN sections showed V5 (Fig. 1E) and Abl
(Fig. 1F) co-localized (Fig. 1G) in lentiviral-Abl injected
brains, while staining of LacZ injected SN showed V5
(Fig. 1H) and endogenous Abl (Fig. 11) without co-localization
(Fig. 1J), indicating that the V5-tagged lentivirus was expressed.
To evaluate the relationship between Abl and a-synuclein in the
human brain, western blot (WB) was performed on homogenized
frozen striatal (caudate) brain tissues (described in 33) from nine
sporadic PD patients and seven age-matched control subjects.
Human post-mortem PD striatal extracts showed an increase in
total Abl (220%) relative to actin and T412 (267%) relative to
total Abl (Fig. 2K and L) compared with control subjects (P <
0.02, two-tailed t-test), suggesting a relationship between Abl
activation and a-synuclein accumulation in PD.
Pharmacological inhibition of Abl was previously demon-
strated in response to A3 fibrils in rat hippocampal neurons,
where imatinib mesylate (Gleevec or STI571) or RNAi (40) pro-
tected against AR toxicity. Despite lack of evidence that Gleevec
crosses the blood brain barrier, Abl inhibition with Gleevec was
evaluated as a potential strategy to slow neurodegeneration (41).
Nilotinib is a second-generation Abl tyrosine kinase inhibitor
(TKI) formerly known as AMN107 (36—38). Mass spectroscopy
analysis revealed that intraperotenial (i.p.) injection of 10 or
20 mg/kg nilotinib into wild-type mice (n =5 animals/time

point) led to detection of up to 30 ng nilotinib (310 nm) per mg
brain tissue 3—4 h after injection (Fig. 1M) and nilotinib was
still detectable at 3.4 ng/mg (35 nm) 7—8 h post-injection, indi-
cating that nilotinib enters the brain and is washed out after
several hours. To determine the biological effects of nilotinib
in vivo, 2-month-old C57BL6 mice were i.p. injected once a
day with 10 mg/kgnilotinib or DMSO (30 ) for three consecu-
tive weeks, and total brain extracts were analyzed with WB.
Chronic nilotinib treatment led to a slight (11%) decrease in
total Abl relative to tubulin but T412 Abl was significantly
decreased (52%) relative to total Abl compared with DMSO-
treated control (Fig. IN and O, P < 0.05, » = 10 animals). No
changes were detected in T245 Abl relative to actin or total
Abl (Fig. IN, third blot). Additionally, the level of proteins
detected with pan phospho-tyrosine antibody was also reduced
in nilotinib compared with DMSO-treated animals, suggesting
that nilotinib is a non-specific TKI inhibitor. The decrease in
total Abl could be due to the chronic treatment and the decrease
in tyrosine-phosphorylated proteins.

Nilotinib decreases brain and blood a-synuclein levels

The effects of nilotinib on a-synuclein levels were tested in 7—
8-month-old transgenic a-synuclein mice that harbor the A53T
mutation of a-synuclein (39). Enzyme-linked immunosorbent
assay (ELISA) measurement of A53T mice total brain lysates
showed accumulation of up to 885 ng/ml human a-synuclein
(Fig. 2A) in 7—8-month-old mice treated with DMSO compared
with wild-type control (P < 0.05, n = 10), but daily i.p. injec-
tion of 10 mg/kg nilotinib for 3 weeks significantly decreased
a-synuclein to 467 ng/ml (P < 0.05, n = 10), indicating that
once a day treatment with the TKI, nilotinib, decreases brain
a-synuclein levels. A significant increase in caspase-3 activity
(Fig. 2B, 670%, P < 0.05, n = 64) was observed in A53T
mice brains and nilotinib reversed this increase to 201% com-
pared with wild-type age-matched controls with and without
nilotinib (n = 64). The effects of lower dose and longer
periods of treatment were evaluated in the blood and brain of
5—6-month-old A53T mice, which were injected every other
day with 1 or 5 mg/kg nilotinib for 6 weeks (compared with 3
weeks). The whole blood was collected via cardiac puncture
and brain tissues were extracted in lysis buffer and analyzed
by ELISA. A total of 665ng/ml human a-synuclein was
observed in the brain of A53T treated with DMSO compared
with C57BL/6 age-matched control (Fig. 2C, P < 0.05, n =
10), but a-synuclein levels decreased to 503 ng/ml with 5 mg/
kg and 344 ng/ml with 1 mg/kg nilotinib for 6 weeks. A higher
concentration of human a-synuclein (1635 ng/ml) was detected
in the whole blood of AS3T mice treated with DMSO compared
with C57BL/6 age-matched control (Fig. 2D, P < 0.05,n = 10),
and, again, a-synuclein levels decreased to 1439 ng/ml with
5 mg/kg and 888 ng/ml with 1 mg/kg nilotinib for 6 weeks, sug-
gesting that the decrease in brain levels may also decrease blood
a-synuclein.

Because nilotinib was reported to alter autophagy (42),
several autophagic markers were examined to determine
whether autophagy facilitates the clearance of brain
a-synuclein. Daily i.p. injection of 10 mg/kg nilotinib for 3
weeks into 7—8-month-old A53T mice decreased monomeric
(41%) and high molecular weight human a-synuclein (Fig. 2E
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Figure 1. Abl activation is associated with accumulation of a-synuclein. WB on 10% SDS-NuPAGE gel shows (A) lentiviral a-synuclein expression (first blot), total
Abl (second blot) and tyrosine 412 (T412) phosphorylated Abl (third blot) relative to actin (n = 9) and (B) graphs represent densitometry analysis. (C) Total Abl (first
blot) and tyrosine 412 (T412) phosphorylated Abl (second blot), and mouse a-synuclein expression (third blot) relative to actin (» = 9) in lentiviral Abl- and
LacZ-injected mice, and (D) graphs represent densitometry analysis. IHC in 20 pm thick brain sections showing (E) V5, (F) Abl and (G) merged V5 and Abl staining
inthe SN of mice injected with lentiviral Abl. ITHC in 20 pm thick brain sections showing (H) V5, (I) Abl and (J) merged V5 and Abl staining in the SN of mice injected
with lentiviral LacZ. WB on 4—12% SDS-NuPAGE gel shows (K) total Abl (first blot) and T412 Abl (second blot) relative to actin in human post-mortem striatal
extracts,n = 9PDand 7 controls, P < 0.02, two-tailed #-test, and (L) densitometry of human WBs. (M) Graph represents quantification of mass spectroscopy analysis
of brain nilotinib (n = 5/time point). (N) WB on 4—12% SDS-NuPAGE gel shows total Abl (first blot), T412 Abl (second blot) T245 Abl (third blot) and phospho-
tyrosine (fourth blot) relative to parkin in wild-type mice injected with DMSO or nilotinib once daily for 3 weeks and (O) graphs represent densitometry analysis.
*Significantly different, ANOVA, Neumann—Keuls multiple comparison, P < 0.05. n = number of animals, and bars are means.
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Figure 2. Abl inhibition via nilotinib promotes autophagic degradation of a-synuclein. Graphs represent ELISA measurement of (A) human a-synuclein (n = 14) and
(B) caspase-3 activity (n = 64) in 6—8-month-old transgenic A53T mice and wild-type age-matched controls injected daily i.p. with 10 mg/kg nilotinib for 3 weeks.
Graphs represent ELISA measurement of (A) brain levels of human a-synuclein (» = 10) and (B) blood levels of human a-synuclein (z» = 10) in 5-month-old trans-
genic A53T mice and wild-type age-matched controls treated i.p. with 5 mg/kg or 1 mg/kg nilotinib every other day for 6 weeks. WB analysis on 4—12%
SDS-NuPAGE gel shows (E) monomeric and high molecular weight human a-synuclein (first blot), LC3 (second blot), Beclin-1 (third blot) and Atgl2 (fourth
blot) relative to actin (n = 9) in A53T mice treated daily i.p. with 10 mg/kg nilotinib for 3 weeks, and (F) densitometry analysis. Graphs represent ELISA measurement
of (G) human a-synuclein (insert shows WB of AVs) and (H) p-Tau levels in A53T mice (n = 5) treated daily i.p. with 10 mg/kg nilotinib for 3 weeks. *Significantly
different, ANOVA, Neumann—Keuls multiple comparison, P < 0.05. » = number of animals, bars are means.



and F, P < 0.05, n = 9) relative to actin compared with A53T
mice treated with DMSO. A significant increase (212%) in
light chain-3 (LC3)-II (which indicates the amount of autopha-
gosomes) relative to actin was observed in A53T mice treated
with DMSO compared with wild-type (Fig. 2E and F), while
LC3-IIlevels were decreased to 61% of control level in nilotinib-
treated mice (Fig. 2E and F, P < 0.05, n = 9). A significant in-
crease (126%) in LC3-II relative to LC3-1 was also observed
in AS3T mice treated with DMSO compared with wild-type
(Fig. 2E and F), while LC3-1I/LC3-I levels were decreased to
9% of control level in nilotinib-treated mice (Fig. 2E and F,
P <0.05, n=29). No differences in Beclin-1 levels were
observed between AS53T treated with DMSO and wild-type
control, but nilotinib significantly increased Beclin-1 to 62%
above control level (Fig. 2E and F, P < 0.05, n = 9). A signifi-
cant increase in Atgl2 (190%) relative to actin was detected in
AS53T mice treated with DMSO compared with control, but nilo-
tinib further increased Atg-12 to 231% above control relative to
actin (Fig. 2E and F, P < 0.05, n = 9), indicating possible in-
volvement of autophagic clearance of a-synuclein. To ascertain
that autophagy is involved in nilotinib-mediated a-synuclein
clearance in A53T mice in vivo, AVs were isolated via subcellu-
lar fractionation using a discontinuous metrizamide gradient
(43) and the levels of a-synuclein and hyper-phosphorylated
Tau (p-Tau) were measured via ELISA. Subcellular fraction-
ation was performed in an age-dependent manner to determine
whether higher levels of protein accumulation alter autophagic
flux through the AV10 or AV20 metrizamide gradients, which
contain LC3B (Fig. 2G, inset), indicating phagophore/autopha-
gosome presence and the lysosomal fraction containing lyso-
somal associated membrane protein (LAMP)-2a. Human
a-synuclein was detected in AV10 (340 ng/ml) and AV20
(401 ng/ml) in 1-month-old AS3T brains (Fig. 2G, P < 0.05,
n=135), but 10mg/kg nilotinib significantly decreased
a-synuclein levels (56 ng/ml) in AV10 (Fig. 1G, P < 0.05,
n = 5). However, nilotinib significantly increased a-synuclein
levels in the lysosomes (268 ng/ml) compared with DMSO
(59 ng/ml). a-Synuclein was even higher in AV10 (940 ng/ml)
and AV20 (410 ng/ml) in 5-month-old A53T mice treated with
DMSO (Fig. 2G, P < 0.05, n=15), but a-synuclein levels
were decreased by nilotinib in AV10 (245 ng/ml) and increased
in AV20 (642 ng/ml) compared with DMSO. Nilotinib also sig-
nificantly increased a-synuclein levels in the lysosomes (333 ng/
ml) compared with DMSO (109 ng/ml) in the same age group.
p-Tau was also used as another protein marker that can potential-
ly be degraded by autophagy. p-Tau was detected in AV10
(710 ng/ml), AV20 (590 ng/ml) and lysosomes (129 ng/ml) in
1-month-old A53T mouse brain (Fig. 2H, P < 0.05, n = 5), in-
dicating Tau hyper-phosphorylation. However, 10 mg/kg niloti-
nib increased p-Tau in AV10 (1001 ng/ml), AV20 (890 ng/ml)
and lysosomes (321 ng/ml) compared with DMSO within the
same age group (Fig. 2H, P < 0.05, n = 5). p-Tau was even
higher in AV10 (1540 ng/ml) and AV20 (2055 ng/ml) in
5-month-old AS53T mice treated with DMSO (Fig. 2G, P <
0.05, n =5), but nilotinib decreased p-Tau in AV10 (610 ng/
ml) and increased it in AV20 (1133 ng/ml) compared with
DMSO. Nilotinib also significantly decreased p-Tau levels in
the lysosomes (345 ng/ml) compared with DMSO (530 ng/ml)
inthe same age group, indicating p-Tau clearance via autophagy.
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Nilotinib attenuates a-synuclein levels in AS3T mice

To verify the effects of nilotinib on the level of human
a-synuclein in the A53T brain (6—8 months old), IHC was per-
formed on 20 wm thick brain sections and the ventral surface of
the mesencephalon was oriented towards the bottom of the page
as indicated in Figure 3A. Low magnification images showed no
loss of tyrosine hydroxylase (TH) neurons in the ventral tegmen-
tal area (VTA) and the SN (Fig. 3B) in A5S3T mice, consistent
with previous reports stating no a-synuclein expression in the
SN or loss of TH neurons in A53T mice (39). IHC showed abun-
dant expression of human a-synuclein in the striatum of 6—
8-month-old transgenic AS53T mice treated with DMSO
(Fig. 3C), cortex (Fig. 3E) and hippocampus (Fig. 3G). Daily
i.p. injection of 10 mg/kg nilotinib for 3 weeks led to a decrease
(72% by stereology) of human a-synuclein in the striatum
(Fig. 3D), and reduced cortical (Fig. 3F, 71% by stereology)
and hippocampal (Fig. 3H, 81% by stereology) a-synuclein
(P < 0.05,n =7) in transgenic A53T mice.

Abl inhibition via nilotinib promotes autophagic
degradation of a-synuclein

To determine the effects of nilotinib on TH neurons,
6-month-old male C57BL/6 mice were stereotaxically injected
with 1 x 10% m.o.i. lentiviral human wild-type a-synuclein (or
LacZ) bilaterally into the SN for 3 weeks, and then half were
treated daily with i.p. injection of 10 mg/kg nilotinib and the
other half with DMSO (30 wl) for three additional weeks.
ELISA measurement of SN lysates showed that human
a-synuclein levels peaked at 202 ng/ml in lentiviral a-synuclein
mice treated with DMSO, and nilotinib significantly reversed
this increase to 31 ng/ml compared with LacZ with and
without nilotinib (Fig. 4A, P < 0.05, » = 9). Daily i.p. injection
of 10 mg/kgnilotinib or DMSO (30 wl) for 3 weeks did not result
in any difference in caspase-3 activity in LacZ-injected SN mice
(Fig. 4B, n = 14), but lentiviral a-synuclein expression (6 weeks
total) increased caspase-3 activity 940% above control level
(Fig. 4B, P <0.05, n=14) and 3-week nilotinib treatment
reversed this increase to 140% (which remained significantly
high) above LacZ levels (P < 0.05, n = 14). WB showed that
nilotinib decreased (42%) the expression levels of monomeric
a-synuclein (Fig. 4C and D, P < 0.05, n = 9) relative to actin
compared with DMSO. Nilotinib significantly (P < 0.05)
decreased the levels of LC3-II/actin (59%) and LC3-II/LC3-1
(49%), suggesting autophagosome clearance; while it increased
the expression levels of Beclin-1 (54%) and Atgl2 (74%) rela-
tive to actin compared with DMSO (Fig. 4C and D, P < 0.05,
n=29). To ascertain that nilotinib did not affect a-synuclein
mRNA level in the lentiviral model, qRT-PCR was performed
using specific human a-synuclein primers that were initially
used in the cloning of a-synuclein into the lentiviral plasmid.
As expected, no human a-synuclein was detected in the
LacZ-injected mice, but human a-synuclein mRNA was
equally present relative to GADPH in both the DMSO and
nilotinib-treated lentiviral injected mice (Fig. 4E and F), indicat-
ing that nilotinib decreases the level of a-synuclein.

To further determine whether autophagy mediates a-synu-
clein clearance, human MI17 neuroblastoma cells were
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Figure 3. Nilotinib attenuates a-synuclein levels in AS3T mice. (A) An MRI scan of a mouse brain showing brain orientation in subsequent images. Immunohisto-
chemical staining 0f 20 wm thick brain sections shows (B) no loss of TH in VTA and SN in 6—8-month-old A53T mice, and abundant expression of human a-synuclein
in (C) the striatum of DMSO-treated A53T mice, and (D) striatum of nilotinib-treated A53T mice, (E) the cortex of DMSO-treated A53T mice, (F) cortex of nilotinib-
treated A53T mice, (G) the hippocampus of DMSO-treated A53T mice, and (H) hippocampus of nilotinib-treated A53T mice. The images represent different animals
with daily i.p. injection of nilotinib for 3 weeks.
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10 mg/kg nilotinib for three additional weeks and (F) graphs represent quantification of RT-PCR results relative to GADPH. (G) ELISA of human a-synucleinin M17
neuroblastoma cells transfected with 3 pg LacZ, a-synuclein cDNA or Beclin-1 shRNA for 24 h and then treated with 10 M nilotinib for additional 24 h with and
without bafilomycin Al (n = 12). *Significantly different, ANOVA, Neumann—Keuls multiple comparison, P < 0.05. n = number of animals or number of cell

culture experiments. Bars are means.
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transfected with 3 pwg LacZ, a-synuclein or shRNA Beclin-1 for
24 h and then treated with 10 M nilotinib for additional 24 h.
Some cells were also treated with 100 nm bafilomycin A1l for
3 h before harvest to block autophagy via impairment of autop-
hagosome fusion with the lysosome (44). ELISA measurement
showed an increase in a-synuclein (264 ng/ml) in a-synuclein
transfected cells compared with LacZ (Fig. 4G, P < 0.05,n = 12)
treated with 1 wl DMSO. However, nilotinib reversed a-synu-
cleinlevel to 35 ng/ml (P < 0.05) but blocking Beclin-1 expres-
sion with shRNA (Fig. 4G, insert shows reduction of Beclin-1
expression) attenuated nilotinib-mediated clearance of
a-synuclein (150 ng/ml) compared with DMSO (251 ng/ml),
suggesting autophagic involvement in a-synuclein clearance.
Blocking autophagy with 100 nm bafilomycin (Fig. 4G, n = 12)
resulted in nilotinib failure to clear a-synuclein (233 ng/ml),
which remained significantly higher than a-synuclein transfec-
tion with nilotinib. Taken together, these data indicate
nilotinib-induced a-synuclein clearance via autophagy.

Nilotinib protects SN TH neurons from a-synuclein toxicity

IHC of 20 pm thick brain sections showed human a-synuclein
expression in mice injected with lentiviral a-synuclein into the
SN and treated with DMSO (Fig. 5B) compared with LacZ
treated with nilotinib (or DMSO data not shown) mice
(Fig. 5A, n = 12); but nilotinib led to 84% (by stereology) de-
crease of human a-synuclein (Fig. 5C, P < 0.05, n=12) in
SN neurons. A significant decrease in TH™ neurons (89% by
stereology) was observed in lentiviral a-synuclein treated with
DMSO (Fig. 5E and H) compared with LacZ treated with niloti-
nib (Fig. 5D and G) mice, and nilotinib treatment of a-synuclein
expressing mice reversed TH* neuron loss back to 82% (Fig. 5F
and I, by stereology) of LacZ level (P < 0.05,n = 12). Stereolo-
gical counting also showed a decrease (72%) in TH™ (Fig. 5K)
and Nissl-stained (5N) neurons in lentiviral a-synuclein
treated with DMSO compared with LacZ treated with nilotinib
(Fig. 5J and M). However, nilotinib attenuated (64% by stereol-
ogy)lossof TH™ (Fig. 5L) and Nissl-stained (Fig. 50) neurons in
lentiviral a-synuclein compared with DMSO-treated mice (P <
0.05, n = 12), suggesting that a-synuclein causes cell death and
not down-regulation of TH.

Nilotinib clears cytosolic debris in SN neurons, increases DA
level and improves motor performance

Transmission electron microscopy showed accumulation of
cytosolic debris (Fig. 6A) and AVs in the SN of lentiviral
a-synuclein expressing mice treated with DMSO (Fig. 6A, C
and E). Accumulation of cytosolic AVs containing debris was
consistently observed in lentiviral a-synuclein expressing
mice (Fig. 6C and E), suggesting autophagosome accumulation.
However, nilotinib treatment reduced accumulation of cytosolic
debris and led to appearance of larger AVs at different levels of
maturation (Fig. 6B, D and F) and these AVs seemed to be
derived from fusion of multiple autophagic compartments, sug-
gesting autophagic clearance.

To evaluate a-synuclein and nilotinib effects on DA metabol-
ism, DA and its metabolite homovanilic acid (HVA) in SN brain
extracts were measured using ELISA. A significant decrease
(P < 0.05,n=28)in DA (62%) and HVA (36%) was observed

in SN extracts of lentiviral a-synuclein treated with DMSO com-
pared with LacZ mice with and without nilotinib (Fig. 6G).
However, nilotinib injection significantly (P < 0.05, n =38)
reversed DA and HVA loss back to control LacZ levels
(Fig. 6G, n=8). Lentiviral a-synuclein expression in SN
decreased rotarod motor performance 39% (Fig. 6B, P < 0.05,
n = 14)of LacZ controls with and without nilotinib, but nilotinib
treatment of a-synuclein mice reversed motor performance to
86% of LacZ level (Fig. 6G, P < 0.05, n = 14), suggesting
that reversal of DA levels leads to improved motor performance.

DISCUSSION

These studies identified Abl inhibition via nilotinib as a potential
therapeutic target to treat PD and other a-synucleinopathies. Abl
activation is observed in neurodegeneration (14—17), including
Parkinsonism (19). Our results show that an increase in
a-synuclein expression promotes Abl activity (via phosphoryl-
ation), and conversely, Abl expression increases a-synuclein ac-
cumulation in PD animal models, in agreement with the increase
in Abl levels in post-mortem striatum of PD patients. Nilotinib is
anon-specific TKI, which inhibits Abl phosphorylation at T412
but also reduces the level of tyrosine phosphorylated proteins in
young wild-type mice, perhaps accounting to the observed de-
crease in total Abl after chronic treatment. The decrease in
a-synuclein levels with both 1 and 5 mg/kg nilotinib suggests
that possible non-specific pleotropic effects on other tyrosine
kinases using higher doses of nilotinib (10 and 5 mg/kg) do not
interfere with its ability to clear a-synuclein with a lower
(1 mg/kg) concentration. These data indicate that a low dose of
nilotinib may stimulate autophagic clearance of a-synuclein,
despite the short time (up to 8 h) of nilotinib presence in the
brain, suggesting that nilotinib turns autophagic clearance on
to degrade a-synuclein that has accumulated in the cells
between different treatments. The low dose of nilotinib may be
beneficial because it may degrade a-synuclein via autophagy
over a longer time without triggering self-cannibalization,
which may cause cell death. The decrease in blood as well as
brain a-synuclein in A53T mice indicates that degradation of
brain a-synuclein reduces its blood levels, suggesting that
a-synuclein may be secreted from the brain to the blood (45-49).
Although AS53T mice express abundant a-synuclein under the
control of a prion promoter in the brain and peripheral tissues
(39), the observed decrease in a-synuclein in AVs suggest that
brain a-synuclein is degraded via autophagy, leading to
decreased a-synuclein secretion from neurons and into the
blood (45—49). a-Synuclein induces autophagic defects in the
mouse brain, leading to accumulation of AVs and decreased
clearance as suggested by increased LC3-II levels. Recent
reports suggested that a-synuclein aggregation in A5S3T mice
is associated with defects in chaperone-mediated autophagy,
leading to cell death (50), and others reported that a-synuclein
aggregation inhibits autophagy (34,35). We previously showed
that lentiviral expression of a-synuclein in the rat striatum
impairs autophagy (33). However, boosting autophagy with
nilotinib leads to disappearance of LC3-1I along with an increase
in key autophagy marker, Beclin-1, suggesting that a-synuclein
clearance is mediated via the Beclin-1 pathway. Lentiviral deliv-
ery to express Beclin-1 activates autophagy and improves
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Figure 5. Nilotinib clears a-synuclein and protects TH™ neurons. Immunohistochemical staining of 20 wm thick brain sections shows human a-synuclein in the SN of
(A) lentiviral LacZ injected mice treated with 10 mg/kg nilotinib, (B) lentiviral a-synuclein treated with DMSO and (C) lentiviral a-synuclein treated with 10 mg/kg
nilotinib daily for 3 weeks. Immunohistochemical staining of 20 wm thick brain sections show TH in (D) lentiviral LacZ injected with nilotinib, and (G) is higher
magnification from a different animal, (E) lentiviral a-synuclein and treated with DMSO, and (H) is higher magnification from a different animal. (F) Lentiviral
a-synuclein treated with nilotinib, and (T) is higher magnification from a different animal. High magnification of (J) TH™ neurons and (M) Nissl-stained sections
in lentiviral LacZ treated with DMSO. High magnification of (K) TH™ neurons and (N) Nissl-stained sections in lentiviral a-synuclein treated with DMSO. High
magnification of (L) TH™ neurons and (O) Nissl-stained sections in lentiviral a-synuclein treated with 10 mg/kg nilotinib for 3 weeks.

neurodegenerative pathology in a-synuclein PD models (51).
The current data showed that decreased Beclin-1 expression
with shRNA compromises nilotinib ability to clear a-synuclein,
in a similar manner to bafilomycin A1 treatment, raising the pos-
sibility that increased Beclin-1 levels may facilitate

autophagosome maturation and subsequent AVs delivery to
lysosomes for protein degradation (52). These studies show
that lentiviral delivery of a-synuclein can induce autophagic
changes inarelatively fast manner compared with existing trans-
genic mice and can mimic PD-like degeneration of SN DA
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Figure 6. Nilotinib clears AVs, increases DA level and improves motor performance in SN of lentiviral a-synuclein mice. Transmission electron microscopy of SN
neurons shows (A, C, E) accumulation of cytosolic debris and AVs in lentiviral a-synuclein expressing mice treated with DMSO. (B, D, F) Appearance of larger AVs
with different levels of maturation in lentiviral a-synuclein treated with 10 mg/kg nilotinib for 3 weeks. Graphs represent (G) DA and HVA ELISA levels in mes-
encephalon brain extracts of lentiviral a-synuclein treated with DMSO compared with LacZ mice (» = 8) and (H) shows time spent (%) on rotarod in lentiviral
a-synuclein or LacZ injected mice with and without nilotinib (n = 14). *Significantly different, ANOVA, Neumann—Keuls multiple comparison, P < 0.05. n =
number of animals, bars are means.



neurons and motor impairment (1 —3). Several transgenic animal
models show that a-synuclein expression causes death of TH
neurons in SN (53-57). Nilotinib treatment led to autophagic
clearance of a-synuclein, decreased caspase-3 activity and pre-
vented loss of TH' neurons in lentiviral a-synuclein models.
Nilotinib reversed a loss of DA in a-synuclein expressing SN
neurons, leading to improvement of motor performance.

Nilotinib is an FDA-approved drug and is used at 50—
1200 mg/day in human patients (36). We observe biological
effects, including Abl inhibition and autophagic clearance of
a-synuclein at 10 mg/kg in vivo, indicating a dose (1000 mg/
100 kg) within the clinically used range. Nilotinib administra-
tion is fairly tolerated in human CML patients but with a
number of side effects, including gastrointestinal complications,
vomiting and nausea and sometimes dizziness (36). Homozy-
gous Abl mutant mice display dramatically enlarged hearts
due to abnormally increased cardiomyocyte proliferation
during later stages of embryogenesis (58). Disruption of Abl
inmice results in neonatal lethality accompanied by pleiotropic
developmental defects with variable penetrance, including
runting, splenic and thymic atrophy, B cell lymphopenia, dys-
functional osteoblasts and foreshortened crania (59-61). Al-
though Abl has an essential role in mammalian development,
adult complications with Abl inhibition include edema,
nausea/vomiting, muscle cramps, neutropenia, thrombocyto-
penia, fever, liver toxicity, arthralgia and exanthema/rash
(62). Therefore, clinical use of Abl inhibition may have dose-
limiting toxicity, butit may be used at low doses in neurodegen-
eration, due to the slow and progressive nature of neurodegen-
erative diseases. Although nilotinib is washed out of the brain
within several hours, its effects do not seem to be limited to
Abl inhibition. Lower dose and prolonged period of nilotinib
administration also led to decreased «-synuclein levels,
perhaps due to chronic drug treatment and potential multiple
effects on several tyrosine kinases.

No drug treatment is effective as a LB disease therapy, and
despite the pleiotropic effects of nilotinib, its benefits may out-
weigh the debilitating effects of protein accumulation in a-synu-
cleinopathies. The current results also show age-dependent
increases in p-Tau in the brain of AS3T mice and nilotinib treat-
ment can reduce p-Tau levels. The efficiency of simultaneous
autophagic degradation of both p-Tau and a-synuclein in the
brain suggests that nilotinib may be an effective therapy for de-
mentia and Parkinsonism, where both p-Tau and a-synuclein
may pathologically accumulate. Nilotinib accelerates clearance
of accumulating proteins and protects DA neurons, ameliorating
motor performance in PD models. Therefore, the next step will be
to conduct phase II clinical trials to evaluate nilotinib effects on
motor performance in PD and other patients with a-synucleinopa-
thies, including MSA and PSP.

MATERIALS AND METHODS

Stereotaxic injection

Six months old male C57BL/6 mice were stereotaxically
injected with lentiviral Abl, a-synuclein (or LacZ control) bilat-
erally into the SN using co-ordinates: lateral: 1.5 mm, ventral:
4.1 mm and horizontal: —3.64. The lentivirus was tittered in
human M17 neuroblastoma cells according to the Invitrogen
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protocol. Titration and lentiviral expression was verified via
counting the V5 tag-positive cells as virally infected cells rela-
tive to the total number of cells in 12-well dishes (Falcon). The
number of viral genomes was calculated and a total number of
1 x 10* viral particles were injected into the mouse SN in a
total of 6 pl. Viral stocks were injected through a microsyringe
pump controller (Micro4) using total pump (World Precision
Instruments, Inc.) delivery of 2 wl at a rate of 0.2 pl/min as pre-
viously described (63—65). All animal experiments were con-
ducted in full compliance with the recommendations of
Georgetown University Animal Care and Use Committee
(GUAUC). n is the number of animals in each experiments,
and all data are expressed as means.

Nilotinib treatment

Three weeks post-injection with the lentivirus, half the animals
were 1.p. treated daily with 10 mg/kg nilotinib dissolved in
DMSO and the other half received DMSO treatments (3 .l
total) for an additional 3 weeks. Half of AS3T transgenic mice
were 1.p. treated daily with 10 mg/kg nilotinib and the other
half with DMSO. Lower dose of nilotinib including 1 and
5 mg/kg were administered i.p. every other day for 6 weeks.

'WB analysis

The nigrostriatal region was isolated from a-synuclein or Abl
expressing mice and compared with LacZ or total brain extracts
from A53T mice. Tissues were homogenized in 1 x Sodium Tris
EDTA NP40 (STEN) lysis buffer [S0 mm sodium Tris (pH 7.6),
150 mm NaCl, 2 mm EDTA, 0.2% NP-40, 0.2% BSA, 20 mm
PMSF and protease cocktail inhibitor], centrifuged at 10 000g
for 20 min at 4°C and the supernatant containing the soluble
protein fraction was collected. The supernatant was analyzed
by WB on SDS-NuPAGE Bis—Tris gel (Invitrogen). Mouse
a-synuclein was probed with (1:1000) anti-a-Synuclein anti-
body (BD Transduction Laboratories, USA) and human
a-synuclein was probed (1:1500) with human antibodies (Ther-
moScientific). Total Abl was probed with (1:500) rabbit poly-
clonal (K12) antibody (Thermo Fisher), or p-Abl (T412) with
(1:500) rabbit polyclonal antibody (Millipore) or p-Abl (T245)
with (1:500) rabbit polyclonal antibody (Millipore). Phospho-
tyrosine proteins were probed (1:1000) with rabbit polyclonal
antibody (Cell signaling). B-Actin was probed (1:1000) with
polyclonal antibody (Cell Signaling Technology, Beverly,
MA, USA). Autophagy antibodies, including rabbit polyclonal
Beclin-1 (1:1000) and rabbit polyclonal Atgl2 (1:1000), were
used according to autophagy antibody sampler kit 4445 (Cell
Signaling, Inc). A rabbit polyclonal (Pierce) anti-LC3 (1:1000)
and rabbit polyclonal (Thermo Scientific) anti-actin (1:1000)
were used. Rabbit polyclonal (1:1000) tubulin (Thermo Scientif-
ic) was used. MAP-2 was probed (1:1000) with mouse monoclo-
nal antibody (Pierce). WBs were quantified by densitometry
using the Quantity One 4.6.3 software (Bio Rad).

IHC of brain sections

Animals were deeply anesthetized with a mixture of xylazine
and ketamine (1:8), washed with 1 x saline for 1 min and then
perfused with 4% paraformaldehyde (PFA) for 15-20 min.
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Brains were quickly dissected out and immediately stored in 4%
PFA for 24 h at 4°C, and then transferred to 30% sucrose at 4°C
for 48 h. TH was probed (1:100) with rabbit polyclonal (AB152)
antibody (Millipore) and human a-synuclein was probed (1:100)
with mouse monoclonal antibodies (Thermo Scientific) and
DAB counterstained. Abl was probed (1:100) with (K12)
rabbit polyclonal antibody (Thermo Fisher), and V5 was
probed (1:500) with an epitope tag rabbit polyclonal antibody
(Thermo Scientific). Nissl staining was performed according
to the manufacturer’s protocols (Sigma Aldrich).

Stereological methods

Stereological methods were applied by a blinded investigator
using unbiased stereology analysis (Stereologer, Systems Plan-
ning and Analysis, Chester, MD, USA) to determine the total
positive cell counts in 20 cortical fields on at least 10 brain sec-
tions (~400 positive cells per animal) from each animal as pre-
viously explained (66).

Cell culture and transfection

Human neuroblastoma M17 cells were grown in 24-well dishes
(Falcon) as previously described (43,67). Transient transfection
was performed with 3 g a-synuclein, or Abl cDNA or Beclin-1
shRNA (Open Biosystems), or 3 wg LacZ cDNA for 24 h. Cells
were treated with 10 M nilotinib for 24 h and/or 100 nwm bafilo-
mycin for 3 h. Cells were harvested 48 h after transfectionin 1 x
STEN buffer and centrifuged at 10 000g for 20 min at 4°C, and
the supernatant was collected.

Human a-synuclein and p-Tau ELISA

Human a-synuclein and p-Tau ELISA were performed using
50 wl (1 pg/pl) of brain lysates (in STEN buffer) detected
with 50 pl primary antibody (3 h)and 100 .l anti-rabbit second-
ary antibody (30 min) at RT. a-Synuclein levels were measured
using human-specific ELISA (Invitrogen) according to the man-
ufacturers’ protocols. p-Tau was measured using specific p-Tau
at serine 396 according to the manufacturer’s protocol as previ-
ously described (43,67).

Caspase-3 fluorometric activity assay

To measure caspase-3 activity in the animal models, we used
EnzChek® caspase-3 assay kit #1 (Invitrogen) on cortical
extracts and Z-DEVD-AMC substrate and the absorbance was
read according to the manufacturer’s protocol.

ELISA dopamine and HVA

Total brain or mesencephalon was collected and fresh 50 wl
(1 pg/pl) brain lysates (in STEN buffer) were detected with
50 wl primary antibody (1 h) and 100 .l anti-rabbit secondary
antibody (30 min) at RT according to the manufacturer’s proto-
cols (Abnova, Cat# BOLD01090J00011) for DA and (Eagle
Biosciences, Cat# HVA34-K01) for HVA.

Transmission EM

Brain tissues were fixed in (1:4, v:v) 4% PFA-picric acid solution
and 25% glutaraldehyde overnight, and then washed three times
in 0.1 m cacodylate buffer and osmicated in 1% osmium tetrox-
ide/1.5% potassium ferrocyanide for 3 h, followed by another
three times wash in distilled water. Samples were treated with
1% uranyl acetate in maleate buffer for 1h, washed three
times in maleate buffer (pH 5.2), then exposed to a graded cold
ethanol series up to 100% and ending with a propylene oxide
treatment. Samples were embedded in pure plastic and incubated
at 60°C for 1-2 days. Blocks are sectioned on a Leica ultracut
microtome at 95 nm, picked up onto 100 nm formvar-coated
copper grids and analyzed using a Philips Technai Spirit trans-
mission EM.

MALDI-TOF mass spectroscopy

Brain extracts (in DMSO) were freeze-dried and re-suspend in
acetonitrile. Nilotinib quantification was carried out on a 4800
MALDI-TOF-TOF Analyzer (Applied Biosystems, CA,
USA) in reflector-positive mode and then validated in MS/MS
mode as previously described (63,68). Detected fragment
masses were identified in SWISS-PROT databases using
MASCOT.

Subcellular fractionation to isolate AVs

0.5 g of fresh animal brains were homogenized at low speed
(Cole-Palmer homogenizer, LabGen 7, 115 Vac) in 1xSTEN
buffer and centrifuged at 1000g for 10 min to isolate the super-
natant from the pellet. The pellet was re-suspended in IxSTEN
buffer and centrifuged once to increase the recovery of lyso-
somes. The pooled supernatants were then centrifuged at
100 000 rpm for 1 h at 4°C to extract the pellet containing AVs
and lysosomes. The pellet was then re-suspended in 10 ml
(0.33 g/ml) 50% metrizamide and 10 ml in cellulose nitrate
tubes. A discontinuous metrizamide gradient was constructed
inlayers from bottom to top as follows: 6 ml of pellet suspension,
10 ml 0f26%; 5 ml 0f24%; 5 ml 0f20%; and 5 ml of 10% metri-
zamide (69). After centrifugation at 10 000 rpm for 1 h at 4°C,
the fraction floating on the 10% layer (lysosome) and the frac-
tions banding at the 24%/20% (AV 20) and the 20%/10%
(AV10) metrizamide inter-phases were collected by a syringe
and examined by ELISA.

Rotarod tests

Mice were placed on an accelerating rotarod (Columbus Instru-
ments) equipped with individual timers for each mouse. Mice
were trained to stay on the rod at a constant 5 rpm rotation for
at least 2 min, then the speed was gradually increased by
0.2 rpm/min and the latency to fall was measured. All values
were converted to % control.

qRT-PCR in brain tissues

gRT-PCR was performed on Real-time OCR system (Applied
Biosystems) with Fast SYBR-Green PCR master Mix
(Applied Biosystems) in triplicate from reverse-transcribed



cDNA from mouse mesencephalon injected with lentiviral LacZ
or lentiviral a-synuclein (total 6 weeks) treated with DMSO or
nilotinib (total 3 weeks). Human wild-type a-synuclein ‘CAC
CAT GGA TGT ATT CAT GTT TCC’ was used as a forward
primer and ‘GGC TTC AGG TTC GTA GTC TTG AT’ as a
reverse primer. Gene expression values were normalized using
GADPH levels.
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