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Abstract

The development of neuroprotective agents is necessary for the treatment of
neurodegenerative diseases. Here, we report PQA-11, a prenylated quinolinecarboxylic acid
(PQA) derivative, as a potent neuroprotectant. PQA-11 inhibits glutamate-induced cell death
and caspase-3 activation in hippocampal cultures, as well as inhibits N-Methyl-4-
phenylpyridinium iodide- and amyloid Bi.42-induced cell death in SH-SYSY cells. PQA-11
also suppresses mitogen-activated protein kinase kinase 4 (MKK4) and c-jun N-terminal
kinase (JNK) signaling activated by these neurotoxins. Quartz crystal microbalance analysis
and in vitro kinase assay reveal that PQA-11 interacts with MKK4, and inhibits its
sphingosine-induced activation. The administration of PQA-11 by intraperitoneal injection
alleviates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced degeneration of nigrostriatal
dopaminergic neurons in mice. These results suggest that PQA-11 is a unique MKK4 inhibitor
with potent neuroprotective effects in vitro and in vivo. PQA-11 may be a valuable lead for

the development of novel neuroprotectants.



Keywords

Neuronal cell death, neurodegeneration, MAPK, neurotoxin, small molecule

Chemical compounds studied in this article
Ppc-1 (PubChem CID: 46910769), PQA-18 (PubChem CID: 73602831), PQA-11 (PubChem

CID: 74223691)



1. Introduction

Cell death plays a critical role in the pathology of various neurological diseases in
the nervous system [1-3]. Neurotrophic factor depletion and the activation of excitatory
neurotransmitter receptors trigger cell death in neurons through the activation of caspase-3
[3—8]. In addition, the accumulation of abnormal proteins including amyloid proteins and
neurotoxins induce neuronal cell death, which is involved in the etiology of
neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD)
[9-11]. This cell death is modulated by highly regulated signaling pathways including
mitogen-activated protein kinase (MAPK) [12,13]. c-Jun N-terminal kinase (JNK), a member
of the MAPK family, is a Ser/Thr kinase activated by various stresses such as reactive oxygen
species [12,13]. INK activates the cell death pathway via phosphorylation of cellular
substrates including c-Jun, a component of the transcription factor activator protein-1 [12—
14]. As INK activation is observed in some experimental models including excitotoxicity,
nerve growth factor withdrawal, and ischemia [15—18], the development of novel drugs that
inhibit the JNK pathway is valuable for the treatment of neuronal cell death.

Cellular slime molds are soil microorganisms that produce many pharmacologically
active molecules and are an important source of lead compounds for medical research [19—
21]. We previously reported that Ppc-1, a secondary metabolite containing a unique structure
of prenylated quinolinecarboxylic acid (PQA), derived from Polysphondylium
pseudocandidum, enhances mitochondrial oxygen consumption and induces weight loss in
mice without lesional changes in kidney or liver tissues or tumor formation [22]. In the
present study, we have synthesized a series of PQA derivatives, and selected PQA-11 as a
potent neuroprotectant through the inhibition of the MKK4-JNK signaling pathway. PQA-11
inhibits MKK4 autophosphorylation and subsequently JNK activity, which prevents neuronal

cell death induced by various neurotoxins. These findings suggest that PQA-11 is a novel



MKKH4 inhibitor with potent neuroprotective effects.



2. Materials and methods

2.1. Antibodies and Chemicals

The PQA compounds used in this study were synthesized and purified as previously described
[23,24], and the structure and purity were confirmed by 'H and '3C NMR spectroscopy and
high-resolution mass spectroscopy. The purities of all compounds were greater than 98%.
Mouse anti-f-actin monoclonal antibody (mAb), mouse anti-microtubule associated protein-2
(MAP2) mAb, dimethyl sulfoxide (DMSO), glyceryl trioctanoate, N-Methyl-4-
phenylpyridinium iodide (MPP"), sphingosine, SP600125 and amyloid B1-42 (AP1-42) were
purchased from Sigma-Aldrich (St. Louis, MO); 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) was purchased from Tokyo Kasei Kogyo (Tokyo, Japan); rabbit
anti-cleaved caspase-3 (Asp175) mAb, rabbit anti-phospho-c-Jun (Ser73) mAb, rabbit anti-
phospho-JNK (Thr183/Tyr185) mAb, rabbit anti-phospho-p38 (Thr180/Tyr182) mAb, rabbit
anti-phospho-MKK4 (Thr261) polyclonal antibody, rabbit anti-MKK4 polyclonal antibody,
rabbit anti-phospho-ASK1 (Thr845) polyclonal antibody, rabbit anti-phospho-MLK3
(Thr277/Ser281) polyclonal antibody and rabbit anti-glial fibrillary acidic protein (GFAP)
mAb were obtained from Cell Signaling Technology (Beverly, MA); Mouse anti-GST mAb
was obtained from Wako (Tokyo, Japan); Mouse anti-tyrosine hydratase (TH) mAb was
obtained from Merck Millipore (Billerica, MA); Rabbit anti-phospho-leucine-rich repeat
kinase 2 (LRRK2) (Ser935) mAb was obtained from Abcam (Cambridge, MA). All other

chemicals and reagents were of the highest grade commercially available.

2.2. Animal study
All the experiments were conducted in accordance with the guidelines of the National

Institutes of Health, as well as the Ministry of Education, Culture, Sports, Science and



Technology of Japan, and were approved by the Fukushima Medical University Animal
Studies Committee. All efforts were made to minimize animal suffering, to reduce the number
of animals used, and to utilize alternatives to in vivo techniques. Male C57BL/6J mice (9-
week old) were obtained from CLEA Japan (Tokyo, Japan), and housed at 21°C with a 12:12-
h light/dark cycle with free access to water and a commercial diet. MPTP was used to induce
Parkinsonism in animal models [25]. After preliminary breeding for one week, mice were
treated with vehicle (0.1% DMSO), PQA-11 (0.5 mg/kg), or SP600125 (1.0 mg/kg) by
intraperitoneal injection three times a week for two weeks. MPTP (20 mg/kg) or PBS
(control) was administered four times at 2 h intervals on Day 1 of the second week [25].
Control mice received PBS only. Stock solutions of PQA-11 and SP600125 were diluted with
glyceryl trioctanoate, and treatment of PQA-11 (0.5 mg/kg), SP600125 (1.0 mg/kg), or
vehicle (0.1% DMSO) was started a week before the MPTP injection by intraperitoneal
injection three times a week. A week after the MPTP injection, the mice were sacrificed and
brain tissue was prepared for immunohistochemistry. For the assessment of glutamate-
induced cell death, primary neurons were prepared from the hippocampus of 17-day-old
embryonic C57BL/6J mice as described previously [26]. The embryonic hippocampus was
dissected and incubated with Versene (Thermo Fisher Scientific) at room temperature for 12
min. Neurons were then mechanically dissociated with a fire-narrowed Pasteur pipette in the
culture medium. Isolated neurons were plated at a density of 6.3x10* cells/cm? on wells
coated with poly-D-lysine and laminin and maintained in Neurobasal medium supplemented
with 2% B-27, 500 uM glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin in a
humidified atmosphere of 5% CO, and 95% air at 37°C. The neuronal cells cultivated for 11
days in vitro (DIV) were treated with or without glutamate at 10 uM for 24 h in the absence or
presence of PQA compounds at 100 nM, and cell viability was evaluated by

immunocytochemistry with anti-MAP2 antibody. The 1Cso values for the inhibition of



glutamate-induced cell death were obtained with four different concentrations of the PQA

compounds.

2.3. Immunohistochemistry

Brains were embedded in Tissue Tek (Sakura Finetek, Torrance, CA), frozen in liquid
nitrogen, and stored at -80°C. Cryostat sections (30 pum in thickness) were prepared, air-dried,
and fixed in 10% neutral formaldehyde solution for 10 min. Sections were blocked with 5%
swine serum (Vector Laboratories, Burlingame, CA) and stained with anti-TH mAb. Mouse
antibody was detected with anti-mouse IgG conjugated with biotin (Vector Laboratories). The
immunoreactive signals were visualized using a Vectastain ABC kit (Vector Laboratories)
with 3,3’-diaminobenzide tetrahydrochloride/H>O: as a chromogen. The number of stained
cells was counted with a computer-assisted imaging program. Eight to 10 sections obtained

from the individual animals were used for evaluation of the TH-positive cells.

2.4. Cell cultures

Human neuroblastoma SH-SYSY cells (passage numbers 4-10, CRL-2266: American Type
Culture Collection, Manassas, VA) were cultivated in growth medium consisting of a 1:1
mixture of MEM/Ham’s F-12 supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS, Sigma-Aldrich) in a humidified atmosphere of 5% CO> and 95% air at 37°C.
SH-SYS5Y cells are widely used as a model in studies involving neuronal injury or death, as
well as neurodegenerative diseases [27]. We confirmed that MPP™ activates caspase-3 and
JNK signaling in a dose-dependent manner in undifferentiated, intact SH-SYS5Y cells. AB1-42
was dissolved in growth medium without FBS to make up the 100 uM stock solution and kept
at -80°C. When needed for experiments, an aliquot of APi.42 solution was maintained at 37°C

for 48 h to make aggregates prior to treating the cells [27]. For the assessment of cell death,



SH-SYS5Y cells were treated with or without MPP" at 3 mM for 24 h ABi.4; at 1 or 10 pMfor
48 h in the absence or presence of various concentrations of PQA-11 or SP600125 at 1 uM.
Cell viabilities were evaluated by flow cytometric analysis and immunocytochemistry with

anti-cleaved caspase-3 antibody.

2.5. Immunocytochemistry

The neuronal cells (11 DIV) or SH-SYSY cells growing on glass coverslips were fixed with
10% neutral formaldehyde solution for 15 min at room temperature. The cells were
permeabilized with 0.1% Triton X-100 in PBS containing 5% swine serum for 1 h at room
temperature and incubated with the primary antibody overnight at 4°C. The cells were then
reacted with anti-mouse IgG antibody or anti-rabbit IgG antibody conjugated with Alexa
Fluor 488 (Thermo Fisher Scientific) for 1 h at room temperature, and observed under a
confocal laser-scanning microscope system, FV-1000D (Olympus, Tokyo, Japan). Under the
culture condition, 98% of primary hippocampal neurons were immunoreactive for the
neuronal marker MAP2 on double immunocytochemistry with anti-MAP2 antibody and anti-

GFAP antibody as the astroglial markers.

2.6. Immunoblotting

The neuronal cells (11 DIV) or SH-SYS5Y cells were solubilized in lysis buffer (PBS, pH 7.4,
1% n-dodecyl-p-D-maltoside [DDM], 1 mM Na3zVOys) containing aprotinin (10 pg/ml),
leupeptin (10 pg/ml), and phenylmethylsulfonyl fluoride (1 mM). After incubating on ice for
15 min, the lysates were clarified by centrifugation at 12,000 g for 15 min. After protein
determination by a Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, CA), the
supernatants (20 ug) were subjected to SDS-PAGE and the proteins were transferred to PVDF

filter membranes (Millipore, Billerica, MA). The membranes were blocked with 5% non-fat



dry milk in Tris-buffered saline containing 0.05% Tween 20 and incubated with primary
antibodies. Blots were probed with goat anti-mouse IgG antibody or anti-rabbit IgG antibody
coupled to HRP (Bio-Rad Laboratories), and the positive signals were visualized by ECL
(PerkinElmer, Waltham, MA). Band intensities were quantified using Image J software

(1.47V, US National Institutes of Health).

2.7. Flow cytometric analysis

To analyze activation of cellular caspase-3 and phosphorylation of c-Jun, single-cell
suspensions from SH-SYS5Y cells were obtained by trypsin and aliquots of cells suspensions
(109 cells) were stained with Alexa488-conjugated anti-cleaved caspase-3 antibody and anti-
phospho-c-Jun antibody, respectively. Stained cells were analyzed with FACSCanto II (BD

Biosciences, San Jose, CA) as described previously [28].

2.8. In vitro kinase assay

Full-length cDNAs for human MKK4 (GenBank accession no. NM_003010) and human
LRRK2 (GenBank accession no. NM_198578) were obtained by RT-PCR using total RNA
from normal human lung fibroblast TIG7 cells [26], and cloned into the pGEX-4T-1.
Constitutive active type of MKK4 (CA-MKK4) was produced by replacing Ser257 with Glu
and Thr261 with Asp using the primeSTAR mutagenesis kit (Takara, Shiga, Japan) [29]. A
GST-MKK4, GST-CA-MKK4, or GST-LRRK?2 protein was expressed in Escherichia coli and
purified with glutathione Sepharose 4B as described previously [30]. These GST proteins
were incubated with or without sphingosine in a kinase buffer consisting of 20 mM Hepes-
NaOH, pH7.4, 10 mM MgCl> and 200 uM ATP in a total volume of 40 pL at 30°C for 20 min
as described previously [30]. Phosphorylation of the GST proteins was assessed by

immunoblotting with an anti-phospho-MKK4 or anti-phospho-LRRK2 antibody.
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2.9. RNA interference

The silencer select pre-designed short interfering RNA (siRNA) for human MKK4 (s12703)
was obtained from Thermo Fisher Scientific. The scramble sequence for the control (5'-
AGGUAGUGUAAUCGCCUUGATAT-3") was designed as previously described [30]. To
achieve gene silencing, SH-SYS5Y cells were transfected with the siRNA for 24 h using the
Neon Transfection System (Thermo Fisher Scientific) according to the manufacturer’s
recommended protocol [31]. Under this transfection condition, we confirmed over 90%

reduction in the MKK4 protein levels by immunoblotting with anti-MKK4 antibody.

2.10. Quartz crystal microbalance (QCM)

QCM was used to analyze the potential binding between PQA-11 and MKK4, CA-MKK4, or
LRRK2. QCM measurement was performed using AFFINIX QN (Initium Inc., Kanagawa,
Japan) [32]. Briefly, 5 uL of a mixture of H>SO4 and H>O» (3:1, called as piranha solution)
was mounted to the Au surface on the quartz crystal sensor, and incubated for 5 min at room
temperature. The sensor was then washed thoroughly with distilled water, and washing was
repeated three times. After the sensor was dried, it was applied with 1 pL of PQA-11 solution
(10 mg/mL in DMSO), and PQA-11 immobilization was performed with incubation for 30
min at room temperature under saturated humidity. The immobilized-PQA-11 sensor was
immersed in a batch cell with 5 mL PBS. A corresponding amount of samples was added into
the batch cell. Changes in frequency were recorded point by point until the adsorption was
saturated. The dissociation rate constant (Kd) was calculated using AQUA software (Initium

Inc.).

2.11. LC/MS/MS
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Mice were treated with PQA-11 (0.5 mg/kg) by intraperitoneal single injection, brain tissues
were prepared at 2, 4, and 6 h after the PQA-11 injection. PQA-11 in the brain tissues was
analyzed by C18 reverse-phase liquid chromatography coupled to high resolution Mass
spectrometry (MS) as described previously [22]. Briefly, PQA-11 was extracted by the
method of Bligh and Dyer [33]. For detection of PQA-11, the extracts were analyzed on high
performance liquid chromatography (LC)-MS/MS system (LC, UltiMate 3000; MS, TSQ
Vantage and Orbitrap, Thermo Fisher Scientific) controlled by XCALIBUR. The m/z list of
PQA-11 was obtained from Mass Frontier (version 7.0, Thermo Fisher Scientific) software
for the prediction of PQA-11 fragments. The peak area of PQA-11 as a parent compound was
calculated from mass spectra obtained by positive acquisition polarity in a mass spectrometer.
To assess relative concentrations of PQA-11, the peak area of PQA-11 was normalized to that

of quinine added as an internal standard.

2.12. Data analysis

The statistical significance of differences was determined using the one-way analysis of
variance with Tukey-Kramer post-hoc comparisons. Data are expressed as mean and SD (**,
p<0.01; *, p<0.05, as compared with control: #, p<0.01; #, p<0.05, as compared with the

neurotoxins-treated group).
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3. Results

3.1. Inhibition of glutamate-induced cell death by PQA-11

Since Ppc-1 exhibited neuroprotective effects on glutamate-induced cell death in hippocampal
cultures (ICso: 239 nM; Figs. 1A and B), we evaluated a number of PQA compounds using the
hippocampal cultures, and the most potent protection was observed with PQA-11 (ICso: 127
nM; Figs. 1A and B). No protective effect was detected with immunosuppressive PQA-18
(Figs. 1A and B) [24]. Thus, we chose PQA-11 for further analyses and examined the effect of
PQA-11 on the activation of caspase-3, which is evident in glutamate-treated cells. The
cultures were treated with glutamate for 6 h in the absence or presence of PQA-11, followed
by the determination of cleaved caspase-3 protein levels. As shown in Fig. 1C, a marked
increase in cleaved caspase-3 protein levels was observed in the glutamate-stimulated
hippocampal cultures. PQA-11 significantly suppressed the activation of caspase-3, while

PQA-11 alone did not affect cleaved caspase-3 protein levels.

3.2. Inhibition of MPP*- and Api-42-induced cell death by PQA-11

The above results led us to examine the pharmacological profiles of PQA-11, using in vitro
models of PD and AD, that is, SH-SY5Y human neuroblastoma cells treated with MPP* and
APi.42, respectively [18,25,27]. The cells were treated with MPP* for 24 h in the absence or
presence of PQA-11 or a specific JNK inhibitor SP600125, and caspase-3 activation was
determined with flow cytometric analysis. MPP" significantly increased the number of
activated caspase-3-positive cells as compared with the control in SH-SYS5Y cells, and PQA-
11 and SP600125 significantly suppressed it in a concentration-dependent manner [control:
22.342.1%; MPP*: 52.1£3.6%**; MPP" + SP600125 (1 uM): 15.9%+4.8%"; MPP* + PQA-

11 (1 nM): 41.5+2.2%* MPP* + PQA-11 (10 nM): 29.1%3.3%"*; MPP* + PQA-11 (100 nM):
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21.542.1%"; **p<0.01, as compared with control; *p<0.05, #p<0.01, as compared with
MPP"; one-way ANOVA with Tukey-Kramer post hoc comparisons] (Fig. 2A). Similar results
were obtained using immunoblotting analysis (Fig. 2B). We further studied the effects of
PQA-11 on Ai-42-induced cell death in SH-SYSY cells. When cells were treated with
aggregated APi-42 for 48 h in the absence or presence of PQA-11, the number of activated
caspase-3-positive cells was significantly increased by treatment with aggregated ABi.42,

which was significantly suppressed by treatment with PQA-11 (Fig. 3A).

3.3. Inhibition of the MKK4-JNK pathway by PQA-11

JNK and MKK4 is involved in the cell death pathway and regulated by MAPKK kinase
(MAPKKK) such as ASK1 [12—14,34]. To understand the inhibition mechanism of cell death
by PQA-11 in SH-SYS5Y cells treated with MPP*, we examined the phosphorylation of
signaling molecules of the INK pathway. When cells were treated with MPP* for 30 min in
the absence or presence of PQA-11, phosphorylation of c-Jun, which is a specific JINK
substrate, was remarkably increased as compared with the control in SH-SYS5Y cells, and
PQA-11 significantly suppressed it in a concentration-dependent manner (Fig. 2C). Similar
results were obtained using flow cytometric analysis (Fig. 2D). We confirmed that SP600125
significantly inhibited MPP"- triggered phosphorylation of c-Jun (Fig. 2D). Additionally,
when the cells were treated with MPP™" for 15 min in the absence or presence of PQA-11,
phosphorylation of JNK, MKK4, LRRK2, but not ASK1, MLK3, and p38, was evident in the
SH-SYS5Y cells (Fig. 2E). PQA-11 significantly suppressed MPP*-triggered phosphorylation
of these signaling molecules in a concentration-dependent manner (Fig. 2E), possibly
suggesting that PQA-11 inhibits the MPP*-induced LRRK2-MKK4-JNK pathway in SH-
SYSY cells. Similar results were obtained when APi.42 was used as an inducer of cell death.

As shown in Figures 3B and 3C, aggregated Afi-42 induced the phosphorylation of INK and

14



MKKH4 in a time-dependent and concentration manner, and this increase was significantly
suppressed by the treatment with PQA-11 at all time points tested. These results suggest that
PQA-11 inhibits cell death through JNK pathway suppression in SH-SYSY cells treated with
MPP" or aggregated APi-42.

The effect of MKK4 siRNA on the caspase-3 activation was tested to confirm the
MKK4 requirement for the neurotoxins-induced cell death. We confirmed that the MKK4
expression level was significantly suppressed by treatment with MKK4 siRNA in SH-SY5Y
cells in a dose-dependent manner. No effect was detected with the control siRNA. When the
cells were introduced with MKK4 siRNA and then treated with MPP* for 24 h, the number of
activated caspase-3-positive cells was recovered to near control levels (Fig. 4A). Similar
results were obtained when aggregated APi.42 was used as a neurotoxin (Fig. 4B). These

results suggest an indispensable role for MKK4 in neurotoxin-induced cell death.

3.4. Interaction of PQA-11 with MKK4
To understand the molecular basis on MKK4-JNK pathway inhibition by PQA-11, we
examined the interaction of PQA-11 with MKK4, constitutive active type MKK4 (CA-
MKK4), or LRRK?2 using the QCM method. PQA-11 was immobilized on the Au surface on
the sensor, and the frequency of Au self-oscillation was markedly diminished by adding GST-
MKKH4 to the assay solution, showing a strong binding of PQA-11 and MKK4 (Fig. 5A). This
effect was in a concentration-dependent manner, and the Kd values for the interaction between
PQA-11 and MKK4 were calculated as 1.15 x 10 M (Fig. 5B). No response was detected
with GST-CA-MKK4, GST-LRRK?2, or GST. These results suggest that PQA-11 directly
interacts with resting MKK4 rather than activated MKK4 or LRRK2.

Recent studies have suggested that sphingosine derived from ceramide is involved in the

activation of the JNK pathway and subsequent cell death [35]. Thus, we examined the effect
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of sphingosine on the interaction between GST-MKK4 and PQA-11 using QCM. As shown in
Fig. 6A, the frequency, which was quite low when GST-MKK4 was added to the solution,
was slightly restored by adding sphingosine. Sphingosine alone did not cause the frequency
change, showing no direct binding of sphingosine to PQA-11. These results suggest that
PQA-11 might interfere with sphingosine binding to MKK4, but not to PQA-11. Based on the
previous studies on MKK4 that autophosphorylation at Thr261 is required for full kinase
activity [36], GST-MKK4 solution was incubated with ATP in the absence or presence of
sphingosine. As shown in Figure 6B, sphingosine itself induced the autophosphorylation of
GST-MKK4 in a concentration-dependent manner, and this phosphorylation was significantly
inhibited by adding PQA-11 (Fig. 6C). These results suggest that PQA-11 inhibits

sphingosine-induced MKK4 autophosphorylation.

3.5. Alleviation of MPTP-induced neurodegeneration by PQA-11

The MPTP model was employed for the assessment of the neuroprotective effects of PQA-11
in vivo [25,34]. C57BL/6J mice were administered with MPTP to induce degeneration in
nigrostriatal dopaminergic neurons, and treated with a vehicle (0.1% DMSO), PQA-11 (0.5
mg/kg) or SP600125 (1.0 mg/kg), three times a week by intraperitoneal administration.
SP600125 was used as a positive control [37]. As shown in Figure 7, the number of the TH-
positive cells in substantia nigra was reduced by the administration of MPTP as compared
with the control, which was alleviated by the administration of PQA-11 or SP600125 (control:
334421 cells; MPTP: 82+16 cells**; MPTP + PQA-11: 145+18 cells**; MPTP + SP600125:
142422 cells™; ##p<0.01, as compared with control; #p<0.01, as compared with MPTP; one-
way ANOVA with Tukey-Kramer post hoc comparisons). These findings indicate that PQA-
11 displays a neuroprotective effect in vivo. To investigate the distribution of PQA-11 in the

brain, the mice were intraperitoneally administered with PQA-11 (0.5 mg/kg) and brain
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extracts were examined by mass spectrometric analysis. The peaks of PQA-11 at the positions
of 358.20 m/z and 290.14 m/z were confirmed as parent compound by MS and MS/MS,
respectively (Figs. 8A and B). The peak at the position of 290.14 m/z was detected in the brain
samples of individuals at 4 h and 6 h after the PQA-11 administration (Fig. 8C). These results

suggest that PQA-11 is delivered to the brain after intraperitoneal administration.
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4. Discussion

We demonstrated in our study that PQA-11 suppresses neurotoxin-induced cell death
through MKK4-JNK signaling pathway inhibition. JNK plays a crucial role in neuronal cell
death by activating the mitochondrial apoptosis pathway and subsequently activating caspase-
3, an effector at the endpoint of the JNK-cell death pathway [12—18]. We detected the active
form of caspase-3 in mouse hippocampal cultures treated with glutamate and human SH-
SYSY cells treated with either MPP* or ABi-42. Additionally, PQA-11 treatment attenuated the
activation of caspase-3 and cell death in all three independent experiments (Figs. 1-3). JNK is
a member of the MAPK family and is activated by MAPKKs, which are regulated by
MAPKKKSs [12]. MAPKKKSs are activated under various conditions such as cellular stress
and oxidative stress [13,14]. ASK1, a member of MAPKKK family, is activated by oxidative
stress, and other members of the MAPKKK family, MEKK1/4 and MLK?2/3, are activated by
cellular stress through small GTPases [14]. These MAPKKKSs phosphorylate and activate
members of MAPKKSs, such as MKK4 and MKK?7, which phosphorylate and activate INK
[13]. Here, we observed the activation of MKK4 in MPP*- or ABi.s-treated SH-SY5Y cells
(Figs. 2 and 3). Since treatment with siMKK4 suppresses this MKK4 and caspase-3 activation
(Fig. 4), MKK4 is possibly involved in the neurotoxin-derived JNK activation and cell death.
Besides, PQA-11 attenuates the activity of LRRK2, a member of MAPKKK family, in
addition to MKK4 (Fig. 2C). No significant changes are detected with other MAPKKKSs such
as ASK1 and MLK3 in MPP"-treated SH-SY5Y cells. Taken together, the above results
suggest that the LRRK2-MKK4-JNK pathway is mainly enhanced in neurotoxin-treated SH-
SYS5Y cells, and that PQA-11 suppresses neurotoxin-induced JNK and caspase-3 activation
through affecting LRRK2 and MKK4, the upstream kinases of JNK signaling.

The action mechanism underlying the inhibition of LRRK2 and MKK4 activity by PQA-

11 is interesting. Our QCM analysis and in vitro kinase assay reveal that sphingosine directly
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interacts with MKK4 and increases its activity (Fig. 6). We also demonstrate that PQA-11
directly interacts with MKK4, but not with LRRK?2. Furthermore, PQA-11 suppresses
sphingosine binding to MKK4, while PQA-11 does not directly interact with sphingosine
(Figs. 5 and 6). Preliminary results of the MKK4 structural analysis using Autodock Vina
software [38] suggest a single, common binding pocket for PQA-11 (-6.3 kcal/mol) and
sphingosine (-4.2 kcal/mol) on MKK4 (PDB structure; 3vut) [39]. MKK4 requires
sphingosine binding for autophosphorylation. A recent study revealed that the Ser257 and
Thr261 residues of MKK4 is required for autophosphorylation and the subsequent full
activation, while only a trace of MKK4 activation is observed when these sites were replaced
by alanine [36]. Thus, we speculate that PQA-11 inhibits MKK4 through interfering with the
binding of sphingosine in a competitive manner. Molecular basis of LRRK2 inhibition by
PQA-11 remains to be solved. On the other hand, we have previously reported that another
PQA compound, PQA-18, suppresses PAK2 activity [24]. PAK is a kinase regulated by p21
GTPases, and its autophosphorylation is dependent on interacting with sphingosine [40],
indicating that the molecular basis of PAK2 inhibition by PQA-18 may be similar to the case
of MKK4 by PQA-11. PQA-11 does not affect kinase activity of PAK2, and PQA-18 does not
affect that of MKK4 (data not shown). These findings may suggest that the PQA core
structure is required to interfere with sphingosine binding to kinases.

New neuroprotectants that have a therapeutic effect and cause no adverse effects are
important for the treatment for patients with neurodegenerative diseases. Recently, a number
of small molecules, including recombinant proteins such as neurotrophic factors, growth
factors, erythropoietin, and anti-amyloid B antibody, have also been developed for
neuroprotection [41—43]. However, their clinical applications are limited by the appearance of
serious side effects such as cerebral vasculitis and stroke, poor bioavailability, and low blood-

brain barrier permeability [44]. Although donepezil and rivastigmine were also developed as
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an acetylcholine esterase inhibitor and were approved for AD treatment and improve AD
symptom but do not prevent the progression of AD because these drugs do not inhibit
neuronal cell death [45]. Therefore, the development of a new drug that inhibits neuronal cell
death is required for the treatment of neurodegenerative diseases. We have shown in this study
that PQA-11 prevents neuronal cell death through MKK4 inhibition in vitro (Figs. 2 and 3).
Furthermore, PQA-11 prevented MPTP-induced degeneration of nigrostriatal dopaminergic
neurons in vivo (Fig. 7). These results imply that PQA-11 can serve as an inhibitor of
neuronal cell death in the brain. We confirmed the distribution of PQA-11 in the brains of
mice treated with PQA-11 administered intraperitoneally. PQA-11 was also detected as a
parent compound in mouse brain extracts by using LC/MS/MS 4 h after its administration
(Fig. 8), showing that it is delivered to the brain through the blood-brain barrier and may
display neuroprotective activity by its direct effect on neurons. Recent studies have
demonstrated that INK inhibitors, such as SP600125, prevent MPTP-induced neuronal cell
death in the substantia nigra [46]. However, JNK is expressed in various tissues including the
brain, and JNK inhibitors may possess various adverse effects including immune deficiency
and cancer development by affecting cell differentiation and proliferation [47,48]. In contrast,
the expression of MKK4 is high in neurons but low in glial or peripheral tissues [34]. RNA-
seq analysis confirms the high levels of MKK4 in the brain [49]. Thus, MKK4 inhibitor PQA-
11 is expected to be a more selective neuroprotective effect than other JNK inhibitors for the
treatment of neurodegenerative diseases. PQA-11 may be a useful lead compound for the
development of neuroprotective drugs.

In summary, we have reported that PQA-11 is a potent inhibitor of neuronal cell death.
PQA-11 inhibits MKK4 activation by interfering with sphingosine binding to MKK4, which
in turn suppresses the MKK4-JNK pathway. We have further demonstrated that PQA-11

exhibits a therapeutic effect on neurodegeneration in vivo using the MPTP model. These
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results suggest that PQA-11 may be a feasible lead compound for the development of novel

neuroprotectants.
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Figure legends

Figure 1. Effect of PQA-11 on glutamate-induced cell death in hippocampal cultures.
(A) Structures of Ppc-1, PQA-11, and PQA-18. (B) Neuronal viability was determined by
immunocytochemistry with anti-MAP2 antibody (green). The representative micrographs and
the I1Cso values of PQA compounds for the inhibition of glutamate-induced cell death are
shown. Scale bar, 200 um. (C) The activation of caspase-3 was determined by
immunoblotting with anti-cleaved caspase-3 and anti-f-actin. Hippocampal cultures were
treated with or without glutamate for 6 h in the absence or presence of PQA-11. The
quantitative data of the ratios of cleaved caspase-3 versus p-actin are shown on the right. Data

are pooled from three independent experiments and shown as mean and SD. **p<0.01, as
compared with control; #p<0.01, as compared with the glutamate-treated group (one-way

ANOVA/Tukey-Kramer post-hoc comparisons).

Figure 2. Effect of PQA-11 on MPP*-induced cell death in human SH-SYS5Y cells.
Activation of caspase-3 was analyzed by flow cytometric analysis (A) and immunoblotting
(B). SH-SYS5Y cells were treated with or without MPP™ in the absence or presence of various
concentrations of PQA-11or SP600125.The quantitative data of the ratios of cleaved caspase-
3 versus B-actin are drawn in the below (B). Phosphorylation of c-Jun was analyzed by
immunoblotting (C) and flow cytometric analysis (D). The cells were treated with or without
MPP" in the absence or presence of PQA-11 at indicated concentrations or SP600125. The
representative images and the quantitative data of the ratios of phosphorylated c-Jun versus -
actin are shown. (E) Phosphorylation of signaling molecules was analyzed by
immunoblotting. The representative images and the quantitative data of the ratios of

phosphorylated proteins versus -actin are shown. Data are from a single experiment
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representative of three independent experiments. **p<0.01, *p<0.05, as compared with

control; #p<0.01, #p<0.05, as compared with the MPP*-treated group (one-way

ANOVA/Tukey-Kramer post-hoc comparisons).

Figure 3. Effect of PQA-11 on aggregated APi42-induced cell death in human SH-SYSY
cells

(A) Activation of caspase-3 was analyzed by immunocytochemistry with anti-cleaved
caspase-3 antibody (green) and Hoechst33342 (blue; Nuclei). SH-SYSY cells were treated
with or without aggregated Ai.42 for 48 h in the absence or presence of PQA-11. The
representative micrographs and quantitative data of the number of activated caspase-3-
positive cells are shown. Scale bar, 100 um. (B) Phosphorylated JNK and MKK4 were
analyzed by immunoblotting. The cells were treated with AP1.4; for indicated times in the
absence or presence of PQA-11, and the cell lysates were examined by immunoblotting with
indicated antibodies. The representative images and the quantitative data of the ratios of
phosphorylated INK or MKK4 versus -actin are shown. (C) The cells were treated with APi-
42 for 48 h in the absence or presence of PQA-11, and the cell lysates were examined by
immunoblotting with anti-phospho-MKK4 antibody. Anti-B-actin antibody was used as
reference (bottom). The representative images and the quantitative data of the ratios of
phosphorylated MKK4 versus B-actin are shown. Data are pooled from three independent

experiments and shown as mean and SD. **p<0.01, as compared with the control group;

#p<0.01, as compared with the ApBi-4>-treated group (one-way ANOVA/Tukey-Kramer post-

hoc comparisons).

Figure 4. Requirement of MKK4 for MPP*- and Ap.42-induced cell death in human SH-

SYS5Y cells.
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(A) MKK4 protein levels were diminished by MKK4 siRNA. Cell lysates were prepared from
SH-SYS5Y cells treated with either MKK4 siRNA or control siRNA at indicated doses. The
representative images and the quantitative data of the ratios of MKK4 versus B-actin are
shown. (B) Activation of caspase-3 was analyzed by immunocytochemistry with anti-cleaved
caspase-3 antibody (green) and Hoechst33342 (blue; Nuclei). The cells were treated with 40
pmol MKK4 siRNA (lower) or control siRNA (upper) in the absence or presence of either
MPP* for 24 h (left) or aggregated APi-4> for 48 h (right). The representative micrographs are
shown. Scale bar, 100 pm. Data are from a single experiment representative of three

independent experiments. **p<0.01, as compared with the control group (one-way

ANOVA/Tukey-Kramer post-hoc comparisons).

Figure 5. Interaction of PQA-11 with MKK4 in vitro.

(A) Frequency change by molecular interaction. PQA-11 was immobilized on the QCM
electrode and incubated with various concentrations of recombinant proteins at the time points
indicated by the arrows, and time courses of the frequency change are shown. Data are from a
single experiment representative of three independent experiments. (B) Dose curve of

frequency change for PQA-11 immobilized on the QCM electrode in response to recombinant

MKK4.

Figure 6. Effect of sphingosine on interaction of MKK4 with PQA-11 and
autophosphorylation of MKK4.

(A) Frequency changes in response to the GST-MKK4 protein and sphingosine binding. PQA-
11 immobilized on the QCM electrode was incubated with the GST-MKK4 proteins to reach
saturation, followed by the addition of sphingosine. Representative time courses of frequency

change for PQA-11 immobilized on the QCM electrode are shown. Sphingosine at indicated
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concentrations was injected at the time points indicated by the arrows. (B and C) In vitro
kinase assay were carried out using recombinant MKK4. The autophosphorylation of MKK4
at Thr261 was determined by immunoblotting with anti-phospho-MKK4 antibody. Anti-GST
antibody was used as reference (bottom). The representative images and the quantitative data
of the ratios of phosphorylated MKK4 versus GST are shown. Data are from a single

experiment representative of three independent experiments. **p<0.01, as compared with

control; #p<0.01, as compared with the sphingosine-treated group (one-way ANOVA/Tukey-

Kramer post-hoc comparisons).

Figure 7. Effect of PQA-11 on MPTP-induced degeneration of nigrostriatal
dopaminergic neurons in mice.

Mice were treated with vehicle (0.1% DMSO), PQA-11 (0.5 mg/kg), or SP600125 (1.0
mg/kg) by intraperitoneal injection three times a week for two weeks. MPTP or PBS (control)
was administered four times at 2 h intervals on Day 1 of the second week. TH-positive cells in
the substantia nigra were determined by immunohistochemistry with anti-TH antibody.
Representative images were shown (left panel: magnification %10, scale bar, 200 pum; right
panel: magnification x40, scale bar, 100 pm). Data are from a single experiment

representative of three independent experiments with four mice per group.

Figure. 8. Distribution of PQA-11 in the mouse brain tissue.

(A) Prediction of PQA-11 fragmentation. (B) PQA-11 was analyzed on LC/MS/MS. The
peaks of PQA-11 at the positions of 358.20 m/z and 290.14 m/z were shown in MS spectrum
(upper) and MS/MS spectrum (lower). (C) Detection of PQA-11 in brain. The brain tissues
were collected from mice at the time points after intraperitoneal administration of PQA-11

(0.5 mg/kg), and the extracts were prepared and analyzed on LC/MS/MS. The quantitative
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data of the ratios of the peak area of PQA-11 versus that of quinine (internal control) were
shown. Data are from a single experiment representative of three independent experiments

with three mice per group.

32



Ppc-1 PQA-11

Control 10 uM Glu (-)

PQA-18

- - +  + PQA-11(100nM)

a-activated
caspase-3

A — ———| (-(}-0CtIN

Activated caspase-3/B-actin (-fold)

[\
)

—
1

PQA-18
PQA compounds | ICy, (nM)
1 (Ppc-1) 239
7 >1000
8 314
9 >1000
11 127
12 >1000
13 >1000
14 288
16 >1000
17 >1000
18 >1000
19 >1000
20 >1000
%k it
[
D Control
- Glu
1
1
- + +



3 mM MPP*

A
. Control - 1 uM SP600125
o\o 100 100 100
"4 21.8% S1.8% N 15.4%
2 | "1 [\ — < A
= & 60 % 60 % 60
o z z £
bt s B s 40 s 40
©
(@) 20 204 204
Activated caspase-3 3 mM MPP-
1 10 100 PQA-11 (nM)
> ) 41.2% 28.9% 22.5%
fg I 1l 80 ! 1 80 R 4
= & 604 # 60 & 60
B < z z
o |z 2 3
Q 40 40 40
T) 204 0 204
O
Activated caspase-3
B C
S 3 mM MPP* S 3 mM MPP*
S &
N S
G 0 1 10 100 PQA-11 (nM) S 0 1 10 100 PQA-11 (nM)
— a-activated
- “ a-p-c-Jun
caspase—3
G'B'aCtin .-—% a-B-actin
% % i
E i 7
=¥ [ ]Control ﬁ [ ]Control
P Az Hvipp =27 Hvpp
s 9 9
o1 ' R
< . Q‘
QO ~ =
:q_,o) 0 i—y Hz 0 4
E 0 10100 2 0 0 1 10 100
< PQA—ll (nM) PQA-11 (nM)



[ 1Control Il MPP*

b

#H#

- - ] = =mw @ S
i | I m I I I - m
# — . C - _ - m
s - - - <
| — MI _— —— mE @y
] % ] «—— I . | °
(p1oj-) a_la-v i @Em (p103-) (p10¥-) (p10§-)

unoe-g/3IN(-d unoe-g/p3N-d  unoe-g,z3ray1-d unoe-g/13Sv-d unoe-g/eTN-d  unoe-g/g¢d-d

=) + O
= M o~
() — = s ZI— A o
. < oy : m_ M_ = < M_ ™ T
= oy, " S & & & & & a a
09 o 3 3 3 3 3 3 3
o o 98
W S o
< S
# |2 B
- W —
T R
N1
con
i = = | |
o) ~ — o \O.N
2,
(P10J-) 0 ‘
O unf-o-d Jo AJSuajur 90UdII0N]] UBIJA o4



A

PQA-11 (100 nM)

6 12 24 48 (h)
- -+ .+ ¥ +  PQA-II
(100 nM)
— e e e e e —— [ Q-p-JNK
—_— e — - -— a-p-MKK4
a-B-actin
% % #HH
= !
5 2 | LIPQA-11() -
§~§ B PQA-11 (+)
z T
0 T T T T T T T T
% % #H
£ 34 [x ## ||
5 SE I
T ~ ## 1l
QT 2 A
kN Tﬁﬂj H \
1
A D 1llnllnllnm
0 6 12 24 48 (h)

10 utM AP, 45

[] PQA-11 (-) Il PQA-11 (+)

S ok i
=100 | |
Q
o 1
= o o ##
2 N
) |
o 50 1
3
Q.
S
=
&
E 0 r_l . [ | . . || . : *_|
Q
< 0 1 10
APy 4o (M)
C
§ 10 utM AP, 4
IS
S 0 110100 PQA-11 (nM)
. o-p-MKK4
— — — — — a-B_aCtin
[ ] Control .ABl_42
% ##
#
=
o
< 2
= T
g1
=
3
=0
i 0O 0 1 10100
PQA-11 (nM)



siControl

siMKK4

siControl  siMKK4
40 10 20 40  (pmol)
- a-MKK4

. — —— (--actin

MPP*
= GmM) T

-

Activated
caspase-3

.

%k

‘ kk

kk
14 [ ]siControl
BsiMKK4

MKK4/B-actin

40 10 20 40
siRNA (pmol)

APy
" (opM) T

Activated
caspase-3

-




Z
&Y <
" !
<t N
WM, ) MW.\
7FS WM 7> Mm
ﬁw) W&Wz. A
o o> = &0 Q
‘7, = W«OW. =
&%,7% @I &5 72
70> O || 2% O
o> 0 >
1 T T T T
=888 °888
¥ % d ¥ % 4
1 1
(7,
e - L
&y o
(7
& & o
e 7
)5 > um
Q} - -
W\W.Q v WMW/ 'L_
\.Q > = QWQ > =
X 2! oy wn
. %
o L7
%0 > O || %2 &)
o > \Q.Q
T T Q T T T
(el e N = R e oo o O
o O O o O O
¥ % 4 ¥ ®d
1

(zH) Aduonbayy v

6000

3000

3000

2000

1000

0

Time (sec)

-500 ~
-250 A

(095 009) dwn v / (zH) Aduanbayy y

GST-MKK4 GST-CA-MKK4

GST-LRRK2

GST

600 -
300 A

(zH) Aduanbayy v

1.00E-08 2.00E-08

GST-MKK4 concentraion (M)

0.00E+00



A frequency (Hz) / A time (600 sec)

pMKK4/GST (-fold)

w
)

S
I

Sphingosine (uM)

5N O
0 YV v v
-400 -
N -800 -
< -1200
%01 § 0 1000 2000 3000
% GST-MKK4 (1.932 pg/ml)
40 - qg 0 Sphingosine (uM)
< S 8 N
400 ;’* ; N o
-800
20 1 -1200 4 . .
0 10000 20000
Time (sec) I
0 — — HE
20 4
) ——nt e
Sphingosine Sphingosine
PQA-11 PQA-11-GST-MKK4
Sphingosine
C & Goum
0 5 10 50 100 Sphingosine (uM) QOQ 0 10 100 PQA-11 (nM)
= |a-p-MKK4 -, KK
e — — — — (X,-GST
— e . — (X,—GST
ok
kk  kok ~ kk
= #
% =
“E 2 | [ ] Control
~ B Sphingosine
%)
o
5
0 5 10 50 100 ﬁoﬂ Il
Sphingosine (uM) % 0 0 10 100

PQA-11 (nM)



Magnification
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