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Chapter 1

General introduction



1.1. Chemical biology

Chemical biology is an interdisciplinary study done at the interface of
chemistry and biology. In this area, small molecules produced by organic and synthetic
chemistry or harvested from natural resources such as secondary metabolites from
microbial origin are utilized as chemical probes to understand the molecular
mechanisms underlying biological events. Chemical genetics is a part of chemical
biology and has a root in genetics (Figure 1-1). Classical genetics is achieved by
screening of genes that have random mutation and by isolation of mutant individuals
that are responsible for a phenotype of interest (forward genetics). On the other hand,
functional analysis of a specific gene against a phenotype by using gene modification
including deletion, silencing, and point mutation is called reverse genetics. Similarly,
chemical genetics is consisted of forward chemical genetics and reverse chemical
genetics. In forward chemical genetics, bioactive small molecules that modulate an
interested phenotype are screened from chemical library, and then the hit compounds
are used as bioprobes to identify the target proteins and signal transduction pathways
that are responsible for the phenotype. In reverse chemical genetics, small molecules
that interact with a specific protein of interest are screened from chemical library and
modified through synthetic chemistry, and then the function of protein is analyzed by
the effect on the phenotype using the chemicals. So far, chemical genetics has been
revealed a wide variety of molecular mechanisms. For example, identification of FK506
binding protein, calcineurin, by using FK506 that inhibits T lymphocyte signal
transduction, revealed not only the mechanism of action of FK506 but also how T cells-
mediated immunity is regulated [1]. Moreover, chemical genetics approach is also

compatible with drug discovery research because it is necessary for novel drugs to be



elucidated their mechanisms of action, providing us to use for disease-modifying
therapy and to predict and take measure to side effects of the drugs [2].

Chemical genomics is a systematic and integrated chemical genetics-approach
based on functional genomics. For this, chemical libraries consisted of small molecules
that are target-identified (have well-established modes of action) are used for screening.
Target information of the hit compounds from screening can be used to i) identify the
diverse biological pathways; ii) novel drug targets; iii) predict the modes of action of
uncharacterized compounds. For example, chemical genomics was applied to reveal that
target of rapamycin (TOR) has a diverse biological activity such as nutrient sensing,
regulation of transcription, autophagy, ubiquitin-dependent proteasomal degradation,
and microtubule related function in Saccharomyces cerevisiae [3]. Second example is
the application to cancer research, which indicated that the inhibition of heat shock
protein 90 (HSP90) could be a novel therapeutic strategy [4]. Thus, chemical biology
including chemical genetics and chemical genomics plays a critical role in biological

research and drug discovery.
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1.2. Parkinson’s disease (PD)

Parkinson’s disease (PD) is a second common neurodegenerative disease
characterized as progressive movement disorder called parkinsonism including
bradykinesia, tremor, and posture imbalance. PD results mainly from progressive
degeneration of dopaminergic neurons in the substantia nigra, increased microglial
activation and accumulation of proteins in surviving dopaminergic neurons, known as
Lewy bodies [5]. While PD affects more than 8 million people all over the world [6],
current PD medications such as levodopa only relieve PD symptoms by supplementing
the function impaired by dopamine deficiency. Chronic administration of these
medications causes a shortened duration of action and severe side effects such as
dyskinesia [7]. However, there is still no effective treatment that take the place of
dopamine supplementation and slow progression of PD.

Although the cause of PD is still unknown, a considerable number of studies
over the past few decades have identified the risk factors and proposed the mechanism
of neuronal degeneration. Mechanisms of neuronal cell death have been implicated in
association with elevated oxidative stress that damages cellular proteins and organelles
including mitochondria and dysfunction of protein degradation systems, ubiquitin-
proteasomal degradation and autophagy pathway (Figure 1-2). Mitochondrial
dysfunction leads to energy depletion, further reactive oxygen species (ROS) production
and induction of cell death signaling. Accumulation of aggregated/nonfunctional
proteins impairs normal cellular functions of neurons. Possible causes of cellular
degeneration include gene mutations and environmental factors. Some mutation of
genes including a-synuclein, leucine-rich repeat kinase 2 (LRRK?2), and f3-

glucocerebrosidase (GBA) are frequent in several populations of familial and sporadic



PD patients. In familial PD, mutations in PTEN-induced kinase 1 (PINK1) and
PARKIN that are required for mitochondrial quality control through mitophagy
(mitochondrial autophagy) were identified [8]. Although these gene mutations could
illustrate the impaired cellular function observed in neurons affected by PD, around
90% PD patients have no gene mutations involving with familial PD. On the other hand,
exposure to certain toxins such as pesticides may increase the risk of PD [9]. Moreover,
useful biomarkers related to environmental factors have been elucidated using
metabolomics technologies leading to understanding the metabolic pathways and
networks in PD [10]. Interventions in the dysregulated metabolic pathways in PD are
expected to be novel therapeutic strategies.

Symptoms of PD appear when 50%-70% of nigrostriatal dopaminergic neurons
have been lost, therefore the population of undiagnosed asymptomatic patients would be
large [9]. In this view, presymtomatic diagnosis and treatment at early stage are critical
to improve the prognosis of PD patients. Absolutely, effective drugs that can suppress
further neuronal cell death and ultimately slow or stop progression of PD are required

for patients not only at pre-onset but also at any stage of PD.
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1.3. Overview of the present study

The development of new drug seeds for PD treatment is becoming more and
more important along with population aging that increases the risk of PD. Considering
that chemical biology has been contributed to biological research and drug discovery,
chemical biological approach could be effective in PD research. In the present study, I
conducted two chemical biological studies for the development of novel drug seeds or
strategies for PD. In Chapter 2, I describe a novel drug seed, BRUP-1 that modulates
heme redox metabolism and exerts potent neuroprotective activity, identified by original
phenotypic screening (forward chemical genetics) that targets the intracellular bilirubin
level which recently elucidated as a PD biomarker. In chapter 3, I describe an integrated
chemical genomic study for the pathway analyses and neuroprotective activity of
autophagy inducers that are expected to be a new class of drugs for neurodegenerative
disease including PD by eliminating cytotoxic/nonfunctional protein aggregates. These

findings may provide conceivable strategies for novel PD treatment.



Chapter 2

BRUP-1, an intracellular bilirubin modulator, exerts neuro-

protective activity in a cellular Parkinson’s disease model



2.1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease
and is characterized by progressive loss of dopaminergic neurons that contain
cytoplasmic inclusions known as Lewy bodies, elevated oxidative stress, and
mitochondrial dysfunction [12,13]. Various mitochondrial pathogenesis events such as
mitochondrial DNA changes, decreased elimination of damaged mitochondria, and
insufficient fatty acid B-oxidation have been proposed. Oxphos dysregulation induced by
I-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), a mitochondria complex I
inhibitor, causes clinical features of PD, and in vivo and cellular models with MPTP (its
metabolite, 1-Methyl-4-phenylpyridinium (MPP*)) or rotenone have been established as
PD models [14-17]. Heme oxygenase-1 (HO-1), the stress-inducible isoform of HO, may
have cytoprotective properties against oxidative stress and mitochondrial dysfunction in
PD [18,19]. These reports suggest that dysfunction in heme metabolism may lead to lower
levels of bilirubin and negatively impact the pathogenesis of PD. However, whether
interventions that affect heme metabolism lead to neuroprotection remains unclear.

Bilirubin, the end product of heme metabolism, is a potent antioxidant that can
protect biomolecules such as lipids against oxidative stress [20-22]. In heme metabolism,
the rate-limiting enzyme, HO, catabolizes heme into iron, carbon monoxide, and
biliverdin, which is converted to bilirubin by biliverdin reductase, which is the enzyme
responsible for bilirubin production [23-25]. This metabolic pathway plays an essential
role in maintaining cellular homeostasis by removing cytotoxic free heme [26],
converting heme into the antioxidant bilirubin, and producing iron, which is reutilized to
synthesize iron-containing proteins [27], and carbon monoxide, which serves as a signal

messenger that modulates inflammation and apoptosis signaling [28,29]. Clinically,



bilirubin levels in serum or urine are widely used to assess liver function [30]. A low
serum bilirubin level is a strong predictive biomarker of disabilities in activities of daily
living in elderly patients with type 2 diabetes mellitus [31]. Whether serum levels of
bilirubin in PD are up-regulated or down-regulated is still controversial. Some studies
show that bilirubin levels are negatively correlated with disease severity or positively
correlated with preservation of dopaminergic neurons in PD as assessed with F-
fluorinated-N-3-fluoropropyl-2-B-carboxymethoxy-3-3-(4-iodophenyl)nortropane-
positron emission tomography [32-36]. Despite its biological and clinical importance,
few studies have investigated the protective effects of bilirubin on PD cellular models
using a chemical probe technique.

In this study, I show that the mitochondrial inhibitor, rotenone, significantly
decreased intracellular bilirubin level via HO-1 down-regulation in human liver HepG2
cells as seen with Flag-UnaG-2A-mCherry, which is a ratiometric bilirubin probe that
shows the bilirubin level and internal expression level. I performed chemical screening
to obtain a novel bilirubin modulator compound named BRUP-1. I found that BRUP-1
elevated intracellular bilirubin levels by activating the nuclear factor erythroid 2-related
factor 2 (Nrf2)-HO-1 pathway. Kinetic analysis using biolayer interferometry (BLI)-
based assay showed BRUP-1 directly inhibited the interaction between Kelch-like ECH-
associated protein 1 (Keapl) Kelch domain and Nrf2 ETGE motif within the Nrf2-ECH-
homology (Neh) 2 domain. Furthermore, BRUP-1 showed potent neuroprotective activity
in neuronal cells. These results suggest that chemical modulation of heme redox

metabolism may be a new treatment strategy for PD.
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2.2. Results

2.2.1. Ratiometric fluorescent probe for intracellular bilirubin level

UnaG is a green fluorescent protein from Japanese eel muscle; its fluorescence
is triggered by bilirubin binding [37]. Therefore, UnaG was used to measure the bilirubin
level [38,39]. To assess the intracellular bilirubin level easily, I developed the Flag-UnaG-
2A-mCherry probe, which produces equal amounts of Flag-UnaG as the bilirubin reporter
and mCherry as the internal expression control (Figure 2-1) due to ribosomal skipping at
the 2A viral sequencing site [40]. This probe was transfected into HepG?2 cells to obtain
stable expression of this probe. This approach allows evaluation of the intracellular
bilirubin level according to the signal intensity ratio of UnaG/mCherry. In HepG2 cells
stably expressing this probe, UnaG-2A-mCherry was efficiently cleaved into Flag-UnaG
and mCherry, whereas the uncleaved form of Flag-UnaG-2A-mCherry (approximately 45
kDa) was not detected (Figure 2-2). Following treatment of cells with bilirubin or
biliverdin, the fluorescence intensity of UnaG, but not mCherry was enhanced (Figure 2-
3), and the UnaG/mCherry ratio was increased in a dose-dependent manner (Figure 2-4).
Thus, HepG2 cells stably expressing the Flag-UnaG-2A-mCherry construct that I cloned

are useful for easy evaluation of the intracellular bilirubin level.
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Figure 2-1. Schematic illustration of the intracellular bilirubin probe, Flag-UnaG-2A-
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Figure 2-3. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were treated with 1
uM bilirubin (BR) or biliverdin (BVD) for 24 hrs. The scale bar represents 40 ym.
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Figure 2-4. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
the indicated concentrations of bilirubin (BR) or biliverdin (BVD) for 24 h followed by
the intracellular bilirubin assay. Data are representative of experiments and are shown as

the mean + standard deviation (SD). ***p < 0.001 (Dunnett’s test).
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2.2.2. The mitochondrial complex I inhibitor, rotenone, decreases the intracellular

bilirubin level via HO-1 down-regulation in HepG?2 cells

Hatano et al. recently reported that serum levels of bilirubin decrease
significantly based on disease severity and progression in PD patients [34]. Rotenone, a
direct inhibitor of mitochondria complex I, is usually employed to mimic parkinsonian
motor symptoms in vitro and in vivo [15,41]. Therefore, I first examined whether rotenone
could induce a decrease in the intracellular bilirubin level using HepG?2 cells expressing
Flag-UnaG-2A-mCherry. As shown in Figure 2-5, the signal intensity of UnaG but not
mCherry was decreased by rotenone treatment in HepG2 cells. A dose-dependent (Figure
2-6) and time-dependent (Figure 2-7) decrease in the UnaG/mCherry ratio by rotenone
was observed. These data indicated that rotenone significantly lowered the intracellular
bilirubin level in HepG?2 cells.

Intracellular bilirubin is mainly generated through heme degradation pathways,
and HO is the rate-limiting enzyme that degrades heme into bilirubin [42]. Between two
isoforms of HO (HO-1 and HO-2), I focused HO-1 because HO-1 is the stress-inducible
isoform while HO-2 is the constitutive isoform [25]. I confirmed that knockdown of HO-
1 in HepG2 cells lowered the intracellular bilirubin level (Figure 2-8); conversely,
overexpression of HO-1 raised the intracellular bilirubin level (Figure 2-9). Therefore, I
next examined the effect of rotenone on the expression level of HO-1. I found that HO-1
was down-regulated by rotenone treatment at both the protein (Figure 2-10) and mRNA
(Figure 2-11) levels, in accordance with the decrease in intracellular bilirubin levels
(Figure 2-7). These results indicated that rotenone induced the decrease in the

intracellular bilirubin level via HO-1 down-regulation in HepG2 cells.
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Figure 2-5. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
1 uM rotenone (RTN) for 24 h. The scale bar represents 40 ym.

Relative ratio
e o o 9 =
O N A O 0O =~ DN

0 0.010.030.103 1 3
RTN (uM)

Figure 2-6. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
the indicated concentrations of rotenone for 24 h followed by the intracellular bilirubin
assay. Data are shown as the mean = SD (n=4-6) . ***p < (0.001 (Dunnett’s test).
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Figure 2-7. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were treated with 1
UM rotenone for the indicated times followed by the intracellular bilirubin assay. Data
are shown as the mean + SD (n=6). ***p < (0.001 (Dunnett’s test).
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Figure 2-8. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were transfected
with HO-1 siRNA and then subjected to western blotting analysis and the intracellular
bilirubin assay. Data are shown as the mean + standard error of the mean (SEM) (n = 3).
**p < 0.01 (Student’s t test).
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Figure 2-9. HepG?2 cells stably expressing Flag-UnaG-2A-mCherry were transfected
with the HO-1 vector and then subjected to western blotting analysis and the
intracellular bilirubin assay. Data are shown as the mean + SEM (n = 3). **p <0.01
(Student’s t test).
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Figure 2-10. HepG2 cells were treated with 1 M rotenone for the indicated times
followed by western blotting analysis. Data are shown as the mean + SEM (n = 3). ***p
< 0.001 (Dunnett’s test).
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Figure 2-11. HepG?2 cells were treated with 1 M rotenone for 12 h followed by qRT-
PCR analysis. Data are shown as the mean + SEM (n = 3). **p < 0.01 (Student’s t test).
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2.2.3. Identification of BRUP-1, which modulates cellular bilirubin levels via HO-1

up-regulation

Oxidative stress that results from an imbalance in redox homeostasis is
considered the major cause of neuronal cell death leading to PD pathogenesis [43].
Because many studies have implicated bilirubin as a strong antioxidant biomolecule
[20,44], pharmacological modulation of bilirubin production may lead to cytoprotection
in various diseases that are triggered by oxidative stress [45]. These ideas raised the
possibility that the bilirubin level is not only a biomarker of PD progression but also a
therapeutic target of PD. Therefore, I searched a chemical library consisting of 9,600
compounds for molecules that restore the rotenone-reduced intracellular bilirubin level in
the above established HepG2 cell system (Figure 2-12). I set the threshold of the
inhibition score at 0.3 to select hits from the first screening (Figure 2-13) and re-tested
select compounds to confirm their activity (Figure 2-14). As a result, I identified BRUP-
1 (Figure 2-15) as one of the top hits that restored intracellular bilirubin levels. BRUP-1
significantly suppressed rotenone-induced intracellular bilirubin depletion in a dose-
dependent manner (Figure 2-16, 17) as well as rotenone-induced a decrease in
extracellular bilirubin levels in the cultured medium (Figure 2-18). Cell viability was not
affected as judged by the mCherry intensity (Figure 2-19). I then investigated the effect
of BRUP-1 on rotenone-suppressed HO-1 expression. I found that BRUP-1 up-regulated
HO-1 at both the mRNA (Figure 2-20) and protein (Figure 2-21) levels, indicating that
BRUP-1 induced the up-regulation of HO-1 expression, thereby restoring the rotenone-

reduced intracellular bilirubin level.
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BRUP-1

Chemical Formula: C4,H1:N.0,S
Molecular Weight: 256.28

Figure 2-15. Chemical structure, chemical formula, and molecular weight of BRUP-1.

RTN +
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Figure 2-16. HepG2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
BRUP-1 in the presence or absence of 1 yM rotenone for 24 h followed by fluorescence

microscopy. The scale bar represents 40 ym.
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Figure 2-17. HepG2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
BRUP-1 in the presence or absence of 1 M rotenone for 24 h followed by the
intracellular bilirubin assay. Data are shown as the mean + SEM (n = 4). ##p < 0.001
(relative to untreated cells, Tukey’s test), n.s., not significant, *p < 0.05, **p < 0.01,
*#%p < 0.001 (Dunnett’s test).
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Figure 2-18. HepG?2 cells were treated with 10 xM BRUP-1 in the presence or absence
of 1 uM rotenone for 24 h followed by the in vitro bilirubin assay. Data are shown as
the mean + SEM (n =4). #p < 0.001 (relative to untreated cells, Tukey’s test),

*p <0.05, **p < 0.01 (Student’s t test).
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Figure 2-19. HepG2 cells stably expressing Flag-UnaG-2A-mCherry were treated with
the indicated concentrations of BRUP-1 for 24 h, and the mCherry intensity was

measured using a microplate reader. Data are shown as the mean + SEM (n = 3).
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Figure 2-20. HepG2 cells were treated with the indicated concentrations of BRUP-1 in
the presence or absence of 1 uM rotenone for 12 h followed by qRT-PCR. Data are
shown as the mean + SEM (n = 3). ##p < 0.001 (relative to untreated cells, Tukey’s

test), *p < 0.05 (Student’s t test).
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Figure 2-21. HepG2 cells were treated with the indicated concentrations of BRUP-1 in
the presence or absence of 1 M rotenone for 24 h followed by western blotting
analysis. Data are shown as the mean + SEM (n = 4). n.s., not significant, *p < 0.05,
*#p <0.01 (Dunnett’s test).
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2.2.4. BRUP-1 restores intracellular bilirubin levels via Nrf2 activation

Nrf2 signaling is one of the major cellular redox pathways [46]. Nrf2 tightly and
transcriptionally regulates the expression of target genes including HO-1 in response to a
variety of stress conditions such as oxidative stress and inflammation [47]. Therefore, I
next examined whether Nrf2 is actually involved in BRUP-1-induced expression of HO-
1. The subcellular localization of Nrf2 is one of the major determining factors for its
function. Thus, I performed immunofluorescence analysis to determine the effect of
BRUP-1 on nuclear translocation of Nrf2. As shown in Figure 2-22, Nrf2
immunofluorescence in the nuclei was increased following BRUP-1 treatment, indicating
that BRUP-1 induced Nrf2 translocation from the cytosol to the nucleus, resulting in Nrf2
activation. In line with these findings, when Nrf2 was knocked down using siRNA,
BRUP-1 induced up-regulation of neither HO-1 nor p62, a well-known Nrf2 target gene
[48], at both the protein and mRNA levels (Figure 2-23, 24). In addition, restoration of
the rotenone-reduced intracellular bilirubin level by BRUP-1 was not observed following
knockdown of HO-1 or Nrf2 (Figure 2-25). These results indicated that BRUP-1 increases

the intracellular bilirubin level via activation of the Nrf2-HO-1 axis.
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Figure 2-23. HepG2 cells transfected with Nrf2 siRNA or control siRNA were treated
with 10 uM BRUP-1 for 24 h followed by western blotting analysis. Data are shown as
the mean + SEM (n = 3). n.s., not significant, *p < 0.05 (Student’s t test).
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Figure 2-24. HepG2 cells transfected with Nrf2 siRNA or control siRNA were treated
with 10 uM BRUP-1 for 12 h followed by gqRT-PCR. Data are shown as the mean +
SEM (n = 3). n.s., not significant, *p < 0.05, **p < 0.01(Student’s t test).

-
)

O Ctrl
ERTN
ERTN + BRUP-1

o
©

Relative ratio
°
»
L

e
kS
,

o
1

siCtrl siNrf2 siHO-1

Figure 2-25. HepG2 cells stably expressing Flag-UnaG-2A-mCherry were transfected
with Nrf2 siRNA, HO-1 siRNA, or control siRNA and then treated with 1 xM rotenone
and/or 10 uM BRUP-1 for 24 h followed by the intracellular bilirubin assay. Data are
shown as the mean + SEM (n = 3). n.s., not significant, **p < 0.01 (Student’s t test).
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2.2.5. BRUP-1 directly inhibited the Keap1-Nrf2 protein-protein interaction

The activity of Nrf2 is tightly regulated by Keapl, which binds to Nrf2 in the
cytosol and facilitates Cullin-mediated poly-ubiquitination of Nrf2, leading to its
proteasomal degradation [49]. Because BRUP-1 activated Nrf2, I examined whether
BRUP-1 inhibits the Keapl-Nrf2 interaction. I performed BLI-based kinetic analysis
using 16mer Nrf2 peptide containing ETGE binding motif within the Nrf2 Neh2 domain
which interacted with the Kelch domain of Keapl [50,51]. As shown in Figure 2-26,
Keapl Kelch domain bound to 16mer Nrf2 peptide, and BRUP-1 inhibited this binding
in a dose dependent manner. Initial slopes in the association phase of sensorgrams showed
6.15 uM BRUP-1 could reduce the initial reaction rate by 50% in this assay (Figure 2-
27). These results indicated that BRUP-1 directly inhibited the interaction of Keap1 with

Nrf2, leading to Nrf2 activation.
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Figure 2-26. Sensorgrams of the binding of Keapl Kelch domain incubated with the
indicated concentrations of BRUP-1 to biotin-labeled 16mer Nrf2 peptide for 5 min

association followed by dissociation.
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Figure 2-27. Plot of the relative ratio calculated by dividing each initial slopes;grup.1; by
initial slope;pmso; from 15 to 25 sec in the association phase in Figure 2-26.
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2.2.6. BRUP-1 rescues mitochondrial complex I inhibitor-induced neurotoxicity via

HO-1 up-regulation

Previous reports showed that activation of Nrf2-HO-1 signaling contributes to
defense against ROS and ameliorates neuronal cell death in PD models [52-57]. Because
BRUP-1 induced the activation of Nrf2-HO-1 signaling, leading to the production of the
antioxidant molecule, bilirubin, in HepG2 cells, I next examined whether BRUP-1
showed neuroprotective effects using a PD model cell system. I first confirmed that
BRUP-1 induced Nrf2 nuclear translocation and HO-1 up-regulation in nerve growth
factor (NGF)-differentiated neuronal PC12D cells (Figure 2-28). Both HO-1 expression
and the bilirubin level in culture medium were increased when NGF-differentiated
neuronal PC12D cells were treated with MPP*, a well-known dopaminergic neurotoxin
which is widely used to create a cellular model of PD. Although BRUP-1 alone failed to
increase the bilirubin level in culture medium, I found that HO-1 expression and bilirubin
production were further increased by BRUP-1 treatment in these PD model cells (Figure
2-29, 30, 31). Next, I examined whether BRUP-1 rescues neuronal cell death of NGF-
differentiated neuronal PC12D cells treated with MPP* or rotenone. As shown in Figure
2-32 and 33, BRUP-1 effectively suppressed MPP*-induced or rotenone-induced cell
death in neuronal PC12D cells. On the other hand, zinc (II) protoporphyrin IX (ZnPP), a
HO-1 inhibitor, significantly abrogated this neuroprotective effect of BRUP-1 (Figure 2-
34). Involvement of HO-1 in the BRUP-1-mediated neuroprotective effect on PC12D
cells was further confirmed in a HO-1 knockdown experiment in which control siRNA-
or HO-1 siRNA-transfected PC12D cells were treated with MPP* in the presence or

absence of BRUP-1. As shown in Figure 2-35 and 36, MPP*-induced cell death was
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observed in control siRNA- and HO-1 siRNA-transfected PC12D cells to a similar extent.
BRUP-1 decreased the percentage of the MPP*-increased subG1 population in control
siRNA-transfected PC12D cells, but not in HO-1 siRNA-transfected PC12D cells. These
results indicated that BRUP-1 exerted significant neuroprotective effects in this cellular
PD model in a HO-1-dependent manner. In addition, although MPP* induces ROS
generation that leads to neuronal cell death, BRUP-1 eliminated this MPP*-mediated ROS
production in PC12D cells (Figure 2-37). Also, addition of bilirubin to cell culture
medium resulted in significant prevention of MPP* or rotenone-induced cell death (Figure
2-38). These results suggested that BRUP-1 exhibited neuroprotective effects in MPP+-
treated PC12D cells as a PD model through activation of the Nrf2-HO-1-bilirubin
antioxidant pathway.

The presence of misfolded and aggregated proteins, which are referred to as
Lewy bodies, is one of the hallmarks of PD [58]. Intracellular protein aggregates are
nonfunctional, accumulate in the cytoplasm, interfere with normal cellular function, and
potentially exert cytotoxicity [59]. Thus, preventing the accumulation of aggregated
proteins is considered to be a new therapeutic strategy in PD [60]. Increased oxidative
stress has been reported to lead to protein oxidation that is more prone to aggregate [61],
I examined whether BRUP-1 protects neuronal cells from protein aggregation by
increasing the antioxidant bilirubin level via HO-1 pathway. Aggregated proteins are
actively transported to a cytoplasmic juxtanuclear structure called the aggresome. In
neuronal PC12D cells, aggresomes formed following MPP* treatment for 24 h, and this
MPP+mediated aggresome formation was significantly inhibited by BRUP-1 (Figure 2-
39). I next examined the possible involvement of the Nrf2-HO-1-bilirubin pathway in

suppression of MPP*-induced aggresome formation by BRUP-1. As shown in Figure 2-
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40, MPP+ treatment of HO-1 knocked down neuronal PC12D cells also induced formation
of aggresomes, but BRUP-1 failed to inhibit MPP*-induced aggresome formation,
indicating that activation of the Nrf2-HO-1-bilirubin antioxidant pathway by BRUP-1

suppressed MPP*-induced aggresome formation in neuronal PC12D cells.
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Figure 2-28. NGF-differentiated PC12D cells were treated with 10 xM BRUP-1 for 3 h
and then subjected to immunofluorescence analysis with anti-Nrf2 antibody. The scale
bar represents 10 ym. Data are shown as the mean = SEM (n = 3). ***p < 0.001
(Student’s t test).
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Figure 2-29. NGF-differentiated PC12D cells were treated with the indicated
concentrations of BRUP-1 in the presence or absence of 0.3 mM MPP+* for 24 h

followed by western blotting analysis.
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Figure 2-30. NGF-differentiated PC12D cells were treated with the indicated
concentrations of BRUP-1 in the presence or absence of 0.3 mM MPP+ for 12 h
followed by qRT-PCR. Data are shown as the mean + SEM (n = 3). #p < 0.01 (relative
to untreated cells, Tukey’s test), *p < 0.05, ***p < 0.001 (Student’s t test).
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Figure 2-31. NGF-differentiated PC12D cells were treated with the indicated
concentrations of BRUP-1 in the presence or absence of 0.3 mM MPP+ for 24 h
followed by the in vitro bilirubin assay. Data are shown as the mean + SEM (n =5).n.s.,
not significant, *p < 0.05, **p < 0.01 (Tukey’s test).
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Figure 2-32. NGF-differentiated PC12D cells were treated with BRUP-1 and 0.3 mM
MPP+ for 48 h followed by the cell death assay. Data are shown as the mean + SEM (n
=4)."p <0.001 (relative to untreated cells), n.s., not significant, *p < 0.05, ***p <
0.001 (Tukey’s test).
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Figure 2-33. NGF-differentiated PC12D cells were treated with BRUP-1 and 0.3 uM
rotenone for 48 h followed by the cell death assay. Data are shown as the mean + SEM
(n=3)."p <0.001 (relative to untreated cells), ***p < 0.001 (Tukey’s test).
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Figure 2-34. NGF-differentiated PC12D cells were treated with 10 xM BRUP-1 and
0.3 mM MPP+ in the presence or absence of 10 uM ZnPP for 48 h followed by the cell
death assay. Data are shown as the mean + SEM (n = 3). n.s., not significant, **p < 0.01
(Student’s t test).
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Figure 2-35. Knockdown of HO-1 in NGF-differentiated PC12D cells was confirmed

with western blotting.
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Figure 2-36. NGF-differentiated PC12D cells transfected with HO-1 siRNA or control
siRNA were treated with 10 yM BRUP-1 and 0.3 mM MPP+ for 48 h followed by the
cell death assay.
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Figure 2-37. NGF-differentiated PC12D cells were treated with 10 xM BRUP-1 and
0.3 mM MPP+ for 24 h followed by ROS measurement.
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Figure 2-38. NGF-differentiated PC12D cells were treated with freshly prepared 250
nM bilirubin and 0.3 mM MPP+ or 0.1 uM rotenone for 48 h followed by the cell death
assay. Data are shown as the mean + SEM (n = 3). #p < 0.001 (relative to untreated
cells, Tukey’s test), *p < 0.05 (Student’s t test).
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Figure 2-39. NGF-differentiated PC12D cells were treated with 10 xM BRUP-1 and
0.3 mM MPP+ for 24 h followed by aggresome staining and confocal microscopy. The
scale bar represents 20 ym. Data are shown as the mean + SEM (n = 3). ***p < (0.001

(Tukey’s test).
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Figure 2-40. NGF-differentiated PC12D cells transfected with HO-1 siRNA or control
siRNA were treated with 10 yM BRUP-1 and 0.3 mM MPP* for 24 h followed by

aggresome staining and confocal microscopy. The scale bar represents 10 ym. Data are
shown as the mean + SEM (n = 3). ***p <0.001 (Student’s t test).

siCtrl siHO-1



2.3. Discussion

In this study, I conducted screening for possible drugs that target bilirubin
metabolism for treatment of PD. For this, I first established a cell system that can be used
to easily measure the amount of intracellular bilirubin, and I developed a Flag-UnaG-2A-
mCherry probe, which expresses two different reporters via ribosomal skipping at the 2A
viral sequencing site [40]. Using this probe, the change in the intracellular bilirubin level
can be evaluated simply by determining the UnaG/mCherry signal intensity ratio.
Bilirubin is metabolized mainly in the liver and spleen [62], and rapid degradation of
newly synthesized heme to bilirubin is observed in isolated hepatocytes [38]. Therefore,
I established a bilirubin detection system using human hepatocellular carcinoma HepG2
cells to obtain adequate UnaG signal intensity. Indeed, green fluorescence of UnaG in
HepG?2 cells that stably expressed this probe was easily detected using a fluorescence
microscope or microplate reader. To validate this bilirubin assay system, I confirmed that
exposure of cells to bilirubin or its precursor, biliverdin, increased the UnaG/mCherry
ratio. Interestingly, the mitochondrial complex I inhibitor, rotenone, which is widely used
to induce the cardinal symptoms of PD in animal models [15], obviously decreased the
intracellular bilirubin level, indicating that the UnaG-2A-mCherry-expressing cell system
that I established reflects the finding that serum levels of bilirubin are significantly lower
in PD patients [34]. This bilirubin depletion by rotenone was due to down-regulation of
HO-1 at the transcription level [42] in HepG2 cells. Although repression of the gene
encoding HO-1 is largely affected by the heme-regulated protein, Bachl [63-65], at
present I do not know whether Bachl is related to rotenone-induced repression of HO-1
expression in HepG2 cells.

In the course of screening for compounds that restore the rotenone-decreased
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intracellular bilirubin level using HepG2 cells expressing Flag-UnaG-2A-mCherry, I
discovered that BRUP-1 restored the intracellular bilirubin level. BRUP-1 is a
commercially available compound, and so far, no biological activity for BRUP-1 has been
reported. BRUP-1 also restored rotenone-reduced expression of HO-1 at the
transcriptional level. HO-1 expression is mainly regulated at the transcriptional level, and
different cis-acting regulatory elements are associated with the expression level of the
HO-1 gene [47]. Although several intracellular signaling molecules regulate HO-1
expression, such as mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-
kinase (PI3K), tyrosine kinase, activator protein-1 (AP-1), and nuclear factor-kB (NF-
kB) [66], HO-1 expression is strongly potentiated by binding of the Nrf2 transcription
factor to the antioxidant response element in the HO-1 gene [67]. Indeed, BRUP-1
treatment significantly stimulates nuclear translocation of Nrf2, indicating activation of
Nrf2, and subsequently induces the expression of HO-1 [68], leading to elevation of
intracellular bilirubin levels.

The most well-known modulator of Nrf2 activity is Keap1, which binds to Nrf2
in the cytosol and facilitates Cullin-mediated poly-ubiquitination of Nrf2, leading to its
proteasomal degradation [49]. Human Keapl is a 69-kDa protein that contains five
domains: (i) the N-terminal region; (ii) the Broad complex, Tramtrack, and Bric-a-Brac;
(ii1) the linker intervening region; (iv) the Kelch domain; and (v) the C-terminal region.
In the intervening region domain, 27 cysteine residues have been identified that are
sensitive to oxidation and the nuclear export signal motif. Some of these cysteines are
essential for Keapl-dependent ubiquitination of Nrf2 and Keapl-mediated repression of
Nrf2 activity [69,70]. The Kelch domain interacts with the Neh2 domain of Nrf2.

I found that BRUP-1 inhibited the interaction between the Kelch domain of
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Keapl and the Neh2 domain of Nrf2. Many small molecules that activate Nrf2 have been
identified, and most of them inhibit the Keapl-Nrf2 interaction by forming covalent
adducts with the sulfhydryl groups of cysteines in Keapl via oxidation or alkylation [71].
Structurally, BRUP-1 does not seem to modify the sulthydryl groups of cysteine residues
in the Kelch domain of Keapl. Over the past several years, non-covalent small molecule
activators of Nrf2, which inhibit the Keapl kelch-Nrf2 interaction, have been reported
[72]. Inhibitors of Keapl-Nrf2 interaction are now in clinical development and are
expected to provide cytoprotection against numerous pathologies including chronic
diseases of the lung and liver; autoimmune, neurodegenerative and metabolic disorders;
and cancer initiation [73]. BRUP-1 is a new member of Nrf2 activators by inhibiting the
Keap1-Nrf2 interaction, obtained from the phenotypic screening, therefore, BRUP-1 may
have potential not only for PD but also for diverse pathologies treatment.

In contrast to HepG2, treatment of NGF-differentiated PC12D cells with MPP*
induced an increase in the expression of HO-1, leading to an increased level of bilirubin.
These results using a PD model cell system closely reflect the previously reported
findings that cytoplasmic Lewy bodies within affected dopaminergic neurons of the PD
substantia nigra exhibit prominent HO-1 immunoreactivity [74,75]. In addition, Nrf2
activation is observed in the substantia nigra of PD patients [76]. Activation of the Nrf2-
HO-1 pathway in the PD brain can be explained as a consequence of activation of the
cellular defense mechanism that protects against oxidative stress [77]. Therefore, further
activation of the Nrf2-HO-1 pathway was expected to protect PD model cells from
neuronal cell death. BRUP-1 induced Nrf2 nuclear translocation and subsequent HO-1
upregulation in PC12D cells. Although this HO-1 upregulation by BRUP-1 was not

sufficient to increase the extracellular bilirubin level, BRUP-1 potentiated the increase of
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HO-1 expression level and bilirubin production by MPP* treatment. It would be
interesting to understand why BRUP-1 alone did not result in significant increase of
bilirubin production, while it potentiated the effect of MPP* in neuronal cells. One
possibility is that HO-1 induction by MPP* treatment is caused via Nrf2-dependent and
Nrf2 independent pathway such as MAPK, AP-1, and NF-kB signaling [66].

Nevertheless, BRUP-1 treatment could lead to the suppression of MPP*-induced
both ROS generation and cell death in neuronal PC12D cells. Innamorato et al. reported
that the dopaminergic neurodegeneration by MPTP injection was exacerbated in Nrf2-
knockout mice but not changed in HO-1 knockout mice [78]. Also, Nrf2 activation is
expected to up-regulate not only HO-1 but also other key antioxidative genes including
glutathione S-transferase (GST), NAD(P)H oxidoreductase (NQOI), and glutamate-
cysteine ligase (GCL) [46]. However, neuroprotective activity of BRUP-1 was strongly
abrogated by HO-1 silencing or chemical inhibition in MPP*-treated PC12D cells. In
addition, exogenous bilirubin supplementation significantly suppressed neuronal cell
death. These results suggested that BRUP-1 exerted neuroprotective activity through
activation of the Nrf2-HO-1-bilirubin pathway in PC12D cells.

Accumulation of misfolded proteins in inclusions is a prominent pathological
feature common to many age-related neurodegenerative diseases, including PD. In
cultured cells, when the production of misfolded proteins exceeds the capacity of
mechanisms to clear these proteins, including suppression of aggregate formation by
molecular chaperones and degradation of misfolded proteins by proteasomes, misfolded
proteins are actively transported to a cytoplasmic juxtanuclear structure called an
aggresome. Characterization of the molecular mechanisms underlying aggresome

formation and its regulation has begun to provide promising therapeutic targets that may
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be relevant to neurodegenerative diseases. Although abundant evidence indicates that
aggresome formation is a cytoprotective response [79-82], compounds that inhibit early
steps in the pathway of aggresome formation are expected to lead to lower levels of toxic
protein species. I found that MPP* treatment significantly increased aggresome formation
in NGF-differentiated neuronal PC12D cells, and BRUP-1 completely inhibited MPP*-
induced aggresome formation. Inhibition of MPP*-induced aggresome formation by
BRUP-1 was blocked when HO-1 was knocked down in neuronal PC12D cells.
Considering that increased oxidative stress leads to protein oxidation that is more prone
to aggregate [61], BRUP-1 inhibited MPP*-induced aggresome formation possibly due to
activation of the Nrf2-HO-1-bilirubin antioxidant pathway. Therefore, BRUP-1 may be
beneficial by reducing cytotoxicity in various diseases characterized by accumulation of
aggregated proteins. However, further investigation of the mechanisms of aggresome
formation and the mode of action of BRUP-1 is required.

Notably, the neuroprotective effect of BRUP-1 on iPSC-derived neurons were
tested by measuring cleaved caspase-3, an apoptosis marker, by Dr. Kei-ichi Ishikawa
and Dr. Wado Akamatsu at Juntendo University. As a result, BRUP-1 significantly
suppressed caspase-3 cleavage mediated by rotenone treatment in iPSC-derived neurons
established from two independent individuals [83].

Thus, BRUP-1 showed potent neuroprotective effect in neuron-like cells,
however, other cell types of the brain parenchyma, such as microglia and astroglia, also
play a role in PD. Chronic release of proinflammatory cytokines by activated astrocytes
and microglia leads to the exacerbation of dopaminergic neuron degeneration [84].
Considering that oxidative stress leads to prominent activation of microglia, BRUP-1 may

reduce neuroinflammation activated by microglia through ROS suppression. Further
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investigations using animal models for PD are required to understand the effect of BRUP-
1 on neurons and other cell types of the brain parenchyma.

Recently, it has been reported that bilirubin’s redox activity is particularly
important in the brain and may underlie a prominent physiologic role despite being
significantly less abundant than other endogenous and exogenous antioxidants [85].
Taken together with my results, activation of the heme redox pathway using BRUP-1 may

be a new therapeutic approach in PD.
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2.4. Materials and methods

Reagents and antibodies

Rotenone (Cat #: R8875), Bilirubin (Cat #: B4126), Biliverdin (Cat #: 30891),
zinc (II) protoporphyrin IX (ZnPP, Cat #: 282820), and MPP* (Cat #: D048) were
purchased from Sigma. Nerve growth factor (NGF) 2.5S (Cat #: N-100) was purchased
from Alomone Labs. BRUP-1 was purchased from Enamine (Cat #: EN300-6759210,
CAS No. 726164-66-5). Biotin-labeled 16mer Nrf2 peptide AFFAQLQLDEETGEF was
purchased from Scrum. His-tagged human Keapl (321-609 a.a., Cat #: 70040) was
purchased from BPS Bioscience. The following antibodies were used: anti-f3-actin (Cat
#: A1978), anti-Flag M2 (Cat #: F1804) from Sigma; anti-mCherry (Cat #: 632543) from
Clontech; anti-HO-1 (Cat #: ab13248), anti-Nrf2 (Cat #: ab137550) from Abcam; anti-
p62 (Cat #: 5114) from Cell Signaling Technology. Bilirubin, Biliverdin, ZnPP, and
BRUP-1 were dissolved in DMSO. Rotenone was dissolved in ethanol. MPP* was
dissolved in pure water. Bilirubin and Biliverdin were freshly prepared immediately prior
to each experiment. Equal concentrations of solvent were added to each group to exclude

solvent effects.
Cell culture

Human hepatocellular carcinoma HepG?2 cells (purchased from American Type
Culture Collection) were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 0.6 mg/mL L-glutamine, 100 U/mL penicillin
G, and 0.1 mg/mL kanamycin at 37°C in 5% CO,. Rat adrenal pheochromocytoma PC12D
cells (provided from Dr. Kazuo Umezawa at Keio University) were cultured in DMEM

supplemented with 5% fetal bovine serum, 10% horse serum, 0.6 mg/mL L-glutamine,
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and antibiotics. PC12D cells were differentiated by adding 100 ng/mL NGF and incubated

for 72 h before drug treatment.
Plasmid construction

To generate a plasmid vector containing 2A-linked UnaG and mCherry, I first
amplified UnaG and mCherry with PCR using pcDNA3-Flag/UnaG and pmCherry-N1,
respectively, as templates and the following primers (5'-3'): UnaG-2A forward, GAGC-
TCGGATCCATGGTCGAGAAATTTGTT; UnaG-2A reverse, GTCTCCTGCTTGCTT-
TAACAGAGAGAAGTTCGTGGCTTCCG-TCGCCCTCCGGTA; 2A-mCherry
forward, GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAA-
AACCCCGGTCCTATG; 2A-mCherry reverse, TCTGCAGAATTCCTACTTGTACAG-
CTCGTC. Subsequently, recombinant PCR was performed with purified amplicons of
UnaG and mCherry as templates and external primers (UnaG-2A forward and 2A-
mCherry reverse). The UnaG-2A-mCherry construct was then cloned into the BamHI
and EcoRlI sites of pcDNA3-flag. To generate the His-tagged UnaG plasmid vector,
UnaG cDNA was amplified using the following primers (5’-3"): UnaG forward, GGAT-
GGATCCGAATGGTCGAGAAATTTGTT; UnaG reverse, GTCGAATTCTATCATTC-
CGTCGCCCTCCG. Subsequently, the UnaG amplicon was inserted into the BamHI
and EcoRlI sites of pPRSETC. HO-1 cDNA was amplified with PCR from a cDNA
library derived from HepG2 cells and the following primers (5'-3'): forward, GTATCG-
GGATCCCGATGGAGCGTCCGCAAC; reverse, GGCTTTATGCCATG. HO-1 cDNA

was then cloned into the BamHI and EcoRlI sites of pcDNA3.1-hygro.
Plasmid transfection

HepG?2 cells stably expressing UnaG-2A-mCherry or HO-1 were established
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with plasmid transfection using Lipofectamine3000 (Invitrogen) according to the
manufacturer’s protocol. Forty-eight hours after the transfection, cells were selected with
0.8 mg/mL G418 (Wako) or 0.3 mg/mL hygromycin B (Wako) for 2 weeks followed by

single-cell cloning.
siRNA transfection

Stealth siRNAs against HO-1 (HSS142462) and Nrf2 (HSS181505), and
negative control siRNAs (12935300) were purchased from Invitrogen. Cells were
transfected with 50 nM siRNA using Lipofectamine RNAiMAX (Invitrogen) for 48 or 72

h.
Intracellular bilirubin assay

HepG2/UnaG-2A-mCherry cells were seeded into a 96-well black plate.
Twenty-four hours after seeding, medium was changed to OPTI-MEM (Gibco)
containing 5 mg/mL bovine serum albumin (BSA). Subsequently, cells were treated with
compounds for 24 h or the indicated time. Then cells were washed with phosphate-
buffered saline (PBS), and then fluorescence of UnaG and mCherry was detected using a
fluorescence microscope (IX71 with cellSens software, Olympus) or a microplate reader

(SAFIRE, TECAN).
in vitro bilirubin assay

Cells were seeded into a 60-mm dish. Twenty-four hours after seeding, medium
was replaced with OPTI-MEM containing 5 mg/mL BSA. Subsequently, cells were
treated with compounds for 24 h. Then 1 mL medium was collected and incubated with
2 ug His-UnaG recombinant protein for 1 h. The His-UnaG-bilirubin complex was

purified using Ni-NTA agarose beads and eluted with 250 mM imidazole solution.
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Fluorescence intensity of UnaG was measured using a microplate reader (SAFIRE,

TECAN).
Chemical screening

The chemical library consisted of 9,600 compounds (Core library) and was
supplied by the Drug Discovery Initiative (University of Tokyo). I performed the
intracellular bilirubin assay using 10 xM each compound with 1 uM rotenone. In each
plate, I confirmed that the Z’-factor was over 0.5 for assay validation. The inhibition rate
was calculated by setting the average of eight independent wells of DMSO-treated cells

at 1 and rotenone-treated cells at O.
Western blotting analysis

Cells were lysed with RIPA buffer (pH 7.8, 25 mM HEPES, 1.5% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 0.5 M NaCl, 5 mM EDTA, 50 mM NaF, 100 mM
Na3VO4, and protease inhibitor cocktail (Roche)). Equal amounts of protein were
separated with SDS-PAGE and transferred onto PVDF membranes, which were incubated
with primary antibodies (1:1000) overnight at 4°C. HRP-conjugated secondary antibodies
(GE Healthcare) were all used at 1:5000 for 1 h at room temperature (RT).
Chemiluminescence detection was achieved using an Immobilon Western Kit (Merck
Millipore) and ChemiDoc XRS+ (BioRad). Quantification of blots was performed using

Image Lab software (BioRad).
RNA extraction and quantitative RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen). Total RNA (2
ug) was reverse transcribed using MMLV Reverse Transcriptase (Promega) according

to the manufacturer’s instructions. Quantitative PCR was performed on a Thermal
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Cycler Dice (Takara) using SYBR Premix Ex Taq (Takara). mRNA levels were
determined with the AACt method and normalized to GAPDH or [3-actin levels. The
primer sequences are as follows (5'-3"). HO-1: forward, GGAGATTGAGCGCAACAA-
GG:; reverse, CTGCATGGCTGGTGTGTAGG. Nrf2: forward, CAGCGACGGAAAG-
AGTATGA; reverse, TGGGCAACCTGGGAGTAG. GAPDH: forward, AGGTCGGA-
GTCAACGGATTT; reverse, TAGTTGAGGTCAATGAAGGG. Rat Ho-1: forward,
GCCTGCTAGCCTGGTTCAAG; reverse, AGCGGTGTCTGGGATGAACTA. Rat 3-
actin: forward, CCTCTGAACCCTAAGGCCAA; reverse, GCCTGGATGGCTACGT-

ACA.
Immunofluorescence

Cells seeded on coverslips (Matsunami) were fixed with 3% paraformaldehyde
in PBS for 15 min, permeabilized with 0.1% Triton X-100, 1% BSA for 30 min, and
blocked with 1% BSA in PBS with 0.05% Tween-20 (PBS-Tween) for 60 min. The
primary antibody for Nrf2 (1:500) was added, and cells were incubated overnight at 4°C.
After three washes using PBS-Tween, cells were incubated with the anti-rabbit IgG
secondary antibody, Alexa Fluor 488 (Invitrogen) for 2 h at RT. Cells were then washed
three times and stained with 2 yg/mL Hoechst33342 (Invitrogen) for 30 min at RT. The
coverslips were mounted onto glass slides in 50% glycerol in PBS. Images were acquired
using a confocal laser scanning microscope system (FV1000, Olympus), and signal

intensity of Nrf2 in nuclei was analyzed using Fiji software.
BLI-based Keap1-Nrf2 binding assay

Keap1-Nrf2 binding assay was performed at 30°C using an Octet K2 system

(ForteBio). Kinetics buffer consisted of 0.01% BSA and 0.002% Tween-20 in PBS (pH
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7.4) were used as the matrix throughout. For the kinetic assay, 5 nM Keap1 Kelch domain
incubated with DMSO or BRUP-1 for 30 min was interacted with 10 nM biotin-labeled
Nrf2 16mer peptide immobilized as the ligand on a streptavidin sensor chip (ForteBio)

for 5 min.
Cell death assay

To determine the percentage of cell death, cell cycle analysis was performed as
previously described [86,87]. In brief, NGF-differentiated PC12D cells treated with
compounds for 48 h were harvested and fixed with ice-cold 70% ethanol for at least 1 h
at 4°C. Cells were then incubated with RNase/PBS and stained with 50 yg/mL propidium
iodide solution. Propidium iodide fluorescence intensity was measured with flow
cytometry (Epics XL, Beckman Coulter), and the percentage of dead cells was determined

by quantitating the subG1 population.
Intracellular reactive oxygen species (ROS) detection

NGF-differentiated PC12D cells were treated with 0.3 mM MPP* and 10 uM
BRUP-1 for 24 h. Cells were then harvested and stained with 2 yM CM-H2DCFDA
(Invitrogen) according to the manufacturer’s instructions. The relative fluorescence levels

were quantified using a flow cytometer (BD accuri C6).
Aggresome formation assay

NGF-differentiated PC12D cells seeded on coverslips were fixed with 3%
paraformaldehyde in PBS for 15 min, permeabilized with 0.3% Triton X-100, 1% BSA
for 30 min, and blocked with 1% BSA in PBS-Tween for 60 min. Aggresome staining

was then performed using the Proteostat Aggresome Detection Kit (Enzo Life Sciences)

according to the manufacturer’s instructions. Sample preparation and confocal
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microscopy were performed as described above. The number of aggresome dots per cell

in each image was quantified using Fiji software.
Statistical analyses

All data are presented as the mean * standard error of the mean (SEM) unless
otherwise stated. Statistical analyses were performed with the paired t-test for two groups
or one-way analysis of variance followed by Tukey’s test or Dunnett’s test for multiple

groups using SPSS statistics ver.24 (IBM) software.
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Chapter 3

A chemical genomics-aggrephagy integrated method studying

functional analysis of autophagy inducers
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3.1. Introduction

Autophagy, an intracellular degradation system for recycling damaged
organelles and removing aggregated proteins via lysosomes, is an essential process that
maintains cellular homeostasis [88]. Given that impairment of autophagy has been
implicated in various diseases such as cancer, infections, and neurodegenerative disease
[89], stimulating autophagy by small-molecule chemical compounds has been proposed
as a therapeutic intervention [90]. While many autophagy inducers have been identified
so far, their mechanisms of autophagy induction remain (in some cases) poorly
understood, probably because of the highly diversified and complicated crosstalk among
autophagy signaling pathways, which include both mammalian target of rapamycin
(mTOR)-dependent and -independent processes [91].

mTOR inhibitors such as Rapamycin and Torinl are the best-understood
autophagy inducers. The mTOR complex 1 (mTORC1) negatively regulates autophagy
by phosphorylating the unc-51 like autophagy activating kinase 1 (ULK1) required for
autophagosome formation [92] and transcription factor EB (TFEB) known as a master
regulator of autophagy/lysosome gene expression [93]. Inhibitors that act upstream of
mTOR including Akt and p53; activators that act downstream of mTOR are expected to
be inducers of autophagy. On the other hand, small molecules that modulate the inositol,
Ca*-calpain, cAMP, or Beclin-1 signaling pathways activate autophagy in an mTOR-
independent manner. In addition, activators of TFEB or other transcription factors that
are involved in the expression of autophagy genes, such as those encoding the forkhead-
box proteins FoxO1 and FoxO3, also are capable of inducing autophagy [94]. Inducers of
endoplasmic reticulum (ER) stress also have been implicated in the activation of

autophagy through the ER stress response, including effects mediated primarily via
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inositol-requiring kinase 1 alpha (IRE1a)) and PKR-like ER kinase (PERK) signaling [95].
Thus, autophagy activation by small molecules can be achieved via various
pathways, which complicates the analysis of their mechanisms of action. To address this
issue, I performed chemical genomic analyses to classify autophagy inducers and
facilitate characterization of the autophagy induction mechanism. Magi et al. previously
demonstrated that cell migration can be controlled by diverse signaling pathways [96]; in
that work, the authors used chemical signal transduction modulators as probes to inhibit
target protein activity, rather than employing gene silencing. That approach is easily
applicable in autophagy research because the strategy only requires adding signal
modulators into cell culture medium with autophagy inducers at any desired time point.
In the present study, I firstly conducted a chemical screen and identified 39
compounds as autophagy inducers in neuronal PC12D cells. I then examined the
autophagy profile of each of 26 autophagy inducers by chemical genomics. Multiple
distinct autophagy profiles were observed. These were subjected to principal component
analysis (PCA) and clustering analysis to infer the mechanism of action of chemical
compounds that induce autophagy by unknown mechanisms. Based on my clustering
analysis, I identified the mechanism underlying autophagy activation induced by two
Food and Drug Administration (FDA)-approved drugs, Memantine and Clemastine,
whose autophagy induction mechanism previously was not understood. In addition, I used
my PCA to identify SMK-17, a recently identified MEK1/2 inhibitor, as a novel
autophagy inducer, and further evaluated this compound’s mechanism of autophagy
activation. Through these studies, I demonstrated that a chemical genomic approach may
be useful for inferring the mode of action of chemical autophagy inducers. Finally, I

examined the effect of 26 autophagy inducers on protein aggregation (i.e., the clearance
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of aggresomes), a hallmark of neurodegenerative disorders [60], using a cellular model
of Parkinson’s disease (PD), demonstrating a contrast to the effects of antioxidants. I
showed the superiority of autophagy inducers in removing cytotoxic protein aggregates,
which are commonly observed in neurodegenerative disorders including PD and

Huntington’s disease (HD).
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3.2. Results

3.2.1. Screening of autophagy inducers using a GFP-LC3-RFP autophagy probe in

neuronal PC12D cells

Autophagy flux can be evaluated simply by measuring GFP/RFP signal intensity
ratio, using a GFP-LC3-RFP probe that produces equal amounts of GFP-LC3 as the
autophagy marker (by degradation during the progression of autophagy) and RFP as an
internal expression control [97]. I first generated PC12D stably expressing this probe by
high-titer retroviral transduction followed by FACS to obtain comparably fluorescent
cells (Figure 3-1). To validate the utility of the transduced cells as reporters of autophagy,
I confirmed that (a) exposure of the cell to the known autophagy inducers Rapamycin and
Torinl yielded a decreased GFP/RFP ratio (Figure 3-2) and (b) exposure to the known
autophagy inhibitor Bafilomycin Al yielded an increased GFP/RFP ratio (Figure 3-3). 1
then screened ~ 400 compounds, primarily from SCADS inhibitor kits (I-IV) consisting
of target-identified small molecules, to identify autophagy inducers (Figure 3-4, 5).
Following re-evaluation of the top 50 compounds recovered in the 1st screen, I identified
39 compounds that significantly induced autophagy in neuronal PC12D cells (Figure 3-
6, Table 1, 2). While 38 of these 39 compounds previously have been reported as
autophagy inducers, one (SMK-17) appears to constitute a novel autophagy inducer.
Among the 39 autophagy inducers, I selected 26 compounds as non-cytotoxic autophagy

inducers (above 80% cell viability, Figure 3-7) for further investigation.
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Figure 3-1. Schematic illustration of establishment of PC12D cells stably expressing
GFP-LC3-RFP autophagy flux probe.
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Figure 3-2. PC12D cells expressing GFP-LC3-RFP were treated with 10 uM
Rapamycin (Rapa), 100 nM Torinl, or 10 nM Bafilomycin Al (Baf A1) for 24 h. The

scale bar represents 20 ym. Data are shown as mean = SD (n=3).
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Figure 3-3. PC12D cells expressing GFP-LC3-RFP were treated with the indicated

concentrations of Rapamycin, Torinl, or Bafilomycin A1 for 24 h. The GFP/RFP
fluorescence intensity ratio was measured using a high-content imager. Data are shown
as mean + SD (n=3). n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 0.001
(Dunnett’s test).
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Screening of autophagy inducers
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Figure 3-6. Bar graph showing the GFP/RFP ratios of the top 50 compounds. Green
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Figure 3-7. Cytotoxicity of the autophagy inducers in neuronal PC12D cells. Cell

number quantification using a high-content imager in PC12D cells expressing GFP-
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as non-cytotoxic autophagy inducers (above 80% cell viability; red line).
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Table 1. Autophagy inducers used in this study.

Compound Concentration Target Reference
2-Deoxyglucose (2-DG) 10 mM glycolysis [98]
Azacytidine 10 uM DNA methyltransferase [99]
Bortezomib 100 nM proteasome [100]
Brefeldin A 500 nM COP-I complex [101]
Bromocriptine 10 uM dopamine receptor agonist [102]
Calpeptin 50 uM calpain [91]
Clemastine 5uM histamine H1 antagonist [103]
Crizotinib 5uM tyrosine kinase [104]
Cyclosporine A 5uM immunosuppressant [105]
Dasatinib 10 uM tyrosine kinase [106]
Deferoxamine (DFO) 100 uM iron chelator [107]
Flunarizine 20 uM calcium antagonist [108]
Ivermectin 10 uM anti-parasite medication [109]
JQ1 1 uM bromodomain containing 4 (BRD4) [110]
LiCl 50 mM glycogen synthase kinase 3 [111]
Memantine 100 uM NMDA receptor antagonist [112]
MG132 5uM proteasome [113]
Rapamycin 10 uM mTORC1 [114]
Resveratrol 100 uM polyphenol, Sirtuin 1 activator [115]
SAHA 3uM histone deacetylase (HDAC) [116]
SMK-17 10 uM MEK1/2 [117]
Sorafenib 2 uM protein kinase [118]
Staurosporine 10 nM protein kinase [119]
Torinl 100 nM mTORC1, 2 [120]
Trichostatin A 1 uM histone deacetylase (HDAC) [121]
Tunicamycin 2 uM N-linked glycosylation (ER stress) [122]
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Table 2. Autophagy inducers identified in this study (excluded from Table 1).

Compound Concentration Target Reference
5-FU 5uM thymidylate synthetase [123]
Actinomycin D 10 nM RNA synthesis [124]
Bleomycin 5uM DNA synthesis [125]
Camptothecin 100 nM DNA synthesis [126]
CCCP 10 uM protonophore [127]
Daunorubicin 100 nM DNA synthesis [128]
Dequalinium 1 uM K" channel [97]
Doxorubicin 100 nM DNA synthesis [129]
Etoposide 1 uM DNA synthesis [130]
Lactacystin 1 pM proteasome [131]
Mitomycin 1 uM DNA synthesis [132]
Paclitaxel 10 nM B-tubulin [133]
Torkinib 1 uM mTOR [134]
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3.2.2. Chemical genomic analyses of autophagy induction patterns associated with

small molecules

I used a chemical genomic approach to classify these autophagy inducers based
on their modulation of the autophagy induction patterns associated with various known
chemical inhibitors. For this purpose, I firstly examined how pre-treatment with 200 well-
established signal transduction modulators inhibited the induction of autophagy by 26
autophagy inducers selected from among the 39 compounds recovered as “hits” in the
above screen. The autophagy profile associated with each autophagy inducer was
obtained by setting the value of the GFP/RFP ratio in untreated cells and single autophagy
inducer-treated cells as 1 and 0, respectively (Figure 3-8). Highly reproducible datasets
from 2 independent experiments were averaged and subjected to PCA and clustering
analysis (Figure 3-9). On the PC1-PC2 plane, autophagy inducers appeared to group
based on their mode of action, given that mTOR inhibitors (Rapamycin and Torinl), ER
stress inducers (2-deoxyglucose and Tunicamycin), epigenetic modulators (Azacytidine,
SAHA, and Trichostatin A), and proteasome inhibitors (Bortezomib and MG132) yielded
closely co-localizing patterns by class (Figure 3-10). Epigenetic modulators as well as
proteasome inhibitors also were distinctly positioned on the PC3-PC4 plane (Figure 3-
11). A loading plot showed that some portions of the patterns associated with signaling
via cell cycle kinases (aurora, ataxia telangiectasia mutated (ATM), and cyclin-dependent
kinase (CDK)) and HSP90/hypoxia inducible factor (HIF) were coordinated on the PC2
plane, while the patterns associated with a number of signal transduction modulators were
coordinated on the PCIl plane (Figure 3-12). Vacuolar-type H*-ATPase (V-

ATPase)/protein kinase C (PKC)/Survivin/Akt inhibitors affected parameters on both the
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PC1 and PC2 planes (Figure 3-12). Parameters on the PC3 and PC4 planes were
negatively coordinated by fibroblast growth factor receptor (FGFR)/Janus kinase
(JAK)/spleen tyrosine kinase (Syk)/tropomyosin receptor kinase A (TrkA) signaling and
phosphoinositide 3-kinase (PI3K)/transforming growth factor beta (TGF-f3)/Rho-
associated coiled-coil protein kinase (ROCK) signaling, respectively, while adenosine
kinase (ADK)/ribonucleotide reductase (RR)/tumor progression locus 2 (Tpl2) signaling
positively coordinated along the PC4 axis (Figure 3-13). Next, I performed clustering
analysis using all of the obtained inhibitory data. As shown in Figure 3-14, autophagy
inducers classified into approximately 6 distinct groups, including epigenetic modulators
(Cluster 1), ER stress inducers (Cluster 2), and proteasome inhibitors (Cluster 6). JQ1
sorted separately from these clusters, possibly reflecting the observation that autophagy
induced by JQ1 was not inhibited by almost any of the signal transduction modulators.
Given that JQ1 is an inhibitor of bromodomain containing 4 (BRD4), a transcriptional
repressor of autophagy/lysosomal genes, I inferred that JQ1 directly induces autophagy
in a signal transduction-independent manner [110]. In contrast, autophagy induction by
Cyclosporine A was inhibited by multiple signal transduction modulators, presumably
reflecting the multiple activities of Cyclosporine A [135] and explaining the distinct
autophagy induction profile associated with this molecule. Among the signal transduction
modulators, histone methyltransferase G9a/hypoxia inducible factor (HIF)/HSP90/
protein kinase R (PKR) and several cell cycle kinase inhibitors showed global inhibition
of autophagy (Figure 3-15). In line with the results of PCA, modulators of signaling by
JAK/signal transducers and activators of transcription (STAT), TGF-B/p300/ROCK, and
RR/ADK/Tpl2 selectively inhibited the autophagy induced by compounds within

(respectively) Clusters 6, 5, and 1 (Figure 3-15). Although specific signaling pathways
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differing between Clusters 2, 3, and 4 were not observed, similarities of the patterns of
the autophagy profiles among these clusters were inferred to be indicative of some shared

mechanisms of autophagy induction.
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Figure 3-8. Schematic illustration of the experiments for chemical genomic analyses.
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Figure 3-9. Scatter-plot of the two-independent datasets of autophagy inhibition scores,

as used to confirm reproducibility.
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3.2.3. Memantine and Clemastine induce ER stress

I observed that Memantine, Clemastine, and Flunarizine, three clinically used
drugs were classified into Cluster 2 with Tunicamycin and 2-deoxyglucose, known
inducers of ER stress. This result raised the possibility that these three clinically used
drugs also are inducers of ER stress. As shown in Figure 3-16, both the expression
levels of C/EBP homologous protein (CHOP) and the phosphorylation levels of
eukaryotic translation initiation factor 2 alpha (eIF2a) were increased by treatment with
Memantine, Clemastine, and Flunarizine, as was seen for Tunicamycin and 2-
deoxyglucose. The expression levels of CHOP and the phosphorylation levels of elF2a
were increased by the phosphorylation of PERK, a known sensor of ER stress, and the
phosphorylation of PERK (as judged by the mobility shift of PERK on SDS-PAGE
[136-138] was observed following treatment with Memantine and Clemastine, though
not with Flunarizine (Figure 3-17). In addition, increased levels of glucose-regulated
protein 78 (GRP78) expression and accumulation of the mRNA encoding spliced X-box
binding protein 1 (XBP1), which were seen in Tunicamycin- or 2-deoxyglucose-treated
PCI12D cells, also were observed in cells treated with Memantine or Clemastine, though
not in cells treated with Flunarizine (Figure 3-18). These results suggested that two of
these FDA-approved drugs, Memantine and Clemastine, are inducers of ER stress.
Although Flunarizine increased phosphorylation of eIF2a and CHOP expression, this
increase was mediated by a PERK-independent pathway, indicating that Flunarizine

might induce the integrated stress response rather than ER stress [139].
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Figure 3-16. Effect of Memantine, Clemastine, and Flunarizine on the expression of ER
stress markers. NGF-differentiated PC12D cells were treated with 2 xM Tunicamycin
(Tm), 10 mM 2-deoxyglucose (2-DG), 100 uM Memantine (Mem), 5 M Clemastine
(Cle), or 20 uM Flunarizine (Flu). After 12 h (for detection of eIF2a phosphorylation)

or 24 h (for detection of GRP78 and CHOP expression), the cells were collected and

subjected to western blotting analysis with the indicated antibodies.
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Figure 3-17. Memantine and Clemastine induce PERK phosphorylation. NGF-
differentiated PC12D cells were treated with the indicated compounds at the same
concentrations as described in Figure 3-16. After 12 h, the cells were collected and

subjected to western blotting analysis with the indicated antibodies.
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Figure 3-18. Memantine and Clemastine induce alternative Xbp! mRNA splicing.
NGF-differentiated PC12D cells were treated with the indicated compounds for 12 h at
the same concentrations as described in Figure 3-16. Unspliced (u) and spliced (s) Xbp1
were detected by mRNA splicing assay. Data are shown as mean + SD (n=3). n.s., non-

significant, *p < 0.05, **p < 0.01 (Student’s t test).
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3.24. SMK-17 induces autophagy in a MEK-inhibition- or mTOR-independent

manner

In the course of my primary screen (Figure 3-6), I identified a novel autophagy
inducer, SMK-17 (Figure 3-19). SMK-17 induced the generation of LC3-II (microtubule
associated protein 1 light chain 3 beta-II, lipidated), an indicator of autophagosome
formation [88]) in a time-dependent manner (Figure 3-20). The LC3 conversion by SMK-
17 were further increased in the presence of lysosomal inhibitor, Bafilomycin A1 (Figure
3-21), indicating that SMK-17 activates autophagy flux. Consistently, the number of red
dots were increased following exposure to SMK-17 in PC12D cells expressing a tandem
fluorescent label-tagged LC3 (mCherry-GFP-LC3, tfLC3 [140]), a well-established
autophagic probe (Figure 3-22). Given that SMK-17 originally was developed as a
selective inhibitor of MEK1/2 [141], I examined whether MEK inhibition stimulates
autophagy. As shown in Figure 3-22 and 23, unlike other MEK inhibitors (U0126 and
PD184352), SMK-17 activated autophagosome formation and increased the number of
red dots seen in PC12D cells expressing a tfLC3 probe, indicating that SMK-17 induced
autophagy in a MEK inhibition-independent manner. Given that SMK-17 clustered with
Torinl by clustering analysis (Figure 3-14), I next examined whether SMK-17 induced
autophagy via the mTOR pathway. Torinl suppressed the accumulation of phospho-S6,
phospho-S6K, and phospho-ULK1 (Figure 3-24), effects known to reflect inhibition of
mTOR [88]. SMK-17 also yielded attenuation of the level of phospho-S6, but not those
of phospho-S6K and phospho-ULK1 (Figure 3-24), suggesting that SMK-17 induces
autophagy via a mTOR-independent pathway. Given that U0126 also yielded attenuation

of the levels of phospho-S6, I inferred that the decrease in phospho-S6 level following
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SMK-17 exposure reflects the inhibition of MEK by SMK-17. SMK-17 increased the
expression level of p62, an autophagy substrate, indicating that SMK-17 either inhibits
autophagic degradation or transcriptionally up-regulates the p62 mRNA expression [88]
(Figure 3-20). Considering that SMK-17 enhanced autophagy flux measured by various
experiments (Figure 3-6, 21, 22), I expected that SMK-17 would transcriptionally
increase the p62 expression, and examined the possible involvement of TFEB, a master
regulator of lysosomal/autophagy gene expression in SMK-17-induced autophagy [142-

144].

Figure 3-19. Chemical structure of SMK-17.
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Figure 3-20. Western blotting analysis of NGF-differentiated PC12D cells treated with
10 uM SMK-17 for the indicated times for 24 h with the indicated antibodies.
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Figure 3-21. Western blotting analysis of NGF-differentiated PC12D cells treated with
10 uM SMK-17 in the presence or absence of 100 nM Bafilomycin A1 (Baf A1) for 24-
h with the indicated antibodies.
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Figure 3-22. NGF-differentiated PC12D cells transfected with the mCherry-GFP-LC3
(tfLC3) plasmid vector were treated with 100 nM Torinl, 10 uM SMK-17, 10 uM
U0126, or 10 uM PD184352 for 8 h.
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Figure 3-23. Western blotting analysis of NGF-differentiated PC12D cells treated with
100 nM Torinl, 10 uM SMK-17,10 xuM U0126, or 10 uM PD184352 for 4 h with the
indicated antibodies.
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Figure 3-24. Western blotting analyses of NGF-differentiated PC12D cells treated with
100 nM Torinl, 10 uM SMK-17, or 10 xM UO0126 for 1 h with the indicated antibodies.
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3.2.5. SMK-17 induces TFEB nuclear translocation leading to autophagy activation

Interestingly, although SMK-17 apparently did not inhibit mMTOR, the compound
induced TFEB nuclear translocation leading to lysosomal/autophagy gene expression
(Figure 3-25), a process that is regulated primarily by mTOR [93]. Indeed, I found that
SMK-17 induced up-regulation of the expression of 9 well-known TFEB target genes
including Sgstm1/p62 (Figure 3-26). In addition, knockdown of TFEB (Figure 3-27)
significantly suppressed the SMK-17-induced expression of all these TFEB target genes
(Figure 3-28), and also suppressed SMK-17-induced autophagy (Figure 3-29). These
results indicated that SMK-17 induced autophagy through TFEB-mediated

lysosomal/autophagy gene expression.
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Figure 3-25. Representative images and quantification of TFEB nuclear translocation
assay results. NGF-differentiated PC12D cells stably expressing TFEB-GFP were
treated with 100 nM Torinl, 10 xuM SMK-17, 10 uM U0126, or 10 uM PD184352 for 1
h. The scale bar represents 20 ym. Data are shown as mean + SD (n=3). n.s., non-
significant, ***p < 0.001 (Student’s t test).
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Figure 3-26. NGF-differentiated PC12D cells were treated with 10 uM SMK-17 for 6 h
followed by qRT-PCR analysis. Data are shown as mean + SD (n=3). n.s., non-
significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).

Figure 3-27. Knockdown of TFEB in NGF-differentiated PC12D cells was confirmed

with western blotting.
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Figure 3-28. NGF-differentiated PC12D cells transfected with TFEB siRNA or control
siRNA were treated with 10 M SMK-17 for 6 h followed by gqRT-PCR analysis. Data
are shown as mean + SD (n=3). n.s., non-significant, *p < 0.05, **p < 0.01, ***p <
0.001 (Student’s t test).
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Figure 3-29. Involvement of TFEB in SMK-17-induced autophagy. NGF-differentiated
PC12D cells expressing GFP-LC3-RFP were transfected with TFEB siRNA or control
siRNA and then treated with 10 uM SMK-17 for 24 h. Autophagy flux was evaluated by
GFP/RFP ratio using a plate-reader. Data are shown as mean + SD (n=3). n.s., non-
significant, **p < 0.01 (Student’s t test).
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3.2.6. SMK-17 activates PKC-TFEB pathway leading to clearance of protein

aggregates

A previous study showed that PKC controls TFEB activity in a mTOR-
independent manner [145]. Moreover, my chemical genomic analysis revealed that a PKC
inhibitor counteracted SMK-17-induced autophagy (Figure 3-10, 12). Therefore, I
examined the possible involvement of PKC in the SMK-17-mediated autophagy pathway.
I found that the phosphorylation levels of PKC substrates were increased in SMK-17-
treated cells as well as phorbol 12-myristate 13-acetate (PMA, PKC activator)-treated
cells (Figure 3-30), and the increased phosphorylation of PKC substrates by SMK-17
treatment was abrogated by PKC inhibitor G66983 (Figure 3-31), indicating that SMK-
17 enhances PKC activity. Moreover, TFEB nuclear translocation induced by SMK-17
was strongly suppressed by the PKC inhibitor, although this PKC inhibitor did not affect
Torinl-induced TFEB nuclear translocation (Figure 3-32), indicating that SMK-17-
induced TFEB nuclear localization is regulated by PKC signaling. TFEB nuclear
translocation is expected to induce lysosomal biogenesis [93], and SMK-17 or Torinl
induced lysosomal biogenesis as judged from the increased LysoTracker DND-99 signal
intensity, an indicator of acidic organelles including lysosomes. This effect induced by
SMK-17 was suppressed by PKC inhibition, while the increased signal intensity of
LysoTracker by Torinl treatment was not affected by PKC inhibition (Figure 3-33).
Consistently, this PKC inhibitor inhibited SMK-17-induced autophagy, but not Torin]1-
induced autophagy (Figure 3-34). These results indicated that SMK-17 induces
autophagy and lysosomal biogenesis via mTOR-independent but PKC-dependent TFEB

activation.
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Accumulation of aggregated proteins is associated with various diseases
including neurodegenerative disorders such as PD and HD. Autophagy induction has
been proposed as a new strategy for the treatment of proteinopathies by removing
cytotoxic aggregates or damaged organelles [90]. Therefore, I examined whether
autophagy activation by SMK-17 results in the depletion of protein aggregates. As 1
described in Chapter 2, I observed that the treatment with 1-methyl-4-phenylpyridinium
(MPP*), a compound widely used to induce cellular and animal models of PD, causes
aggresome formation (Figure 2-39). In the present work, I observed that SMK-17 induced
the clearance of aggresomes formed in PC12D cells and human neuroblastoma SH-SY5Y
cells pre-treated with MPP+. Notably, the aggresome-clearing effect of SMK-17 was
significantly abrogated in the presence of a PKC inhibitor (Figure 3-35, 36). I also tested
the efficacy of SMK-17 in a cellular model of HD induced by overexpression of EGFP-
tagged huntingtin exonl containing 74 polyQ repeats (EGFP-HTTQ74), a well-
established autophagy substrate [91] (Figure 3-37). As a result, transfection with EGFP-
HTTQ74 but not wild type 23 polyQ repeats (EGFP-HTTQ23) caused aggregation in
neuronal PC12D cells (Figure 3-38). HTTQ74 aggregation was suppressed by not only
SMK-17 but also Torin-1, and PKC inhibitor remarkably inhibited only SMK-17-
mediated clearance of HTTQ74 aggregates (Figure 3-38). Taken together with these
results, I propose that SMK-17 induces clearance of protein aggregates by activating

autophagy via the PKC-TFEB pathway.
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Figure 3-30. Western blotting analysis of NGF-differentiated PC12D cells treated with
10 uM SMK-17 or 100 nM PMA for the indicated times. Phosphorylation of PKC
substrates were detected by using p-(Ser) PKC substrate antibody.
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Figure 3-31. Western blotting analysis of NGF-differentiated PC12D cells treated with

10 uM SMK-17 in the presence or absence of 5 yM PKC inhibitor (PKCi, G66983) for

3 h. Phosphorylation of PKC substrates were detected by using p-(Ser) PKC substrate
antibody.
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Figure 3-32. Representative images and quantification of TFEB nuclear translocation
assay results. NGF-differentiated PC12D cells stably expressing TFEB-GFP were
treated with 100 nM Torinl or 10 xM SMK-17 in the presence or absence of 5 yM PKC
inhibitor (PKCi, G66983). The scale bar represents 20 ym. Data are shown as mean +
SD (n=3). n.s., non-significant, ***p < 0.001 (Student’s t test).
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Figure 3-33. Representative images and quantification of LysoTracker Red DND-99
staining assay results. NGF-differentiated PC12D cells were treated with 100 nM
Torinl, 10 uM SMK-17 in the presence or absence of 5 uM PKCi. Mean fluorescent
intensity was quantified. The scale bar represents 20 ym. Data are shown as mean + SD

(n=3). n.s., non-significant, *p < 0.05 (Student’s t test).

79



GFP/RFP ratio

Figure 3-34. NGF-differentiated PC12D cells expressing GFP-LC3-RFP were treated
with 100 nM Torinl or 10 M SMK-17 for 24 h in the presence or absence of 5 uM
PKCi. Autophagy flux was evaluated by GFP/RFP ratio using a plate-reader. Data are

shown as mean + SD (n=3). n.s., non-significant, *p < 0.05 (Student’s t test).
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Figure 3-35. Representative images and quantification of aggresome clearance assay
results. NGF-differentiated PC12D cells were treated with MPP* for 16 h prior to
treatment with 100 nM Torin1 or 10 xM SMK-17 for 8 h in the presence or absence of 5
uM PKCi. The scale bar represents 20 ym. Data are shown as mean + SD (n=3). n.s.,
non-significant, ***p < 0.001 (Student’s t test).
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Figure 3-36. Representative images and quantification of aggresome clearance assay
results. RA-differentiated SH-SYSY cells treated with MPP+ for 16 h prior to treatment
with 100 nM Torinl or 10 xM SMK-17 for 8 h in the presence or absence of 5 yM PKC

inhibitor. The scale bar represents 20 ym. Data are shown as mean + SD (n=3).n.s.,

non-significant, **p < 0.01, ***p < 0.001 (Student’s t test).
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Figure 3-37. Western blotting analysis of NGF-differentiated PC12D cells transiently
transfected with GFP, GFP-HTTQ23, or GFP-HTTQ74 for 72 h.
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Figure 3-38. Representative images and quantification of mutant huntingtin clearance
assay results. NGF-differentiated PC12D cells were transiently transfected with GFP-
HTTQ23 or GFP-HTTQ74 for 48 h prior to treatment with 100 nM Torinl or 10 uM
SMK-17 for 24 h in the presence or absence of 5 uM PKCi. Percentage of cells with
GFP-huntingtin aggregates to GFP-positive cells was calculated in each sample. The
scale bar represents 20 ym. Data are shown as mean + SD (n=3). n.s., non-significant,
*p < 0.05, (Student’s t test).
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3.2.7. Clearance activity of protein aggregates by autophagy-inducing small

molecules

PD is pathologically associated with the interrelated processes of abnormal
protein accumulation and oxidative stress due to mitochondrial dysfunction [146]. Indeed,
I found that the well-known antioxidants N-acetylcysteine (NAC) and glutathione (GSH)
as well as the autophagy inducers SMK-17, Torinl, and Rapamycin significantly
inhibited aggresome formation when provided simultaneously with MPP* (Figure 3-39).
In contrast, although the autophagy inducers also provided significant clearance of
aggresomes in cells pre-treated with MPP+, NAC and GSH did not (Figure 3-40). These
results indicated that autophagy induction is required for clearance of aggregated proteins
in the cellular models of PD. To confirm this inference, 26 small molecules identified as
autophagy inducers were assessed for their aggresome clearance activity. Notably, almost
all of the autophagy inducers (excepting 2-deoxyglucose and two proteasomal inhibitors,
MGI132 and Bortezomib) yielded significant attenuation of aggresome accumulation
(Figure 3-41). Similarly, these autophagy inducers significantly induced the clearance of
mutant huntingtin (Figure 3-42). Finally, I evaluated the cytotoxicity of autophagy
inducers tested in this study against more appropriate cells derived from neural tissues
than PC12D cells. I found that 23 autophagy inducers that induced the clearance of
protein aggregates, did not show cytotoxicity against primary cultured rat cortical neurons
as judged from LDH assay (blue bars, Figure 3-43). Interestingly, other autophagy
inducers including cytotoxic compounds against PC12D cells, except for CCCP, also did
not affect cell viability in primary cultured rat cortical neurons (black bars, Figure 3-43).

These results suggested that stimulation of autophagy removes protein aggregates without
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neurotoxicity, implying on a potential indication of treatment against neurodegenerative

diseases with neuronal aggregations.
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Figure 3-39. Representative images and quantification of aggresome formation assay
results. RA-differentiated SH-SYSY cells were treated with MPP* for 24 h in the
presence or absence of 10 uM SMK-17, 100 nM Torin1, 10 xM rapamycin, 10 mM
NAC, or 10 mM GSH. The scale bar represents 20 ym. Data are shown as mean + SD
(n=3). " p < 0.001 (Student’s t test compared to untreated control (Ctrl)). ***p < 0.001
(two-tailed Student’s t test).
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Figure 3-40. Representative images and quantification of aggresome clearance assay
results. RA-differentiated SH-SYS5Y cells were treated with MPP* for 16 h prior to
treatment with 10 uM SMK-17, 100 nM Torinl, 10 xM Rapamycin, 10 mM NAC, or
10 mM GSH for 8 h. The scale bar represents 20 ym. Data are shown as mean + SD
(n=3). "p < 0.001 (Student’s t test compared to untreated control (Ctrl)). n.s., non-
significant, ***p < 0.001 (Student’s t test).
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Figure 3-41. Representative images and quantification of the aggresome clearance
assay results. RA-differentiated SH-SYSY cells were treated with MPP* for 16 h prior

to treatment with the indicated compounds for 8 h. See also Table 1. The scale bar

represents 10 ym. Data are shown as mean + SD (n=3). ##p < 0.001 (Student’s t test

compared to untreated control (Ctrl)). n.s., non-significant, **p < 0.01, ***p <0.001

(Student’s t test).
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Figure 3-42. Representative images and quantification of the mutant huntingtin
clearance assay results. NGF-differentiated PC12D cells were transiently transfected
with GFP-HTTQ23 or GFP-HTTQ74 for 48 h prior to treatment with the indicated
compounds for 24 h. See also Table 1. Percentage of cells with GFP-huntingtin
aggregates to GFP-positive cells was calculated in each sample. The scale bar represents
10 ym. Data are shown as mean = SD (n=3). “#p < 0.001 (Student’s t test compared to
untreated control). n.s., non-significant, *p < 0.05, **p < 0.01 (Student’s t test).
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Figure 3-43. Cytotoxicity of the autophagy inducers against primary cultured rat
cortical neurons. Cells were treated with the indicated compounds for 24 h, and
cytotoxicity was measured by LDH release assay. See also Table 1 and 2. The data are
expressed as a percentage of total amount of LDH analyzed in each plate. Data are

shown as mean + SD (n=5). n.s., non-significant, ***p < 0.001 (Dunnett’s test).
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3.3. Discussion

In this study, I addressed the induction of autophagy by small molecules. To this
end, I used a chemical genomic technique previously employed for several studies that
identified diverse and selective signaling pathways involved in cancer cell migration and
ER stress response [96,147]. Among the 39 autophagy inducers identified by my initial
chemical screen, 13 compounds were excluded from further investigation because of their
cytotoxicity in PC12D cells. The remaining 26 compounds were subjected to chemical
genomic analysis to profile the pattern of autophagy induction. Based on the results of
PCA and clustering analysis, the autophagy inducers were classified into several groups,
possibly reflecting distinct modes of action. Considering the effect of signal transduction
inhibitors on autophagy induction, JAK-signal transducers and activators of transcription
(STAT), TGF-B/p300/ROCK, ADK/RR/TpI2 signaling were inferred to be involved in
the autophagy induced by compounds within (respectively) Clusters 6, 5, and 1 (Figure
3-15). This finding may provide a clue for mechanistic analysis of the autophagic
processes induced by those compounds. Unfortunately, I did not identify specific
pathways associated with the differences among Clusters 2, 3, and 4 (Figure 3-14).
However, I hypothesize that similarities in the patterns of the autophagy profiles may be
associated with overlapping mechanisms of autophagy induction. Next, I asked whether
autophagy inducers in Clusters 3 and 4 inhibit mTOR, given that Torin] and Rapamycin
were classified into Clusters 3 and 4, respectively. Like Torin1, SMK-17, Staurosporine,
and Crizotinib are members of Cluster 3 and yielded attenuation of phospho-S6 levels;
however, SMK-17, Staurosporine, and Crizotinib did not yield changes in the levels of
phospho-ULK1, in contrast to Torinl (Figure 3-44). On the other hand, Brefeldin A,

Bromocriptine, Calpeptin, and Dasatinib did not yield attenuation of either phospho-S6
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nor phospho-ULK(T levels, in contrast to Rapamycin, although all 5 of these compounds
were assigned to Cluster 4 (Figure 3-45). These results suggested that these compounds
did not inhibit mTOR, and that the difference between Clusters 3 and 4 may reflect
distinct effects on phospho-S6 accumulation.

My clustering analysis led to the finding that Memantine and Clemastine
(Cluster 2) induced ER stress. Memantine is known as an antagonist of the N-methyl-D-
aspartate (NMDA) receptor. Memantine and its structural analogue Amantadine have
proven efficacy against Alzheimer’s disease [148] and PD [149], respectively. Recently,
Hirano et al. [112] reported that Memantine enhances autophagic flux, leading to the
enhanced clearance of aggregation-prone proteins and damaged mitochondria in various
neuronal models. However, Memantine-induced autophagy is not dependent on
antagonism of the NMDA receptor [112]. In the present work, I demonstrated that
Memantine induced autophagy possibly through ER stress induction. Memantine inhibits
the NMDA receptor with an ICs, of approximately 1 #M; however, higher concentrations
(10-500 M) of Memantine affect many additional targets, including the sigma-1 receptor
[150]. Since the sigma-1 receptor is a chaperone protein residing at the mitochondrion-
associated ER membrane, the inhibition of the sigma-1 receptor is expected to inhibit ER
function [151]. Indeed, another sigma-1 receptor antagonist, Haloperidol, has been
reported to induce ER stress [152]. Therefore, it is likely that 100 M Memantine induces
ER stress, possibly due to the inhibition of sigma-1 receptor function. Once ER stress
responses are activated, IRE1a., a sensor of ER stress, could form a complex with tumor
necrosis factor receptor-associated factor-2 (TRAF2) and apoptosis signal-regulating
kinase-1 (ASK-1), causing activation of the c-Jun N-terminal kinase (JNK), which in turn

promotes autophagy via activation of Beclin-1 [122,153]. Activated IRE1a also activates
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the XBP1 transcription factor via unconventional splicing, and the activated XBP1 then
regulates transcription of the Beclin-1-encoding gene through direct binding to the gene’s
promoter region [154]. As a result, Beclin-1 (up-regulated by ER stress) forms a complex
with phosphatidylinositol 3-kinase catalytic subunit type 3 (Vps34) and serine/threonine-
protein kinase Vps15, triggering autophagosome formation [95]. Indeed, Memantine has
been reported to influence Vps34 or components of the Vps34 complex [112]. Clemastine,
an antihistamine drug originally marketed for the treatment of allergic rhinitis, has
efficacy against multiple sclerosis [155]. Recently, Clemastine was also was shown to be
capable of counteracting spinal cord pathology and neuroinflammatory responses in the
superoxide dismutase 1 (SOD1)-G93A mouse model of amyotrophic lateral sclerosis
[156]. In addition, Clemastine has been reported to activate autophagy in superoxide
dismutase 1 (SOD1)-G93A primary microglia [103]. The stimulation of autophagy by
Clemastine is consistent with the role that H1-targeting antihistamines play in autophagy
[157,158]. Among several histamine H1 receptor antagonists, Astemizole has been
reported to induce ER stress and autophagy, possibly through the accumulation of
intracellular Ca?* [159]. Moreover, Terfenadine, another histamine H1 antagonist, also
has been shown to potentiate the concentration of cytosolic Ca?* and to induce autophagy
[157,160]. Therefore, I infer that Clemastine also induces ER stress through increases in
cytosolic Ca*, leading in turn to autophagy induction.

Flunarizine, which also was classified into Cluster 2 in my analysis, is a voltage-
dependent L-/T-type Ca?** channel blocker that is approved for treating migraine and
epilepsy. Moreover, Flunarizine has been reported to alter autophagy [108]. Although
Flunarizine did not induce ER stress, as assessed by the failure of the compound to induce

PERK phosphorylation, Flunarizine induced activation of the elF2a-activating
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transcription factor 4 (ATF4)-CHOP pathway, which is commonly observed with other
ER stress inducers classified into Cluster 2. Several genes, including those encoding
autophagy related 5, 12 (Atg5, Atgl12), and p62, have been reported to be transcriptionally
regulated by the elF20-ATF4-CHOP pathway [161,162]. There are four elF2a kinases
(PERK, general control nonderepressible 2 (GCN2), protein kinase R (PKR), and heme-
regulated inhibitor (HRI)), all of which are activated in response to various stimuli [163].
Therefore, 1 propose that Flunarizine induces activation of the elF2a/ATF4/CHOP
pathway via elF2a kinases other than PERK, thereby leading to autophagy induction.

In the course of the screen, I identified a novel autophagy inducer, SMK-17.
SMK-17 originally was developed as a MEK1/2 inhibitor that exerts potent antitumor
effects both in vitro and in vivo [117,141]. However, unlike SMK-17, two other MEK
inhibitors (U0126 and PD184352) did not activate autophagy flux in PC12D cells,
indicating that SMK-17 induces autophagy in a MEK inhibition-independent manner. On
the other hand, Trametinib, an inhibitor of MEK1/2, has been reported to activate
autophagy in pancreatic ductal adenocarcinoma (PDA) cells, in which the KRAS-RAF-
MEK-ERK pathway is activated [164]. These results indicate that the KRAS-RAF-MEK-
ERK pathway may regulate autophagy, depending on the status of the cultured cells under
study. Mechanistically, Trametinib treatment of PDA cells led to decreased
phosphorylation of liver kinase B1 (LKB1) and increased phosphorylation of AMP-
activated protein kinase (AMPK; at T172) and ULK1 (at S555) [164], indicating that
Trametinib-induced autophagy in PDA cells is mediated by the LKB1-AMPK-ULK1
signaling axis. On the other hand, SMK-17 failed to inhibit phosphorylation of the
autophagy-negative regulation site of ULK1 (residue S757), indicating that SMK-17-

induced autophagy in PC12D cells is mediated by a pathway distinct from the LKB1-
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AMPK-ULKI1 signaling axis. PCA of my chemical genomic data predicted the
involvement of PKC in SMK-17-induced autophagy. Indeed, I found that SMK-17
activated PKC and induced TFEB nuclear translocation (thereby activating lysosomal
biogenesis and autophagy) in a PKC-dependent manner. According to previous reports,
PKC activates JNK and p38 MAPK, in turn inactivating zinc finger protein with KRAB
and SCAN domains 3 (ZKSCAN3), a repressor of lysosomal/autophagy genes [145,165].
Moreover, some isotypes of PKC also are regulated by 3-phosphoinositide-dependent
protein kinase 1 (PDK1) [166]. My chemical genomic study revealed that JNK/p38
inhibitors and an inhibitor of 3-phosphoinositide-dependent protein kinase 1 (PDK1), as
well as a PKC inhibitor, counteracted SMK-17-induced autophagy (Figure 3-46). At
present, I do not know the mechanism of SMK-17-induced PKC activation, but SMK-17
nonetheless appears to induce autophagy through PKC.

Autophagy has an essential role in eliminating nonfunctional and potentially
cytotoxic aggregation-prone proteins. Therefore, the stimulation of autophagy with small
molecules may serve as a new therapeutic strategy for proteinopathies including PD,
which is characterized by the accumulation of aggregated proteins (“Lewy bodies”).
Oxidative stress due to mitochondrial dysfunction is closely associated with PD and is a
major cause of protein aggregation [13,167]. As I described in Chapter 2, I observed that
MPP+, a neurotoxin known to act as an inhibitor of mitochondrial complex I, induces
reactive oxygen species (ROS) and aggresome formation in neuronal PC12D cells.
Indeed, the potent antioxidants NAC and GSH significantly suppressed MPP*-induced
aggresome formation. However, NAC and GSH failed to induce the clearance of
aggresomes formed by pre-treatment with MPP*, indicating that antioxidant molecules

can only inhibit aggresomes at the formation stage. On the other hand, almost all of the
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autophagy-inducing compounds tested in the present study (with the exception of
proteasome inhibitors and 2-deoxyglucose) provided aggresome clearance. Although
proteasome inhibitors have been reported to impair autophagy [168,169], my findings
that proteasome inhibitors activated autophagy are consistent with recent report that
proteasome inhibitors induced autophagy [170]. Considering the ubiquitin-proteasome
system is also involved in protein degradation pathway [171], aggresome accumulation
has been inferred to be the result of proteasome inhibition. 2-Deoxyglucose exposure
mimics glucose deprivation, a process that causes oxidative stress and stimulates
aggresome formation in cardiac myocytes [172], suggesting that 2-deoxyglucose
enhances aggresome formation while activating autophagy.

In summary, my chemical genomic approach was able to classify autophagy
inducers into several clusters that appeared to correlate with their autophagy-inducing
mode of action. Analysis of individual clusters led to the demonstration (the first, to my
knowledge) that Memantine and Clemastine, compounds approved by the FDA for the
treatment of neurodegenerative disease, may function through the activation of ER stress-
mediated autophagy. Therefore, the chemical genomic approach is expected to be useful
for the functional analysis of approved drugs and for development of repositioned drugs.
Moreover, my combined chemical genomic and PCA approach permitted me to identify
SMK-17 as a new autophagy inducer that induces autophagy via PKC activation. In
addition, I demonstrated that autophagy inducers provide the clearance of protein
aggregates in cellular models of PD and HD without showing any cytotoxic effect on
primary cultured rat cortical neurons, suggesting that autophagy induction may improve
neuronal function in patients with PD or HD (as well as those with other proteinopathies)

even after disease onset.

94



p-ULK1 -— -—

p-56 | —_ |'34

B-actin | ———— — |-43

Figure 3-44. NGF-differentiated PC12D cells were treated with 100 nM Torinl, 10 uM
SMK-17, 10 nM Staurosporine, or 5 M Crizotinib for 1 h and then subjected to

western blotting analysis with the indicated antibodies.
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Figure 3-45. NGF-differentiated PC12D cells were treated with 10 M Rapamycin
(Rapa), 500 nM Brefeldin A, 10 M Bromocriptine, 50 xM Calpeptin, or 100 uM
Resveratrol for 1 h and then subjected to western blotting analysis with the indicated

antibodies.

T N o %X v
©o ©o © © © o

Autophagy inhibition

|JNK
p38
PDK1
PKC

SMK-17

SP600125
SB202190
SB239063
SB203580
0OSU-03012
Go7874

JNK inhibitor VI

Figure 3-46. Heatmap analysis on the autophagy profile of SMK-17 with the indicated
signal transduction modulators. The heatmap shows a gradient color scale from black to

yellow, indicating the autophagy inhibition scores.
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3.4. Materials and methods

Reagents and antibodies

SCADS inhibitor kits were supplied by the Molecular Profiling Committee,
Grant-in-Aid for Scientific Research on Innovative Areas “Advanced Animal Model
Support (AdAMS)”, from the Ministry of Education, Culture, Sports, Science and
Technology, Japan (KAKENHI 16H06276). Staurosporine was prepared from one such
kit. 2-Deoxy-D-glucose (Cat #: D6134), Bromocriptine (Cat #: B2134), Crizotinib (Cat
#: PZ0191), Dasatinib (Cat #: SML2589), Deferoxamine (Cat #: D9533), Ivermectin (Cat
#:18898),JQ1 (Cat #: SML1524), Resveratrol (Cat #: R5010), SAHA (Cat #: SML0061),
and MPP+ (Cat #: D048) were purchased from Sigma. Bortezomib (Cat #: S1013) and
Calpeptin (Cat #: S7396) were purchased from Selleck. All-trans retinoic acid (RA, Cat
#: 182-01111), Azacytidine (Cat #: 016-25361), Cyclosporine A (Cat #: 031-24931),
lithium chloride (LiCl, Cat #: 123-01162), Memantine hydrochloride (Cat #: 41100-52-
1), Trichostatin A (Cat #: 203-17561), and Tunicamycin (Cat #: 202-08241) were
purchased from Wako. Brefeldin A (Cat #: 203729) was purchased from Calbiochem.
MG132 (Cat #: 10012628) and Torinl (Cat #: 10997) were purchased from Cayman.
Rapamycin (Cat #: R-5000) was purchased from LC Laboratories. Clemastine fumarate
(Cat #: C568500) was purchased from Toronto Research Chemicals. Flunarizine
hydrochloride (Cat #: 0522/500) was purchased from Tocris Bioscience. SMK-17 and
Sorafenib were kindly provided by the Daiichi-Sankyo Pharmaceutical Company.
G06983 (Cat #: ab144414) and phorbol 12-myristate 13-acetate (PMA, Cat #: ab120297)
were purchased from Abcam. Nerve growth factor 2.5S (NGF; Cat #: N-100) was

purchased from Alomone Labs. Antibodies were obtained as follows: anti-[3-actin (Cat #:
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A1978), anti-LC3 (Cat #: L7543) from Sigma; anti-phospho-ULK1 (Cat #: #6888), anti-
phospho-S6K (Cat #: #9204), anti-S6K (Cat #: #9202), anti-phospho-S6 (Cat #: #4858),
anti-S6 (Cat #: #2217), anti-phospho-ERK (Cat #: #9101), anti-ERK (Cat #: #9102), anti-
phospho-elF2a (ser51) (Cat #: #9721), anti-elF2a. (Cat #: #9722), anti-PERK (Cat #:
#3192), anti-SQSTM1/p62 (Cat #: #5114), anti-phospho-(Ser) PKC substrate (Cat #:
#2261) from Cell Signaling Technology; anti-CHOP (Cat #: MA1-250) from Thermo
Fisher Scientific; anti-KDEL (Cat #: ENZ-ABS679), used for GRP78 detection, from

Enzo Life Science; anti-TFEB (Cat #: 13372-1-AP) from proteintech.
Cell culture

All cells were cultured at 37 °C in a 5% CO, environment. Rat adrenal
pheochromocytoma PCI12D cells [173] (obtained from Dr. Kazuo Umezawa at Keio
University) were cultured in Dulbecco’s modified Eagle medium (DMEM; Nissui, Cat #:
05919) supplemented with 5% fetal bovine serum, 10% horse serum, 0.6 mg/mL L-
glutamine, 100 U/mL penicillin G, and 0.1 mg/mL kanamycin. Human neuroblastoma
SH-SYSY (purchased from American Type Culture Collection) cells were cultured in
DMEM supplemented with 10% fetal bovine serum, L-glutamine, and antibiotics.
Differentiation was achieved by 72 h treatment with 100 ng/mL NGF (for PC12D) or 7

days treatment with 1 M RA (for SH-SYS5Y).
siRNA transfection

Stealth siRNA against TFEB (RSS337388) and negative control siRNAs
(12935300) were purchased from Invitrogen. Cells were transfected with 100 nM siRNA
using Lipofectamine RNAIMAX (Invitrogen) for 48 h according to the manufacturer’s

instruction.
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Plasmid transfection

To generate tfLLC3 vector, sequences encoding mCherry and human LC3B were
inserted into the pEGFP-C1 plasmid vector. pPEGFP-N1-TFEB (No. 38119, Dr. Shawn
Ferguson’s lab) was purchased from Addgene. EGFP-tagged huntingtin exonl (pEGFP-
Q23 or pPEGFP-Q74) was kindly provided from Dr. Shinji Saiki at Juntendo University
[112]. Transfections were performed with Lipofectamine 3000 (Invitrogen) according to

the manufacturer’s protocol unless otherwise stated.
Retroviral transduction

GFP-LC3-RFP was amplified by PCR from the pMRX-IP-GFP-LC3-RFP
plasmid vector (kindly provided from Dr. Noboru Mizushima at the University of Tokyo)
[97] using the following primers: forward, CTCTAGACTGCCGGATCCCCCGCCGC-
CACC; reverse, AGGAATTCCCGTACCACCACACTGGGATCC. GFP-LC3-RFP was
then cloned into the BamHI site of the pGCDNsam vector (kindly provided from Dr.
Masafumi Onodera at National Center for Child Health and Development). For the
generation of retrovirus, the resulting pGCDNsam-GFP-LC3-RFP plasmid was co-
transfected with pVSV-G vector (Clontech) into GP2-293 (Clontech) cells using
Lipofectamine LTX (Invitrogen). Maintenance of GP2-293 cells and plasmid transfection
were performed according to the manufacturer’s protocol. 293GPG cells [174] were
maintained according to the method described elsewhere [175], and transduced by
exposure to viral supernatants harvested from the GP2-293 culture supernatants harvested
on days 1, 2, and 3 with 4 pg/mL of polybrene by spinoculation at 1000 x g for 1 h at
32 °C followed by cell sorting using FACSAria III (BD Biosciences) to enrich for

293GPG cells stably expressing GFP-LC3-RFP. Virus supernatant from 293GPG-GFP-
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LC3-RFP cells was harvested and concentrated as described [175]. PC12D cells stably
expressing GFP-LC3-RFP cells were generated by transduction and sorting as above,

using the concentrated virus from 293GPG-GFP-LC3-RFP cells.
Autophagy flux assay

For ratiometric autophagy flux assay, PC12D-GFP-LC3-RFP cells were seeded
into a 384-well black plate (CellCarrier 384-Ultra, PerkinElmer). After 72 h
differentiation by exposure to 100 ng/mL NGF, cells were treated with compounds for 24
h. Cells then were fixed with 10% formalin containing 2 ug/mL Hoechst33342
(Invitrogen, Cat #: H3570) for 30 min. Image capture and quantification of GFP and RFP
intensity in cells were performed using a high-content imager (OPERA Phenix) and
Harmony software ver 4.5 (PerkinElmer) or a plate-reader (SAFIRE, TECAN). For the
autophagy flux assay using fluorescence imaging with tfLLC3, NGF-differentiated PC12D
cells were transfected with the tfLLC3 vector. At 48 h after transfection, cells were treated
with the indicated compounds for 8 h. Fixation, confocal microscopy were then

performed as previously described [87].
PCA, clustering, and heatmap analyses

The rate of inhibition by each signal transduction modulator was calculated by
setting the average of vehicle-treated cells at 1 and autophagy inducer-treated cells at O.
The autophagy inhibition score then was calculated by z-score normalization and
analyzed by PCA, heatmap, and hierarchical clustering (based on Euclidean distance

matrix and Ward’s linkage method) using R ver 3.4.2 (http://www.R-project.org).
Western blotting analysis

Western blotting was performed according to previously published method [176].
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In brief, cells were lysed with RIPA buffer, and protein lysates were separated by SDS-
PAGE and transferred onto PVDF membranes. The membranes were incubated overnight
at 4 °C with the primary antibodies, and then incubated for 1 h at room temperature with
the appropriate HRP-conjugated secondary antibodies. Chemiluminescence was detected

using the Immobilon Western Kit (Merck Millipore) and ChemiDoc XRS+ (BioRad).
RNA extraction, RT-PCR, and Quantitative RT-PCR

Total RNA was extracted from NGF-differentiated PC12D cells using the
RNeasy Plus Mini Kit (QIAGEN). From 2 pg of total RNA, first-strand complementary
DNA (cDNA) was produced using M-MLV reverse transcriptase (Promega) according to
the manufacturer’s instructions. For detection of Xbp! splicing, first-strand cDNA from
PC12D cells was subjected to PCR with KOD plus polymerase (Toyobo) using primers
as follows: for Xbpl, AGTGGAGTAAGGCTGGTGGCC and CAACAGTGTCAG-
AGTCCATGGG; for Gapdh, TTGTGATGGGTGTGAACCAC and GGATGCAGGG-
ATGATGTTCT. The amplified products were separated by electrophoresis on an 8%
polyacrylamide gel (for Xbp! detection) and 1% agarose gel (for Gapdh detection) and
visualized by ethidium bromide staining and ChemiDoc XRS+ (BioRad) system. The
expression levels of spliced XbpI and Gapdh were quantified using Fiji software. Gapdh
was used to normalize transcript levels. Quantitative PCR was performed on a Thermal
Cycler Dice (Takara, Shiga, Japan) using SYBR Premix Ex Taq (Takara). mRNA levels
were determined with the AACt method and normalized to B-actin levels. The primer

sequences are listed in Table 3.
TFEB nuclear translocation assay

PC12D cells were transfected with the pPEGFP-N1-TFEB plasmid. At 48 h after
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the transfection, cells were selected with 0.8 mg/mL G418 (Wako, Cat #: 071-06431) for
2 weeks. Cells stably expressing TFEB-GFP were treated with compounds for 1 h and
then fixed with 3% paraformaldehyde containing 2 xg/mL Hoechst33342 for 30 min.
Images were acquired using a confocal laser scanning microscope system (FV1000,
Olympus). The percentage of TFEB nuclear translocation cells was quantified using Fiji

software.
Aggresome staining

Aggresome staining was performed as described in Chapter 2. In brief,
differentiated PC12D and SH-SYSY cells seeded on coverslips were fixed with 3%
paraformaldehyde, permeabilized with 0.3% Triton X-100, 1% bovine serum albumin
(BSA) for 30 min, and blocked with 1% BSA in PBS-Tween for 60 min. Aggresomes
were stained using the Proteostat Aggresome Detection Kit (Enzo Life Sciences)
according to the manufacturer’s instructions. Samples were observed under confocal

microscope as above, and quantitation was performed using Fiji software.
Clearance of mutant huntingtin

Differentiated PC12D cells were transfected with the pEGFP-Q23 or pEGFP-
Q74 plasmid. At 48 h after the transfection, cells were treated with the indicated
compounds for 24 h. Cells were then fixed with 3% paraformaldehyde and observed
under confocal microscope as above. Percentage of cells with GFP-huntingtin aggregates

to GFP-positive cells was calculated in each sample.
Primary neuronal cell culture and LDH assay

The primary cultured rat cortical neurons were collected from Wister rat embryos

at embryonic day 18 and incubated with 0.03% papain in Hank’s balanced salt solution
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(HBSS, Gibco) for 5 min at 37 °C. After dissociation with 10% FBS in neuronal culture
medium (Neurobasal Plus medium (Gibco) supplemented with 0.5 mM L-glutamine,
penicillin-streptomycin, 2% B-27 supplement (Gibco)), tissues were rinsed three times
with HBSS, resuspended in neuronal culture medium, and filtered through a 70 ym nylon
cell strainer to remove debris. The dissociated cells were plated onto poly-D-lysine-
coated 96-well plates (Corning, Cat #: 354640) at a density of 3 x 10* cells/well. After 48
h, half of the medium was replaced with fresh neuronal culture medium, and cells were
treated with 16.7 pg/mL Uridine (Sigma, Cat #: U3750) and 6.7 pg/mL 5-Fluoro-2'-
deoxyuridine (Sigma, Cat #: FO503) for 4 days to suppress the proliferation of non-neural
cell types. Cells were then maintained with half of the medium replaced every 3 or 4 days.
On day 14, cells were treated with various compounds for 24 h. After treatment, 100 pL
of the cell culture medium was collected, and LDH levels released from damaged cells
were measured using a Cytotoxicity LDH Assay Kit-WST (Dojindo, Cat #: CK12)
according to the manufacturer’s instructions. The absorbance at 490 nm was measured by
a plate-reader (SpectraMax iD3, Molecular Devices). The study was approved by the
Animal Experiment Committee (Approval No. 310261) at Juntendo University, and were

performed in accordance with national, institutional and the ARRIVE guidelines.
Statistical analyses

All data are presented as the mean =+ standard deviation (SD). Statistical analyses
were performed with the two-tailed non-paired Student’s t-test unless otherwise stated.

All analyses were conducted using SPSS statistics software (ver. 24; IBM).
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Table 3. Primer sequences for qRT-PCR.

Target Primer sequences
Forward CTCAGTATGTGCAGTGTGTTGC
Atp6vih
Reverse TACAGTTCACCCCATCTGCTTC
. Forward CTATCCCTCTGGAGCATGGAAC
Cts
Reverse CACATCTTGTTGCACTTGGGAG
J Forward CCTGGGCGATGTCTTTATTG
Cts.
Reverse GGCAAAGCCGACCCTATT
Forward GCACCTCCAACTATTCCCTGAA
Lampl
P Reverse ACAGACCCAAACCTGTCACTTT
Forward AACAGGAGAAGGATGAAGACGG
Mapllc3b
Reverse TTGACTCAGAAGCCGAAGGTTT
Forward CATCTTCCGCATCTACATTAA
Sgstml1/p62
Reverse TAGCGAGTTCCCACCACA
Forward ACAAGGCACCATCCTCA
Tfeb
¥ Reverse CCAGCTCGGCCATATTCA
Forward ACTCCAGACTTGAGGCAAAC
Uvra
8 Reverse ACAGATACTCACCATCTGACC
Forward GCTGATGATTCGCTCCATTGAC
Vpsi8
P Reverse AGTCTGGTAGCTGTATCCCTGT
Forward CCTCTGAACCCTAAGGCCAA
B-actin

Reverse GCCTGGATGGCTACGTACA
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Chapter 4

Conclusion
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Although the usefulness of chemical biology has been recognized by
researchers in medicine, neurobiology, and pharmacology, chemical biological studies
on neurodegenerative disorders are still not sufficiently conducted, compared to cancer
research. In the present study, I addressed to develop novel drug seeds or strategies for
PD treatment using chemical biological approach, which provides the findings that
activating the cellular redox pathway and intracellular degradation pathway can be
potent therapeutic interventions in PD (Figure 4).

As described in Chapter 2, I focused bilirubin, the end product of heme redox
metabolism, identified as a novel biomarker for PD. By using chemical biological
approach, I established the unique screening system targeting intracellular bilirubin
level and identified a novel PD drug seed, BRUP-1. BRUP-1 directly inhibited the
association of Keapl with Nrf2 leading to Nrf2 activation, which induces HO-1
expression and subsequent bilirubin production. Bilirubin up-regulation by BRUP-1
potently suppressed neurotoxin-induced ROS production, protein aggregates formation,
and ultimately cell death. These findings not only provide a new member of Keap1-
Nrf2 direct inhibitors but also suggest chemical modulation of heme metabolism can be
a novel therapeutic strategy to treat PD.

As described in Chapter 3, I performed the analyses on signal transduction
pathways and on the effectiveness of autophagy inducers in cellular models of
neurodegenerative diseases including PD. My chemical genomic approach enabled me
to classify autophagy inducers into several clusters that appeared to correlate with their
autophagy-inducing modes of action. Moreover, I demonstrated that autophagy inducers
including SMK-17 that I identified as a new autophagy inducer, showed clearing effects

of protein aggregates observed in cellular models of PD and HD, suggesting that
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autophagy induction may improve neuronal function in patients with PD and HD (as
well as those with other proteinopathies) even after disease onset.

Taken together, my two chemical biological researches on PD lead to the
findings of two novel bioactive compounds, BRUP-1 and SMK-17 that activates
bilirubin production and autophagy, respectively. Chemical genetical/genomical
approaches provided me to show the mechanisms of action of these compounds.
Furthermore, my results suggest that chemical intervention in heme redox and/or
autophagy pathways can be novel and effective strategies to treat PD. In conclusion, the
application of chemical biology is a powerful method to contribute to not only the
understanding the biology but also development of novel therapeutic strategies in

neurodegenerative disorders including PD.
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Figure 4. Overview of the present study. (Left) Graphical summary of the study

described in Chapter 2: BRUP-1, an intracellular bilirubin modulator, exerts

neuroprotective activity in a cellular Parkinson’s disease model. (Right) Graphical

summary of the study described in Chapter 3: A chemical genomics-aggrephagy

integrated method studying functional analysis of autophagy inducers. (Down)

Pathological phases in PD and proposal commencing time of the intervention using

modulators of bilirubin metabolism and autophagy (Figure adapted from [177]).
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