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LATS Inhibitor Protects 6-OHDA Induced Neuronal Cell Death In Vitro and
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Parkinson's disease (PD) is a neurodegenerative disorder marked by progressive motor dysfunction. Dopa-
minergic neurons in the substantia nigra are likely the main cause of PD onset. The Hippo signaling pathway
regulates organ size and tumor suppression. The Yes-associated protein (YAP) is a nuclear effector of the Hip-
po signaling pathway, and activation of YAP may be beneficial in several neurodegenerative diseases. In this
study, we examined the effects of compound A [N-(tert-butyl)-2-(pyridin-4-yl)-1,7-naphthyridin-4-amine|, a
large tumor suppressor kinase (LATS) inhibitor, on 6-hydroxydopamine (6-OHDA)-induced cell damage in vitro
and in vivo. In human neuroblastoma SH-SYS5Y cells, compound A showed a protective effect against 6-OHDA-
induced cell death without exhibiting any cytotoxicity. In order to investigate the effects of compound A on dopa-
minergic neurons, compound A was orally administrated to mice twice a day for 21 d. Next, mouse brains were
harvested to assess the expression of (1) a dopaminergic neuron marker and (2) a YAP transcriptional target.
Treatment of mice with 6-OHDA suppressed the expression of tyrosine hydroxylase (TH), a dopaminergic neu-
ron marker, and compound A (3 mg/kg, per os) administration ameliorated the TH expression levels. In addi-
tion, compound A upregulated the mRNA expression levels of connective tissue growth factor (CTGF), a YAP
transcriptional target. These results suggest that activation of the Hippo signaling pathway by LATS inhibition
may be used as a novel therapeutic target for treating PD.
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INTRODUCTION

Parkinson's disease (PD) is the second most common pro-
gressive neurodegenerative disease. PD appears to progress
as a result of dopaminergic loss in the substantia nigra. PD
is characterized by the following motor symptoms: tremors,
bradykinesia, and rigid muscles. Already 60-70% of dopamin-
ergic cells have been lost when motor symptoms appear in PD.
Therefore, preventing dopaminergic neuron loss effectively
suppresses the progression of PD symptoms.

The Hippo signaling pathway regulates organ size and
was first discovered in Drosophila melanogaster. Similar-
ly, in mammals, it appears to be associated with the modula-
tion of organ size and tumor inhibition. These functions of the
Hippo signaling pathway are mediated by its regulation of
both apoptosis and cell proliferation.’?» The Yes-associated
protein (YAP) is the nuclear effector of this pathway, which
activates a transcription factor referred to as the transcription-
al enhancer activator domain (TEAD). The upregulation of
YAP activity has also been linked to cell proliferation and can-
cer.? On the other hand, a low incidence of cancer has been
reported in several patients with the neurodegenerative dis-
ease.*¥ In addition, phosphorylation of the mammalian ster-
ile 20 (STE20)-like kinase 1 (MST1), an upstream regulator of

YAP, was increased in ventral motor neurons from amyotroph-
ic lateral sclerosis patients.9 In Huntington’s disease, YAP is
associated with transcriptional repression-induced atypical cell
death (TRIAD).”® Collectively, these reports suggest that the
Hippo signaling pathway is inactivated in several neurode-
generative diseases. Therefore, this pathway may be used as a
novel target- for developing drugs to treat various neurodegen-
erative diseases.

The large tumor suppressor kinases (LATS) 1 and LATS2
are regulators of the Hippo pathway. When the Hippo pathway
is activated, the LATS1/2 kinases are phosphorylated and acti-
vated. Activated LATS1/2 directly phosphorylates and inacti-
vates YAP, then phosphorylated YAP is subsequently degraded
by the proteasome. LATS1/2 also inhibits the nuclear trans-
location of YAP/transcriptional co-activator with PDZ-bind-
ing motif (TAZ), which activates the Hippo pathway. Interest-
ingly, in postmitotic mammalian tissues, the pharmacological
inhibition of LATS promoted YAP-dependent proliferation.”
However, it is unclear whether pharmacological LATS inhibi-
tion has protective effects against neuronal cell death. In this
study, we found that compound A [N-(tert-butyl)-2-(pyridin-4-
yl)-1,7-naphthyridin-4-amine] (Fig. 1), which is a LATS inhib-
itor, protected against 6-hydroxydopamine (6-OHDA)-induced
cell damage in a murine PD model. We then investigated the
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Fig. 1. The Chemical Structure of Compound A

molecular mechanism responsible for compound A-mediated
protection from cell damage in this PD model.

MATERIALS AND METHODS

Compounds The LATS inhibitor compound A [N-(tert-
butyl)-2-(pyridin-4-yl)-1,7-naphthyridin-4-amine] was synthe-
sized'® by Nissan Chemical Corporation.

Kinase Assay A kinase assay was conducted in 384-well
black plates (Greiner Bio-One, Kremsmiinster, Austria) using
the Fluorospark® Kinase/ADP Multi-Assay kit (FUJIFILM
Wako Pure Chemical Corporation, Kyoto, Japan) at a final
volume of 5 pL/well according to the manufacturer’s proto-
col. A solution containing LATS1 (Carna Biosciences, Kobe,
Japan) or LATS2 (Carna Biosciences) in assay buffer (20 mM
HEPES, 5 mM MgClI2, 0.01%, 2 mM DTT, 50 pg/mL BSA,
0.01%Triton X-100, pH7.5) was dispensed into each well
(5 ng/uL, 2 pL/well). Next, a solution (2 uL) containing com-
pound A dissolved in assay buffer was added to each well
(0.3-10000 nM). The reactions were initiated by adding
1 uL/well of a solution containing serum and glucocorticoid-
regulated kinase-tide substrate (10 uM) and ATP (400 uM).
The kinases were not added to the positive control wells,
and the test compounds were not added to the negative con-
trol wells. The assay plates were incubated at room temper-
ature for 5 h and the reactions were terminated. The sam-
ples were then, quantified using a Fluorospark® Kinase/ADP
Multi-Assay kit, and an EnSpire (Perkin Elmer) was used to
measure the fluorescence intensities at 540 nm (excitation) and
590 nm (emission). The fluorescence intensities of a test well
(T), positive well (P), and negative well (N) were used to cal-
culate the ratio of inhibition ([T-N]/[P-N]). IC,, value was cal-
culated using EXSAS ver. 10.0 software (Arm Systex, Osaka,
Japan).

Cell Culture The human neuroblastoma SH-SY5Y
cell line was obtained from the European Collection of Cell
Culture (Wiltshire, UK). The cells were cultured in Dulbec-
co’s modified Eagle’s medium (D-MEM; Nacalai tesque,
Kyoto, Japan) containing 10% fetal bovine serum (FBS),
100 pg/mL penicillin and 100 units/mL streptomycin (Meiji
Seika Co. Ltd., Tokyo, Japan). The culture environment was
maintained at 37°C, with 95% air and 5% CO, in a humid
atmosphere. The cells were passaged by trypsin treatment to
80% confluency and were replaced with fresh medium every
2or3d.

Cell Viability Assay SH-SYS5Y cells were seeded in a
96-well plate at 1 x 104 cells per well. After incubation for
24 h, the entire medium was replaced with fresh medium con-
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taining 1% FBS. Compound A was then added to the cul-
ture medium and incubated for 24 h. The cell viability was
measured using a CCK-8 assay following the manufactur-
er’s instructions (Dojindo, Kumamoto, Japan). After treat-
ment with compound A, 10 pL of CCK-8 solution was added
to each well. The plate was incubated at 37°C for 2 h, and the
absorbance was measured at 450 nm using a Varioskan Flash
2.4 microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA) at a reference wavelength of 630 nm.

Cell Death Assay SH-SYS5Y cells were seeded in a
96-well plate at 1 x 104 cells per well. After incubation for
24 h, the entire medium was replaced with fresh medium con-
taining 1% FBS. Compound A or N-acetyl cysteine (NAC),
used as positive control, was added to the culture medium and
the cells were incubated for 1 h. 6-OHDA (Sigma-Aldrich, St.
Louis, MO, USA) was then added to the culture medium fol-
lowed by a 12 h incubation. The cells were evaluated with a
nuclear staining assay. Cell death was assessed by combined
staining with Hoechst 33342 (Molecular Probes, Eugene, OR,
USA) and propidium iodide (PI; Molecular Probes). The cell
images were collected using a Lionheart microscope (BioTek
Instruments, Inc, Winooski, VT, USA). The cell counts per
condition were quantitated with Gen5 software (version 3.03).

Animals In this study, we utilized eight-week-old male
C57BL/6J mice (Japan SLC, Hamamatsu, Japan). The mice
were kept under a 12 h/12 h light/dark cycle (lights on from
8:00 to 20:00) at 24 + 2°C. The mice had free access to food
and water. All procedures for animal care and treatment were
conducted following the animal care guidelines published
by the Gifu Pharmaceutical University Animal Experiment
Committee.

6-OHDA Lesioned Model Hemi injection of 6-OHDA
was performed according to a previous report.') Briefly, mice
were anesthetized with ketamine (43.8 mg/kg) and xylazine
(2.5 mg/kg) by intraperitoneal administration. Under anes-
thesia, the skull of the mouse was exposed, and the drug was
injected (2 pL) at the following points: anterior-posterior (AP
+0.5 mm), lateral (L -2.0 mm, left), and dorsal-ventral (DV
-3.0 mm) from the bregma. The 6-OHDA solution (5 pg/pL in
0.9% NaCl with 0.02% ascorbic acid) was injected over 3 min.
Control animals were administered 0.9% NaCl and 0.02%
ascorbic acid. Compound A was suspended in 0.5% methyl-
cellulose and administered orally (10 mL/kg) twice a day for
3 weeks. After 3 weeks of compound A administration, the
mice were subsequently sacrificed and the cerebral cortex and
striatum were harvested.

Western Blot Analyses Mouse brains were lysed in radi-
oimmunoprecipitation buffer (RIPA buffer) [150 mM NacCl,
50 mM Tris-HCI (pH 8.0), 1% Igepal CA-630, 0.5% deoxy-
cholic acid, 0.1% sodium dodecyl sulfate (SDS)] containing
protease (Sigma Aldrich) and phosphatase inhibitor cocktails
1 and 2 (Sigma Aldrich). The lysates were centrifuged at
12,000 g for 20 min at 4°C. The protein concentrations were
determined using a BCA protein assay kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) with a bovine serum albu-
min standard. SDS sample buffer (Fujifilm Wako Chemicals)
was added to the lysates followed by a reaction at 90°C for
5 min. Subsequently, the samples were subjected to 5-20%
SDS-polyacrylamide gel electrophoresis, and the electro-
phoresed proteins were transferred onto a polyvinylidene dif-
luoride membrane (Immobilon-P; Millipore Corporation,
Bedford, MA, USA). The membrane was incubated with the
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following primary antibodies: tyrosine hydroxylase (TH)
mouse monoclonal antibody (Santa Cruz; 1:1000 dilution) and
B-actin mouse monoclonal antibody (Sigma Aldrich; 1:5000
dilution). Next, the membrane was incubated with horse radish
peroxidase-conjugated goat anti-mouse IgG secondary anti-
body (Pierce Biotechnology; 1:1000 dilution). The immuno-
reactive bands were detected with an Amersham Imager 680
(Cytiva, Tokyo, Japan.).

mRNA Expression Analyses Total RNA was isolat-
ed from mouse brains using the ISOGEN II reagent (#311-
07361, NIPPONGENE) and the RNeasy Mini kit (#74106,
QIAGEN) according to the manufacturer’s protocol. Briefly,
total RNA was extracted from whole brain homogenates with
ISOGEN 1I followed by RNA purification using RNeasy col-
umns. Approximately 20 ng of total RNA was used to pro-
duce cDNA with the PrimeScript RT reagent kit (#RR037A,
TaKaRa) following the manufacturer’s protocol. Reverse tran-
scription-quantitative polymerase Chain Reaction (RT-qPCR)
was then performed using the Premix Ex Taq kit (#RR039A,
TaKaRa) on an Applied Biosystems 7500 Real-Time PCR
System. The cDNA sample was diluted 5-fold with nuclease-
free water. The PCRs were performed at 95°C for 30 s, fol-
lowed by 40 cycles of 95°C for 5 s, and 60°C for 34 s. The
data were analyzed by the delta-delta C(t) method as previ-
ously described.'» The RT-qPCR TagMan probes consisted
of connective tissue growth factor (CTGF; Mm01192933 ¢1)
and Gapdh (Mm99999915_gl1).

Statistical Analyses The data are expressed as the mean
+ standard error of the mean (SEM). The statistical analy-
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Fig. 2. The LATS1 and LATS?2 Inhibitory Activities of Compound A

Dose-response curves based on in vitro kinase assays show the inhibitory activities
of compound A against (A) LATS1 and (B) LATS2. The IC,, values of compound A
against LATSI and 2 were (A) 3.95 £ 0.70 and (B) 11.39 + 1.69 nM.
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ses were conducted using the Student’s ¢-test or one-way
ANOVA followed by Dunnett's test. P < 0.05 were assumed to
be statistically significant. Statistical Package for Social Sci-
ence (SPSS) Statistics software (IBM, Armonk, NY, USA) was
used to perform the statistical analyses.

RESULTS

The LATS1 and LATS2 Inhibitory Activities of Com-
pound A Firstly, we calculated the LATS1 and LATS2 inhib-
itory activities of compound A using a kinase assay. The ICy,
values of compound A against LATS1 and LATS2 were 3.95 +
0.70 and 11.39 + 1.69 nM, respectively (Figs. 2A, B).

The Effects of Compound A on SH-SYSY Cell Viability
Before examining the effects of compound A on 6-OHDA-
induced SH-SYSY cell death, the effects of compound A on
cell viability activity were tested. Treatment with compound A
(0.01-1 uM) alone for 24h did not decrease cell viability. This
result suggested that compound A (0.01-1 uM) is not cytotoxic
towards SH-SYSY cells (Fig. 3A).

The Effect of Compound A on 6-OHDA-Induced
SH-SY5Y Cell Death We examined the effects of compound
A on 6-OHDA-induced SH-SY5Ycell death. Treatment of SH-
SYSY with 50 uM of 6-OHDA significantly increased the cell
death rate. Compound A (0.1 and 0.5 pM) significantly inhib-
ited SH-SYSY cell death induced by 6-OHDA in a concen-
tration-dependent manner. N-acetylcysteine (NAC), used as
a positive control, also significantly inhibited SH-SYS5Y cell
death induced by 6-OHDA (Fig. 3B).

The Effects of Compound A on the Expression of a
Dopaminergic Neuron Marker We examined the effects of
compound A on a dopaminergic neuron from the murine stri-
atum. Injection of mice with 6-OHDA selectively decreased
the expression level of the dopaminergic neuron marker, TH
(Figs. 4A, B). Interestingly, compound A (3 mg/kg) signifi-
cantly ameliorated the TH expression level in the side of the
brain injected with 6-OHDA (Figs. 4C, D).

The Effects of Compound A on the Transcriptional
Target of YAP We hypothesized that compound A enhanced
the expression level of TH by promoting YAP-mediated tran-
scription. Therefore, we injected mice with 6-OHDA and mon-
itored the mRNA expression of CTGF, a transcriptional tar-
get of YAP. Injection of mice with 6-OHDA injection had no
effect on the CTGF mRNA levels. Interestingly, compound
A (3 mg/kg) significantly increased the CTGF mRNA levels
compared to that observed in 6-OHDA-treated mice (Fig. 5).

DISCUSSION

In this study, we examined the effects of compound A on
6-OHDA-induced cell damage in vitro and in vivo. Firstly,
we evaluated the effects of compound A alone on SH-SYSY
cell viability. Our CCK-8 assay results showed that treatment
of SH-SYS5Y with compound A (0.01-1 pM) for 24 h did not
affect cell viability. This result suggested that compound A has
no proliferative activity and no cytotoxicity against SH-SYSY.

6-OHDA is widely used to mimic a model of PD mod-
el in vitro and to evaluate the protective effects of candidate
drugs for treating PD.!3-!5 In SH-SYSY cells, 6-OHDA induc-
es apoptosis via activation of the PI3K-Akt signaling path-
way.!® The Hippo pathway is one of the mechanisms that
regulate apoptosis not only in tumors but also in several neu-
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Fig. 3. The Cytotoxic and Cytoprotective Activities of Compound A
Towards SH-SYS5Y cells

(A) The graphs represent the viability of SH-SYSY cells treated with compound
A (0.01-1 pM) for 24 h. (B) The number of Hoechst 33342- and propidium iodide
(PI)- positive cells were counted. The cell death rate was expressed as the ratio of the
number of Pl-positive cells to the number of Hoechst 33342-positive cells. SH-SY5Y
cells were incubated with compound A (0.1 and 0.5 uM) for 1 h followed by 6-OHDA
(50 uM) for 12 h. #, P < 0.01 versus Control; 55, P < 0.01 versus Vehicle (Student’s
t-test). *, P <0.05; **, P <0.01 versus Vehicle (Dunnett's test). Each column and bar
represent the mean = SEM (n = 6).

rodegenerative diseases tissues.!” YAP exhibits anti-apoptotic
effects through the expression of B-cell lymphoma-extra large
(Bcl-xL), an anti-apoptotic protein that prevents the release
of mitochondrial contents such as cytochrome ¢ from cancer
cells.’™ Therefore, one possible mechanism for compound A,
increased Bcl-xL expression may have protected against
6-OHDA-induced apoptosis. However, the mechanism of
action of compound A needs to be further elucidated in future
studies.

6-OHDA is also used to induce an in vivo PD model in
mice and rats. Since 6-OHDA cannot cross the blood-brain
barrier, cell damage is induced by the injection of 6-OHDA
directly into the brain. 6-OHDA enters dopaminergic neu-
rons via the dopamine transporter and selectively damages the
dopaminergic neurons by ROS production. In this study, we
injected 6-OHDA into the left side of the striatum (ipsilateral).
We observed that the 6-OHDA injection induced a site-specific
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decrease in the expression level of TH, a dopaminergic neuron
marker. This result suggested that the dopaminergic neuron
population was selectively decreased on the side of the brain
injected with 6-OHDA. Compound A (3 mg/kg, per os; p.o.)
ameliorated the TH expression levels in 6-OHDA-injected
mice brains. It has been reported that YAP activation promotes
dopaminergic neuron survival and differentiation.!® In addi-
tion, MST1/2, upstream of LATS, phosphorylation promotes
dopaminergic neuron death.29 These reports and our findings
suggest that compound A reduced 6-OHDA-induced dopamin-
ergic neuron damage by (1) reducing oxidative stress and (2)
promoting dopaminergic neuron survival by inhibiting LATS.

There is a difference between in vitro and in vivo effects.
In vitro studies have shown little difference in the protective
effect of compound A at 0.5 pM and 1 pM (data not shown),
suggesting that the direct effect of compound A on neurons is
almost at its peak at 0.5 pM. On the other hand, the strong in
vivo effect at 3 mg/kg may be due to the fact that compound
A acts on cells other than neurons and may have an additive
inhibitory effect on cell death. Astrocytes express a cysteine/
glutathione exchange transporter that provides glutathione to
neurons. 6-OHDA is taken up by neurons, induces oxidative
stress, and depletes glutathione. In addition, 6-OHDA admin-
istration causes astrogliosis around the site of administration.
Levetiracetam and zonisamide have been reported to exhib-
it dopaminergic neuroprotective effects in 6-OHDA-induced
rodent PD models by promoting astrocyte proliferation and
increasing glutathione synthesis.2?2 LATS] is also involved
in astrocyte proliferation, and knockdown of LATSI in prima-
ry astrocyte culture cells by siRNA promotes cell growth.2
Thus, compound A may have promoted astrocyte proliferation
by inhibiting LATS1 and suppressed neuronal cell death via
glutathione supply. However, the action of LATS inhibition in
astrocytes is unknown and should be investigated in detail in
the future.

YAP translocate from the cytoplasm to the nucleus and
induces the transcription of various genes. CTGF is one of
the transcriptional targets of YAP. Overexpression of CTGF
expression contributes to the resistance of cancer cells to
anti-cancer drug-induced cell death.2¥ The LATS inhibitor,
TLURI, upregulates Ctgf gene expression in utricular support-
ing cells.? This report is consistent with the present results, in
which administration of compound A (3 mg/kg, p.o.) to PD
model mice increased the expression of CTGF mRNA (Fig. 5).
The CTGF protein acts as a neurotrophic factor via activation
of the p44/42 mitogen-activated protein kinase (MAPK) sign-
aling pathway.?® Since p44/42 mediates cell proliferation and
neurogenesis of neural progenitor cells,?® increased expres-
sion of CTGF may also protect dopaminergic neurons through
the promotion of cell proliferation and neurogenesis. These
results may indicate that YAP activation by LATS inhibition
activates p44/42 via transcriptional upregulation of CTGF,
which reduced 6-OHDA-induced dopaminergic nerve damage.
However, further studies are required to elucidate the detailed
mechanism of compound A-mediated cell protection.

In conclusion, compound A was effective against 6-OHDA-
induced dopaminergic cell damage in vitro and in vivo. These
findings suggest that compound A may be a new therapeutic
agent targeting the Hippo signaling pathway in PD.
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Fig. 4. The Effects of Compound A on the Expression of a Dopaminergic Neuron Marker

(A), (C) The expression levels of tyrosine hydroxylase (TH) in the mice striatum after 3 weeks of compound A (0.3 and 3 mg/kg). (B), (D) The expression levels of TH were
normalized to the B-actin expression levels. #, P < 0.05 versus Saline Ipsilateral; #, P < 0.01 versus Control; 3, P < 0.05 versus 6-OHDA Ipsilateral (Student’s #-test). *, P < 0.05
versus Vehicle (Dunnett’s test). Each column and bar represent the mean + SEM. (n = 5 or 6).
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Fig. 5. The Effects of Compound A on the Expression Levels of a YAP
Transcriptional Target

The expression levels of connective tissue growth factor (CTGF) mRNA were ob-
tained by RT-PCR analysis of the mice cortex after 3 weeks of compound A (0.3 and
3 mg/kg) administration. *, P < 0.05 versus Vehicle (Dunnett’s test). Each column and
bar represent the mean + SEM. (n =4 or 6).
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