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Summary

Summary

Autophagy is an evolutionary conserved intracellular degradation pathway for the elimination of long-
lived or misfolded proteins, aggregates, pathogenic particles or entire organelles. During
macroautophagy (in this thesis referred to as autophagy), double-membrane autophagosomes isolate
harmful intracellular components, which then become degraded into macronutrients within the

lysosome. Thereby, autophagy is involved in a plethora of human diseases such as cancer.

Basal autophagy in our bodily cells aims to prevent tumorigenesis by removing potential threat. In
cancer cells, autophagy protects from nutrient starvation and genotoxic stress during chemotherapy.
Inhibition of autophagy was shown to re-sensitize cancer cells to the lethal effects of chemotherapy,
radiotherapy and targeted therapies, while also enhanced induction of autophagy could aid anti-
cancer therapy by driving cancer cells into an autophagic cell death. So far, multiple clinical trials
reported benefits of combinational therapies of approved drugs with autophagy modulators to
overcome therapy-resistance. However, most known modulators of autophagy target additional
pathways and create a need for novel more specific compounds. Among a natural compound library,
we therefore searched for novel drugs or lead structures to modulate autophagy and/or overcome

therapy-resistance.

We identified several natural compounds that were able to induce or inhibit autophagy, among which
we focused on the phloroglucinyl-pyrone arzanol and a class of hydroxyanthraquinones. We
investigated their modes of action, and characterized arzanol in detail. Interestingly, arzanol not only
inhibited autophagic flux, it also caused mitochondrial damage by targeting mitochondrial
oxidoreductases. In this, we attribute the observed formation of immature autophagosomes to the
induction of mitophagy. Its cytotoxic effects reduced cancer cell viability both in cisplatin-sensitive and
-resistant bladder carcinoma cells and further sensitized these cancer cells against first-line treatment
with cisplatin.

Among the natural compound library, we further identified phomoxanthone A, a compound that is
known to sensitize therapy-resistant cancer cells to cisplatin. We investigated its mode of action and
designated it as potent mitotoxin, inducing the fragmentation of the inner mitochondrial membrane.

In addition, we propose the urea cycle enzyme CPS1 as a novel target of phomoxanthone A.

In this thesis, we discuss the structures and activities of phomoxanthone A, arzanol, and
hydroxyanthraquinones, and provide vital information for their use in further anti-cancer drug

development.
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Zusammenfassung

Autophagie ist ein evolutionar konservierter, intrazellularer Abbauweg zur Eliminierung langlebiger
oder fehlgefalteter Proteine, Aggregate, pathogener Partikel oder ganzer Organellen. Wahrend der
Makroautophagie (in dieser Dissertation als Autophagie bezeichnet) isolieren Autophagosomen
schadliche intrazelluldare Komponenten, die dann innerhalb des Lysosoms zu Makronahrstoffen
abgebaut werden. Dabei ist die Autophagie an einer Vielzahl menschlicher Krankheiten wie Krebs
beteiligt. Die basale Autophagie in unseren Korperzellen zielt darauf ab, die Tumorentstehung zu
verhindern, indem potenzielle Bedrohungen beseitigt werden. In Krebszellen schiitzt die Autophagie
wahrend der Chemotherapie vor Nahrstoffmangel und genotoxischem Stress. Es wurde gezeigt, dass
die Hemmung der Autophagie Krebszellen fiir die tédlichen Auswirkungen von Krebstherapien erneut
sensibilisiert. Jedoch koénnte auch eine verstarkte Induktion der Autophagie die Krebstherapie
unterstltzen, indem Krebszellen in einen autophagischen Zelltod getrieben werden. Bisher
berichteten mehrere klinische Studien Vorteile von Kombinationstherapien zugelassener Arzneimittel
mit Autophagie-Modulatoren zur Uberwindung von Therapieresistenzen. Die meisten bekannten
Modulatoren der Autophagie zielen jedoch auf zusatzliche Signalwege ab und erfordern daher neue
spezifischere Verbindungen. In einer Bibliothek von Naturstoffen suchten wir daher nach neuartigen
Medikamenten oder Leitstrukturen, um die Autophagie zu modulieren und / oder Therapieresistenzen

zu Uberwinden.

Wir identifizierten mehrere natirliche Verbindungen, die Autophagie induzieren oder hemmen
konnten, darunter das Phloroglucinylpyron Arzanol und eine Klasse von Hydroxyanthrachinonen. Wir
untersuchten ihre Wirkmechanismen und charakterisierten Arzanol im Detail. Interessanterweise
hemmte Arzanol nicht nur die autophagische Abbaurate, sondern verursachte auch mitochondriale
Schaden, indem es auf mitochondriale Oxidoreduktasen abzielte. Dabei fihren wir die beobachtete
Bildung unreifer Autophagosomen auf die Induktion der Mitophagie zurick. Die zytotoxische Wirkung
von Arzanol verringerte die Lebensfahigkeit von Krebszellen, und sensibilisierte Krebszellen zudem

gegen eine Erstbehandlung mit Cisplatin.

In der Naturstoff-Bibliothek haben wir auRerdem Phomoxanthon A identifiziert, eine Verbindung, von
der bekannt ist, dass sie therapieresistente Krebszellen gegentiber Cisplatin sensibilisieren kann. Wir
untersuchten seine Wirkungsweise und identifizierten Phomoxanthon A als starkes Mitotoxin, das die
Fragmentierung der inneren Mitochondrienmembran induziert. Zusatzlich schlagen wir das
Harnstoffzyklusenzym CPS1 als neues Ziel von Phomoxanthon A vor. In dieser Arbeit diskutieren wir
die Strukturen und Aktivitditen von Phomoxanthon A, Arzanol und Hydroxyanthrachinonen und liefern

wichtige Informationen fir ihre Verwendung bei der weiteren Entwicklung von Krebsmedikamenten.
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1 Introduction

1.1 Background and scope of this dissertation

Life is a cycle of coming into being and passing away. From the smallest molecule to the biggest life
forms, vanishment is just as much of importance as emergence, and its regulation must be finely tuned
in order to establish balance. Autophagy is a lysosomal degradation process maintaining the balance
of organelles, proteins, and nutrients inside eukaryotic cells. It contributes to the waste removal of
damaged or long-lived proteins and organelles, and at the same time recycles them into new sources
of energy in form of macronutrients. Because of this crucial pro-survival role, autophagic dysfunction
is related to a number of human pathologies such as neurodegenerative diseases, heart diseases,

infections, aging and cancer.

While the complex molecular mechanism of autophagy in human cells is still being discovered, small
compound modulators of autophagy are being employed in order to identify novel autophagy-related
(ATG) target proteins and for treating autophagy-related diseases. Especially cancer research
benefitted from advancements in autophagy and today the National Institutes of Health (NIH) lists 75
clinical trials combining autophagy and cancer treatment, including one phase Il clinical trial

administering the autophagy inhibitor chloroquine (CQ) (https://clinicaltrials.gov/ on 13 April, 2020).

In recent years, researchers identified many successful treatment combinations of autophagy
modulators enhancing chemotherapy efficacy, but also faced frustrating off-target effects. Now, the

field of autophagy modulators in cancer treatment is resurgent *.

‘There’s a revitalized interest clinically [...]. But | don’t think you’re going to maximally know what
can be done by inhibiting this pathway unless we get better chemical matter.’
Alec Kimmelman ?,

radiation oncologist at New York University and co-founder of Vescor

Nature is a highly creative and nearly inexhaustible source of novel small molecule compounds with
bioactive properties. Especially in evolutionary stressed niches such as oceans and meadows, you can
find a plentitude of secondary metabolites. Our idea is to find and characterize novel autophagy-
modulating natural products and derivatives and identify lead structures to eliminate wild type but

most important therapy-resistant tumor cells.
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1.2 A short history of intracellular waste removal

For cells to maintain a healthy intracellular homeostasis of organelles, proteins and nutrients, they also
require a well-balanced and cargo-specific system of intracellular waste disposal. One highly
evolutionary conserved mechanism of waste removal is the ubiquitin-proteasome pathway. It consists
of the ubiquitin-dependent tagging of misfolded, damaged, long-lived or unneeded proteins by E1
(ubiquitin-activating), E2 (ubiquitin-conjugating) and E3 (ubiquitin-ligating) enzymes, and the
subsequent endoproteolytic degradation of ubiquitin-tagged proteins within a multi-protein complex
of proteases 2. In 2004, the discovery of the ubiquitin-mediated protein degradation was awarded with
the Nobel Prize in Chemistry to Aaron Ciechanover, Avram Hershko and Irwin Rose %>, They were
among the most successful researchers interested in organized intracellular removal, defying the trend
of protein synthesis research at that time. The proteasomal pathway they discovered effectively rids

the cells from proteins, but it cannot deplete entire multi-protein complexes or organelles.

Already decades before the discovery of the proteasomal pathway in the late 70s and early 80s,
researchers started to notice intracellular dense bodies containing both semi-digested organelles and
lysosomal hydrolases ®7. After the Nobel Prize winning discovery of the lysosome by Christian de Duve
in 1955, the development of electron microscopy lead to the first deeper understanding of organelle
degradation [de Duve, 1966]. In 1961, microscopy experts Ashford and Porter identified perinuclear
dense bodies in glucagon-treated perfusions of rat liver containing cytoplasmic components . They
called these dense bodies ‘foci of autolysis’. In the years after, various inducing stimuli and targeted
organelles of ‘autolysis’ were identified. They were presented at the Ciba Foundation symposium on
lysosomes in 1963, where Novikoff proposed the term ‘cytolysomes’ for his observation of acid-
phosphatase-positive structures containing cytoplasmic components such as mitochondria and
endoplasmic reticulum (ER) membranes. In order to distinguish endocytosis-related (‘heterophagic’)
from purely intracellular functions of lysosomes, Christian de Duve established the term ‘autophagic’
derived from the Ancient Greek aUutddayog (autéphagos) meaning self-eating, and proposed the term
‘autophagic vacuoles’ for Novikoff’s ‘cytolysosomes’. De Duve prevailed and the field of autophagy

research was born.

It should take another few decades until the most important autophagy marker microtubule-
associated protein 1 light chain 3 (LC3) was identified and its mode of action was revealed °. Strikingly,
despite its low similarity in amino acid sequence, LC3 is considered an ubiquitin-like protein that tags
autophagic cargo and facilitates autolysosomal degradation quite similar to the proteasomal pathway

for protein removal.
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1.3 Morphology and molecular pathway of autophagy

Autophagy is an evolutionary conserved pathway, which was presumably used by unicellular
organisms as a means of obtaining macronutrients in times of starvation. In higher eukaryotes, the role
of autophagy in removal of dispensable or harmful cargo has additionally gained in importance. Almost
at the same time as the introduction of autophagy research, selective autolysosomal degradation of
damaged organelles was proposed in addition to nonselective bulk degradation. Since then, a
multitude of different specific subtypes of autophagy was observed and classified, each named a
portmanteau from the impacted cargo and the suffix ‘-phagy’: Aggrephagy (protein aggregates) 111,
chlorophagy (chloroplasts) 2, ERphagy/reticulophagy (ER fragments) 3, ferritinophagy (ferritin) 4,

glycophagy (glycogen) °, granulophagy (stress granules) %, lipophagy (lipid droplets) 7, mitophagy

18,19 ) 20 ) 21,22

(mitochondria) , myelinophagy (myelin) %, nucleophagy (nucleic parts , pexophagy

)24 )25

(peroxisomes) 23, proteaphagy (proteasome) 24, ribophagy (ribosomes) 2°, xenophagy (bacteria and

other pathogens) % %7, or zymophagy (zymogen granules) % %,

In addition, three distinct morphological modes of mammalian autophagy were observed and
classified. Microautophagy describes the direct uptake of cargo into the final vesicles. During
microautophagy in yeast, intracellular cargo is directly engulfed by invaginations of the lysosome,
whereas mammalian microautophagy involves late endosome/multivesicular bodies. Microautophagy
has been proposed to degrade both bulk cytoplasmic contents, and selected proteins or organelles
that are recruited to the vesicular outer membrane by microautophagic receptors. In contrast, during
chaperone-mediated autophagy (CMA), specific substrate proteins with the pentapeptide motif KFERQ
are escorted to the lysosomal membrane by the cytosolic chaperone heat shock-cognate protein of
70 kDa (HSC70) and co-chaperones 3°. CMA-target proteins are then transported across the lysosomal
membrane via lysosome-associated membrane glycoprotein 2 (LAMP2A). The third mode of
autophagy has its origin the late 60s to early 70s, when researchers were able to discriminate
autophagosome and autolysosome. These two vesicular morphologies distinguish macroautophagy
from chaperone-mediated and microautophagy. Since then, macroautophagy remains the most
frequently researched mode of autophagy and is therefore often (also in this thesis) referred to as

autophagy.

The morphological pathway of (macro-)autophagy has been categorized into chronological steps:
initiation of autophagy, elongation of the initiation membrane, maturation of the autophagosome,
fusion of autophagosome and lysosome, and degradation of autophagic cargo within the
autolysosome. Among all species, autophagy is best characterized in yeast although many orthologs
and analogs of ATG genes can be found in mammals. For instance, Unc-51-like kinase 1 (ULK1) is one

of five human homologues to yeast Atgl (originally known as Apg1), which was identified in a screening

5
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as the first known autophagy-defective mutant strain of Saccharomyces cerevisiae 3%3%33, This
screening by Tsukada and Ohsumi revealed the first 15 APG (ATG) genes, which was awarded in 2016

with the Nobel Price for Physiology or Medicine to Yoshinori Ohsumi.

From yeast to humans, six functional groups have been classified as the core autophagic machinery
hierarchically coordinating the formation of the autophagosome: (i) the initiating Atgl complex (ULK1
complex in humans), (ii) the phosphatidylinositol (Pl1) 3-kinase (PI3K) complex, (iii) the Atg2-Atgl8
complex (WD repeat domain phosphoinositide-interacting protein [WIPI] complex in humans),
(iv) Atg9 (ATGYA in humans), (v) the Atgl2—Atg5-Atgl6 conjugation system (ATG12—ATG5-ATG16L

complex in humans), (vi) the Atg8—PE conjugation system (LC3—PE conjugation system in humans) 3.
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lysosome
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Figure 1. The core autophagic machinery.

Upon autophagic stimuli, AMPK associates and mTOR dissociates from ULK1, activating the ULK1 complex, which
triggers phagophore initiation. Vesicle-bound ATG9A and the PI3K complex are recruited to the phagophore,
where the class lll P13 kinase VPS34 generates PI3P that in turn recruits WIPI1/2. LC3 is expressed as pro-protein
that is cleaved by ATG4 to become cytosolic LC3-I exposing a C-terminal glycine. At the phagophore, WIPI1/2
recruits ATG16L which it is involved in the lipidation of LC3 together with ATG7, ATG3, and ATG12—ATGS.
Lipidated LC3-Il coats the phagophore, where it binds to autophagic cargo via receptors. After autophagosome
maturation, most complexes dissociate from the membrane. During fusion, the SNAP/SNARE proteins tether the
autophagosome to the lysosome, resulting in an autolysosome. In a last step, lysosomal hydrolases degrade the
intralysosomal cargo and receptors and allocate them as new macromolecules for the cell metabolism. Outer
membrane-bound LC3-Il is cleaved off again.
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Autophagy can be initiated by many stimuli, which include amino acid or glucose starvation, growth
factor withdrawal, hypoxia, DNA damage, intracellular pathogens, protein aggregation or damaged
organelles 3. Mammalian/mechanistic target of rapamycin (mTOR) acts as sensor for growth factors
and nutrient supply in two functionally distinct kinase complexes (mMTORC1 and mTORC2) 3437, Upon
nutrient supply, mTORC1 phosphorylates both ULK1 and ATG13 of the ULK1 complex leading to its
inactivation 3%3%4° |n response to nutrient withdrawal, growth factor deprivation or rapamycin
treatment, mTORC1 dissociates from the ULK1 complex, allowing ULK1 to auto-phosphorylate and
trans-phosphorylate ATG13 and RB1-inducible coiled-coil protein 1 (RB1CC1) #1392  Another
energy-sensing kinase, 5'-AMP-activated protein kinase (AMPK), is activated by a low ATP:AMP ratio
or downstream of Ca?* signaling and growth factor pathways; it phosphorylates Raptor and thereby
inactivates mTORC1, while it also directly phosphorylates and activates ULK1. Different from yeast
where Atgl and Atgl3 actively associate upon starvation, the ULK1 complex in vertebrates is
considered to be constitutively assembled and mainly governed by its phosphorylation status #'3°. The
activated ULK1 complex translocates together with the PI3K complex to the site of autophagosome
formation, where the PI3K class Il generates phosphatidylinositol 3-phosphate (PI3P) to recruit PI3P-
binding effectors such as WIPI, and double FYVE domain containing protein (DFCP) ** %, In vertebrates,
ER-mitochondria-contact sites form evaginations termed omegasomes, which evolve into isolation
membranes (alias phagophores) that later on mature into autophagosomes *¢ 4”48 However, different

lipid sources contribute to the autophagosomal membrane and are currently debated.

The ATG12—ATG5-ATG16L complex is recruited to the outer surface of the initiation membrane by the
interaction of WIPI2 and ATG16L1 “°. The ubiquitin-like LC3 belongs to the Atg8-family proteins that
comprises the subfamilies of microtubule-associated protein 1 light chain 3 (MAP1LC3) proteins, and
y-amino-butyric acid receptor-associate protein (GABARAP), and (iii) Golgi-associated ATPase
enhancer of 16 kDa (GATE-16) >°. The MAP1LC3 subfamily includes MAP1LC3A, MAP1LC3B, MAP1LC3C,
and MAP1LC3B2, of which MAP1LC3B is the best characterized. It is C-terminally cleaved after
synthesis as pro-protein and locates to the cytosol as truncated LC3-1°, After the initiation of autophagy,
LC3-1 is conjugated to phosphatidylethanolamine (PE) in an E1/E2/E3-like fashion by ATG7, ATG3 and
the ATG12—ATG5-ATG16L complex *>%33, Lipid-bound LC3-ll integrates into the inner and outer
autophagosomal membrane, where it serves as an anchor for downstream proteins and autophagic
cargo. Many ATGs as well as specific autophagic receptors such as Sequestosome-1 (p62/SQSTM1),
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like (BNIP3L, also NIX), FUN14 domain-
containing protein 1 (FUNDC1) or optineurin (OPTN) bind LC3 via their LC3-interacting region (LIR)
motif [W/F/Y]xx[L/1/V] %
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After full closure of the matured autophagosome, most ATGs depart from the outer autophagosomal
surface while inner membrane-bound autophagy receptors keep the autophagic cargo engulfed. These
receptors, together with their cargo, are degraded by lysosomal hydrolases after fusion of
autophagosome and lysosome, which is facilitated by synaptosomal-associated proteins (SNAPs) and
soluble N-ethylmaleimide-sensitive-factor attachment receptors (SNAREs) *°. Autophagic receptors
such as LC3 therefore serve as markers for autophagic flux assays. Common autophagy assays include
immunoblot analysis of endogenous LC3-Il, or flow cytometric and fluorescence microscopic analysis
of fluorophore-tagged LC3 °®. Decreasing signal of single-fluorophore-tagged GFP-LC3 or mCitrine-LC3
correlates to its pH-dependent quenching or lysosomal degradation and indicates a successful
autophagic flux . Another construct, RFP-GFP-LC3, is based on the combined yellow tandem
fluorescence of GFP and RFP in autophagosomes and can help to discriminate red only autolysosomes
due to a higher stability of RFP over GFP in the lysosome 8. The latest state of the art construct, GFP-
LC3-RFP-LC3AG, carries an internal flux control; after synthesis, the construct is cleaved by ATG4 into
equimolar amounts of GFP-LC3, which can be monitored as described above, and RFP-LC3AG, which

cannot be lipidated or integrated into the membrane *°.

1.4 Mitophagy

As mentioned in chapter 1.3, cells can use autophagy to degrade a variety of different and specific
cargo such as organelles. Mitophagy describes the autophagic engulfment and degradation of

mitochondria.

During the maturation of red blood cells (erythropoiesis), reticulocytes rely on mitophagy for
mitochondrial clearance %61, The mitochondrial outer membrane protein NIX serves as a mitophagy
receptor in reticulocytes by recruiting the Atg8-family protein GABARAP-L1 to the dispensable
mitochondria 6%%%, |n addition to developmentally induced mitophagy, stress stimuli such as
mitotoxin exposure, respiratory chain uncoupling, and loss of membrane potential induce mitophagy.
Mitochondria are a network of dynamic elongated tubes that are constantly subjected to fusion and
fission %. During mitochondrial quality control, damaged mitochondria are prevented from fusion with
the network and the isolated organelles are subjected to mitophagy . A key component linking
mitochondrial quality control and mitophagy is the phosphatidylinositol 3,4,5-trisphosphate
3-phosphatase and dual-specificity protein phosphatase (PTEN)-induced putative kinase protein 1
(PINK1)/Parkin pathway: With its N-terminal mitochondrial localization sequence, PINK1 is
constitutively imported into healthy mitochondria where it spans across the membranes via

translocase of outer membrane (TOM) and translocase of inner membrane (TIM). At the inner
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mitochondrial membrane, the N-terminus of PINK1 is cleaved by presenilin-associated rhomboid-like
protease (PARL), preparing PINK1 for proteasomal degradation. Damaged mitochondria are not able
to import PINK1 into the inner mitochondrial membrane, causing PINK1 to accumulate on the outer
mitochondrial membrane, where it phosphorylates ubiquitin and recruits the ubiquitin-ligase
Parkin ¢7-%8, Parkin-dependent ubiquitination of mitochondrial surface proteins such as voltage-
dependent anion-selective channel protein 1 (VDAC1), a component of the mitochondrial permeability

9. Receptors such as

transition pore, serves as a binding substrate for mitophagic receptors
p62/SQSTM1, next to BRCA1 gene 1 protein (NBR1), nuclear dot protein 52 (NDP52, also calcium-
binding and coiled-coil domain-containing protein 2 [CALCOCO2]), OPTN, and transient axonal
glycoprotein 1 (TAX1)-binding protein 1 (TAX1BP1) then bind LC3 via their LIR domains and recruit the
autophagic machinery to construct an autophagosomal membrane around the damaged and isolated

mitochondrion 7°
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Figure 2. Initiation of mitophagy by damaged mitochondria.

In healthy mitochondria (left panel), PINK1 is imported via importers TOM and TIM to be processed by the
protease PARL in the inner mitochondrial membrane (IMM), resulting in the release and proteasomal
degradation of PINK1. In damaged mitochondria (right panel), PINK1 accumulates and dimerizes at the outer
mitochondrial membrane (OMM), where it activates through autophosphorylation. PINK1 then activates Parkin,
which ubiquitinates mitochondrial substrates such as VDAC1. Mitophagy receptors such as p62/SQSTM1, NDP52,
OPTN or TAX1BP1 bind the ubiquitinated substrates and recruit LC3. FUNDC1 and NIX bind LC3 via their LIR
domain.

Other mitophagy receptors are directly incorporated into mitochondrial membrane, where they
support mitochondrial quality and dynamics upon physiological conditions. Bcl-2-like protein 13

(Bcl-2-L-13), a functional homologue to yeast Atg32, regulates mitochondrial fission in healthy cells
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and recruits LC3 and ULK1 upon mitochondrial damage 727374 Another LC3-binding mitophagy
receptor is FUN14 domain-containing protein 1 (FUNDC1), which is regulated by hypoxia-induced
factors and coordinates mitochondrial fusion and fission via interaction with Optic atrophy protein 1
(OPA1) 7>7656_ As a key protein for mitochondrial fusion, OPA1 is proteolytically cleaved into its shorter
forms by the metalloendopeptidase overlapping with the m-AAA protease 1 homolog (OMA1)
subsequent to mitochondrial damage such as the loss of the mitochondrial membrane potential or low
amounts of ATP generated during oxidative phosphorylation of the respiratory chain complexes 7778,
Fragmented OPA1 prevents mitochondrial fusion of the damaged organelles and isolates them for
autophagic degradation. Ongoing stress, however, results in complete loss of long OPA1 forms and
induces cristae remodeling as well as the release of cytochrome c, which in turn induces intrinsic

apoptosis 7> 8 81 The different functions of OPA1 show the intricate molecular coordination of

mitochondrial quality control, mitophagy, and apoptosis-related cell death.

1.5 Autophagy and Apoptosis

Apoptosis is a caspase-dependent cell death pathway that is induced either extrinsically via death
receptors or intrinsically via mitochondrial membrane permeabilization. Both routes lead to an
irreversible cascade of cysteine-dependent aspartate-directed proteases (short caspases) cleaving
intracellular proteins, which results in the formation of apoptotic bodies and their clearance by
macrophages. A major common regulator of autophagy and apoptosis is oxidative stress. Reactive
oxygen species (ROS) are free radicals with function as signaling molecules, in the promotion of
mutations and genetic instability, and during the induction of apoptosis 888 Especially superoxide,
which is intrinsically produced by mitochondrial respiratory chain complexes | and Ill, is involved in the
initiation of autophagy during starvation 8. Excessive ROS can induce mitochondrial damage e.g. via
lipid hydroperoxides or oxidation of membrane protein thiols 88”88 ROS-induced mitochondrial
damage can then in early stages induce mitophagy, or induce apoptosis after prolonged damage. Of
note, many chemotherapeutics but also natural compounds like the anthraquinone emodin induce

ROS and thereby trigger cell death in cancer cells 8.
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Figure 3. Cross talk between autophagy and apoptosis.

Stress stimuli induce autophagy and apoptosis via common signaling pathways. Upon acute stress, autophagy
can be induced as means of survival. Chronic or severe stress induces apoptosis via cytochrome c release from
the mitochondria (intrinsic apoptosis pathway) and caspase activity. In this first scenario, autophagy precedes
apoptosis. The inhibitory protein BCL-2 is bound to pro-apoptotic BAX/BAK or pro-autophagic Beclinl, giving
BCL-2 an anti-autophagic and/or anti-apoptotic role. In a second scenario, autophagy inhibits apoptosis via
degradation of damaged mitochondria prior to the induction of the intrinsic apoptosis pathway and degradation
of caspases. In a third scenario, apoptosis inhibits autophagy via caspase-dependent degradation of ATGs. By
fine-tuning these two pathways, cells can respond adequately to stress stimuli and promote cell survival, or cell
death.

As in the case of prolonged mitochondrial damage, autophagy as a means of cell survival often
precedes apoptotic cell death. Although these two cell fates are very distinct from another, they have
many molecular overlaps coordinating the timeline of intracellular risk assessment. Factors such as
p53, ER stress, Ca?* signaling, regulation of mTOR via AMPK, phosphatidylinositol 3-kinase (P13K), RAC-

alpha serine/threonine-protein kinase (also termed AKT), or the mitogen-activated protein kinase-
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pathway, are involved in both autophagy and apoptosis °%. During early acute stress, the initiation of
autophagy can result in autophagy-dependent inhibition of apoptosis. This is mediated by autophagic
degradation of pro-apoptotic factors such as the mitophagic degradation of damaged mitochondria,
or the autophagic degradation of caspases 9% %, The family of B-cell lymphoma 2 (Bcl-2) proteins
comprises more than a dozen proteins that act as pro- and/or anti-apoptotic regulators. The
eponymous member of this protein family, BCL-2, is an anti-apoptotic and anti-autophagic protein that
acts via inhibitory binding to either pro-apoptotic BCL-2-associated X protein (BAX) and BCL-2
antagonist/killer (BAK), or the pro-autophagic Beclin-1. Upon stress, BCL-2 dissociates from Beclin-1
allowing it to assemble with the PI3K complex to conduct autophagy. Similarly, BCL-2 dissociates from
BAX and BAK, which regulate the stress-induced formation of a mitochondrial outer membrane pore
to release mitochondrial proteins such as cytochrome c into the cytosol and induce apoptosis .
Activated apoptosis, however, can also inhibit autophagy via proteolytic cleavage of ATGs by activated
caspases. Interestingly, pharmacological inhibition of apoptosis is associated with ATG7-, ATG5- and
Beclin-1-dependent autophagic cell death %%, Similarly, autophagic cell death was induced via ER
stress in apoptosis-incompetent cells ® %, The term ‘autophagic cell death’, however, is often used
misleadingly and fails to distinguish actual autophagic cell death from autophagy-accompanied cell
death. In order to clear misconceptions, in 2012 the Nomenclature Committee on Cell Death proposed
a set of recommendations for the definition of autophagic cell death. These include that phenotypes
have to involve ATG genes, observed effects have to be susceptible to pharmaceutic or genetic
inhibition of the autophagic pathway, and studies should involve knockdowns of at least two essential
autophagic genes . Therefore, although in literature there are many cases termed autophagic cell

death, some of them could be cases of apoptotic or necroptotic cell death accompanied by autophagy.

1.6 Autophagy and Cancer

In 2011, Hanahan and Weinberg added autophagy as modulator of tumor cell survival and death to
the category of “Resisting Cell Death” within the hallmarks of cancer 1. In addition, autophagy is
connected to the other hallmarks such as energetics, proliferation, inflammation, invasion and
metastasis, angiogenesis, genome instability, and mutation 102 103104105106 - Qyeral|, autophagy is
involved in cancer prevention, tumorigenesis and chemotherapy. Due to its tumor-suppressive and
tumor-promoting roles, autophagy is frequently referred to as a ‘double-edged sword’ in cancer

research.

Upon physiological conditions, basal autophagy maintains intracellular homeostasis and clears
oncogenic factors such as misfolded proteins, ROS or damaged organelles. Defects in basal autophagy

are associated with tumorigenesis, e.g. heterozygous knockout of BECN1 reduced autophagic flux and
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caused spontaneous malignancies in mice %, Similarly, analysis of large cancer datasets revealed a
correlation of decreased BECN1 expression and increased aggressiveness with poor prognosis in breast
cancer %, In contrast, ectopic overexpression of BECN1 in autophagy-defective cells induced

autophagy while reducing proliferation and tumor growth 1%,
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Figure 4. The dual role of autophagy in cancer.

Basal autophagy in body cells maintains a healthy homeostasis, while loss of ATGs can induce tumorigenesis.
Autophagy in cancer cells contributes to their energy supply and therapy-resistance, and thereby promotes
tumor progression. Inhibition of autophagy can therefore sensitize malignant cells to cancer-therapy. The
enhanced induction of autophagy could force cancer cells into an autophagic death. Both, inducers and inhibitors
of autophagy are promising new classes of anti-cancer drugs.

As survival pathway, autophagy is considered tumor-promoting in established tumors. Autophagy was
observed in hypoxic regions of tumors where it contributed to the metabolism and survival of
malighant cells 1°, In some cases of cancer, inhibition of autophagy successfully re-sensitized resistant
cancer cells to chemotherapy, e.g. LC3 knockdown via shRNA suppressed treatment-induced
autophagy in breast cancer and sensitized the cancer cells to the receptor tyrosine-protein kinase
erbB-2 (also HER2) monoclonal antibody trastuzumab 1. Increased pharmacodynamic efficacies due
to combinational treatment of chemotherapeutics and autophagy inhibitors resulted in the hypothesis
that autophagy largely contributes to chemotherapy-resistance 12 113 114,115 "|nhibition of autophagy
was shown to sensitize cancer cells to the lethal effects of various cancer therapies, including
chemotherapy, radiotherapy and targeted therapies %1718 Combinational therapies of approved
drugs with autophagy modulators overcame therapy-resistant tumor cell survival 1'% 12%; especially the

combination of inducers of metabolic stress with autophagy inhibitors promise better efficacies against
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cancer !, As most studies regarding autophagy inhibitors and chemotherapeutics are carried out in
cell culture settings, co-culture experiments suggest additional tumor-promoting effects by autophagy
induction in tumor-adjacent tissue. In vivo, inhibition of autophagy has however shown difficult due to
the dependence of immune cells on autophagy. The induced deficiency of immunogenic signaling

could contraindicate the use of autophagy inhibitors in some clinical settings 1?2

In addition to many clinical trials investigating autophagy inhibitors as novel anti-cancer drugs,
induction of autophagic cell death by autophagy inducers presents an alternative therapeutic strategy.
The basic assumption is that uncontrolled autophagy is self-limited and continues until essential
components for cell survival are degraded, leading to autophagic cell death. Due to its close connection
to other cell death pathways, the actual contribution of autophagy in reported cases of autophagic cell
death is highly debated (see chapter 1.5). Ceramide, for example, was reported to induce apoptosis-
independent autophagic cell death in malignant glioma cells via Bcl-2/adenovirus E1B 19 kDa-
interacting protein 3 (BNIP3) 2. However, it is also known that ceramide induces necrosis as an
alternative cell death pathway . Similarly, obatoclax (GX15-070) was reported to induce cell death
via both ATG5-dependent autophagy and BAK-dependent apoptosis in human acute lymphoblastic
leukemia cells %, In apoptosis-incompetent cells, Bonapace et al. confirmed obatoclax-induced ATG-
dependent cell death. However, further analysis led them to the discovery of autophagy-dependent
necroptosis during treatment with obatoclax . Basit et al. who verified that the obatoclax-induced
cell death is dependent on autophagy-related proteins, observed that the assembly of the necrosome
is ATG-dependent 1?7, These cases highlight how important it is to distinguish ‘non-apoptotic cell death’
from ‘autophagic cell death’. Our group recently investigated in detail, how autophagy and necrosis
are related, and found a reciprocal impact of autophagy-related and necrosis-related kinases (chapters

3.2.3and 3.2.4).

Autophagy can therefore protect cancer cells from death, but also serve as backup pathway for cell
death in cancer cells with high apoptotic threshold; however, systemically undesired necrosis can also
be involved. As a result, the pharmacological modulation of autophagy is largely dependent on the

genetic background of the cancer cell and its developmental stage.

1.7 Natural compounds in drug discovery

Clinical drug discovery implies distinct research steps from the problem of a disease until the solution
in form of a marketable and approved drug 1?8, After disease and target identification, large screenings
aim to identify hit compounds targeting the protein or pathway of choice. In this phase, non-functional

compounds are ruled out, and often both hit compounds and false positive pan-assay interference
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compounds (PAINS) remain. PAINS are compounds that interfere with high-throughput assays due to
their high chemical reactivity, fluorescence or color, function as chelators, aggregators or redox cycling
compounds. Therefore, hits have to be confirmed in confirmatory testing and secondary screenings to
investigate their robustness and efficacy. Still, biochemically promiscuous compounds as well as
compounds with biochemically promiscuous targets can remain among hits and often complicate the
hit-to-lead process. During lead optimization, confirmed compounds are tested and if necessary,
chemically optimized with regard to good pharmacokinetic properties such as absorption, distribution,
metabolism, excretion, and toxicity. Chemists are thereby often guided by Lipinski's rule, which
recommends criteria of less than five hydrogen bond donors within a compound, less than ten
hydrogen bond acceptors, a molecular mass less than 500 Daltons and a octanol-water partition
coefficient (log P) lower than five . In the presence of new data on clinically approved drugs,
‘Lipinski's rule of five’ is debated. Still, compounds that display features far from the rule often fail in
clinical trials due to low absorption or stability. Optimized leads, however, go through clinical trials

and—if successful—become approved, patented and marketed.

DRUG DISCOVERY
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STUDY ALY SCREENING SCREENINGS
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Figure 5. Stages of drug discovery and drug development from disease to its treatment.
In this thesis, we emulate anti-cancer drug discovery by screening for modulators of autophagy among a natural
compound library.

Historically, natural compounds have proven very successful in drug discovery and yielded a wide range
of drugs from antibiotics to antimalarial drugs and chemotherapeutics against cancer 3°. Through
evolution, bioactive natural compounds accumulated in almost inexhaustible quantities in nature. By
environmental pressure, they gained an often non-synthesizable complexity and a high degree of
stereochemistry, while targeting evolutionary conserved pathways such as apoptosis or

autophagy %132, After almost a century of successful drug discovery among natural compounds,
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researchers and pharma companies turned to synthetic compounds during the era of high-throughput
screenings. While natural compounds are endangered by extinction rates, and depend on seasonal and
environmental availability, synthetic compounds can be consistently manufactured in laboratories.
These structurally simpler synthetic compounds are more susceptible to derivatization, conform in
higher numbers to the Lipinski's rule, and promise fast structure and target discovery. Natural
compounds, on the other hand, often remained impure after isolation, their structural complexity
consumed valuable time for characterization, and their patentability is uncertain in some countries.
Today, recent advances in genomics, bioinformatics and synthetic biology improve our understanding
of natural compound biosynthesis and allow semi-synthetic approaches 33134135 Most importantly,
the current medical challenges of anti-cancer and antibiotic drug-resistances urge the researchers to

consider all possible resources for drug discovery 32,

1.8 Natural compounds as autophagy modulators in cancer

As autophagy gains clinical relevance, researchers investigate compounds to identify novel
pharmacological modulators of autophagy. So far, the majority of publications addressing the role of
natural compounds in autophagy reports phenotypic accumulation of autophagosomes or changes in
the autophagic flux. In this, natural compound-induced autophagy is often accompanied by an

induction of apoptosis, while the mechanistic targets of these compounds remain undiscovered.

In addition to novel natural compounds however, there are also better understood and established
inducers and inhibitors of autophagy such as mTOR inhibitors, AMPK activators, or class | PI3K
inhibitors. Among the first generation of pharmacological inducers of autophagy was the mTOR
inhibitor rapamycin. It was first isolated from the bacterium Streptomyces hygroscopicus found in the
soil of Rapa Nui on the Easter Island. Rapamycin induces autophagy by dual binding to the peptidyl-
prolyl cis-trans isomerase FKBP12 and the FKBP12-rapamycin binding (FRB) domain of mTOR,
inactivating mTORC1 3¢ 137 |n contrast, mTORC2 is rather insensitive to rapamycin treatment and is
only inhibited after chronic exposure 38139140 Of note, mTOR is a protein target upstream of
autophagy, but also upstream of cell growth and cell proliferation. Due to their inhibition of T-cell
proliferation, rapamycin (also sirolimus/Rapamune®) and the rapamycin analog (rapalog) everolimus
are approved as immunosuppressants during transplantations. Everolimus is further approved against
advanced breast cancer, neuroendocrine tumors of pancreatic origin, and renal cell carcinoma.
Temsirolimus is another rapalog and can be prescribed against renal cell carcinoma, whereas another
rapalog, ridaforolimus, is still in its experimental phase. Rapalogs represent the first generation of

mTOR inhibitors, but side effects such as hyperlipidemia and hyperglycemia led to the investigation of
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second generation mTOR inhibitors including ATP-competitive mTOR kinase inhibitors and dual

mTOR/PI3K inhibitors 4% 142,

Torinl and torin2 are ATP-competitive mTOR kinase inhibitors that were chemically developed from a
quinoline derivative found in a high-throughput screening of kinase inhibitors and potential ATP
binding pocket-related heterocycles ** 144, ATP-competitive mTOR kinase inhibitors like torin2 or a
class of pyrazolopyrimidines inhibit the catalytic activity of both mTORC1 and mTORC2, while also
blocking the PI3K/AKT pathway > 1%, The anti-cancer success of torin2 and the discovery of feedback
loops between mTOR and PI3K/AKT led to the development of dual PI3K/mTOR inhibitors such as
dactolisib (NVP-BEZ235), SF1126, and PF-04691502 that were investigated in clinical trials against
advanced cancer *2. Pharma companies developed these compounds in a structure-based discovery
approach, whereby dactolisib is a derivative of imidazoquinoline, and SF1126 derived from the PI3K
inhibitor LY294002 that derived from the flavonoid quercetin #’. Like the rapalogs, also torin2 and
dactolisib induce autophagy and suppress cancer cell growth 148149150 Ag for the dual inhibitors, recent
approaches successfully include a combination with autophagy inhibitors to further improve anti-

cancer efficacy 1°1 152 153,

Inhibitors of MTOR conclude a successful journey of anti-cancer drug development from the
identification of a parent natural compound via decades of basic research to its derivatization and
market approval. Another way to develop new anti-cancer drugs can be achieved by repurposing drugs
that are already approved for other diseases. Decades of research data and already successfully passed
clinical trials are advantages in this regard. One such compound is the anti-diabetic drug metformin.
Metformin is a galegine derivative isolated from the European medicinal plant Galega officinalis that
acts as inducer of autophagy ***. This compound is used for decades in the treatment of diabetes type
2, while cohorts have shown that is associated with a lower risk of developing cancer ¥*> ¢, |ts function
as hypoglycemic drug led to the discovery of metformin-induced activation of AMPK **’. While several
researchers described the induction of autophagy by metformin via AMPK activation, its exact
mechanistic target has not been found yet 1°1916% |n addition to AMPK, metformin also acted via
downregulation of signal transducer and activator of transcription 3 (Stat3), a transcription factor of
Bcl-2 %1, Thereby, it induced autophagy but also apoptosis in esophageal squamous carcinoma cells, a
finding that is consistent with several clinical trials that currently investigate metformin as anti-cancer

drug (www.clinicaltrials.gov).

In addition to natural compound-based inducers of autophagy, there are also inhibitors of autophagy
used in clinical trials and approved as anti-cancer drugs. Chloroquine (CQ) and its derivative
hydroxychloroquine (HCQ) are the most studied compounds in this regard. It is a chemical derivative

of quinine, a 4-aminoquinoline isolated from Cinchona officinalis. After indigenous people of South
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America used the bark of the lojabark tree against fever, Europeans imported it and developed quinine
into an anti-malarial drug 2. In 1949, the FDA approved chloroquine under the name ‘aralen’ as anti-
malarial treatment, and in 2020, it entered clinical trials as anti-viral compound against the SARS-CoV-
2 virus. While many modes of action have been proposed for chloroquine, still no molecular target was
agreed on. Early on, chloroquine was proposed to target the parasitophorous food vacuole that
parasites of the group Plasmodium form during malaria after entering human red blood cells.
Chloroquine was proposed to raise the intra-vacuolar pH, and thereby inhibit vacuolar proteases and
starve the trophozoite . Similarly, chloroquine inhibits vacuoles such as the lysosome in mammalian
cells and blocks late stage autophagy %16, It was further shown that chloroquine acts via the

PI3K/Akt/mTOR- and p53 signaling-pathways to reduce cell growth of tumor cells ¢®

. Despite
chloroquine-related renal and ocular toxicity, chloroquine is used as potential anti-cancer drug in
several pre-clinical settings and clinical trials both as monotherapy and in combination with cisplatin

and other chemotherapeutics 67 168 169,170,

Another late stage inhibitor of autophagy is bafilomycin A;, a macrolide antibiotic produced by the
family of Streptomycetaceae '*. Within the lysosomal membrane, bafilomycin A; binds to the
proteolipid ring of the Vo, domain of the vacuolar ATPase (vATPase), and inhibits its proton pump

172 Without vATPase activity, lysosomes cannot maintain their low pH needed for the activity

activity
of the lysosomal enzymes, which prevents damaged lysosomes from fusion with autophagosomes 3.
Although the vATPase contributes to cancer growth, metastasis, and drug resistance, the pronounced
cytotoxic properties of bafilomycin A; prevented further in vivo experiments and clinical trials 174,
Nevertheless, bafilomycin is a much used and very potent inhibitor of autophagy in basic research.
Other inhibitors of autophagy include the PI3K inhibitors wortmannin and 3-methyladenine 175176,
While the fungal steroid-derived wortmannin is a pan inhibitor of class I, Il and Ill PI3 kinases, 3-
methyladenine (3-MA) seems to be more specific for vacuolar protein sorting 34 (Vps34), the only
known class 1l PI3K so far that is also involved in autophagy %77, Seglen and Gordon first identified
3-MA as an inhibitor of autophagy, when they observed its inhibitory effect on intracellular protein
degradation but not on protein synthesis, or intracellular ATP levels 178, More recently, 3-MA was
shown to have differential temporal effects on class | and class Il PI3 kinases, which could explain how
it suppresses starvation-induced autophagy but promotes autophagy under nutrient-rich
conditions ”°. A more specific inhibitor of class lll PI3K was developed by chemical optimization of
tetrahydropyrimidopyrimidinones, which were potent hits in a high-throughput cell image-based
screening for novel autophagy modulators 8. SAR405 (compound 22) was identified by Pasquier et al.
as a very potent Vps34 inhibitor with good pharmacological properties 8!, While SAR405 inhibited

Vps34 kinase activity and prevented autophagy, it also reduced tumor growth in mouse xenografts of

head and neck cancer 18183,
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All these compounds suggest that autophagy is an impactful pathway to target in anti-cancer therapy,
however they also make clear that there is so far no ATG-specific natural pharmacological modulator.
Due to multiple targets or unknown modes of actions, these compounds make it hard to assess the

impact of autophagy in anti-cancer treatment and reveal the urgent demand for novel specific

modulators of autophagy.
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2 Aims of this work

The two main aims of this dissertation were the identification of autophagy-modulating natural
products and the elimination of therapy-resistant cancer. Thereby, this dissertation addresses the
questions if natural compounds modulate autophagy, how they modulate autophagy, and if one can
use these natural compounds to combat therapy-resistant cancer in mono- or combinational therapy.
These aims are addressed in several collaboration projects that were published or are prepared for
publication. The corresponding manuscripts can be found in the appendix to this dissertation. All
projects resumed in this dissertation resemble early steps in drug discovery from screening to early

SAR studies in order to propose a lead structure for future optimization.

The approaches to identify novel modulators of autophagy included a high-throughput LC3-based
screening of an in house natural compound library in murine fibroblasts, and the establishment of a
secondary orthogonal screening based on state of the art autophagy markers in human cancer cells.
This thesis focusses on the characterization of the modes of action of selected natural compound hits

i.e. hydroxyanthraquinones, arzanol, and phomoxanthone A.

Approaches to overcome therapy resistance were investigated in a model of cisplatin-resistant bladder
carcinoma cell line. We tested the impact of autophagy modulators on cisplatin efficacy in a proof-of-

principle project with known compounds, prior to according investigations using arzanol.
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3 Summary of publications

3.1 Publications within the scope of this dissertation

The full original texts of these manuscripts are in the appendix of this dissertation.

3.1.1 Publication 1

Targeting urothelial carcinoma cells by combining cisplatin with a specific inhibitor of the

autophagy-inducing class lll Ptdins3K complex

David Schlitermann, Margaretha A. Skowron, Niklas Berleth, Philip Béhler, Jana Deitersen, Fabian
Stuhldreier, Nora Wallot-Hieke, Wenxian Wu, Christoph Peter, Michéle J. Hoffmann, Glinter Niegisch,

Bjorn Stork

Urologic Oncology: Seminars and Original Investigations, volume 36, issue 4, pages 160.e1-160.e13,

April 2018
DOI: 10.1016/j.urolonc.2017.11.021

Urothelial carcinoma are a common form of cancer often progressing into metastatic diseases with
poor prognosis. Routinely, platinum-based chemotherapy is employed for the treatment of urothelial
carcinoma. The resistance of cancer cells to cisplatin treatment impairs its therapeutic success. In
recent years, the role of autophagy as pro-survival pathway has also been shown to act tumor-
promoting. Autophagy enables cell survival by providing nutrients especially in hypoxic niches such as
in tumors and additionally supports chemoresistance in cancer cells. Therefore, we modulated
autophagy using the small compounds chloroquine, 3-methyladenine, and SAR405 in order to sensitize
bladder cancer cells to cisplatin treatment. Interestingly, cisplatin-resistant urothelial carcinoma cells
display up-regulated amounts of autophagy-related proteins and both cisplatin-resistant and —
sensitive urothelial carcinoma cells could be sensitized to cisplatin treatment upon inhibition of

autophagy.
Author contribution:

The author of this dissertation contributed several ideas and suggestions to the project and gave

technical support with immunoblotting and statistical analyses. Relative contribution: about 5%.
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3.1.2 Publication 2

Anthraquinones and autophagy—Three rings to rule them all?

Jana Deitersen, Dina H. El-Kashef, Peter Proksch, Bjorn Stork

Bioorganic and Medicinal Chemistry, Volume 27, Issue 20, 115042, October 2019.
DOI: 10.1016/j.bmc.2019.115042

Anthraquinones are a class of tricyclic natural compounds that can be isolated from plants of the genus
Rheum and are an integral part of traditional Chinese medicine. In recent years, the anti-cancer effect
of different anthraquinone derivatives has been highlighted and their impact on both apoptosis and
autophagy has been partially researched. While apoptosis is a cell death pathway induced by cytotoxic
concentrations of drugs, autophagy is rather understood as a pro-survival pathway triggered by
sublethal drug concentrations. Due to the dependency on autophagy within several cancer cell lines
and its contribution to chemotherapy resistance, autophagy is of particular interest to cancer research.
Among the anthraquinone derivatives being debated as potential new chemotherapeutic are emodin,
aloe emodin, rhein, physcion, chrysophanol and altersolanol A. They modulate autophagy via diverging
pathways, such as the PI3K/AKT/mTOR-axis, formation of reactive oxygen species and the transcription
of autophagy-related proteins, each exhibiting different cell line specific modes of action. In this
manuscript, we gathered data about anthraquinone-sensitive, autophagy-related pathways from
multilingual publications and discuss the structure-activity relationship of the selected anthraquinone
derivatives. We conclude the importance of a three-ring system including two para-keto groups at the
central ring, and hydroxylation of positions C1, C3 and C8 for their bioactivity and emphasize the

potential of autophagy-modulating anthraquinones as novel chemotherapeutic drugs.

Author contribution:

The author of this dissertation wrote the manuscript, made all graphics and performed flow cytometry

analyses for figure 3. Relative contribution: about 70%.
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3.1.3 Publication 3

High-throughput screening for natural compound-based autophagy modulators reveals

novel chemotherapeutic mode of action for arzanol

Jana Deitersen, Fabian Stuhldreier, Sara Ceccacci, David Schliitermann, Lena Berning, Wenxian Wu,
Yadong Sun, Niklas Berleth, Maria José Mendiburo, Sabine Seggewil}, Maria Chiara Monti, Peter
Proksch, Bjorn Stork

Manuscript in preparation.

The pharmacological modulation of autophagy can aid chemotherapy by sensitizing cancer cells
towards approved drugs and overcoming chemoresistance. Recent translational data on autophagy
modulators show promising results in reducing tumor growth and metastasis, but also reveal a need
for more specific compounds and novel lead structures. Here, we searched for such autophagy-
modulating compounds in a high-throughput screening of an in-house natural compound library. We
successfully identified novel inducers and inhibitors of the autophagic pathway. Among these, we
identified arzanol as autophagy-modulating drug that is able to sensitize RT-112 bladder cancer cells
towards cisplatin (CDDP). Its anticancer activity was further confirmed in monotherapy against both
CDDP-sensitive and -resistant bladder cancer cells. We determine arzanol as novel mitotoxin, inducing
the fragmentation of mitochondrial membranes, and identified mitochondria-associated quinone-
binding oxidoreductases as new targets. Surprisingly, we observed a reduction of the size of
autophagosomes and a pronounced accumulation of p62/SQSTM1 in response to arzanol treatment.
We therefore speculate that arzanol acts both as inducer of early autophagosome biogenesis and as
inhibitor of late autophagy events, deeming arzanol a valuable tool for autophagy research and cancer

therapy.

Author contribution:

The author of this dissertation designed the experiments, performed flow cytometry analyses,
microscopy and cell viability assays, performed the NQO1 activity assay and immunoblot analyses, and
prepared samples for AP-MS and DARTS. They also analyzed and interpreted the data and wrote the

manuscript. Relative contribution: about 70%.
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3.1.4 Publication 4

The mycotoxin phomoxanthone A disturbs the form and function of the inner mitochondrial
membrane

Philip Bohler, Fabian Stuhldreier, Ruchika Anand, Arun Kumar Kondadi, David Schlitermann, Niklas
Berleth, Jana Deitersen, Nora Wallot-Hieke, Wenxian Wu, Marian Frank, Hendrik Niemann, Elisabeth
Wesbuer, Andreas Barbian, Tomas Luyten, Jan B. Parys, Stefanie Weidtkamp-Peters, Andrea Borchardt,
AndreasS. Reichert, Aida Pefia-Blanco, Ana J. Garcia-Saez, Samuel Itskanov, Alexander M. van der Bliek,

Peter Proksch, Sebastian Wesselborg, Bjorn Stork
Cell Death and Disease, 19;9(3):286, February 2018.
DOI: 10.1038/s41419-018-0312-8

Phomoxanthone A is a natural compound, which can be isolated from the endophytic fungus
Phomopsis longicolla. 1t is a homodimer of two symmetrical C-4,4’-linked acetylated
tetrahydroxanthones with prominent anti-bacterial function. Further, it has been shown to induce
rapid apoptosis in human cancer cell lines at lower micromolar concentrations. This manuscript reveals
for the first time the mode of action of phomoxanthone A in the induction of apoptosis. Targeting the
inner mitochondrial membrane, phomoxanthone A inhibits the electron transport chain activity and
cellular respiration. It rapidly leads to the depolarization of the mitochondrial membrane and the
disruption of cristae within the mitochondria. Independently from the canonical mitochondrial fission
and fusion mediators dynamin-1-like protein (DNM1L, also DRP1) and OPA1, phomoxanthone A causes
a collapse of the mitochondrial network structure and a release of both pro-apoptotic proteins and the
second messenger Ca?* from the mitochondria. Acting as a mitochondrial toxin, it bears a novel mode

of action that might prove a useful tool to study mitochondria in future research.

Author contribution:

The author of this dissertation contributed several ideas and suggestions to the project and gave

technical support with flow cytometry and cloning. Relative contribution: about 5%.
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3.1.5 Publication 5

Carbamoyl-phosphate synthase 1 as a novel target of phomoxanthone A, a bioactive fungal

metabolite

Sara Ceccacci, Jana Deitersen, Matteo Mozzicafreddo, Elva Morretta, Peter Proksch, Sebastian

Wesselborg, Bjorn Stork, Maria Chiara Monti
Manuscript under revision at Biomolecules.

Phomoxanthone A, a bioactive xanthone dimer isolated from the endophytic fungus Phomopsis sp., is
a mitochondrial toxin weakening cellular respiration and electron transport chain activity by a rapid
fragmentation of the mitochondrial network structure. To fully address its mechanism of action, a
multi-disciplinary strategy has been developed and applied for identifying novel targets of
phomoxanthone A. Drug affinity response target stability (DARTS) and targeted limited proteolysis (t-
LiP-MRM) point to the identification of carbamoyl-phosphate synthase 1 (CPS1) as a major
phomoxanthone A target in mitochondria. We give detailed insights into the ligand/target interaction
sites by molecular docking studies and observe an unexpected phomoxanthone A-dependent
stimulation of carbamoyl-phosphate synthase 1 activity. Thus, we discuss how xanthones can be

regarded as promising new lead structures for drug development in CPS1-related hyperammonemia.

Author contribution:

The author of this dissertation contributed several ideas and suggestions to the project and purified
mitochondria, which served as sample for all target identification and validation experiments. Relative

contribution: about 10%.
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3.2 Publications beyond the scope of this dissertation

The author of this dissertation contributed to several additional publications during her doctorate. As

these publications are beyond the scope of this dissertation, they are not attached to this work.

3.2.1 Publication 6
Systematic analysis of ATG13 domain requirements for autophagy induction

Nora Wallot-Hieke, Neha Verma, David Schliitermann, Niklas Berleth, Jana Deitersen, Philip Bohler,
Fabian Stuhldreier, Wenxian Wu, Christoph Peter, Sabine Seggewiss, Holger Gohlke, Noboru

Mizushima, Bjorn Stork

Autophagy. 2018,;14(5):743-763, March 2018.
DOI: 10.1080/15548627.2017.1387342
Author contribution:

The author of this dissertation gave technical support, discussed the results and commented on the

manuscript. Relative contribution: about 2%.

3.2.2 Publication 7

A systems study reveals concurrent activation of AMPK and mTOR by amino acids

Piero Dalle Pezze, Stefanie Ruf, Annika G. Sonntag, Miriam Langelaar-Makkinje, Philip Hall, Alexander
M. Heberle, Patricia Razquin Navas, Karen van Eunen, Regine C. Tolle, Jennifer J. Schwarz, Heike Wiese,
Bettina Warscheid, Jana Deitersen, Bjorn Stork, Erik FaRler, Sascha Schauble, Udo Hahn, Peter

Horvatovich, Daryl P. Shanley, Kathrin Thedieck

Nature Communications, volume 7, Article number: 13254, November 2016.
DOI: 10.1038/ncomms13254

Author contribution:

The author of this dissertation generated the ULK1 wild type and ULK1-S758E-expressing ULK1/2
double knockout murine embryonic fibroblasts, and commented on the manuscript. Relative

contribution: about 2%.
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3.2.3 Publication 8

The autophagy-initiating kinase ULK1 controls RIPK1-mediated cell death

Wenxian Wu, Xiaojing Wang, Niklas Berleth, Jana Deitersen, Nora Wallot-Hieke, Philip Béhler, David

Schlitermann, Fabian Stuhldreier, Jan Cox, Katharina Schmitz, Sabine Seggewif3, Christoph Peter, Gary

Kasof, Anja Stefanski, Kai Stiihler, Astrid Tschapek, Axel Godecke, Bjorn Stork
Cell Reports. 31(3):107547, April 2020

doi: 10.1016/j.celrep.2020.107547.

Author contribution:

The author of this dissertation gave technical and statistical support, discussed the results and

commented on the manuscript. Relative contribution: about 5%.

3.2.4 Publication 9

TNF-induced necroptosis initiates early autophagy events via RIPK3-dependent AMPK
activation and inhibits late autophagy via cleavage of STX17

Wenxian Wu, Xiaojing Wang, Yadong Sun, Niklas Berleth, Jana Deitersen, David Schliitermann, Fabian
Stuhldreier, Nora Wallot-Hieke, Maria José Mendiburo, Christoph Peter, Ann Kathrin Bergmann, Bjérn

Stork
Manuscript in preparation
Author contribution:

The author of this dissertation gave technical and statistical support, discussed the results and

commented on the manuscript. Relative contribution: about 5%.
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4 Conclusion & Discussion

Discovering novel drug candidates for anti-cancer research is crucial. In this, understanding the modes
of action of hit compounds is important in order to assess potential target- or off-target-related side
effects and gather information for chemical derivatization. This work describes the early drug discovery
approach to find novel modulators of autophagy and identify mechanisms by which chemotherapeutic
resistance can be overcome in cancer cells. Within the work of this dissertation, the first achieved
milestone was the successful identification of several novel autophagy-modulating compounds,
including a subclass of hydroxyanthraquinones and arzanol. As second milestone, we identified several
new pharmacological approaches to overcome therapy-resistance in cancer cells, including re-
sensitization of bladder carcinoma cells using autophagy inhibitors, and inducing mitochondrial

damage via monotherapy of phomoxanthone A or arzanol.

In a proof-of-principle manuscript, we investigated if and how the modulation of autophagy affects the
efficacy of cisplatin (CDDP or CisPt) in sensitive and resistant urothelial carcinoma cells. According to
The European Association of Urology, cisplatin is applied as first-line treatment in many cases of
advanced or metastatic urothelial carcinoma #. While only 50% to 62% of patients with advanced
transitional-cell carcinoma responded to a first-line combination chemotherapy of methotrexate,
vinblastine, adriamycine, and cisplatin, refractory bladder cancer had an overall response rate of 14%
for single drug and 32% for doublet chemotherapy in second-line treatment 818 Qne approach to
combat this poor prognosis is the identification of novel drugs for single or combination treatment.
Many studies report that the modulation of autophagy (both inhibition and induction) was able to
sensitize therapy-resistant cells to cisplatin-induced cell death in different cancer
settings 187,188,189,190,191, 192,193~ Although most of these publications studied the effect of small
molecules with rather broad pharmaceutical implications such as mTOR inhibitors or chloroquine, ATG
knockdown studies were able to confirm the specific impact of autophagy on cisplatin-
resistance 19419519197 |n |ine with these data, we found autophagy-related proteins were up-
regulated in cisplatin-resistant versus sensitive urothelial carcinoma cells, and we proved that
synergistic effects of autophagy-inhibitors SAR405, 3-MA or chloroquine with cisplatin sensitized

resistant cancer cells towards second-line therapy *°

. We characterized autophagy as an appropriate
target pathway in cisplatin therapy-resistance (chapter 3.1.1), and went on to identify novel

modulators of autophagy.
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4.1 Identification of autophagy-modulating natural compounds

In order to identify novel modulators, we performed fluorescence-based flow cytometric autophagy
screenings of more than 300 natural compounds. To exclude PAINS among our hits, the majority of
compounds was screened for cytotoxicity in different cancer cell lines, immune cells, and pathogens
(Toxoplasma gondii, Mycobacterium tuberculosis, and Escherichia coli) within our collaboration
network. In a prior small scale screening, we identified a class of anthraquinones, of which six
derivatives namely 1’-deoxyrhodoptilometrin-6-O-sulfate, 1’-deoxyrhodoptilometrin, altersolanol A,
emodin, skyrin, and biemodin acted as inhibitors of starvation-induced autophagy (chapter 3.1.2) *°.
Our data confirm anti-autophagic effects of emodin observed by other groups, which propose multiple
pathways as well as emodin-dependent ROS scavenging as modes of action (reviewed in %°). In contrast,
to our knowledge, we are the first group to report autophagy-modulating properties of the other
hydroxyanthraquinone derivatives including altersolanol A.

In addition to these anthraquinones, our large scale screening uncovered 64 inhibitors of starvation-
induced autophagy, thereof five inhibitors of basal autophagy (aaptamine, stemphyltoxin |,
manzamine J N-oxid, secalonic acid F and kuanoniamin D) (chapter 3.1.3). Among the most potent
inhibitors of autophagy were wortmannin A (see wortmannin, chapter 1.8) and wortmannin C, a
derivative with the furan-group substituted by an amine-group, which should not to be confused with
the nomenclature of Fu et al. 1*8, To find the well-known autophagy inhibitor wortmannin among our
blinded screening proofed the reliability of our settings. We further identified eight potential
autophagy inducers, of which enniatin Al, the lignans (-)-arctigenin and (-)-matairesinol, and
4,6 dibromo-2-(2',4'-dibromophenoxy)phenol are sole inducers, whereas beauvericin J, enniatin B1,
pergularinin and viriditoxin acted pro-autophagic upon full medium but inhibitory during starvation,
which could be related to their cytotoxicity. Phomoxanthone A displayed similar dual properties in the
first run of the screening, but lost its effect in the replication due to a freezing-dependent compound

instability, which we prevented in subsequent studies of phomoxanthone A.

Biochemically, phomoxanthone A is a putative derivative of emodin in the biosynthetic pathway from
Ci6 polyketides to 4,4’-linked xanthones via oxidative ring-scission and subsequent decarboxylative

199 In a cancer setting, Rénsberg et al. reported that

cyclisation of the monodictyphenone
phomoxanthone A is able to induce apoptosis in the otherwise highly apoptosis-resistant Burkitt
lymphoma cell line DG-75. This cell line is deficient for BAK, BAX and BCL-2, indicating a mode of action
for phomoxanthone A that bypasses BCL-2-dependent intrinsic apoptosis 2°% 2°%, Intrigued by its strong
anti-cancer properties, we investigated the mode of action of phomoxanthone A, and found that
phomoxanthone A induces rapid mitochondrial damage characterized by mitochondrial depolarization

and a strong release of mitochondrial Ca?* (chapter 3.1.4) 2°2, In contrast to uncouplers like carbonyl
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cyanide m-chlorophenyl hydrazone (CCCP), phomoxanthone A-treated mitochondria exhibited only
low rates of electron transport chain activity and cellular respiration, which indicated an unknown
mechanism of inducing mitochondrial damage. In line with this hypothesis, only the inner
mitochondrial membrane was fragmented, but still pro-apoptotic proteins were released to induce
apoptosis. Confirming our observations, Wang et al. witnessed the depolarization of the mitochondrial
membrane potential, and an increase in intracellular Ca®* in cisplatin-sensitive and -resistant cells 2%,
Using in silico analysis, they show how phomoxanthone A can incorporate into the inner mitochondrial
membrane, where it might act as proton shuttle to disrupt the proton gradient. Although their concept
fits to the rapid depolarization of mitochondria within a few minutes after phomoxanthone A
treatment, phomoxanthone A does not seem to act like a typical uncoupler of the mitochondrial
membrane. Its substantially different mode of action compared to the standard uncoupler CCCP led us
to speculate on an additional protein target for phomoxanthone A. Therefore, In our studies of isolated
mitochondria, acetyl-CoA acetyltransferase (THIL), aconitate hydratase (ACON), heat shock 70 kDa
protein 1A (HS71A), and carbamoyl-phosphate syntase-1 (CPS1) were identified as protein targets of
phomoxanthone A in targeted-Limited Proteolysis-Multiple Reaction Monitoring (t-LiP-MRM)
(publication 3.1.5). In silico analysis mapped the binding interfaces of phomoxanthone A on the protein
surface of CPS1, where it increases at high concentrations the enzymatic activity. CPS1 is a
mitochondrial protein that combines ammonia, bicarbonate and ATP to carbamoyl phosphate, which
ultimately enters the urea cycle. So far, we have not investigated if and how phomoxanthone A-
induced imbalance in CPS1 activity could affect mitochondrial damage. The mode of action for

phomoxanthone A might be pleiotropic and include both protein- and membrane-binding properties.

In an orthogonal secondary screening of the natural compound library in human cells, we found
arzanol as most potent compound inducing the accumulation of the autophagic markers p62/SQSTM1
and LC3-Il upon starvation (publication 3.1.3). Consistent with these data, we observed an early
accumulation of ATG16L1 and an accumulation of LC3-positive immature autophagosomes in response
to arzanol treatment in starved Hela cells. After excluding ROS generation or scavenging as mode of
action, we investigated arzanol-induced mitochondrial damage and observed the fragmentation of
both inner and outer mitochondrial membranes. In addition, markers for mitochondrial damage such
as PINK1 accumulation, ubiquinated Parkin, or cleavage of OPA1l, were elevated upon arzanol
treatment. Using affinity purification and DARTS for target identification, we found several new
molecular targets for arzanol that involve quinone-binding oxidoreductases inter alia of the respiratory
chain complex Ill. We propose a mode of action for arzanol that comprises the inhibition of
oxidoreductases of the respiratory chain, leading to mitochondrial damage. We present a hypothesis
by which arzanol-induced mitochondrial damage causes the initial induction of mitophagy as a survival

response. We speculate that failure of autophagosome maturation, leading to accumulation of LC3-I
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and p62/SQSTM1, is caused either by prolonged mitochondrial damage and the induction of cell death,
or by another autophagy-related arzanol target such as Ras-related protein Rab-1B (RAB1B), or heat
shock protein HSP 90-alpha (HS90A). Ultimately, we designate arzanol as a novel mitotoxin and
inhibitor of autophagy. In this, we are the first group to show an impact of arzanol on autophagy and/or

mitochondria.

4.2 Elimination of therapy-resistant cancer

Our proof-of-principle manuscript shows that autophagy inhibitors can reduce cell viability in cisplatin-
resistant cancer cells, and further sensitize resistant cancer cells towards cisplatin (publication 3.1.1)
119 However, when dealing with common autophagy inhibitors, we have to be aware that most of
these compounds do not only have multiple targets, but that these targets also have multiple functions
of which autophagy is just one example. 3-MA is widely used as an autophagy inhibitor due to its
inhibition of the class Il PI3K activity, but researchers have shown that 3-MA can also enhance
autophagic flux most likely via the inhibition of class | PI3K ¥°. Treatment with 3-MA can also lead to
mitosis-related apoptotic cell death independent of ATGs, which indicates a role for the PI3K pathway
in mitosis regulation 2%, Therefore, all pan specific PI3K inhibitors could have dual roles in autophagy,

but also autophagy-independent functions in cell death.

Similarly, some hydroxyanthraquinones seem to affect cell death independently of autophagy. While
altersolanol A had a pronounced cytotoxic activity towards a panel of 34 different human tumor cell
lines, also 1'-deoxyrhodoptilometrin and (S)-(-)-rhodoptilometrin induced cell death in glioma and
colon carcinoma cells 20% 2% _ntriguingly, only altersolanol A and 1'-deoxyrhodoptilometrin but not (S)-
(-)-rhodoptilometrin had an impact on autophagy in our screening. We therefore conclude that the
anti-cancer effect of (S)-(-)-rhodoptilometrin is not correlated to autophagy modulation, which might
also be the case for other derivatives of this family.

In the case of emodin, inhibition of autophagy by CQ reduced emodin-induced apoptosis in HCT116
and LOVO cells 27, This finding suggests that the induction of autophagy contributes to anthraquinone-
induced cancer cell death contingent on emodin. Further, emodin as the hydroxyanthraquinone
derivative with most evidence to inhibit autophagy, sensitized platinum-resistant cancer cells to a
second treatment with cisplatin 2°¢, Moreover, the combination of emodin and cisplatin was reported
to selectively sensitize human prostate cancer cells (DU-145), but not human non-tumor dermal
fibroblasts 2%°. Huang et al. further show the inhibition of tumor growth by a combinational treatment
of cisplatin and emodin in vivo, without detecting systemic toxicity of healthy tissue, making emodin a

suitable candidate for further studies on cancer chemotherapy. Of note, sensitization towards
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chemotherapeutics was also observed for aloe-emodin that induced cell death in combination therapy

with cisplatin, doxorubicin, or 5-fluorouracil in Merkel carcinoma cells 2°,

Like its biochemical congener emodin, phomoxanthone A was found to be cytotoxic against a range of
cisplatin-resistant carcinoma cells %, While phomoxanthone A induced apoptotic cell death in
apoptosis-incompetent cells, cisplatin-sensitive and cisplatin-resistant cancer cells in the same way, it
was not as toxic to healthy human peripheral blood mononuclear cells or isolated lymphocytes 19211,
As spectacular as this finding is, there is so far no explanation for the supposed cancer-specificity of
phomoxanthone A. The complex role of mitochondria in cancer cells might contribute to this
phenomenon: Contrary to the early conception of the Warburg effect, stating that cancer cells only
rely on glycolysis for their ATP production, it is now understood that especially proliferating cancer
cells still depend on mitochondria to a great extent 2! 213, Not only are many cancer cells able to switch
from glycolysis to respiration as a source of energy, they also depend on intact mitochondria for the
maintenance of ROS, the regulation of autophagy, and the inhibition of apoptosis. Cancer cells, more
than non-malignant cells, rely on intact mitochondria for eluding apoptotic cell death 2. Mitotoxins

215, 216

are therefore an important class of anti-cancer agents . Targeting mitochondria with

phomoxanthone A could therefore serve as explanation for its cancer cell specificity.

Like phomoxanthone A, arzanol induced mitochondrial damage and reduced the cell viability in
cisplatin-sensitive and cisplatin-resistant cancer cells (publication 3.1.4). Furthermore, arzanol
sensitized RT-112 bladder carcinoma cells towards cisplatin, but was not able to sensitize resistant
bladder cancer cells in our settings. Nevertheless, our data support findings of Rosa et al. who
described anti-cancer properties of arzanol before 27. How far the autophagy-related effects of arzanol
play a role in the sensitization towards cisplatin remains to be examined. Autophagy is a dynamic pro-
survival mechanism carefully interwoven with other cellular fate pathways. Although the inhibition of
autophagy is not inevitably necessary to induce cancer cell death, autophagy is involved in the
downstream response to mitochondrial toxicity as in the case of arzanol, and downstream of the
AKT/PI3K/mTOR- or MAPK-pathway as in the case of hydroxyanthraquinones. As inhibition of
autophagy can induce cell death in apoptosis-incompetent cells, these compounds could still be
beneficial e.g. in p53- or BAX-negative carcinoma. However, one has to be aware that autophagy-
accompanied cell death in apoptosis-incompetent cells can also be related to necrosis, which is

unfavorable in a clinical setting °.

So far, natural compounds can overcome therapy-resistance by acting cytotoxic in monotherapy such
as some of the hydroxyanthraquinones, phomoxanthone A, or arzanol. They can also sensitize resistant
cancer cells towards chemotherapy as in the case of emodin, 3-MA, SAR405, or CQ. Thereby, their
biological efficacy can be either closely related to autophagy as in our proof-of-concept manuscript,
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rather unrelated such as for (S)-(-)-rhodoptilometrin, or undesignedly related to autophagy as in the
case of arzanol, where we so far could not reveal the complete pathway. Only when all pathways are
fully revealed and autophagy-specific modulators are developed, the real role of autophagy in

chemotherapy can be examined.

4.3 Outlook and a prospect of lead structures

Collectively, hydroxyanthraquinones, phomoxanthone A and arzanol share common
pharmacodynamic features in targeting multiple cell death-related targets, but they also share
structural similarities. All are cyclic natural compounds consisting of multiple rings that are substituted
with hydroxyl-groups with oxygen being the only heteroatom, while they also share the a, B
unsaturated ketone moiety. Regarding drug-likeliness, at least one aromatic ring can be found in 99%
of a big pharma drug database, and molecules with more than three aromatic rings have proven
undesirable pharmacokinetic properties 2'¥ 21, With one to two aromatic rings, our compounds seem
ideal concerning drug development parameters such as solubility, lipophilicity, serum albumin binding,
cytochrome P450 inhibition and cardiac potassium ion channel inhibition 22°. With three hydrogen

donors each, less than ten total hydrogen acceptors and a log P value below 5, especially arzanol and

129, 221

emodin conform to Lipinski’s rule of drug-likeliness

OH O OH

emodin 1'-deoxyrhodoptilometrin

altersolanol A (S)-(-)-rhodoptilometrin

Figure 6. Structure of emodin, altersolanol A, 1’-deoxyrhodoptilometrin, and (s)-(-)-rhodoptilometrin.
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For the development of anthraquinone derivatives, some moieties have to be maintained for biological
activity. Acetylation of the hydroxyl-groups in altersolanol A result in tetraacetylaltersolanol A and
improved the dynamic of induced cell death in human chronic leukemia cells, whereas reduction of
the carbonyl groups of the quinone moiety in tetrahydroaltersolanol B and ampelanol abrogated
cytotoxicity %22, This quinone moiety is generally thought to contribute to hydroxyanthraquinone-
dependent toxicity by either enzyme-catalyzed redox cycling or physicochemical production of radicals
dependent on ring substitutions 223, Also for the modulation of autophagy, a three-ring structure with
two para-keto groups and hydroxylation of positions C1, C3 and C8 appear to be necessary for the
bioactivity of anthraquinones . Interestingly, several derivatives such as altersolanol A,
1'-deoxyrhodoptilometrin and (S)-(-)-rhodoptilometrin were found to be potent kinase inhibitors, with
altersolanol A and 1'-deoxyrhodoptilometrin being the more active compounds 2?#2%, Combined,

these data highlight the importance of hydroxyl-group substitutions directly at the ring, but not as

secondary alcohol.

phomoxanthone A dicerandrol B

12-deacetylphomoxanthone A dicerandrol C

Figure 7. Structures of phomoxanthone A, 12-deacetylphomoxanthone A, dicerandrol B, and dicerandrol C.
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Comparing bioactivities of phomoxanthone A, 12-deacetylphomoxanthone A, and the 2-2’-linked
dicerandrol derivatives clearly shows that 4-4’-biaryl linkage of the two tetrahydroxanthones and
C-12-acetylation are favorable in phomoxanthone A bioactivity 1%, Still, 2-2’-linked dimers such as
dicerandrol C are highly potent cell death inducers, indicating an important role of the monomers in
the anti-tumor activity 22°>. The molecular docking analysis of the CPS1-phomoxanthone complex by
our collaborator Matteo Mozzicafreddo (chapter 3.1.5), and the configurational free energy

computations by Wang et al. could aid developing novel derivatives 2%,

For arzanol, identified targets have to be further validated and their arzanol binding sites have to be
revealed. So far, our data indicate a preference of arzanol to bind quinone-dependent oxidoreductases
such as respiratory complexes I, Il and Ill, but also NAD(P)H dehydrogenase [quinone] 1 (NQO1) and
the mitochondrial superoxide dismutase (SOD2). Of note, the a-pyrone moiety of arzanol resembles
the coumarin-group of dicoumarol, a published inhibitor of the quinone-dependent oxidoreductase
NQO1 (formerly called DT diaphorase) 224227, Similar to our findings from experiments with arzanol,
dicoumarol was shown to bind serum albumins, and also uncoupled mitochondria as off-target effect
by reducing activity of respiratory complexes Il, lll, and IV #2222 |n doing so, dicoumarol interferes with
cell viability assays related to mitochondrial activity 2%23!, As NQO1 could also be involved in the
reduction of resazurin, one should be as careful with the interpretation of data from dicoumarol in the
Alamar blue assay % 2%3), Any derivatives of coumarin or arzanol have to be carefully assessed when

testing for the induction of cancer cell death as standard viability test might result in false positive hits.

a-pyrone  phloroglucinyl

dicumarol arzanol ubiquinone-1
Figure 8. Structures of arzanol, dicoumarol, and ubiquinone-1.

Considering the preference of dicoumarol and arzanol to bind quinone-dependent enzymes, and the
resemblance of the prenylated phloroglucinyl-group of arzanol with ubiquinone-1, antagonistic
experiments, crystallization studies and in silico mapping should determine if arzanol is able to bind
the quinone-binding site of proteins. In addition, del Gaudio et al. proposed that arzanol activates the
brain glycogen phosphorylase (PYGB) by allosterically binding its ATP-binding site 234, If this is true, it
could explain binding of arzanol to other quinone-independent targets such as HSP90 or RAB1B1 in
our assays. Moreover, other groups described arzanol to target the pro-inflammatory enzymes

microsomal prostaglandin E2 synthase-1 (mPGES-1) and 5-lipo-oxygenase (5-LO) 2>23¢, |n this,
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Conclusion & Discussion

methylation of the pyrone moiety was not essential for the inhibition of mPGES-1 activity, while
methylation of the alkylidene linker decreased mPGES-1 activity 2. Minassi et al. further proved that
a benzylidene linker-dependent increase in lipophilicity also improved inhibition of mPGES-1, and that
phloroglucinyl homodimers remained active, whereas pyrone dimers lost their activity against mPGES-
1 and 5-LO. Loss of the a-pyrone moiety also reduces its ability to scavenge peroxyl radicals in lipid
peroxidation 2, Different substitutions at the pyrone and phloroglucinyl ring can possibly direct the
target specificity in arzanol derivatives. If and how these derivatives modulate autophagy remains to
be evaluated, however pharmacologically improved arzanol derivatives can be useful tools in studying

both autophagosome maturation and cancer cell death.

Both for research and for clinical application, there is a great potential for these compounds. These
compounds aid the induction of cancer cell death due to the modulation of various pathways at once,
providing a lesser chance of cancer therapy resistance. Although natural compound research often
struggles with the disadvantages of complex structures and the top-down drug discovery approach,

synthetic approaches will always complement and never replace the ingenuity of nature.
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Abstract

Background: Cisplatin-based regimens are routinely employed for the treatment of urothelial carcinoma. However, therapeutic success is
hampered by the primary presence of or the development of cisplatin resistance. This chemoresistance is executed by multiple cellular
pathways. In recent years, the cellular process of autophagy has been identified as a prosurvival pathway of cancer cells. On the one hand,
mtophagy enables cancer cells to survive conditions of low oxygen or nutrient supply, frequently found in mmors. On the other hand,
antophagy supports chemoresistance of cancer cells. Here, we aimed at investigating the involvement of autophagy for cisplatin resistance in
different urothelial carcinoma cell lines.

Materials & Methods: We analyzed the expression levels of different antophagy-related proteins in cisplatin-sensitive and cisplatin-
resistant urothelial carcinoma cell lines. Furthermore, we performed cell viability assays and caspase activity assays with cells treated with
cisplatin, non-specific or specific antophagy inhibitors (chloroguine, 3-methyladenine, SAR4035) or combinations thereof.

Results: We found that antophagy-related proteins are up-regulated in different cisplatin-resistant urothelial carcinoma cells compared to
the sensitive parental cell lines. Furthermore, inhibition of antophagy., in general, or of the antophagy-inducing class I PrdIns3K complex,
in particular, sensitized both sensitive and resistant urothelial carcinoma cells to cisplatin-induced cytotoxic effects.

Conclusion: We propose that targeting the antophagic machinery might represent a suitable approach to complement or even increase
cisplatin efficacy in order to overcome cisplatin resistance in urothelial carcinoma © 2017 The Authors. Published by Elsevier Inc. This is

an open access article under the CC BY-NC-ND license (hitp/creativecommaons.org/licenses/by -nc-nd/4.0/).

Keywonds: Autophagy: Cisplating Urothelial carcinoma; VP534; Chemoresistance

L. Introduction

Bladder cancer (BC) is the fifih most common cancer in
the developed word, with approximately 400,000 new cases
diagnosed per year and 150,000 deaths wordwide [1].
In industrial countries, about 90% of BCs are urothelial
carcinomas (UC) which may be further classified into
muscle-invasive and non-muscle-invasive cancers. These
UC subtypes are distinct in clinical behavior and molecular
alterations [2]. Comprising up to one-third of UC, muscle-
mvasive tumors ofien progress to metastatic disease and

*Cormsponding author. Tel.: +49 211 81 11954; fax: 449 211 81 14103,
E-mail address: bjoem stork @uni-duesseldorf.de (B. Stork).

https:/idoi.org/10.1016/) umolonc. 2017.11 021

patients face a poor prognosis with only 50% to 60%
survival after 5 years [3]. Although platinum-based chemo-
therapy is the standard first-line treatment for advanced UC,
its impact on cancer-specific survival is limited [4]. Despite
frequent initial reatment responses, overall survival does not
exceed 12 o 16 months in metastatic patients [5]. Iis
anticancer efficacy mainly originates from the formation of
bivalent DNA intrastrand crosslinks blocking transeription
and replication [6,7]. Subsequently generated DNA double-
strand breaks stimulate DNA damage response and imitiate
the intrinsic mitochondrial apoptosis pathway [5-10]. How-
ever, cisplatin treatment frequently leads to the development
of chemoresistance, and the molecular mechanisms of
resistance are multifaceted [8]. Several factors have been

1078-1439% 2007 The Authors. Published by Elsevier Inc. This is an open aocess article under the OC BY-NC-ND license

(http:/fereativecommons. org/licensesbyv-no-nd/4 . 0/).
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suggested to determine the response to cisplatin treatment,
including factors regulating mechanisms of apoptosis, DNA
repair and transport, as well as phenotype plasticity [8,11,12].
However, the mechanisms underlying cisplatin resistance of UC
cells have not been clearly identified yet, and current preclinical
research aims at increasing efficacy of cisplatin treatment or re-
sensitizing cisplatin-resistant cells for cytotoxic effects.

In recent years, autophagy has emerged as an attractive
target for cancer therapy [13—15]. During autophagy, intra-
cellular cargo becomes engulfed by double-membraned
vesicles termed autophagosomes. Autophagosomes fuse
with lysosomes, and within the resulting autolysosomes,
the engulfed cargo becomes degraded [16]. Autophagy
occurs at basal levels in most cell types, but can also be
actively induced upon stress conditions like nutrient depri-
vation or treatment with anticancer drugs. The induction of
autophagy is centrally regulated by 2 kinase complexes: (1)
the ULK1 protein kinase complex consisting of the Ser/Thr
protein kinase unc51-like kinase 1 (ULK1) and the interact-
ing proteins autophagy-related (ATG) protein 13 (ATG13),
ATGI101, and RB1-inducible coiled-coil 1 (RB1CCl1; alter-
natively termed FAK family kinase-interacting protein of
200 kDa, FIP200) and (2) the class III phosphatidylinositol
3-kinase (PtdIns3K) lipid kinase complex consisting of the
catalytic subunit vacuolar protein sorting 34 (VPS34;
alternatively termed phosphatidylinositol 3-kinase catalytic
subunit type 3, PIK3C3) and the interacting proteins
VPS15/PIK3R4, Beclin 1, ATG14, and nuclear receptor-
binding factor 2 (NRBF2) [16,17]. The activation of these 2
complexes initiates autophagosome biogenesis, most likely
at specific subdomains of the endoplasmic reticulum (ER)
[18]. Several additional ATG proteins are involved in the
formation of autophagosomes; among them the ubiquitin-
like protein microtubule-associated proteins 1A/1B
light chain 3 (MAPILC3 or briefly LC3), which can be
conjugated to phosphatidylethanolamine and thus be recruited
to the autophagosomal membrane [19]. Anticancer therapies
frequently induce autophagy as a prosurvival response that
contributes to chemoresistance [14,20]. Consequently, drugs
that inhibit autophagy are tested in clinical trials in combina-
tion with different anticancer drugs to increase their cytotoxic
potential. Several of these trials make use of chloroquine/
hydroxychloroquine, which raise the lysosomal pH and thus
block fusion of autophagosomes and lysosomes [14]. So far,
more specific inhibitors targeting the kinase activities of
ULK1 or VPS34 have only been assessed in preclinical
studies. These inhibitors include the ULKI inhibitor
MRT68921 or the VPS34 inhibitor SAR405 [21,22].

In this study, we made use of the urothelial carcinoma
cell line (UCC) RT-112 and its respective cisplatin-resistant
subline RT-112¢5PR [12]. We observed that the expression
levels of several autophagy-related proteins are increased in
RT-112%PR cells compared to the parental line. Further-
more, it appears that basal autophagy is increased in the
resistant cells, but they still remain responsive to autophagy-
inducing stimuli. The inhibition of autophagy either by

chloroquine or the VPS34-Beclin 1 complex-targeting
inhibitors 3-MA or SAR405 complemented or even
increased the cytotoxic effects of cisplatin in both parental
and RT-112CPR cells, Furthermore, we obtained similar
results with other UCCs representing the heterogeneity of
this disease. Accordingly, we hypothesize that the inhibition
of the autophagy-inducing VPS34-Beclin 1 complex repre-
sents a promising approach to increase the efficacy of
cisplatin or to overcome cisplatin resistance in UC.

2. Material and methods
2.1. Antibodies and reagents

Antibodies against p-actin (clone AC-74, Sigma-Aldrich,
#A5316), ATGI13 (Sigma-Aldrich, #SAB4200100),
ATG14 (MBL, #PDO026), Beclin 1 (Santa Cruz, #sc-
11427 or Sigma-Aldrich, #B6186), Caspase-3 (R&D Sys-
tems, #AF-605-NA), GAPDH (Abcam, #ab8245), LC3B
(Cell Signaling Technology, #2775), PARP (Enzo, #BML-
SA250), RBICCI (Bethyl Laboratories, #A301-574A), a-
Tubulin (Sigma-Aldrich, #T5168), ULK1 (clone DS8HS,
Cell Signaling Technology, #8054), and VPS34 (Thermo
Fisher Scientific, #PA1-46456) were used. IRDye 800- or
IRDye 680-conjugated secondary antibodies were pur-
chased from LI-COR Biosciences (92668070, 926-68071
and 926-32211). Other reagents used were 3-MA (Sigma-
Aldrich, #M9281), Bafilomycin A; (Sigma-Aldrich,
#B1793), Chloroquine (Sigma-Aldrich, #C6628), Cisplatin
(Accord Healthcare GmbH, PZN: 00370955), DMSO
(Sigma-Aldrich, #D4540), Q-VD-OPh (MP Biomedicals,
#030PH109), and SAR405 (Selleck Chemicals, #7682).

2.2. Cell lines and cell culture

All cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% FCS and 4.5 g/l
D-glucose in a humidified atmosphere at 37°C and 5% CO,.
The Cisplatin-resistant sublines were generated over several
months by increasing dosages of cisplatin added with every
passage up to concentrations of 12, 1, 2, 7, 3.5, or 1.5 pg/ml
to RT-112, 182, 253J, T24, 5637, and SW-1710 cells,
respectively. Accordingly, the respective concentration of
cisplatin was added to the media of the cisplatin-resistant
sublines with every passage. For amino acid starvation, RT-
112 cells were washed once with PBS and incubated for 2
hours in EBSS (Gibco, #24010-043).

2.3. Microscopy

RT-112 and RT-1125PR cells were cultured in regular
medium or medium containing 12 pg/ml cisplatin, respec-
tively. Phase contrast images were captured using an Axio
Observer Al microscope (Carl Zeiss) with a magnification
of 200x (Objective: ZEISS, LD A-Plan 20x/0.30 Phl).
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2.4. Cell viability assay

RT-112, J82, 253J or T24 cells were seeded in 96-well
plates with a density of 1 x 10* cells/well. For combination
analysis, the cell density of J82, 253J, and T24 cells was
reduced to 0.5 x 10*. The following day, the cells were
treated with cisplatin and autophagy inhibitors for 72 hours.
Cell viability was determined by using an MTT assay.
Briefly, MTT (Calbiochem, #475989) was added to the
cells and incubated at 37°C for 1 hour. Afterwards, the
plates were centrifuged at 600 rcf and 4°C for 5 minutes,
and cells were lysed in DMSO for 20 minutes in the dark.
Finally, the absorbance was measured at 570 nm and
650 nm for reference, using a microplate reader (BioTek,
Synergy Mx). The mean of the absorbance of the control
samples was set as 100%.

2.5. Caspase activity assay

1 x 10* RT-112 or RT-112"F"R cells were seeded in
96-well plates, and the following day, the cells were treated
with cisplatin and autophagy inhibitors for 48 hours. After
treatment, plates were centrifuged at 600 rcf and 4°C for 5
minutes, quickly frozen at —80°C, and cells were lysed in
lysis buffer (20 mM HEPES, 84 mM KCl, 10 mM MgCl,,
200 UM EDTA, 200 uM EGTA, 0.5% NP-40, 1 ug/ml
Leupeptin, 1 pug/ml Pepstatin, and 5 pg/ml Aprotinin) for
10 minutes on ice. Subsequently, reaction buffer (50 mM
HEPES, 100 mM NaCl, 10% Sucrose, 0.1% CHAPS [Carl
Roth GmbH & Co., #1479.3], 2mM CaCl,, 13.35 mM
DTT, and 70 uM Ac-DEVD-AMC [Biomol, #ABD-
13402]) was added to the lysates and fluorescence (with
an excitation of 360 nm, and an emission of 450 nm) was
measured every 2 minutes over a period of 2.5 hours at 37°
C, using a microplate reader (BioTek, Synergy MXx).
Caspase-3 activity was measured by the cleavage of the
substrate Ac-DEVD-AMC and the following release of
the fluorophore AMC (7-amido-4-methylcoumarin). For
evaluation, the rise of the linear sector of the resulting
curve was determined and the mean of the control samples
was set as “1.”

2.6. Immunoblotting

Cells were harvested by scraping, pelletized at 600 rcf and
4°C for 5 minutes, quickly frozen in liquid nitrogen and lysed
in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
ImM EDTA, 1 mM EGTA, 10uM Na,MoO, 1 mM
Naz;VO,4, 50 mM NaF, 5 mM Na,P,O7, 1% [v/v] Triton X-
100 [Carl Roth GmbH & Co., #3051.2], and protease
inhibitor cocktail [Sigma-Aldrich, #P2714]) for 30 minutes
on ice. Lysates were cleared by centrifugation at 18,000 rcf
and 4°C for 15 minutes. Equal protein amounts were
determined by Bradford assay, prepared by addition of sample
buffer (125 mM Tris-HCI, pH 6.8, 17.2% [v/v] glycerol,
4.1% [w/v] SDS [AppliChem GmbH, #A7249], 200 pg/ml

bromophenol blue, and 2% [v/v] P-mercaptoethanol) and
heated at 95°C for 5 minutes. Proteins were separated on
SDS-PAGE, transferred to PVDF membranes (Merck, Milli-
pore, IPFL00010), and analyzed using the indicated primary
antibodies and appropriate IRDye 800- or IRDye 680-
conjugated secondary antibodies (LI-COR Biosciences). Sig-
nals were detected by using an Odyssey Infrared Imaging
system (LI-COR Biosciences). Quantifications were per-
formed with Image Studio (LI-COR Biosciences).

2.7. Statistical analysis

IC5( values were calculated using GraphPad Prism 7.01.
For isobologram analysis, CompuSyn 1.0 was used, which
also allows a computerized simulation of synergism,
additivism, and antagonism at any effect level [23]. The
resulting Combination Index (CI) values represent syner-
gism (CI < 1), additivism (CI = 1), and antagonism
(CI > 1). For immunoblotting, the density of each protein
band was divided by the average of the density of all bands
from the same protein on the membrane. The ratios of the
proteins of interest were normalized to the loading control,
and fold changes were calculated by dividing each normal-
ized density ratio by the average of the density ratios of the
wild type control lane (control lane: fold change = 1.00, n
> 3). For all analyses, results are shown as mean + standard
deviation, and P values were determined by two-way
ANOVA and are given in the bar diagrams.

3. Results

In order to analyze the effect of autophagy modulation
on the efficacy of cisplatin treatment, we first generated a
cisplatin-resistant subline of the UCC RT-112. Cisplatin
resistance was confirmed by a cell viability assay (Fig. 1).
Notably, cisplatin-resistant RT-112 cells (RT-112°FR)
revealed morphologic alterations, including increased cell
size and number of protrusions (Fig. S1), which is in
accordance with previous observations [11,12].
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Fig. 1. Characterization of RT-112 and RT-1129""R cells. RT-112 and
RT-112°PR cells were treated with different concentrations of cisplatin
(0.01-200 pg/ml) for 72 hours. After treatment, cell viability was measured
using an MTT assay. The results are shown as means =+ standard deviation
of 3 independent experiments which were performed in triplicates.
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Fig. 2. ATG proteins are differentially expressed in RT-112 and RT-
1125P R cells. (A) RT-112 and RT-112°5PR cells were lysed and cleared
cellular lysates were subjected to SDS-PAGE and immunoblotting for
ULKI, Beclin 1, LC3, RBICC1, ATG13, VPS34, ATG14, and Actin. One
representative immunoblot is shown. (B) The densities of bands on
immunoblots of at least 3 independent experiments were quantified using
Image Studio (LI-COR Biosciences) and normalized to Actin. The mean of
the resulting values for RT-112 cells were set as “1” for each protein. Then,
the values of RT-112PR cells were normalized to the values of RT-112
cells. The bars represent the means + standard deviation. A two-way
ANOVA was used to compare the differences in protein expression
between RT-112 and RT-112"P"R cells. The respective P values are
depicted in the diagram.
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3.1. Autophagy-related (ATG) proteins are up-regulated in
RT-112%PF cells

Next we aimed at investigating whether cisplatin resist-
ance affects expression levels of different autophagy-related
(ATG) proteins. As determined by immunoblotting, several
subunits of the autophagy-inducing ULKI1 and VPS34-
Beclin 1 complexes were significantly up-regulated, includ-
ing the catalytic subunits ULK1 and VPS34 as well as the
associated proteins RB1CC1, ATGI13, Beclin 1, and
ATGI14 (Fig. 2). Additionally, expression of the ubiquitin-
like autophagy marker protein LC3-II was strongly
increased in RT-112"FPR cells (Fig. 2, P < 0.0001).
Although the up-regulation of ATG proteins might indicate
an increased potential to execute autophagy, this upregula-
tion is not sufficient evidence of increased autophagy [24].
This is best exemplified by LC3-II, which is increasingly
generated during autophagy induction and at the same time
accumulates during autophagy inhibition [24]. In order to
investigate whether autophagy is functional in RT-112°P*R
cells, we performed an LC3 turnover assay using starvation
as proautophagic stimulus. In this assay, lysosomal degra-
dation is blocked by the V-ATPase inhibitor bafilomycin A,
which ultimately blocks the fusion of autophagosomes with

lysosomes [24]. We detected LC3 turnover by immunoblot-
ting and observed increased LC3-II levels in RT-112CFR
cells under all conditions (Fig. S2). Nevertheless, the RT-
112°PR remained responsive to starvation by incubation in
Earle’s Balanced Salt Solution (EBSS). Collectively, these
data suggest that RT-112°"F"R cells possess an enhanced
capacity for basal autophagy but can still respond to
proautophagic stimuli.

3.2. Inhibition of autophagy complements or increases
cisplatin-mediated cytotoxicity in both RT-112"""® and
parental cells

The increased protein expression of several ATG pro-
teins in RT-112"P'R cells and the possibly increased
potential to execute autophagy led us to hypothesize that
targeting the autophagy machinery might be a reasonable
approach to increase the efficacy of cisplatin treatment. To
date, most clinical studies investigating the effects of
autophagy inhibition rely on the usage of chloroquine, a
lysosomotropic compound that raises the lysosomal pH and
thus inhibits the fusion between autophagosomes and
lysosomes [24]. First, we confirmed the autophagy-inhibit-
ing properties of chloroquine in RT-112 and RT-112°5PR
cells by an LC3 turnover assay. We observed that LC3-II
accumulated in EBSS-treated cells upon co-incubation with
chloroquine (Figure S3A). In order to investigate whether
cisplatin and chloroquine exhibit a combined effect on cell
viability in these two cell lines, the effect of chloroquine
treatment alone (Fig. 3A) or in combination with cisplatin
was analyzed, and isobologram analysis was performed
(Fig. 3B and C; the corresponding isobologram is shown in
Fig. S4A). For this analysis, concentrations of 0.25%, 0.5%
or 1x of the IC5y values of the individual compounds
(cisplatin or chloroquine) were applied. As can be deduced
from the combination index plot, in RT-112 cells, the
combination of cisplatin and chloroquine was synergistic
(CI < 1) if used at concentrations of 1X ICsq. In RT-
112CPR cells, the effect was rather additive at high effect
levels. These results indicate that inhibition of autophagy
might indeed represent a suitable tool to increase cisplatin
efficacy in responsive UCCs or to target resistant UCCs,
respectively.

3.3. Inhibition of the VPS34-Beclin 1 complex sensitizes
RT-112°%P"R and parental cells to cisplatin treatment

We observed that general inhibition of autophagy sup-
ports cisplatin-mediated cytotoxicity in UCCs. However,
chloroquine is not a specific autophagy inhibitor. Addition-
ally, it has recently been suggested that the enhanced drug
efficacy of anticancer therapeutics in combination with
chloroquine might be due to lysosomal cell death rather
than to regulation of autophagy [25]. Taken these draw-
backs of chloroquine together, we analyzed whether the
direct and specific inhibition of the autophagy-inducing
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Fig. 3. Chloroquine complements or increases cisplatin-mediated cytotoxicity in both RT-112"P"® and parental cells. (A and B) RT-112 and RT-112¢PR
cells were treated with different concentrations of chloroquine (CHQ; 0.01-200 uM) (A) or with cisplatin, chloroquine, or a combination of both
(B) for 72 hours. For combination analysis (B), ICs, values of 3 ug/ml (RT-112) or 65 pg/ml (RT-1 12CisP Ry cisplatin and 40 uM chloroquine (RT-112 and
RT-112°P“R) were used. After treatment, cell viability was measured using an MTT assay. At least 3 independent experiments were performed in triplicates.
The results are shown as means + or + standard deviations of the independent experiments. For all experiments, 0.1% DMSO was used as control.

For 1x ICs, 0.5% ICs, and 0.25x ICs, in Figs. 3B, 4B, and 5B, the same controls are shown for each cell line. (C) Combination Index (CI) values were
calculated using the software CompuSyn in order to determine synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1) effects for the combination
of cisplatin and chloroquine. CompuSyn uses algorithms for a computerized simulation to show synergism, additivism, and antagonism at any effect level.

VPS34-Beclin 1 complex can phenocopy the effect of
chloroquine. We interfered with the VPS34-Beclin 1 com-
plex using the class III PtdIns3K inhibitor 3-methyladenine
(3-MA). Again, we confirmed the autophagy-inhibitory
potential of 3-MA in our cellular model systems. Cells
treated with 3-MA did not accumulate LC3-II upon
bafilomycin A; treatment, verifying that 3-MA blocks an
early step of the autophagic pathway (Fig. S3B). Next, we

performed cell viability assays using individual (Fig. 4A)
and combined treatments (Fig. 4B and C). As shown in the
CI plots, we found that 3-MA synergistically sensitizes both
parental and RT-112"PR cells to cisplatin-induced cell
death. In RT-112 cells, this was the case for all applied
concentrations; for the RT-112¢HPtR cells, the synergistic
effect could be observed for concentrations in the range of
the ICs( (Fig. 4B and C; the corresponding isobologram is
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Fig. 4. The PtdIns3K inhibitor 3-MA sensitizes both RT-112 and RT-112°"""® cells to cisplatin-induced cell death. (A and B) RT-112 and RT-112" cells
were treated with different concentrations of 3-methyladenine (3-MA; 0.01-20 mM) (A) or with cisplatin, 3-MA or a combination of both (B) for 72 hours.
For combination analyses (B), ICs values of 3 ug/ml (RT-112) or 65 pg/ml (RT-1 12CIPER, cisplatin and 5 mM 3-MA (RT-112 and RT-1 1265PR) were used.
After treatment, cell viability was measured using an MTT assay. At least 3 independent experiments were performed in triplicates. The results are shown as
means + or + standard deviations of the independent experiments. For all experiments, 0.1% DMSO was used as control. For 1x ICsg, 0.5% ICsg, and 0.25%
ICs in Figs. 3B, 4B, and 5B, the same controls are shown for each cell line. (C) Combination Index (CI) values were calculated using the software CompuSyn
in order to determine synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1) effects for the combination of cisplatin and 3-MA. CompuSyn uses
algorithms for a computerized simulation to show synergism, additivism, and antagonism at any effect level.

shown in Fig. S4B). It has been reported that 3-MA inhibits
both class I and class III PtdIns3Ks with different kinetics,
and that 3-MA can indeed promote autophagy in long-term
experiments [26]. Accordingly, we also tested the recently
described VPS34-specific inhibitor SAR405 [22]. Of note,
the 1Cso of SAR405 alone was 5 to 7 times lower in RT-
112°%PR cells compared to the parental RT-112 cell line,

indicating a clearly increased sensitivity toward VPS34
inhibition in the cisplatin-resistant cell line (Fig. 5A). This
observation is in line with our analysis of autophagy
inhibition using SAR405 in both cell lines. In RT-
112CPER cells, SAR405 efficiently inhibited autophagy at
concentrations of 0.5 uM, whereas 5 pM were necessary in
parental RT-112 cells (Fig. S3C). Again, we performed
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Fig. 5. The VPS34-specific inhibitor SAR405 supports cisplatin-induced cell death in both RT-112 and RT-112%PR cells. (A and B) RT-112 and RT-
112C5PER cells were treated with different concentrations of SAR405 (0.01-200 UM) (A) or with cisplatin, SAR405 or a combination of both (B) for 72 hours.
For combination analyses (B), ICs, values of 3 pg/ml (RT-112) or 65 pg/ml (RT-112°P"R) ¢isplatin and 85 uM (RT-112) or 10 uM (RT-112P"R) SAR405
were used. After treatment, cell viability was measured using an MTT assay. At least 3 independent experiments were performed in triplicates. The results are
shown as means =+ or + standard deviations of the independent experiments. For all experiments, 0.1% DMSO was used as control. For 1x ICsq, 0.5% ICs,
and 0.25x ICs in Figs. 3B, 4B, and 5B, the same controls are shown for each cell line. (C) Combination Index (CI) values were calculated using the software
CompuSyn in order to determine synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1) effects for the combination of cisplatin and SAR405.
CompuSyn uses algorithms for a computerized simulation to show synergism, additivism, and antagonism at any effect level.

combination treatments with subsequent isobologram anal-
yses. In RT-112 cells, SAR405 and cisplatin exhibit a
synergistic interaction for all concentrations analyzed. In
RT-112CHPR cells, the effect was additive if concentrations
were used in the range of the ICsy of the individual
compounds (Fig. 5B and C; the corresponding isobologram
is shown in Fig. S4C). The presence of an additive effect

instead of synergism might be partly caused by the
increased cytotoxicity of SAR405 alone in RT-112€P"R
cells. Accordingly, the combination of cisplatin with
SAR405 concentrations of approximately 10 uM might
open a valuable therapeutic window. In a next step, we
wanted to confirm the results of the cell viability assay by
an assay detecting caspase activity. For that, 0.5x ICsy or
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Ix ICsy of each compound were used in RT-112 or RT- polymerase (PARP) or caspase-3 itself, respectively
112€PR cells, respectively. Of note, caspase activity was (Fig. 6B and C). Increased PARP and caspase-3 cleavage
increased in parental and resistant cells if cisplatin was was especially evident in RT-112"P"®R cells using SAR405
combined with either 3-MA or SAR405 compared to in combination with cisplatin compared to the individual
cisplatin alone (Fig. 6A). We also investigated caspase treatments. Both PARP cleavage and caspase-3 activation
activation by immunoblot analysis detecting the cleavage could be inhibited using the caspase-inhibitor QVD, con-

of either the caspase-3 substrate poly (ADP-ribose) firming that these treatments induce apoptosis. Collectively,
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it appears that inhibition of the VPS34-Beclin 1 complex
can sensitize both cisplatin-responsive and -resistant cells to
cisplatin-induced cell death. Additionally, treatment with a
VPS34-specific inhibitor such as SAR405 in a monotherapy
might be a reasonable therapeutic approach in a setting with
acquired cisplatin resistance.

3.4. VPS34 inhibition supports cisplatin-induced cell death
in various UCC lines

RT-112 cells represent a UC with the histological grade G2.
In order to investigate the general validity of our observations,
we included several additional cell lines representing the
heterogeneity of UC in our analyses, including epithelial-like
5637 and mesenchymal-like J82, 253J, T24, and SW-1710.
Similar to RT-112 cells, we analyzed the expression levels of
several ATG proteins in cisplatin-sensitive and -resistant cell
pairs. Again, we observed the up-regulation of different ATG
proteins in cisplatin-resistant derivatives (Fig. 7). Subsequently,
we determined the ICs, values for cisplatin and SAR405
within the cell lines J82, 253J, and T24 (Fig. S5A, S5B and
S5C), and repeated the above described combination experi-
ments for the cisplatin-sensitive and -resistant variants. In all
cell lines except for T24“"P*R  the combination of cisplatin
and SAR405 resulted in the highest reduction of cell viability
(Fig. 8). For J82PR and 253J5PR cells, isobologram
analysis allowed the generation of CI plots. Whereas the
combination was synergistic in J82““P"® cells for concen-
trations in the range of the ICsq, it was rather additive for
253JSPR cells (Fig. 8D). Clearly, in J82“F™R cells, the
synergistic effect was most prominent. Like in RT-112FR
cells, J82CPER (ells reveal an increased expression of ULK1
(Figs 2 and 7), which is a central regulator of the VPS34-
Beclin 1 complex [17]. Accordingly, we hypothesize that the
combination of cisplatin with a VPS34-specific inhibitor might
be especially effective in UCCs with increased expression of
components of both the VPS34 and the ULK1 complex.

4. Discussion

The European Association of Urology recommends
cisplatin-based chemotherapy as upfront treatment in
advanced and metastatic urothelial carcinoma, whenever
not precluded by comorbidities. For perioperative systemic
therapy, cisplatin-based chemotherapy is likewise the treat-
ment of choice in eligible patients [27]. However, both the
primary presence of or the development of chemoresistance
are major obstacles for successful therapies. In this study,
we characterized the autophagy signaling pathway as an
appropriate target to increase cisplatin efficacy or to
resensitize resistant cells. We found that several ATG
proteins are up-regulated in various cisplatin-resistant
UCC lines, suggesting that basal autophagy is increased
in these cells. Nevertheless, they still respond to proauto-
phagic conditions. Furthermore, we inhibited the autophagic

pathway by different pharmacological inhibitors and found
synergistic or additive cytotoxic effects when combined
with cisplatin compared to control conditions. Therefore,
we propose that the efficacy of cisplatin-based therapy
might be enhanced by combination with autophagy-inhibit-
ing compounds. Under certain circumstances, the approach
of autophagy inhibition might also be effective as
monotherapy.

Current translational research aims at identifying and
characterizing specific autophagy-modulating compounds.
To date, chloroquine and hydroxychloroquine are still the
substances of choice in the clinic if inhibition of autophagy
is desired. However, there is an urgent need for more
specific inhibitors of the autophagic pathway. The autoph-
agy-inducing protein and lipid kinase complexes based on
ULKI1 and VPS34 are druggable targets, and recently some
specific inhibitors targeting these kinases have been
reported [21,22,28-30]. Interestingly, we observed that
VPS34 inhibition was especially effective in cells with high
ULK1 expression, i.e., RT-112°"""® and Jg2“P™R cells.
There exists a strong crosstalk between these 2 complexes,
but future studies have to assess whether an effective
application of SAR405 requires high ULK1 expression.

We observed that both cisplatin-responsive and -resistant
cells were sensitized for cisplatin-mediated effects by
autophagy inhibition. This indicates that autophagy plays
a central role for cytoprotection during de novo cisplatin
treatment and during acquired cisplatin resistance. The
dependency of cisplatin-resistant cells on autophagy is
especially evident from the SAR405 experiments where
mono-treatment with SAR405 was sufficient to significantly
reduce cell viability of resistant cells. Hence, basal and
constitutive autophagy is essential for supporting survival of
resistant cells and/or for maintaining their resistant pheno-
type. However, these observations were not made for
chloroquine or 3-MA as mono-treatment. Accordingly, we
speculate that—next to autophagy—additional VPS34- or
PtdIns3P-dependent processes might contribute to the
establishment of cisplatin resistance, which are not effi-
ciently targeted by chloroquine or 3-MA, respectively.

Among several molecular mechanisms of cisplatin
resistance, autophagy has been suggested as one mode of
off-target resistance [8]. Off-target resistance mechanisms
describe cellular processes which are not directly engaged
by cisplatin, but interfere with its lethal outcome [8]. The
involvement of autophagy in cisplatin resistance has been
shown for several cancer entities, and accordingly inhibition
of autophagy sensitized resistant cells to cisplatin-induced
cytotoxic effects [31-37]. However, it should be noted that
also mTOR inhibition, which induces rather than inhibits
autophagy, has been shown to be effective for overcoming
cisplatin resistance [38-43]. Of note, Garcia-Cano et al.
[44] reported that monoplatin, which promotes autophagy,
is able to promote cell death of both cisplatin-sensitive and
-resistant cells. In an analogous manner, conflicting results
of autophagy modulation have been proposed with regard to
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Fig. 7. ATG proteins are differentially expressed in various cisplatin-sensitive and -resistant UCCs. (A) Cells from various cisplatin-sensitive and -resistant
UCCs (J82, 253], T24, 5637, and SW-1710) were lysed and cleared cellular lysates were subjected to SDS-PAGE and immunoblotting for ULK1, Beclin 1,
LC3, RBICCI1, ATG13, VPS34, ATG14, Actin, and Tubulin. One representative immunoblot is shown. (B) The densities of bands on immunoblots of at least
3 independent experiments were quantified using Image Studio (LI-COR Biosciences) and normalized to Actin or Tubulin. The mean of the resulting values
for each cisplatin-sensitive cell line was set as “1” for each protein. Then, the values of the cisplatin-resistant cell lines were normalized to the values of their
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expression.

UC (reviewed in Ref. [45]). Ojiha et al. [46] observed that
inhibition of autophagy by chloroquine potentiates the
cytotoxicity of cisplatin. Along these lines, Mani et al.
suggested that enhanced autophagy might play an important
role for the chemoresistant phenotype of bladder cancer.
They observed a significant increase in apoptosis in cisplatin-

resistant UCCs treated with the BH3-mimetic (—)-gossypol
upon knockdown of ATGS5 or 3-MA treatment [47].
In contrast to these findings, Li et al. [48] reported that
inhibition of the autophagic flux by chloroquine appears to
be a survival mechanism of UCCs. Additionally, Pinto-Leite
et al. [49] suggested using a combination of the mTOR
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Fig. 8. Combination of cisplatin and SAR405 in various UCCs. (A-C) Cisplatin-sensitive and -resistant J82 (A), 253]J (B), and T24 (C) cells were treated with
cisplatin, SAR405, or a combination of both for 72 hours. The ICs, values used for the combination treatment are shown in the figure. After treatment, cell
viability was measured using an MTT assay. At least 3 independent experiments were performed in triplicates. The results are shown as means + standard
deviations of the independent experiments. For all experiments, 0.1% DMSO was used as control. For 1x ICsq, 0.5X ICs, and 0.25X ICs, the same controls
are shown for each cell line. (D) Combination Index (CI) values for J. 82CPER and 253JCPUR were calculated using the software CompuSyn in order to
determine synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1) effects for the combination of cisplatin and SAR405. CompuSyn uses algorithms
for a computerized simulation to show synergism, additivism, and antagonism at any effect level.

inhibitor Everolimus and cisplatin for UC. These discrep-
ancies suggest that therapeutic approaches employing
autophagy modulation might depend on the individual stage
and grade of UC. In addition, the modes of action of
chloroquine or mTOR inhibitors might include autophagy-
independent effects. To our knowledge, specific inhibitors
targeting the autophagy signaling pathway in general or the
autophagy-inducing VPS34-Beclin 1 complex have not been
evaluated for UCCs so far and would be worthwhile to be
assessed in future preclinical or clinical studies.
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ARTICLE INFO ABSTRACT

Keywords: In order to overcome therapy resistance in cancer, scientists search in nature for novel lead structures for the
Anthraquinones development of improved chemotherapeutics. Anthraquinones belong to a class of tricyclic organic natural
Autophagy compounds with promising anti-cancer effects. Anthraquinone derivatives are rich in structural diversity, and
g:lz(iithway exhibit pleiotropic properties, among which the modulation of autophagy seems promising in the context of

overcoming cancer-therapy resistance. Among the most promising derivatives in this regard are emodin, aloe
emodin, rhein, physcion, chrysophanol and altersolanol A. On the molecular level, these compounds target
autophagy via different upstream pathways including the AKT/mTOR-axis and transcription of autophagy-re-
lated proteins. The role of autophagy is pro-survival as well as cell death-promoting, depending on derivatives
and their cell type specificity. This review summarizes observed effects of anthraquinone derivatives on au-
tophagy and discusses targeted pathways and crosstalks. A cumulative knowledge about this topic paves the way
for further research on modes of action, and aids to find a therapeutic window of anthraquinones in cancer-

Chemotherapy-resistance

therapy.

1. Introduction

Autophagy is a process of intracellular sequestration of cytoplasmic
material like misfolded proteins, aggregated molecules or damaged
organelles and its subsequent lysosomal degradation. By providing
macronutrients from the degradation of bulk or targeted cargo, au-
tophagy contributes to intracellular homeostasis and serves as energy
source. Because of this catabolic function, the modulation of autophagy
is often termed as ‘double-edged sword’ in cancer therapy. A high au-
tophagic flux has been observed in hypoxic regions of tumors where it
contributed to the metabolism and survival of malignant cells." In ad-
dition, autophagy can act as pro-survival mechanism in response to
various chemotherapeutics, supposedly via clearance of the drug.? On
the contrary, there are cases where elevated autophagic flux led to
autophagic cell death highlighting its tumor-suppressive role.>* Both
pro-survival and death-promoting effects of autophagy make it a pro-
mising pathway to target in cancer treatment.

Nature is a nearly inexhaustible source of novel therapeutic com-
pounds targeting various cancer-related pathways. Structurally similar
to anthracyclins, a class of applied broad-spectrum chemotherapeutics,
anthraquinones are a group of polycyclic organic natural compounds
consisting of three rings with two keto groups located at the central
ring. They comprise a class of colorful, biologically abundant secondary

* Corresponding authors.

metabolites in plants, bacteria and fungi including emodin, aloe
emodin, rhein, physcion, chrysophanol and the modified anthraquinone
derivative altersolanol A (Fig. 1).

Historical evidence for the research of anthraquinones can be found
in the Compendium of Materia Medica, a Chinese collection of herbs for
traditional Chinese medicine written by Li Shizen in 1578, which is
based on the ancient texts Shennong Bencaojing (translated by Yang,
1998).° Li described the laxative effect of rhubarb roots, which are rich
in emodin, aloe emodin, chrysophanol, rhein and their corresponding
glucopyranosides.® As of today, anthraquinones still play a major role in
ethnopharmacological medicine around the globe from Da Huang/
Qingchangligan formula of traditional Chinese medicine to the Indian
ayurvedic system as well as in the phytotherapy of the western world.”"*
Pharmacological effects of anthraquinones include among others a
range of antiviral,” antibacterial,'® pro-apoptotic,'*~** anti-oxidant,"*
pro-oxidative,'® phototoxic,"®'” anti-proliferative,'® and anti-cancer
effects.' 20

In a number of studies anthraquinone derivatives were suggested to
be promising therapeutic agents against a variety of diseases.?’ 4 Years
of research confirmed that the study of anthraquinones in cancer re-
lated topics is an auspicious endeavor and that especially their role in
apoptosis and autophagy could lead to a better understanding of their
cytotoxic effects. However, anthraquinones have rarely been
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Fig. 1. General chemical structure of anthraquinone including three char-
acteristic rings (A, B, and C) and derivatives.

systematically tested in autophagic assays. The objective of this article
is therefore to recapitulate achievements in anthraquinone research in
the context of autophagy and to serve as a basis for future research of
anthraquinones in this regard. Moreover, this review pinpoints the
importance of derivate-specific modes of action.

2. (Macro-)autophagy core machinery

Among different subtypes of autophagy, macroautophagy is the
most extensive researched subtype and is referred to as autophagy
hereafter. It is characterized by the sequestration of cytoplasmic con-
tent by the double-membraned autophagosome in contrast to cha-
perone-mediated autophagy or microautophagy, where cargo is either
guided to the lysosome by chaperones or directly engulfed by the ly-
sosome.””

In mammals, different steps of autophagy are coordinated by a
multitude of autophagy-related (ATG) proteins and protein complexes
(Fig. 2). Autophagy requires a coordinated sequence of events starting
with its initiation. Autophagy initiation is regulated by energy or stress
sensing upstream kinases such as mammalian/mechanistic target of
rapamycin (mTOR) and 5’ adenosine monophosphate-activated protein
kinase (AMPK). These kinases are in turn finely controlled by extra-
cellular stimuli such as growth factors and intracellular stimuli such as
oxygen level, DNA damage, amino acids, or ATP levels. Involved
pathways include the axis from human epidermal growth factor re-
ceptor 2 (Her2/neu) or insulin-like growth factor 1 receptor (IGF1-R)
via protein kinase B (AKT) and extracellular signal-regulated kinases 1/
2 (ERK), or the axis from tumor necrosis factor (TNF) receptors via
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB).
All pro-survival and stress factors and their respective pathways influ-
ence the rate of autophagic flux in a highly complex manner. However,
AMPK and mTOR serve as rheostats in this regulation of autophagy.
Both, inhibition by mTOR and activation by AMPK, regulate a key
complex for autophagy termed the ULK1 complex. Eponymous and
central for this complex is the serine/threonine protein kinase unc-51
like autophagy activating kinase 1 (ULK1) that interacts with autop-
hagy-related protein 13 (ATG13), retinoblastoma 1-inducible coiled-
coil 1 (RB1ICCI; alternatively named focal adhesion kinase family
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Fig. 2. Schematic pathway of the (macro-)autophagic core machinery and au-
tophagy-related crosstalks. Growth factors bind to their corresponding re-
ceptors initiating signaling cascades via the phosphoinositide 3-kinase (PI3K)-,
ERK1/2/mitogen-activated protein kinase (MAPK)-, casein kinase II (CK2)/
phosphatase and tensin homolog (PTEN)- or NF-kB-axes maintaining cell sur-
vival and proliferation. Within multiple pathways, AKT is activated and serves
as a bottleneck protein kinase responsible for signal transduction to down-
stream pathways and coordinating crosstalk between them. Upon growth factor
and nutrient supply, AKT is phosphorylated at Thr308. Activated AKT can in
turn phosphorylate mTOR causing its activation. mTOR itself is present in two
multisubunit kinase complexes, i.e. mTOR complex 1 (mTORC1) and mTORC2.
Whereas active mTORC1 phosphorylates p70/p85 S6 kinases and mediates
proliferation and the downstream inhibition of autophagy, mTORC2 phos-
phorylates AKT at Ser473 for its maximum activation. Upon energy depletion,
AMPK inhibits mTORCI1, resulting in the dissociation of mTORC1 from the
ULK1 complex, which then initiates autophagy. The ULK1 complex further
recruits and activates ATGs such as the VPS34-Beclin 1-ATG14 complex and the
ubiquitin-like conjugation systems of ATG12-ATG5-ATG16L and Atg8/LC3,
allowing phagophore nucleation and autophagosome elongation. LC3 is con-
jugated in an E1/2/3-like enzymatic cascade to phosphatidylethanolamine (PE)
enabling its integration into the autophagosomal membrane and facilitating its
function as anchoring adapter protein. Depending on the subcellular localiza-
tion, BCL-2 either binds Beclin 1 and thus inhibits autophagy or promotes
apoptosis via activation of BAX, cytochrome c release from mitochondria and
formation of the caspase-activating apoptosome. In addition, activation of the
ERK1/2/MAPK or NF-kB pathway can activate the transcription of ATG genes
like BECN1 (the gene encoding Beclin 1).

interacting protein of 200 kDa, FIP200) and ATG101. Upstream acti-
vation of AMPK due to amino acid starvation, hypoxia or growth factor
withdrawal, leads to AMPK-dependent direct phosphorylation and ac-
tivation of ULK1.2°° In addition, AMPK furthermore inactivates
mTOR and promotes autophagy initiation." Following the initiation of
autophagy, a phagophore (alternatively termed isolation membrane,
IM) is nucleated presumably at specific subdomains of the ER.*?
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The active ULK1 complex then initiates the subsequent activation of
the class III PI3K complex involving the core components vacuolar
protein sorting 34 (VPS34), Beclin 1 and VPS15 (also termed p150). In
mammals, the PI3K complex is regulated via Beclin 1 and its association
with activating proteins such as Atgl4-like (Atgl4L; also termed Beclin
1-associated autophagy-related key regulator, Barkor), UV radiation
resistance-associated gene protein (UVRAG) or activating molecule in
Beclin 1-regulated autophagy protein 1 (AMBRA1). Furthermore, the
complex is negatively regulated by run domain Beclin 1 interacting and
cysteine-rich containing protein (RUBICON) and the apoptosis reg-
ulator B cell lymphoma 2 (BCL2).® Within the activated PI3K complex,
VPS34 phosphorylates inositol lipids to phosphatidylinositol 3-phos-
phate (PI3P), which recruits downstream effector proteins like WD-re-
peat protein interacting with phosphoinositide 1/2 (WIPI1/2) to the
phagophore.®* WIPI1/2 further recruits two ubiquitin-like conjugation
systems, ATG12-ATG5-ATG16L and microtubule-associated proteins
1A/1B light chain 3B (LC3), to the phagophore. The ATG12-ATG5-
ATG16L complex, whose assembly is supported by ATG7 and ATG10,
determines the site of LC3 lipidation and contributes to autophagosome
elongation.**

During starvation-induced autophagy, a C-terminal peptide of cy-
tosolic pro-LC3 is cleaved off by the protease ATG4 generating LC3-L.
Then, ATG7, ATG3 and presumably ATG12-ATG5-ATG16L conjugate
the truncated LC3-I to phosphatidylethanolamine (PE) in an E1/E2/E3-
cascade mechanism forming lipidated LC3-I1.>° On the outer autopha-
gosomal membrane, LC3-II recruits members of the autophagy ma-
chinery and is involved in lipid assembly for autophagosome elonga-
tion. In the inner autophagosomal membrane, it serves as an anchor to
target proteins for degradation. After fusion of autophagosome and
lysosome, ATG4 cleaves LC3-II off the outer autophagosomal mem-
brane. LC3-II on the inner membrane is degraded along with the cargo
inside the autolysosome.>® One of the receptor proteins recruited by
LC3-II during autophagy is p62/sequestosome 1 (SQSTM1). Directly
associated with LC3-II via its LC3-interacting region (LIR) motif, p62
binds ubiquitinated cargo via its C-terminal ubiquitin-associated (UBA)
domain and thus links the cargo to the autophagosomal membrane
where it is sequestered for autolysosomal degradation. In the late stage
of autophagy, lysosomal hydrolases degrade the autophagy receptor
p62 along with LC3-IL.

Activation of the autophagic machinery induced by mildly toxic
agents is understood to serve pro-survival functions in order to remove
sources of damage. Examples are mitotoxins in mitophagic clearance,
DNA-damaging agents in nucleophagy or viral/bacterial components in
xenophagy.®” A prolonged activation or disrupted completion of au-
tophagy can result in an elevation of the intracellular stress level above
a threshold, ultimately leading to the induction of apoptosis. Via several
molecular cross-regulatory events—including the caspase-dependent
cleavage of ATGs—apoptosis then inhibits autophagy. The mode of
action of numerous cytotoxic natural compounds involves the initiation
of apoptosis being accompanied with either pro- or anti-autophagic
effects depending on cell lines, concentrations and especially time
points investigated. Generally, one should consider kinetic aspects of
autophagy and apoptosis assays following treatment with different
stimuli. Usually natural compounds induce the intrinsic apoptosis sig-
naling pathway, characterized by the release of cytochrome ¢ from
mitochondria, the formation of an apoptosome and a cascade of cas-
pases. Assays monitoring such apoptosis induction often rely on the
detection of cleaved caspases, an event relatively late in the pathway.
On the other hand, both formation and lysosomal degradation of au-
tophagosomes happen within minutes. The accumulation of autophagy
markers such as LC3 is a rapid dynamic process within the first minutes
to hours after autophagy induction.>®*° Furthermore, this LC3 accu-
mulation can be indicative of contrasting events: an induction of ca-
nonical autophagy including LC3 lipidation, an acceleration of the li-
pidation process independent from canonical autophagy, or a late-stage
inhibition of autolysosome formation or lysosomal degradation.
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Increasing levels of total LC3 can also be indicative for increased LC3
transcription. Therefore, conclusions about pro- or anti-autophagic ef-
fects of stimuli require thorough examination of multiple autophagic
markers and time points. Additionally, assays should be performed in
combination with known autophagy initiators or inhibitors.

3. Emodin

One of the best-studied anthraquinones is emodin, which got its
name from the Himalayan rhubarb (Rheum emodi). It passes the cell
membrane and can be detected in the cytoplasm of macrophages by its
autofluorescence.*® Within the cell, emodin exerts a range of pharma-
cological actions, such as anti-inflammatory,*’ anti-fibrotic,** anti-
proliferative,'® anti-angiogenic,** and pro-apoptotic effects.'’ %> The
anti-cancer activity of emodin was observed in a wide range of different
cancer types and through the involvement of various molecular path-
ways including the PI3K/AKT pathway in cervical cancer, breast cancer
and pancreatic cancer.** Emodin displays over 25-fold differential cy-
totoxicity against ras-transformed bronchial epithelial cells in compar-
ison to non-transformed human bronchial epithelial cells and is there-
fore often designated the ‘new lead anticancer agent’.”” It also appears
to have a high specificity on human neuroectodermal tumors both in
vitro and in vivo due to its pro-apoptotic effects.”®

Apart from cancer, emodin has been proposed to be beneficial in a
wide range of chronic diseases as it downregulates transcription factors
such as nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) in a model of
chronic lung disease, NF-kB in models of rheumatoid arthritis, cardio-
vascular, lung and kidney diseases or peroxisome proliferator-activated
receptor gamma (PPARy) in diabetes and cardiovascular diseases.*®
Following an inhibition of NF-kB, emodin led to downregulation of
inflammatory-related proteins such as vascular endothelial growth
factor (VEGF), hypoxia-inducible factor 1-alpha (HIF-1a), cycloox-
ygenase-2 (COX-2), interleukin 1 beta (IL-1f3), matrix metalloprotei-
nases MMP-1, MMP-13 and pro-inflammatory cytokines such as pros-
taglandin E2, tumor necrosis factor (TNF-a), interleukins 6 and 8 (IL-6,
IL-8). The inhibition of the NF-xB pathway is associated with an in-
duction of autophagy in the case of natural compounds such as re-
sveratrol or cucurmin.®” Activation of the NF-kB pathway on the other
hand is associated with an inhibitor of kappa B kinase (IKK)-dependent
activation of mTOR resulting in the inhibition of the autophagic
flux.**° In contrast, activation of the NF-xB pathway can result in
nuclear translocation of the NF-kB family member p65, inducing tran-
scription of the BECN1 gene (encoding Beclin 1) and thus facilitating
autophagy.®' As a transcription factor, NF-kB rather contributes to the
long-term regulation of autophagy. Accordingly, additional pathways
are likely to account for short-term autophagy-modulating effects of
natural compounds.

Co-treatment of emodin and TNF-a attenuated pro-apoptotic and
pro-autophagic effects, such as the upregulation of Beclin 1, ATG7 and
LC3-II as well as cleaved caspase 3 and cleaved poly (ADP-ribose)
polymerase (PARP), in mouse C2C12 myoblasts probably via inhibition
of the NF-kB pathway and increased AKT phosphorylation.”> On the
opposite, treatment with emodin alone was shown to decrease mTOR-
and CK2-dependent phosphorylation of AKT in HeLa cells.”® A decrease
in AKT phosphorylation was also observed after treatment with emodin
loaded liposomes in Her2/neu over-expressing breast cancer cell line
MDA-MB-453.>* Furthermore, it was reported that emodin inhibits
casein kinase II (CK2).°>°® The inhibition of CK2 was recently linked to
the induction of autophagy. It was found that both CK2-targeting siRNA
and the specific CK2 inhibitor CX-4945 led to an induction of autop-
hagy in the three different human pancreatic cancer cell lines BxPC3,
8902 and MIA PaCa-2, and to an autophagy-accelerated apoptotic cell
death, since suppression of ATG7 reduced CX-4945-induced apop-
tosis.”” Structurally, it appears that the hydroxy group at C3 of emodin
is essential for binding to and inhibition of CK2.°*°° In addition to CK2,
emodin inhibits serum- and glucocorticoid induced kinase (SGK).®!
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Inhibition of SGK either by the specific inhibitor GSK650394 or SGK1
shRNA has been shown to induce autophagy in the human prostate
cancer cell line PC3 via a reduction of mTOR phosphorylation and a
phospho-FOX03a-LC3 interaction, which ultimately resulted in both
autophagy and apoptotic cell death.°* In the case of NRK-52E cells,
emodin also induced the activation of AMPK, which resulted in LC3
lipidation and was reversed by the AMPK inhibitor dorsomorphin
(compound C). A second stage activation of AMPK after 6 h was coin-
cident with decreased autophosphorylation of mTOR at Ser2481 and
transphosphorylation of p70 S6 kinase (p70 S6K) at Ser371.°® In ad-
dition, emodin treatment resulted in an early decrease of mTOR
Ser2448 phosphorylation in HL-60 cells and was responsible for de-
creased mTOR-dependent AKT Ser473 phosphorylation.*>®* Down-
stream of mTOR, it was shown that emodin prevents phosphorylation of
p70 S6K at Ser371 and its IGF-1 induced phosphorylation at T389, as
well as phosphorylation of p85 S6K at T412.°*%® By downregulating
both the AKT-mTOR-axis and the p38 pathway, emodin also inhibited
cell proliferation of HBZY-1 rat mesangial cells.°® Supporting the sce-
nario of mTOR inhibition, plenty of evidence has been found for the
induction of autophagy by emodin. ATG12-ATG5 is increased in HO-
8910, HeLa and Jar cells upon prolonged emodin treatment, and
emodin-dependent autophagosome accumulation was observed in
human vascular smooth muscle and HeLa cells as investigated by
electron microscopy.**°%°” Reinforcing the modulation of autophagy
by emodin, the accumulation of autophagy markers LC3, especially li-
pidated LC3-II, and Beclin 1 has been observed in a range of different
cell lines (see Table 1). The decrease of these markers can be indicative
for the degradation by either autolysosomal hydrolases or apoptosis-
related caspases, or for the negative transcriptional regulation in re-
sponse to other upstream pathways.®®®° Finally, also opposite ob-
servations have been made. Hu et al. reported that emodin prevents the
lipidation of LC3 during starvation-induced autophagy by specifically

Table 1
Effect of emodin treatment on components of the autophagic pathway.
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activating mTOR in a rat kidney cell line.”® The balance of mTOR in-
hibition and activation might therefore be cell type-specific, while the
data hints to an mTOR-inhibitory effect of emodin in cancer cells. In
these cells, emodin was shown to have additive or synergistic effects
with chemotherapeutic drugs, such as arsenic trioxide, TRAIL, or cis-
platin, sensitizing those cells to cell death. Non-tumor cells were not
responsive to the combination treatments.”’”®> Most importantly,
combination treatment with cisplatin and emodin induced cell death in
platinum-resistant cancer cells by decreasing AKT phosphorylation and
inducing caspase-mediated apoptosis.”®

4. Aloe emodin

Aloe emodin had a pronounced anti-proliferative effect in Merkel
carcinoma cells, a highly aggressive and resistant cell line, and it po-
tentiated the anti-proliferative effect of chemotherapeutic agents such
as cisplatin, doxorubicin, and 5-fluoroucil.®®

Similar to emodin, aloe emodin exhibited a higher cytotoxicity
against oral squamous cell carcinoma and salivary gland tumor cells
than against normal human gingival fibroblasts (HGF).®! It has further
been suggested to be a ‘new lead anticancer agent’ due to its cancer
specific cytotoxicity both in vitro and in vivo.?° Aloe emodin seems to
induce apoptosis, and this effect is even more pronounced in human
neuroectodermal tumors in comparison to normal fibroblasts or he-
matopoietic progenitor cells. The uptake of aloe emodin was extremely
pronounced in these cells and involved an energy-dependent drug im-
port.

The drug specifically inhibited TNF-a induced but not UV radiation-
or hydrogen peroxide-induced apoptosis and necrosis in L929 mouse
fibrosarcoma and U251 human glioma cell lines.®? Under these treat-
ments as well as under basal conditions, aloe emodin inhibited the
activation of the ERK1/2 pathway. Along these lines, a selective ERK

Experimental model Dosage and duration of treatment

Autophagy-related response Reference

NRK-52E cells 10-100uM; 1h

50 uM; 30 min-6 h

Hela cells 40 uM; 4h
30uM; 12h
Hela cells 1-100 uM; 48h
hvSMC 25 pug/mL = 92.5 uM; 24h
HO-8910, HeLa & Jar cells 0-15 pM;
72h
HCT116 & LOVO cells 5-40 uM;
6-36h

HL-60 cells 10-80 uM; 12-48h

Model of acute pancreatitis in Wistar rats 40 mg/kg per day, intragastrically

IEC-6 cells 6-24 h; in hypoxia
NRK-52E cells 10 uM
HK-2 cells 40 uM; 24.5h

+ 24 h FCS-free pre-treatment
+ 10 pg/L TGF-B1

SW480 cells 10-20 uM; 24h

LC3-L, -1t Liu et al., 2016 (Ref.%®)
phospho-p70 S6K Ser371|
phospho-mTOR Ser2481

phospho-AMPK Thr1721

mTOR activity|

IGF-1 induced phospho-p70 S6K Thr389)
IGF-1 induced phospho-p85 S6K Thr412|
autophagosomes in electron microscopy!
lysosomal permeability?

autophagosomes in EM{

LC3 (via microscopy)!

Beclin 11

Atgl2-Atg51

p62| Wang et al., 2018 (Ref.'®)
LC3-1}

LC3-1I1

Beclin 11

+ chloroquine: LC3-1I

mTOR|

phospho-mTOR Ser2448 (12 h; 80 uM)|
LC3 mRNA, LC3-II}

p62 mRNA, p62|

Beclin 1 mRNA, Beclin 1|

Beclin 1 mRNA?

LC3 mRNA?T

starvation-induced LC3 lipidation|

via mTOR pathway

Olsen et al., 2007 (Ref.”®)

Trybus et al., 2017 (Ref.®®)

Wang et al., 2007 (Ref.*?)
Wang et al., 2015 (Ref.®”)

Zheng et al., 2007 (Ref.oh

Yu et al., 2018 (Ref.*”)

Zheng et al., 2015 (Ref.””)

Hu et al., 2015 (Ref.”®)

LC31 Dou et al., 2018 (Ref.”®)
LC3 mRNA?

Beclin 11

Beclin 1 mRNA?

LC3-111 Li et al., 2017 (Ref.”?)

Beclin 11
p62|
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inhibitor mimicked the cytoprotective action of the anthraquinone de-
rivative. Similar to the effect of rhein in the murine glioma cell line F98
(described below), aloe emodin also markedly inhibited the activation
of ERK1/2 in the murine glioma cell line C6, while it did not affect p38,
c-Jun N-terminal kinases (JNK) or NF-kB pathways.®*

During the cytoprotective bioactivity of aloe emodin in TNF-a in-
duced apoptosis, intracellular acidified autophagic vesicles accumu-
lated. Additional inhibition of autophagy with bafilomycin A; or 3-
methyladenine (3-MA) efficiently prevented the cytoprotective effect of
aloe emodin.®? On its own, aloe emodin treatment resulted in increased
autophagy whereas inhibition of autophagy enhanced aloe emodin
cytotoxicity.

Furthermore, aloe emodin has been assessed in the development of
photodynamic therapy (PDT), a new promising approach for anti-
cancer therapy of solid tumors. Aloe emodin serves as photosensitizer to
produce reactive oxygen species (ROS) and triggers autophagy and
apoptosis of MG-63 cells. Inhibition of autophagy enhanced apoptosis
and sensitized the cells to aloe emodin-PDT treatment. The formation of
ROS was responsible for a subsequent phosphorylation of JNK.'” Even
though the effect on autophagy and apoptosis are congruent with non-
PDT aloe emodin treatment, it can be speculated that they can be co-
ordinated via different pathways (JNK or ERK) depending on the PDT-
triggered induction of ROS.

5. Rhein

Rhein is one of the bioactive dihydroxy-anthraquinone compounds
in Chinese rhubarb and is involved in its effects in improving renal
dysfunction in patients with chronic kidney diseases.** Studies have
proven that rhein inhibits the expression of transforming growth factor
(TGF)-31, fibronectin and actin in unilateral ureteral obstruction (UUO)
kidneys ameliorating renal fibrosis in vivo.®®

Studies using both rhubarb decoction and isolated rhein revealed a
decrease in fibrotic protein levels in rat kidney cells accompanied by an
anti-autophagic mode of action of rhein.®® Similar to the findings of Hu
et al. who detected an mTOR-dependent inhibition of LC3 lipidation by
emodin, Tu et al. show that rhein prevented the starvation-induced li-
pidation of LC3 by inhibiting AMPK and thereby increasing mTOR ac-
tivity in rat renal tubular cells.”®®® In the same study, treatment with
rhein decreased AKT phosphorylation but this event does not appear to
be involved in the inhibition of LC3 lipidation.

Consistent with a malfunction of the autophagic flux, rhein induced
the accumulation of acidic compartments indicative of either an in-
duction of autolysosome formation or a failure in autolysosomal de-
gradation in both human and murine glioma cells.®” Matching the ac-
cumulation of autolysosomes, Tang et al. observed increased protein
levels of autophagy-related Beclin 1 and LC3. They also observed in-
creased apoptosis-related levels of BCL-2, BAX, and caspase 3 in the
glioma model, which might point toward the induction of apoptosis
after a prolonged disruption of the autophagic flux. Although the in-
crease of apoptotic and autophagic proteins was accompanied by an
inhibition of ERK1/2 activity, specific ERK inhibitors failed to mimic
the rhein-induced autophagic vesicle accumulation. Similar to AKT,
rhein-dependent modulation of autophagy seems to be independent of
ERK1/2. In contrast to the inhibition of the ERK1/2 pathway, rhein did
not affect p38 or JNK in rat F98 glioma cells but inhibited the p38
pathway in rat kidney cells and JNK in mouse epidermal cells indicating
that the modulation of rhein-dependent pathways is tissue specific and
not necessarily connected to its effect on autophagy.®®~%°

Previous studies also suggested that rhein suppresses the PI3K/AKT
pathway and phosphorylation of ERK while it also inhibited the activity
of heat shock protein 90 alpha (HSP90a), an event that induced the
degradation of HSP90 client proteins like NF-kB, COX-2, and HER-2.”°
Hsp90 also serves as chaperone for ATGs like Beclin 1 and Ulk1.%7-%1-%2
The degradation of ATGs, which are required for autophagy, via a
rhein-dependent inactivation of HSP90 might be a cause of incomplete
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autophagic flux and the induction of cell death pathways such as
apoptosis.

6. Chrysophanol

Chrysophanol (also chrysophanic acid), another dihydroxy-anthra-
quinone, can be found as component of rhubarb plants.'® In a number
of cytotoxicity studies, chrysophanol inhibits cell growth in cancer
cells.”>?* The inhibition of cell growth was accompanied by an in-
duction of cell death in J5 human liver cancer cells, which is reported to
be independent of apoptosis.”® Although chrysophanol increased ROS
and promoted Ca®>* release from mitochondria in the human lung
cancer cell line A549, apoptosis was not triggered in this cell line.°® The
generation of ROS might be one explanation for an additionally ob-
served induction of DNA damage. Also in response to ROS production,
treatment with chrysophanol further disrupted the mitochondrial
membrane potential, which increased the intracellular AMP:ATP ratio.
Following the disruption of mitochondria, cytochrome ¢ was released
which interestingly did not trigger apoptosis but necrosis.’® In the same
cell line, chrysophanol upregulated p53 while inhibiting its transloca-
tion into the nucleus, which in turn increased mTOR expression and
inhibited autophagy.’” Supporting an anti-autophagic role of chryso-
phanol, a screening of compound libraries on GFP-LC3-positive cells
revealed that chrysophanol is a very potent inhibitor of autophagoly-
sosomal degradation.”®

Additionally, a screening with different cancer cell lines revealed
that chrysophanol preferably exhibits anticancer activity in EGF-R-
overexpressing cells.”® In these cells, chrysophanol treatment inhibited
the EGF-mediated activation of its receptor (EGF-R) and thereby sup-
pressed downstream activation of AKT, ERK, and mTOR. This effect
contrasts with the situation in EGF-R non-overexpressing A549 cells,
where chrysophanol exhibited anti-autophagic activity via increasing
protein levels of mTOR.”®

Both events, the induction of a mitochondrial catastrophe via in-
creased ROS and the indirect suppression of the AKT/mTOR-axis can be
triggers for the induction of autophagy. However, the extensive damage
on the mitochondrial network triggering necrosis might eventually
prevent autophagic completion and cause LC3 accumulation. The exact
sequence of events including the activation or inhibition of the mTOR
pathway and modulation of the autophagic flux might be dependent on
the EGF-R-status of the tumor cell line and the modulation of pro-ne-
crotic pathways.

7. Physcion

Physcion, also named parietin, resembles chrysophanol except for
an additional methoxy-group at the C6 position. It is postulated to be a
promising anti-cancer agent as two groups individually showed that
physcion induced caspase-dependent apoptosis and dose-dependently
suppressed the tumor growth in a murine xenograft model.’**'°" Si-
milar to chrysophanol, physcion was able to enhance ROS levels, which
was responsible for both pro-autophagic and pro-apoptotic signals in
cancer cells.'®’ More precisely, ROS production resulted in a decrease
in specificity protein 1 (Sp1) and microRNA 27a (miR27-a) expression,
which was responsible for physcion-induced increase in acidic vesicular
organelles, LC3 lipidation and degradation of p62. Physcion-induced
reduction of cell viability could partially be abolished by the autophagy
inhibitor 3-MA.

In turn, the inhibition of apoptosis enhanced physcion-induced au-
tophagy while still inducing a form of cell death, supporting two pos-
sible scenarios: The inhibition of apoptosis prevents apoptotic cell
death, but a prolonged incubation with physcion drives the cell into an
autophagic cell death. Alternatively, the inhibition of apoptosis initially
keeps the intracellular stress signal below a certain threshold, acti-
vating the autophagic pathway as a pro-survival mechanism, which
ultimately fails and induces non-autophagic, non-apoptotic cell death.
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Supporting a pro-survival role of autophagy in physcion-induced cell
death, inhibition of autophagy using ATG5-targeting siRNA elevated
apoptotic cell death even further in human hepatocellular carcinoma
and endocervical adenocarcinoma cell lines.*®°

Both autophagy and apoptosis markers were increased in these cells
upon physcion treatment: the cells exhibited an increase in LC3 lipi-
dation, Beclin 1 and ATG5 protein levels and degradation of p62,
synchronously to an accumulation of cleaved caspases. Both effects
seem to be mediated via the JAK2/STAT3 pathway in the two cell lines.
This pathway is known to have multiple inhibitory connections with the
autophagy pathway; e.g. cytosolic STAT3 constitutively inhibits au-
tophagy by regulating microRNAs and interacting with the autophagy-
relevant transcription factors FOXO1 and FOX03.'%% Additionally, nu-
clear STAT3 dimers transcriptionally repress pro-autophagic target
genes such as BECN1 or PIK3C3, the gene encoding for VPS34, while
activating the transcription of anti-autophagic factors such as
BCL2,103-105

8. Altersolanol A

Altersolanol A is a pentahydroxy-anthraquinone derivative ex-
hibiting four hydroxy groups at ring C, forming a highly substituted
cyclohexane moiety in comparison to all other anthraquinone deriva-
tives discussed in this manuscript. Its investigated effects include a high
cytotoxicity especially towards cancer cell lines.'*®'°” Altersolanol A
induced apoptosis in human chronic myeloid K562 leukemia and A549
lung cancer cells with markedly lower cytotoxicity in non-cancerous
isolated peripheral blood mononuclear cells.'®” Furthermore, it in-
hibited TNF-a induced activity of NF-kB in the human leukemia cell
line K562 in a dose dependent manner. In addition to inactivation of the
NF-kB pathway, altersolanol A is an effective inhibitor of various ki-
nases including AKT1, EGF-R and IGF-R.'%%711°

Both the potentially wide therapeutic window and its cytotoxicity
towards a range of cancer cells highlight altersolanol A as a promising
new chemotherapeutic agent. So far, it revealed a potent cytotoxic ac-
tivity towards a panel of 34 different human tumor cell lines after 4
days of treatment with IC50 values between 0.001 and 0.412 pg/ml
(resp. 0.003 and 1.225 uM).°® The cytotoxic effect was mediated by an
induction of apoptotic cell death accompanied by common markers
such as an induction of caspases-3/-9 cleavage and a decrease in the
expression of anti-apoptotic proteins. These pro-apoptotic effects were
also observed by our group: We detected common apoptosis-related
events such as caspase-3 activity, PARP cleavage, and DNA fragmen-
tation in human T cell leukemia, acute myeloid leukemia, and Burkitt’s
lymphoma cell lines (unpublished data). Additionally, we detected an
accumulation of fluorophore-tagged LC3 in human embryonic kidney
(HEK) and mouse embryonic fibroblast (MEF) cells after starvation-in-
duced autophagy, indicating an anti-autophagic effect of altersolanol A.

Two groups emphasized the importance of the paraquinone moiety
of altersolanol A for its bioactivity: Teiten et al. showed that the abla-
tion of the paraquinone moiety with or without substitution with hy-
droxy groups as in the case of tetrahydroaltersolanol B or ampelanol
prevents the cytotoxicity of the respective altersolanol A derivatives.'®”
Acetylation of altersolanol A into tetraacetylaltersolanol A does not
prevent altersolanol A bioactivity. Although the lipophilicity is an im-
portant factor in pharmacokinetics—e.g. affecting membrane passage
or tissue distribution—an increased lipophilic character of altersolanol
A derivatives does not appear to have a huge impact on the examined
pathways. Similarly, Aly et al. detected a high cytotoxic activity of al-
tersolanol A toward L5178Y mouse lymphoma cells while altersolanol
J, harboring a hydroxy group instead of the second keto group at the
central ring, showed only weak activities.**

9. The two towers-autophagy and apoptosis

Most researchers agree on the role of autophagy being
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predominantly pro-survival, whereas apoptosis is a form of pro-
grammed cell death. These two mechanisms have very distinct char-
acteristics; while autophagy is characterized by the activity of ATGs and
the formation of autophagosomes/autophagic vesicles, apoptosis in-
volves the activation of a cascade of caspases and the formation of
apoptotic bodies. The characteristics include that autophagy is a basal
mechanism in almost all cells, which can be dimmed or elevated, while
apoptosis is an escalating event without reversibility if a certain
threshold has been passed. Often however, these two pathways are
induced by the same stimuli, although it is thought that they pursue
very different intentions. Natural compounds inducing damage might
trigger initial autophagy to eradicate the source of damage and afflicted
organelles. This can co-occur with an autophagy-dependent inhibition
of apoptosis e.g. by autophagic clearance of mitochondria prior to cy-
tochrome c release (mitophagy), by autophagic degradation of pro-
apoptotic proteins, or directly by proteins that are both pro-autophagic
and anti-apoptotic, such as BCL-2 and proteins of the Bcl-2 associated
athanogene (BAG) family.''? Upon reaching lethal concentrations of
cytotoxins, a certain threshold will be passed and irreversible cell death
will be initialized. The nature of this cell death depends on a finely
regulated array of pathways and additional triggers and can show
features of necrosis, autosis, apoptosis, necroptosis, anoikis or autop-
hagic cell death. For the latter, the Nomenclature Committee on Cell
Death (NCCD) defined autophagic cell death as a process involving
ATGs, which can be suppressed by pharmaceutic or genetic inhibition
of the autophagic pathway and proven by knockdowns of at least two
essential autophagic genes.''® Due to the considerable methodical and
theoretical expenditure of this definition, most reports usually describe
the co-existence of autophagic and apoptotic effects and lack an in-
depth characterization of the relationship between the two pathways.
Still, three possible modes have been proposed: (I) autophagy and
apoptosis occur simultaneously but unconnected, (II) autophagy acts
cytoprotective against apoptosis, (III) autophagy precedes apoptosis in
a time- or concentration-dependent manner.''* In the case of anthra-
quinones, evidence on emodin and physcion hint towards two possible
relations. First, autophagy appears to promote apoptosis in the case of
physcion treatment in CNE2 cells and emodin treatment in HCT116 and
LOVO colon carcinoma cells, since in both cases inhibition of autophagy
by 3-MA or chloroquine mitigates apoptotic cell death.'*'°! However,
the inhibition of autophagy does not completely rescue the cells from
apoptotic events or cell death, indicating an additional autophagy-in-
dependent induction of apoptosis by the examined anthraquinones.
Second, autophagy can also prevent apoptosis induced by anthraqui-
nones. In rat renal epithelial cells, the induction of autophagy by
emodin lessened cisplatin-induced apoptotic cell death.®® Similarly,
aloe emodin induced autophagy, which prevented TNFa-induced cell
death of the mouse fibrosarcoma cell line L929 and a TNF-sensitive
subclone of the human glioma cell line U251.%% In the case of physcion
treatment in Hep3B and SMMC7721 hepatic carcinoma cells, inhibition
of autophagy by 3-MA or ATG5 siRNA exacerbated the apoptotic phe-
notype.'°° It is important to note that not only apoptosis was attenuated
by physcion-induced autophagy, but also cancer cell migration and
invasion. Due to cell type specific differences and other contributing
factors, it is not trivial to determine the order of events that finally lead
to cell death, but the modulation of autophagy seems to contribute to a
large part to cancer cell fate during anthraquinone treatment and is
most effective at early time points and sublethal concentrations.

One contributing factor is the balance of ROS, which serve as sig-
naling molecules within redox signaling. They increase upon starvation,
hypoxia, TNFa treatment, and nerve growth factor (NGF) deprivation
and trigger autophagy in order to reduce intracellular oxidative
stress.''® Increased ROS directly oxidize a cysteine residue of ATG4, the
protease that also mediates the deconjugation of LC3 from phosphati-
dylethanolamine on the outer autophagosomal membrane, and thus
further increase autophagy.''® ROS induction was also found to be in-
volved in the modulation of autophagic core components by emodin.



J. Deitersen, et al.

Bioorganic & Medicinal Chemistry 27 (2019) 115042

Table 2
ROS-dependent effects of anthraquinones on the autophagic and apoptotic pathway.
Experimental model Dosage and duration of treatment Response Reference
DU-145 & HDF cells 50 uM emodin ROS? Huang et al., 2008 (Ref.”")

A549 cells 50 uM emodin; 0.5-6 h

COC1 & COC1/DPP cells 50 uM emodin; 24 h

hvsMC 0-25 pg/mL (92.5 pM) emodin; 0-72h
HCT116 & LOVO cells 40 uM emodin
CNE2 cells 0-20 uM physcion; 48 h
SW480 cells emodin
EC/CUHKI cells 10 uM emodin; 72h

EC/CUHKI1 cells 25 uM aloe emodin; 72h

+ As;03/DDP/Taxol/DOX: viability|, apoptosist

+ NAC: viability?, apoptosis|

ROS? Huang et al., 2013 (Ref. ''%)
+ Asc: apoptosis)

+ NAC: apoptosis|,

+ DDP: ROS?, apoptosist
+ NAC: ROS|, apoptosis|

Ma et al., 2014 (Ref.”®)

ROS? Wang et al., 2007 (Ref.*?)
+ DPI: ROS|, apoptosis)

ROS! Wang et al., 2018 (Ref."?)
+ NAC: apoptosis|, autophagy|

ROS? Pang et al., 2016 (Ref.'°")
+ NAC: apoptosis|, autophagy|

ROS?! Li et al., 2017 (Ref.”?)

+ NAC: apoptosis|, autophagy|

+ As,03: ROS?, AWm|, apoptosis/
+ NAC: apoptosis|

+ As,03: ROSY, apoptosis!

+ NAC: apoptosis|

Yang et al., 2004 (Ref.”®)

Yang et al., 2004 (Ref.””)

As,03: arsenic trioxide; Asc: ascorbic acid; DDP: cis-diamminedichloroplatinum(II)/cisplatin; DOX: doxorubicin; DPI: diphenylene iodonium; NAC: N-acetylcysteine;

AWm: mitochondrial membrane potential.

One of the most rapid effects is the dynamic phosphorylation of
AMPK.®*!'7 AMPKa phosphorylation at Thr172 occurred in rat kidney
epithelial NRK-52E cells after 30 min of 50 uM emodin treatment and in
L6 myotubes after 1 min of 3 uM emodin treatment.®®> This phosphor-
ylation is catalyzed by LKB1 in response to an increased AMP:ATP
ratio.’'® Song et al. showed that emodin-mediated activation of AMPK
is ROS- and CaMKK-dependent and included the inhibition of mi-
tochondrial complex I within the first 10 min of emodin treatment
causing an increase in the AMP:ATP ratio.'"”

There are several additional indications that the increase in ROS
caused by anthraquinones contributes to the modulation of autophagy
and cell viability (Table 2). It has been shown that emodin and physcion
increase intracellular ROS, while co-treatment with antioxidants such
as N-acetyl cysteine (NAC), ascorbic acid (vitamin C, Asc) or dipheny-
lene iodonium (DPI) counteracted anthraquinone-induced autophagy,
apoptosis, and cell death. The importance of ROS induction for cell
death is especially true for combination treatments with emodin and
other chemotherapeutics.”’”® Yang et al. also noted that cell death
induced by combination treatment of emodin and arsenic trioxide was
facilitated by increased ROS levels, which induced a collapse of the
mitochondrial transmembrane potential, the release of cytochrome c,
and the activation of caspases-3 and -9, while it suppressed the acti-
vation of NF-kB and downregulated the anti-apoptotic protein sur-
vivin.”® Using a ¢cDNA microarray-based global transcription profiling,
Wang et al. postulated that an increase in ROS modulates the expression
of a number of genes involved in signal transduction, cell-cycle reg-
ulation, and organelle functions, which in turn contribute to the sen-
sitization towards cell death.”* Anthraquinone-induced increase in ROS
levels as well as ROS-mediated autophagic modulation might therefore
be involved in the shaping of cancer cells’ fate in multiple ways.

10. Structure activity relationships

Structurally, anthraquinones discussed in this manuscript share two
main characteristics: the paraquinone moiety and substitution with
hydroxy groups. Kamei et al. therefore tested mono-, bi- and tricyclic
quinones with several hydroxy substitution patterns on cell growth
inhibition of human colon carcinoma cells.'*° They found that bi- and
tricyclic compounds were more effective than the monocyclic quinones
and that substitution with at least two or more hydroxy groups was
essential for their cytostatic effects. Of course not only the number of

hydroxy groups is important, but also their position. Cai et al. con-
firmed that hydroxy groups were essential for the bioactivity of an-
thraquinones, and proposed a necessity of the ortho-dihydroxy structure
to enhance radical scavenging effects.®!>!

There are also multiple indications highlighting the importance of a
hydroxy group at C3 position of ring C (Fig. 1) of anthraquinones for
bioactivity. For once, computational investigations of the theoretical
bond dissociation enthalpy (BDE) and density functional theory (DFT)
predicted that the 3-OH group of emodin is important for its anti-oxi-
dant role as radical scavenger.'?* They also confirm the preferred enol
over the keto conformation of emodin due to stabilization of the -
conjugation. For protein binding it has been shown that the 3-OH is
essential for the interaction with the amino acid residues Asp175 and
Lys68 within the binding pocket of CK2 facilitating the inactivation of
various downstream pathways (Fig. 4).%°

Furthermore, the substitution of the anthraquinone rings eventually
influences pharmacokinetic parameters such as hydrophilicity but also
drug metabolization. Pharmacokinetic screenings of anthraquinones
revealed several drug modifications in vitro and in vivo.'*>'?* Especially
emodin gets rapidly glucuronidated in intestinal and liver microsomes
of humans and rats at C3 position, fitting to the scheme of glucur-
onidation of anthraquinones containing -oriented hydroxy groups by
UDP-glucuronosyltransferases of the 2B2 subfamily.’** In contrast to
the aglycone parent emodin, glucuronidated emodin is the main
bioactive compound in ROS scavenging.'?® On the other hand, glyco-
sylation of the rings abolished bioactive effects like radical scavenging,
inhibition of cell proliferation, inflammatory cytokine production and
Ca®* mobilization."®® It remains to be determined if the parent an-
thraquinones or their respective glucuronidated derivatives mediate the
modulation of autophagy.

In our screening for anthraquinones with modulating effect on au-
tophagy, we identified 1’-deoxyrhodoptilometrin,  1’-deox-
yrhodoptilometrin-6-O-sulfate, emodin, altersolanol A, skyrin and bie-
modin as anti-autophagic in amino acid starvation-induced autophagy
(Fig. 3). SAR studies revealed an importance of the ortho-hydroxylation
of C1 and C8, and the presence of an oxygen atom at C3 (even if sul-
fated as in the case of 1’-deoxyrhodoptilometrin-6-O-sulfate). Further-
more, an additional hydroxy-containing moiety at C6 completely
abolished the effect as in the case of (S)-(-)-rhodoptilometrin. The
positions C1, C3 and C8 seem to be involved in the target-binding
ability of hydroxy-anthraquinones, scavenging effects and their effect
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Fig. 4. 2D diagram of amino acid residues facilitating binding of emodin within
CK2 binding pocket. PDB ID: 3BQC.>®

on autophagy modulation. Therefore the modulation of autophagy by
anthraquinone treatment might depend on their radical scavenging or
ROS producing function in addition to specifically targeted pathways.

11. Conclusion

There is a great potential of pleiotropic cytotoxic compounds in the
treatment of cancer as their advantages are usually a rapid induction of
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Fig. 3. Inhibitory effect of the anthraquinone deri-
vatives 1’-deoxyrhodoptilometrin-6-O-sulfate, 1’-
deoxyrhodoptilometrin, altersolanol A, emodin,
skyrin and biemodin on starvation-induced autop-
hagy. Mouse embryonic fibroblasts expressing
mCitrine-LC3 were treated with 10 uM of indicated
anthraquinone derivatives in either full medium
(DMEM) or starvation medium (EBSS) for 6h in
biological triplicates. Fluorescence intensity of
mCitrine-LC3 was measured via flow cytometry and
normalized to complete inhibition of basal autop-
hagy in full medium (DMEM + bafilomycin A;). Low
mCitrine-LC3B fluorescence intensity correlates to
increased autophagy and vice versa. Statistical ana-
lysis was performed by a two-way ANOVA plus
Dunnett‘s multiple comparisons post-hoc analysis of
n = 3 with a = 0.05. ****P value < 0.0001 treat-
ment versus DMSO control. Error bars represent SEM.

cell death due to the modulation of various pathways at once, and a
lesser chance of cancer therapy resistance. As in the case of altersolanol
A, a high specificity towards cancer cells indicates that these com-
pounds target pathways that are upregulated in cancer. With further
research on the structure activity relationships of anthraquinone deri-
vatives it might be possible not only to use natural anthraquinones but
also to synthesize custom-designed compounds based on the three
rings, two keto-groups core structure of anthraquinones to specifically
target relevant pathways.

Pro-/anti-apoptotic and pro-/anti-autophagic effects of all anthra-
quinones seem to be dependent on various factors such as cellular
model system, parallel stimulation of pathways, concentration of
compounds, administration form and incubation times. Each compound
seems to have its own fingerprint-like mode of action in different cell
types. A possible scenario for the observed pleiotropic effects on au-
tophagy might be an early induction of autophagy via the inhibition of
the PI3K/AKT/mTOR pathway or the formation of ROS. Further toxic
exposition to the anthraquinone stimulus might push the intracellular
homeostasis over a tipping point inducing apoptosis and simultaneously
inhibiting autophagy.

The core characteristics—three rings, two para-keto groups, and
hydroxylation of positions C1, C3 and C8—appear to be necessary for
the bioactivity of anthraquinones and their “ruling” of various path-
ways. Keeping in mind a possible importance for glucuronidated me-
tabolites of anthraquinones, a fourth ring might be necessary to rule at
least some involved pathways.
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Abstract

Autophagy is an intracellular recycling pathway with implications for intracellular homeostasis and cell
survival. Its pharmacological modulation can aid chemotherapy by sensitizing cancer cells towards
approved drugs and overcoming chemoresistance. Recent translational data on autophagy modulators
show promising results in reducing tumor growth and metastasis, but also reveal a need for more specific
compounds and novel lead structures. Here, we searched for such autophagy-modulating compounds
in a microtubule-associated proteins 1A/1B light chain 3B (LC3)-based high-throughput screening of an
in-house natural compound library. We successfully identified novel inducers and inhibitors of the
autophagic pathway. Among these, we identified arzanol as autophagy-modulating drug that is able to
sensitize RT-112 bladder cancer cells towards cisplatin (CDDP). Its anticancer activity was further
confirmed in monotherapy against both CDDP-sensitive and -resistant bladder cancer cells. We
determine arzanol as novel mitotoxin, inducing the fragmentation of mitochondrial membranes, and
identified a series of new targets for arzanol that involve proteins of the class of mitochondria-associated
quinone-binding oxidoreductases. Using fluorescence microscopy, we show that arzanol further causes
the accumulation of ATG16L1-positive structures, while it also induces the accumulation of lipidated
LC3. Surprisingly, we observed a reduction of the size of autophagosomes compared to the bafilomycin
control and a pronounced accumulation of p62/SQSTM1 in response to arzanol treatment in Hela cells.
We therefore speculate that arzanol acts both as inducer of early autophagosome biogenesis and as
inhibitor of later autophagy events. Collectively, our results suggest arzanol as valuable tool for

autophagy research and cancer therapy.



Introduction

As of today, the discovery of approved anticancer drugs falls behind the rapid increase in cancer-related
mortality. Cancer drug discovery therefore focusses on repurposing approved and identifying novel
bioactive compounds that can serve as lead compounds or clinical drug candidates. Most drugs over
the last decades are based on natural compounds’- 2. Their advantages lie in the inexhaustible quantity
of compounds available in nature, their often non-synthesizable complexity, and a high degree of
stereochemistry®. They often target evolutionary conserved pathways that play central roles in cell fate-
regulating pathways such as apoptosis, necrosis, senescence, or autophagy.

Autophagy is a lysosomal pathway with mainly cytoprotective purpose that plays a role in different
human pathologies such as neurodegeneration or cancer* % 6 7. The main characteristic of
macroautophagy (henceforth referred to as autophagy) is the sequestration of aggregates, long-lived
proteins, or damaged organelles by an autophagosomal membrane and its subsequent fusion with the
lysosome for the degradation of bulk or selected cargo. Autophagy is a conserved pathway that is basally
active in most cell types, but can also be induced by stimuli like withdrawal of growth factors, nutrient
deficiency, hypoxia, aggregates or mitochondrial damage® ¢ 0. Dependent on the inducing stimulus,
specific autophagy receptors can target and help to eliminate sources of damage such as aggregates
in aggrephagy, parts of the ER in ERphagy, bacterial or viral components in xenophagy, isolated
damaged mitochondria in mitophagy and many more.

In canonical autophagy, 5' AMP-activated protein kinase (AMPK)-dependent activation and
mechanistic/mammalian target of rapamycin (mTOR)-dependent inhibition regulate the autophagy-
initiating unc-51-like kinase 1 (ULK1) complex, which consists of ULK1, autophagy-related protein (ATG)
13, ATG101, and RB1-inducible coiled-coil protein 1 (RB1CC1/FIP200). Upon induction of autophagy,
the ULK1 complex activates the class Il phosphatidylinositol 3-kinase (PIK3C3/VPS34) lipid kinase
complex that produces phosphatidylinositol 3-phosphate (PI3P) at subregions of the ER forming so
called omegasomes''. ATG9A as well as the PI3P-binding proteins DCFP1 and WIPI1/2 are involved in
membrane elongation and recruit the ubiquitin-like ATG12—ATG5-ATG16L1 complex, which
conjugates phosphatidylethanolamine to LC32. Lipidated LC3 decorates autophagosomal membranes
and serves as “anchor” for the recruitment of autophagosomal cargo or downstream autophagy
regulators. For instance, LC3 binds p62 (also known as sequestosome 1, SQSTM1), which is an

autophagic receptor for ubiquitinated proteins and organelle surfaces’s. After fusion of autophagosome



and lysosome, lysosomal hydrolases degrade both autophagic cargo and LC3-bound autophagic
receptors such as p62/SQSTM1. Accordingly, both proteins serve as markers for autophagic flux.

As intracellular quality control, autophagy ensures cell survival and prevents the accumulation of
carcinogenic stimuli in healthy cells. Knockdown or deletion of Beclin 1 and ATG7 promoted tumor
development' 5. In line with this, biomarkers for poor prognosis in leukemia are degraded by
chaperone-mediated autophagy, suggesting a protective role of autophagy against tumorigenesis'® 17:
8,19 |n late stage cancer, on the other hand, autophagy can act tumor-promoting due to its catabolic
function, supporting solid tumors in hypoxic regions and enabling the tumor microenvironment to
contribute nutrients and growth factors?0 21.22.23,.24 |n these solid tumors, autophagy has been found to
contribute to cancer cell survival and poor outcome?® 26, Recent attempts in translational cancer
research therefore investigate the inhibition of autophagy in both monotherapy and combinational
treatment in order to sensitize cancer to chemotherapy?7-28.29.30_|n contrast, inducers of autophagy are
also discussed as potential chemotherapeutics, driving cancer cells into the so-called autophagy-
associated or autophagic cell death3?. 32 33,34, 35,

This work investigates an in-house library of natural compounds in order to find modulators of autophagy,
which can be applied as novel chemotherapeutics for monotherapy or combinational therapy. We found
that arzanol impairs the viability of bladder cancer cells and investigated its molecular mode of action.
We identify arzanol as dual modulator of autophagy, and expand the list of arzanol targets by
mitochondria-related oxidoreductases and autophagy-related proteins. Taken together, we propose
arzanol as new tool to study autophagic mechanisms and as potential lead structure for combinational

chemotherapy with CDDP in urothelial bladder carcinoma cells.



Results

High-throughput Screening Reveals Novel Modulators of Autophagy

To identify novel modulators of autophagy among natural compounds, we screened an in-house library
of 300 natural compounds derived from marine sponges and endophytic fungi, using a flow cytometric
high-throughput screening (Figure 1). The autophagic flux was measured in live mouse embryonic
fibroblasts (MEFs) stably expressing mCitrine-tagged LC3 as a marker. During serum- and amino acid
starvation, autophagosome-bound mCitrine-LC3 is quenched by the low lysosomal pH and degraded
by lysosomal hydrolases, causing a reduction of the mCitrine-LC3 signal (Figure 1A). Upon treatment
with the lysosomal inhibitor bafilomycin A1 (baf A1), both basal and starvation-induced autophagic flux
is inhibited and the mCitrine-LC3 signal increases (Figure 1A). These data confirm the sensitivity of this
assay to identify both inducers and inhibitors of autophagy.

For the classification of inducers and inhibitors, we set the threshold at 15% decrease or increase of the
mCitrine-LC3 signal upon treatment with the compounds, in addition to a statistically fairly moderate and
higher effect (| SSMD score| =1) (Figure 1; Table 1 and 2; Supplementary Table 1)36. In doing so, the
screening of MEFs treated with natural compounds in full medium revealed eight potential novel
inducers of autophagy (Figure 1B, Table 1) and five potential inhibitors of basal autophagy (Figure 1B).
Thereof, we classified the cyclopeptide enniatin A1, the lignans (-)-arctigenin and (-)-matairesinol, and
4,6-dibromo-2-(2',4'-dibromophenoxy)phenol as inducers of autophagy. Beauvericin J, enniatin B1,
pergularinin and viriditoxin caused LC3 degradation upon full medium but acted inhibitory during
starvation. Aaptamine, stemphyltoxin I, manzamine J N-oxid, secalonic acid F and kuanoniamin D on
the other hand inhibit both basal and starvation-induced autophagy.

The screening upon starvation conditions revealed in total 64 potential inhibitors of autophagic flux
(Figure 1C, Table 2). In addition to the aforementioned five inhibitors, and four dual modulators (i.e.
activating in full medium but inhibitory under starvation), 55 compounds were classified as potential
autophagy inhibitors. However, we issue a caveat with two of the potential autophagy inhibitors,
stemphyltoxin | and g114, as they display an increased autofluorescence upon excitation with 488 nm
(data not shown). Interestingly, (-)-ageloxime D and catechin further enhanced starvation-induced
autophagy. Of the 300 tested natural compounds, two thirds did not have a considerate effect on

autophagy in our screening (Figure 1D).



Arzanol Intereferes with Late Stage Autophagy

Among the novel modulators of autophagy, we identified the phloroglucinol a-pyrone arzanol (marked
as red dots in Figures 1B and 1C), which was isolated from the aerial parts of Helichrysum italicum?’.
Arzanol is known for its anti-inflammatory, anti-viral®, anti-oxidative and cytotoxic effects3?, however no
effect on autophagy was reported before. We first validated the accumulation of LC3 in human Hela
cells expressing the GFP-LC3-RFP-LC3AG reporter construct by flow cytometry*® (Figure 2A). To
identify the pathway affected by arzanol, we performed immunoblotting analyses of key components of
the canonical autophagy pathway along the protein kinase B (AKT)/mTOR/ULK1-axis (Figures 2B and
2C).

Upon growth stimulating signals, such as full medium including serum, AKT phosphorylates tuberous
sclerosis complex 2 (TSC2) at Ser939, which destabilizes and inactivates TSC24!. Withdrawal of growth
factors on the other hand leads to a stabilization of TSC2, which inactivates Ras homolog enriched in
brain (RHEB) and thereby inhibits mTOR*2. Reduced mTOR activity leads to a reduction in
phosphorylation of the mTOR target proteins ribosomal protein S6 kinase beta-1 (p70 S6K) at Ser37143
and ULK1 at Ser75844. Hypo-phosphorylation of ULK1 is associated with the dissociation of mTOR from
the ULK1 complex, allowing its activation and the initiation of autophagosome formation®. During the
early biogenesis of autophagosomes, cytosolic LC3-I gets lipidated to autophagosomal membrane-
bound LC3-Il, which is—along with the autophagy receptor protein p62/SQSTM1—Ilater degraded by
lysosomal hydrolases?*®.

Checking for these parameters, we observed that arzanol does not inhibit starvation-induced inactivation
of mTOR; however, it causes the accumulation of LC3-Il and p62 during starvation-induced autophagy
(Figures 2C). We also validated these effects using commercially available arzanol and subcloned HelLa
cells stably expressing the above-mentioned GFP-LC3-RFP-LC3AG construct (Figure 2D). As
determined by immunoblotting of HelLa cell lysates, similar to self-isolated arzanol, commercially
available arzanol had a minimum effective dose below 3 yM and a maximal effective dose of 5 uM
(Figure 2E). Its effect on autophagy is consistent within all our assays (i.e. murine vs. human cells,
immunoblotting vs. flow cytometric assays, and self-isolated vs. commercial arzanol). Interestingly,
arzanol caused accumulation of LC3-Il upon both amino acid and serum starvation as well as serum
starvation alone, whereas its effect on p62/SQSTM1 accumulation was more prominent upon amino

acid starvation (Figure 2F).



Arzanol Changes ATG16L1 Localization

An increase in LC3 can be indicative of disrupted autophagic degradation or increased protein
expression, while an increase in LC3-1l can additionally hint to its enhanced lipidation. To determine the
circumstances that led to the accumulation of the late stage autophagic markers LC3 and p62/SQSTM1
(Figure 2), we located both overexpressed GFP-LC3 (Figure 3A) and endogenous LC3 (Figure 3B)
using fluorescence microscopy and quantified both size and amount of LC3-positive dots that commonly
correlate to autophagosomes?*’. A clear trend towards increasing numbers of LC3 dots upon arzanol
treatment was observed (Figures 3A and 3B). However, to our surprise, the size of these LC3 dots
appeared rather small, making them partly indistinguishable for the quantification software.
Nevertheless, we think one can appreciate the increase in number of both overexpressed and
endogenous LC3 dots and their significantly smaller size compared to bafilomycin As-treated cells
(Figures 3A and 3B, i. and ii.). Further, we examined the location, size and amount of ATG16L1, which
is a core component of the LC3 lipidation machinery. Arzanol treatment caused a significant increase in
ATG16L1-positive structures (Figure 3C, i.), while the total protein level of ATG16L1 remained unaltered
(data not shown). These data are in line with increased LC3-1l in response to arzanol treatment we
described above (Figure 2).

Next, we aimed at investigating, which other components of the autophagic machinery are involved in
the response to the treatment with arzanol. Since the PI3P-binding WIPI2b recruits ATG16L1 to PE-
containing phagophores during membrane expansion and cargo sequestration® 49, which in turn
depends on the interaction between ATG13 and ATG101 (components of the ULK1 complex)®,
colocalization studies were used to determine mutual recruitment of these proteins upon arzanol
exposure. We observed colocalization of ATG16L1 dots with both WIPI2 (Figure 4A) and ATG13 (Figure

4B) by immunofluorescence microscopy.

Arzanol as anti-Cancer Drug in Mono- and CDDP-Combination Therapy

In addition to monotherapy, combinational therapies of approved drugs with autophagy modulators have
been proposed to overcome tumor survival5? 5253,

In order to test the cytotoxic effect of arzanol on cancer cells, we performed MTT assays for 24 h for
both arzanol monotherapy and combinational therapy with cisplatin (CDDP) in starved RT-112 urothelial

bladder carcinoma cells. The results of the cell viability assay reveal that arzanol is a moderate



chemotherapeutic alone in both normal RT-112 cells and CDDP-resistant cells (IC50: 13.2 uM and 22.6
MM, respectively; Figures 5A and 5B), but also sensitizes bladder cancer cells towards CDDP-treatment
(IC50 shift from 20.7 uM to 6.3 uM; Figure 5C). The amount of arzanol used for combinational therapy
exacerbated CDDP-induced cytotoxicity and combinational treatment was more successful in reducing
cell viability compared to single treatments in CDDP-sensitive bladder carcinoma cells (Figure 5D).

Surprisingly, for CDDP-resistant cells the treatment with low amounts of arzanol resulted in an increased
reduction of MTT, but a decreased reduction of resazurin in the Alamar blue assay (Figure 5E),
suggesting an effect of arzanol on the involved oxidoreductases. Similarly, Hamid et al. observed the
same phenomenon for the NAD(P)H dehydrogenase [quinone] 1 (NQO1) inhibitor dicoumarol®, which
shares structural similarity with arzanol. In contrast to their observations on dicoumarol, we still
witnessed that the cells die at higher concentrations of arzanol. Nevertheless, we tested arzanol in a

NQO1 enzyme activity assay and identified arzanol as potential new inhibitor of NQO1 (Figure 5F).

Arzanol Targets Mitochondria

On our search for upstream causes of ATG16L1 accumulation, we next investigated mitochondrial
integrity. Different mitotoxins can stimulate mitophagy as means of cell survival. They induce the
fragmentation of damaged mitochondria as well as the recruitment of mitophagy-associated proteins
PTEN-induced putative kinase protein 1 (PINK) and the E3 ubiquitin ligase Parkin5% 5657,

In microscopy assays, arzanol induced the fragmentation of the inner and outer mitochondrial
membrane determined with mito-DsRed localizing to the mitochondrial matrix and staining of
translocase of outer membrane 20 kDa subunit (TOM20) (Figure 6A). In line with this, we observed the
mitochondrial stress-induced cleavage of optic atrophy protein 1 (OPA1), presumable ubiquitination of
Parkin, and stabilization of PINK (Figure 6B).

Consistent with mitochondrial damage, arzanol treatment reduced the activity of mitochondrial
respiratory chain complexes, especially complexes Il and Il (Figure 7A). To confirm proteins of these
complexes as potential targets, we followed two approaches: We performed affinity purification with
arzanol covalently immobilized on beads and fished for binding-partners in both cellular lysates and
lysates from isolated mitochondria. We also performed Drug Affinity Responsive Target Stability
(DARTS) assays in mitochondrial lysates followed by immunoblots monitoring the stability of arzanol-
binding targets upon enzymatic proteolysis. Both approaches were followed by mass spectrometry to

identify the protein targets of arzanol. Collectively, we identified mitochondrial respiratory chain complex



[l proteins mitochondrial cytochrome b-c1 complex subunit 6 (UQCRH) and cytochrome ¢ (CYC), and
complex I-related NADH dehydrogenase [ubiquinone] iron-sulfur protein 4 (NDUS4) bound to
immobilized arzanol in affinity purification in mitochondrial lysates (Figure 7B). Among the potential novel
target proteins of arzanol (Supplementary table 2), we identified autophagy-relevant proteins Ras-
related protein Rab-1B (RAB1B), heat shock protein HSP 90-alpha (HS90A) and ubiquitin-40S
ribosomal protein S27a (RS27A), mitochondria-related proteins heat shock protein 75 kDa (TRAP1),
carbamoyl-phosphate synthase [ammonia] (CPS1), mitochondrial stress-70 protein (GRP75) and
superoxide dismutase [Mn] (SOD2). We further found tubulin beta-4A chain (TBB5) and heterogeneous
nuclear ribonucleoprotein H (HNRH1) bound to arzanol-beads in affinity purification. Using DARTS, we
verified the iron-sulfur subunit of the succinate dehydrogenase (respiratory chain complex Il) and the
Rieske subunit of cytochrome b-c1 complex (respiratory chain complex Ill) as molecular targets of
arzanol (Figure 7C).

Taken together our results show that arzanol is a promising new anti-cancer drug and modulator of
autophagy. It sensitizes RT-112 bladder carcinoma cells towards CDDP, and reduces cell viability of
both normal and CDDP-resistant RT-112 in monotherapy. Arzanol is able to target different quinone-
dependent reductases such as NQO1 and oxidoreductases of the mitochondrial respiratory chain that
maintain mitochondrial integrity. Arzanol reduces mitochondrial respiration, targeting complex Il and Ill,
and induces fission of the mitochondrial membranes independent from reactive oxygen species. We
observed the accumulation of ATG16L1 and lipidated LC3, but also smaller autophagosomal
membranes and the accumulation of p62/SQSTM1 upon arzanol treatment during starvation. We

therefore suggest a dual mode of action of arzanol within the autophagy pathway.



Discussion

The modulation of autophagy is used as anti-cancer treatment in more than seventy clinical trials treating

more than eighteen different cancer types (https://clinicaltrials.gov/, accessed on 20" April, 2020). We

used the top-down drug discovery approach to identify eight potential inducers and sixty-four potential
inhibitors of autophagy in our high-throughput autophagy screening. Among these compounds, we
identified arzanol as a novel modulator of autophagy.

In our assays, arzanol was initially identified as inhibitor of starvation-induced autophagy by causing
accumulation of overexpressed mCitrine-LC3 in murine fibroblasts. Consistently, it also caused
accumulation of overexpressed GFP-LC3 and endogenous total LC3 as well as lipidated LC3 in human
cancer cells as determined by flow cytometry, fluorescence microscopy, and immunoblot analyses.
Lipidation of LC3 is facilitated by the activation of the ubiquitin-like LC3 processing cascade involving
ATG16L1, which is essential for LC3 lipidation%8. Dudley et al. showed that ATG16L1 homodimerizes to
bind to phosphatidylinositol 3-phosphate (P13P)-covered pre-autophagosomal sites, and that modulating
the PI3P-binding capacity of ATG16L1 impairs lipidation of LC3'2. It is therefore likely that the
accumulation of ATG16L1 dots upon arzanol treatment in starvation is the cause of the increase in LC3-
Il that we observed in immunoblot analysis, which in turn contributes to the observed increase in total
LC3 measured by flow cytometry. As platforms for autophagosome biogenesis, ATG16L1-positive dots
are also likely to account for the number of small LC3-positive dots detected by microscopy. However,
also the inhibition of the autophagic flux can account for these phenomena by preventing
autophagosome maturation and lysosomal LC3 degradation.

It was shown that accumulation of ATG16L1 increases during autophagy to ensure autophagosome
maturation and autophagic activity'2. During starvation-induced autophagy, ATG16L1 dots colocalize
with proteins of the autophagic machinery such as ULK1, ATG14, and WIPI1%. The colocalization of
ATG16L1 and ATG13, resp. ATG16L1 and WIPI2, upon arzanol treatment matches these data. In
addition, Bansal et al. observed that ATG16L1 is able to colocalize with LC3-binding mitophagy
receptors such as ubiquitin-binding optic neuropathy inducing protein (optineurin/OPTN)g0. 61, 62, 63,
Mitophagy is the selective autophagy of damaged mitochondria and aims to deplete damaged
organelles and their associated triggers such as mitotoxins5% % 57, To induce mitophagy, PINK
accumulates at the outer membrane of damaged mitochondria where it recruits and activates the E3
ubiquitin ligase Parkin, which then ubiquitinates the mitochondrial surface proteins. This allows the

recruitment of autophagic receptors such as LC3 and OPTN, but also ULK1, FIP200, ATG9A, WIPI



proteins and ATG16L1 to form a de novo autophagosome around the damaged organelle®+ 85 66 \When
we checked for mitochondrial damage induced by arzanol, we observed the fragmentation of the inner
and outer mitochondrial membranes. We further found accumulation of PINK in immunoblot analysis,
and observed GFP-Parkin to run at a higher molecular mass, which we interpret as ubiquitinated Parkin.
Along with the markers for mitochondrial damage, we detected cleaved OPA1, a protein involved in
mitochondrial fusion®”- 68. 69. 70 |n |ine with these data, we found arzanol to reduce the activity of
mitochondrial respiratory complexes, mainly complexes Il and Ill. Interestingly, among protein targets
from affinity purification, we also identified NDUS4, a protein of respiratory complex |. As novel targets
for arzanol, we identified not only the respiratory complexes I, Il and lll, but also NQO1 and SOD2, which
all function as quinone-dependent reductases required for mitochondrial integrity”!- 72 73. 7475 Combined
with structural data on arzanol, we hypothesize that arzanol binds to the quinone-binding pockets of
these proteins and accounts for the observed mitochondrial damage. TRAP1, another potential target
of arzanol, regulates a metabolic switch between mitochondrial oxidative phosphorylation and glycolysis
in cancer cells. It is reported to maintain mitochondrial integrity downstream of respiratory complex |
and PINK177, We speculate that arzanol-induced mitochondrial damage provokes in situ
autophagosome formation and explains ATG16L1 accumulation. Additionally, we identified autophagy-
relevant proteins, such as RAB1B as potential binding-partner of arzanol. RAB1B colocalizes with ATGs
and is involved in autophagosome biogenesis’® 79 80. 81 and knockdown of RAB1B induced the
accumulation of LC3-1182. Inhibition of RAB1B could support increased lipidation of LC3 upon arzanol
treatment.

In addition, arzanol caused accumulation of p62, while we observed smaller autophagosomes upon
arzanol treatment. We interpret the pronounced accumulation of p62 upon arzanol during additional
starvation as indicator of an inhibited autophagic flux. It remains unclear whether the dysregulation in
LC3 lipidation itself is ultimately sufficient to inhibit autophagy or if additional targets are involved. In
support of the latter, we found HS90A bound to arzanol in affinity purification. HS90A acts as chaperone
for many client proteins, some of which are involved in autophagy e.g. AKT, Beclin 1, ULK1 or lysosome-
associated membrane protein 2 (LAMP2)83, Dissociation of chaperones can destabilize their client
proteins, preventing them from fulfilling their tasks. HS90A inhibition by arzanol could result in
subsequent destabilization of LAMP2A, a protein, which is essential for maintaining the integrity of the
lysosome and autolysosome?®* 85 8 _ Non-functional lysosomes are prevented from fusing with

autophagosomes and cause the accumulation of different autophagic markers such as LC3 and p6287:



88 Therefore, HS90A could be a target of arzanol accounting for a disturbed autophagosome maturation
and autolysosomal degradation of p62. Admittedly, we could not validate all identified targets of arzanol,
due to methodical blind spots of each assay, i.e. sterical problems in affinity purification, or detectability
issues of small proteins in DARTS. Accordingly, further validation experiments are required.

We tested the novel modulator of autophagy in monotherapy and combinational therapy with CDDP
against sensitive and CDDP-resistant bladder cancer cells. CDDP-based chemotherapy is the first-line
treatment in many cases of advanced or metastatic urothelial carcinoma according to The European
Association of Urology®®. However, innate and acquired chemoresistance remain a main reason for
cancer-related lethality in patients. Similar to other autophagy inhibitors that reduced tumor growth rate
and prolonged patient survival® °1. 92,93, 94 " we found arzanol to reduce cell viability in both bladder
carcinoma cells in monotherapy, while it also sensitized RT-112 cells to CDDP treatment.
Conclusively, from our data we characterize arzanol as an inducer of mitochondrial damage and
autophagosome formation and as inhibitor of autophagy. Its different targets might account for the
multifaceted mode of action that leads to cytotoxic effects in bladder cancer cells. Taking in
consideration its pharmacological activities, we propose arzanol as new lead structure for the treatment

of bladder cancer and suggest further investigations on its target- and cancer-specificity.
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Materials and Methods

Reagents

Natural compounds isolated from endophytic fungi, lichens, marine sponges or plants were provided by
Peter Proksch (Institute of Pharmaceutical Biology and Biotechnology of the Heinrich Heine University
(Disseldorf, Germany). Bafilomycin A1 (Sigma-Aldrich, #B1793) and arzanol (Sigma-Aldrich,
#SBR00002) were dissolved in dimethyl sulfoxide (DMSO; AppliChem GmbH, #A3672). We purchased
respiratory chain complex inhibitors antimycin A from Sigma (#A8674) and oligomycin A from Toronto
Research Chemicals (#0532970). For transfection of cells, we used FUGENE®6 (Promega, #E2692)
and polybrene (hexadimethrine bromide; Sigma-Aldrich, #H49268-106). Western blots were performed
using Immobilon™-FL PVDF membrane (Merck-Millipore, #IPFL00010), milk powder (Carl Roth,
#T145.2), and Protease Inhibitor Cocktail powder (Sigma-Aldrich, #P2714-1BTL). Cells were cultivated
using full medium DMEM (Gibco® by Life Technologies, #41965-039), starvation medium EBSS (Gibco®
by Life Technologies, #24010-043), PBS (Gibco® by Life Technologies, #14190-094), fetal bovine serum
(GE Healthcare, #A15-101), 0.05% trypsin/EDTA solution (Gibco® by Life Technologies, #25300-062),
penicillin/streptomycin (10000 U/ml, Biochrom GmbH, #A2213), puromycin (InvivoGen, ant-pr), or
blasticidin (InvivoGen, ant-bl).

For immunoblotting, antibodies against ACTB/B-actin (Sigma-Aldrich, #A5316), LC3 (Cell Signaling
Technology, #2775), SQSTM1/p62 (PROGEN Biotechnik, GP62-C), ULK1 (clone D8HS5, Cell Signaling
Technology, #8054 ), phospho ULK1 Ser758 (Cell Signaling Technology, #6888), phospho TSC2 Ser939
(Cell Signaling Technology, #3615), phospho p70S6K Ser371 (Cell Signaling Technology, #9208),
OPA1 (described previously®?; kindly provided by Andreas Reichert), PINK (Cell Signaling Technology,
#6946), (GFP-)Parkin (Abcam, #ab15954), SDHB (Thermo Fisher, #459230), UQCRFS1 (Invitrogen,
#MA5-27471), CPS1, and GAPDH were used. IRDye 800- or IRDye 680-conjugated secondary
antibodies were purchased from LI-COR Biosciences (#926-32210/11, #926-68070/71, #926—68024,
#926-68077, #926-32214).

For immunofluorescence, antibodies against ATG16L (MBL #PM040), LC3B (MBL #PM036 and #M152-
3), WIPI2 (AbD Serotec/BIORAD, #MCA5780GA), ATG13 (MBL, #M183-3), TOM20 (Santa Cruz
Biotechnology, #17764) were used. Alexa Fluor® 488-conjugated and Alexa Fluor® 647-conjugated

antibodies were purchased from Jackson ImmunoResearch Laboratories.



NQO1 activity of HeLa cells was measured using the NQO1 Activity Assay Kit (Abcam, #184867)
according to the manufacturer. Respiratory chain complex activities were measured from isolated
mitochondria using the MitoCheck Complex Activity Assay Kits (Cayman Chemicals, #700930, #700940,
#700950, #700990, #701000). Both assays were measured using a microplate reader (BioTek, Synergy

Mx).

Generation and culture of cell lines

Mouse embryonic fibroblasts (MEFs) (kindly provided by Tullia Lindsten, Memorial Sloan Kettering
Cancer Center, New York City, USA) were retrovirally transfected with pMSCVblast/mCitrine-LC3B.
Generation of pMSCVblast/mCitrine-LC3B was described previously®. For transfection, Plat-E cells
(kindly provided by Toshio Kitamura, Institute of Medical Science, University of Tokyo, Japan) were
transfected with 1.9 ug pMSCV-based retroviral vectors using FUGENE® 6 (Promega) transfection
reagent according to the manufacturer's manual. The cells were incubated for three days before
selection with 35 pg/ml blasticidin.

HelLa cells (kindly provided by Richard Youle, John Edward Porter Neuroscience Research Center,
Bethesda, USA) were retrovirally transfected with pMRX-IP/GFP-LC3-RFP-LC3AG (kindly provided by
Noboru Mizushima, Department of Biochemistry and Molecular Biology, University of Tokyo, Tokyo,
Japan). Therefore, Plat-E cells were transfected with 1.9 yg pMRX-based retroviral vectors and 1.0 ug
pVSV-G vector DNA using FUGENE® 6 (Promega) transfection reagent according to the manufacturer’s
manual. The cells were incubated for three days before selection with 2.5 pg/ml puromycin. For Figure
2D, cells were subcloned in order to prevent homologous recombination.

Cells were cultured in high glucose (4.5 g/l) DMEM supplemented with 10% FCS at 37°C in a 5% CO2
humidified atmosphere. For amino acid starvation, cells were washed once with PBS and incubated for

the indicated time points in EBSS.

High-throughput autophagy screening

Mouse embryonic fibroblasts stably expressing mCitrine-LC3 were incubated with 10 uM of each natural
compound solved in DMSO in serum-containing full medium or starvation medium for 6 h. During
screening, compound samples were blinded by labelling with a randomized code and unblinded post-
experiments. Cells were harvested by trypsination, washed using PBS and centrifugation at 300 g, and

measured via flow cytometry of 10,000 events in the FITC channel of an LSRFortessa (Becton Dickinson,



Heidelberg, Germany). Median fluorescence intensities were measured in biological triplicates and

normalized to the DMSO control.

GFP-LC3-RFP-LC3AG assay
Hela cells stably expressing GFP-LC3-RFP-LC3AG were incubated with the indicated concentrations
of self-isolated or commercial arzanol solved in DMSO in starvation medium for 6 h. Cells were

harvested and analyzed using flow cytometry as described above.

Immunoblotting

Cleared cell lysates were prepared and suspected to immunoblotting as described before®. Signal
intensities of protein bands were quantified using Image Studio lite 4.0 (LI-COR) and each band was
normalized to the average protein signal to correct for technical variance. The signals were then
normalized to the corresponding loading control (ACTB). Panels for at least three biological replicates

were prepared using GraphPad Prism 7.0.

Fluorescence microscopy

On the day before treatment, cells were grown on glass cover slips (Marienfeld). After treatment, cells
were fixed with 4% formaldehyde-PBS for 30 min on ice, and quenched with 50 mM NH4CI for 15 min.
For immunofluorescence labelling, cells were then permeabilized with 0.2% Triton X-100-PBS for 15
min, or 50 pg/ml digitonin (Roth, #4005) for 5 min according to the antibody manufacturers. Samples
were blocked with 3% BSA (Roth, #8076)-PBS for 30 min and incubated with primary antibodies for
1-2 h. After washing and 30 min of secondary antibody incubation, samples were again washed three
times with PBS. Cells were embedded in ProLong Glass Antifade Mountant (Thermo Fisher Scientific,
#P36980) including DAPI. Imaging was performed with a Zeiss Axio Observer 7 fluorescence
microscope (Zeiss, Koln, Germany) with a Plan Apochromat 40x/1.4 oil objective (Zeiss, Kéln, Germany).
Quantification of images was performed with ImagedJ. For that, signals and nuclei were counted per
image and a signal-to-nuclei ratio was calculated. Macros for the quantifications are provided in

supplementary Methods.



Cell viability assays

Cell viability was determined using the colorimetric Alamar Blue and MTT assays, which measure the
reduction of non-fluorescent dyes to the fluorescent metabolites resorufin and formazan. For both
assays, cells were cultivated in 96 well plates. The following day, the cells were treated with cisplatin
and/or arzanol for 24 h. For the MTT assay, MTT (Roth #4022) was added to the cells at 0.5 mg/ml
concentration and incubated at 37°C for 1 h. Afterwards, the plates were centrifuged at 600 rcf and 4°C
for 5 minutes, and cells were lysed in DMSO for 20 min in the dark. Finally, the absorbance was
measured at 570 nm and 650 nm for reference, using a microplate reader (BioTek, Synergy Mx). For
the Alamar blue assay, 40 pM resazurin sodium salt (Cayman Chemicals, #14322) was added to the
cells and incubated at 37°C for 3 h. Afterwards, the absorbance was measured at 590 nm, using a
microplate reader (BioTek, Synergy Mx). The mean of the absorbance of untreated control samples was

set as 100%.

Isolation of Mitochondria

For isolation of mitochondria, HeLa wild type cells were cultivated on 150 mm diameter tissue culture
treated dishes (Sarstedt) and ~3.6 x 108 cells were harvested the next day via scraping. Cells were
pelleted at 500 g for 5 min and washed twice with PBS (Gibco). The pellet was resuspended in 10 ml
mitochondria isolation buffer (210 mM mannitol, 70 mM sucrose, 1 mM EDTA, 20 mM HEPES and
protease inhibitor cocktail [Sigma-Aldrich, #P2714]) for 5 min on ice before rupturing by seven strokes
through a 26 G canule. The cell lysate was then centrifuged at 1000 g and 4°C for 5 min and the
supernatant was collected. The remaining pellet of non-lysed cells was resuspended in 2 ml
mitochondria isolation buffer and ruptured again before centrifugation, and the two fractions were pooled.
The pooled lysate was centrifuged again at 1000 g and 4°C for 5 min and the pellet was discarded. The
remaining lysate was centrifuged at 8000 g and 4°C for 10 min. The supernatant (cytosolic fraction) was
collected and centrifuged again before transferring into a new tube and freezing in liquid nitrogen. The
pellet (mitochondrial fraction) was washed three times at 8000 g for 10 min in 250 ul mito isolation buffer.
The pellet was finally centrifuged at 10,000 g and 4°C for 10 min. The supernatant was discarded and

the pellet containing isolated mitochondria was frozen in liquid nitrogen and stored at -80°C.



Statistics

Sample sizes were chosen with reference to pragmatic considerations and the principle of saturation
due to previously published work in this field and preliminary experiments. For high-throughput analysis
of the flow cytometric mCitrine-LC3-based autophagy screening we used uniformly minimal variance
unbiased estimate (UMVUE) of strictly standardized mean difference (SSMD)36. For immunoblotting
quantifications of Figure 2C, statistical analysis was performed using a 2way ANOVA with Dunnett’s
multiple comparison test comparing treated to untreated control samples. For comparing size and
number of dots in Figure 3, statistical analysis was performed using an ordinary 1way ANOVA with
Tukey’s multiple comparison test comparing all treatments with each other. For NQO1 activity data,
statistical analysis was performed using a 1way ANOVA with Dunnett’s multiple comparison test
comparing treated to untreated control samples. All ICso values in Figure 5 were calculated using
GraphPad Prism 7.01 (function log[inhibitor] vs. response - variable slope [four parameters]).
Representative data or means of biological replicates are shown for every experiment with error bars
that indicate standard error. All statistical analyses were performed using Prism v7.01 (GraphPad

Software, La Jolla, CA, USA).



Table 1. List of potential autophagy inducers. Data show mean difference £SD (% of control) of mCitrine-
LC3 decrease upon full medium monitored by flow cytometry. In total, 8 compounds causing equal to or
greater than 15% LC3 degradation at a fairly moderate and higher effect (| SSMD score| 21) at 10 uM

after 6 h of treatment were classified as potential inducers of autophagy.

Mean difference

Compound of mCit-LC3 (%) SD SSMD
Beauvericin J -34.4 +6.0 -3.25
Enniatin A1 -28.8 +1.3 -12.58
Enniatin B1 -27.4 5.6 -2.75
4,6-dibromo-2-(2',4'- dibromophenoxy)phenol -22.0 +11.2 -1.11
Pergularinine -19.9 +4.6 -2.43
(-)-Matairesinol -18.1 8.1 -1.26
Viriditoxin -17.7 +3.3 -3.04
(-)-Arctigenin -17.3 +6.0 -1.62

SD: standard deviation; SSMD: strictly standardized mean difference



Table 2. List of potential autophagy inhibitors. Data show mean difference +SD (% of control) of
mCitrine-LC3 increase upon starvation medium monitored by flow cytometry. In total, 64 compounds
causing equal to or greater than 15% LC3 protection at a fairly moderate and higher effect (| SSMD
score| =1) at 10 uM after 6 h of treatment were classified as potential inhibitors of autophagy.

Mean difference

Compound of mCit-LC3 (%) SD SSMD
g114 +2590.4* +765.1 1.91
Daldinone | +536.3 +294.2 1.03
Kuanoniamin D +336.7 +182.2 1.04
Deoxyfunicone +335.7 +85.5 2.21
Manzamine J N-Oxid +256.2 +45.0 3.21
Helenalin +249.9 +38.4 3.67
Wortmannin C +243.9 454 3.03
Wortmannin A +240.8 +49.9 2.72
8-0-manzamine A +235.2 +32.0 4.14
Stemphyltoxin | +234.4* 144.8 2.95
(+)-Aeroplysinin-1 +224.6 +19.1 6.65
2-(1'E-styryl)-5-geranyl-resorcin-1-carboxylic acid  +221.8 +21.1 5.92
Manzamine A +220.6 +37.8 3.29
Dienon (3,5-dibromo-1-hydroxy-4-oxo-2,5- +209.4 +55.6 213
cyclohexadiene-1-acetamide)

Sekikaic acid +174.5 +21.1 4.67
Isospongiaquinone +174.3 +30.7 3.21
Isofistularin 3 +170.9 +67.0 1.44
5-epi-llimaquinone +166.1 +48.5 1.93
Arzanol +164.6 +63.9 1.45
3,4,6-tribromo-2-(2',4'-dibromophenoxy)phenol +159.6 +45.8 1.97
Monomethyl-mitorubrin +158.8 +53.8 1.67
Homosekikaic Acid +158.7 +52.9 1.69
Pyrenocine A +158.2 +19.3 4.63
4'-hydroxy-3'-methoxy-mitorubrin +153.1 +69.7 1.24
Broussochalcone B +149.6 +47.0 1.80
Diaporthins B +149.0 +32.9 2.55
Luffariellolid +138.3 +37.5 2.08
Aranorosin +122.0 +63.9 1.08
llimaquinone +105.1 +55.0 1.08
Xanthoangelol +98.3 1294 1.88
Avaron +93.7 +44.5 1.19
Pyrrocidine D +93.4 +34.7 1.52
Beauvericin +87.2 +39.5 1.24
Secalonic acid F +78.1 +19.0 2.32
Beauvericin J +67.4 +19.5 1.95
Aaptamine +67.1 +15.6 243
Amorphastilbol +66.9 +30.5 1.24
Neobavaisoflavone +60.7 +25.1 1.36
11-hydroxyamorphispironone +59.4 +12.7 2.64
Viriditoxin +53.3 +13.2 2.28
Amorphispironone B +46.0 +14.1 1.84
Berberin hemisulfate +41.8 +16.6 1.42
Enniatin B1 +40.0 1+16.0 1.41
Anomalin A +38.7 +3.4 6.44
Ochratoxin A +36.9 +15.9 1.31
Norlichexanthone +35.4 +17.2 1.16

*could be caused by autofluorescence; SD: standard deviation; SSMD: strictly standardized mean difference



Continued table 2. List of potential autophagy inhibitors. Data show mean difference £SD (% of control)
of mCitrine-LC3 increase upon starvation medium monitored by flow cytometry. In total, 64 compounds
causing equal to or greater than 15% LC3 protection at a fairly moderate and higher effect (| SSMD

score| =1) at 10 uM after 6 h of treatment were classified as potential inhibitors of autophagy.

Mean difference

Compound of mCit-LC3 (%) SD SSMD
Pergularinine +34.8 +5.1 3.85
Citreodrimene B +33.6 +17.6 1.08
15-dehydroxy-integracin B +33.2 +12.4 1.51
Aplysamine-2 +33.2 +2.4 7.93
Br2Hexylamide +32.1 +17.3 1.05
Chrysin 6-C-(2"-O-a-L-rhamnopyranosyl)-R-D- +31.3 +6.8 2.59
glucopyranoside

Sclerotiorin +29.8 +14.2 1.18
Manzamine F +27.6 +5.6 2.76
Aerothionin +25.1 +6.8 210
Flavomannin D +23.8 7.2 1.86
4,5-Dibromo-1H-pyrrol-2-carboxylic acid +23.1 +8.3 1.57
Pretrichodermamide A +22.9 5.5 2.36
Midpacamide +22.0 +9.0 1.39
Penicillic Acid +21.1 4.0 3.01
Dammarenolic acid +18.2 +9.2 1.12
Bitalin A +17.2 8.0 1.21
Solanapyrone C +17.2 +7.5 1.30
6-Methoxycomaparvin-5-methyl ether +15.9 +3.5 2.56

SD: standard deviation; SSMD: strictly standardized mean difference
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Figure 1. High-throughput screening natural compound-based autophagy modulators.

(A) Detection of starvation-induced and bafilomycin As-inhibited autophagy in a flow cytometric screening. MEF cells stably
expressing mCitrine-LC3 were cultured in either full medium plus serum, or starvation medium and treated with 10 nM bafilomycin

A for 6 h (n = 19). The mCitrine fluorescence is shown as a percentage relative to that of mock-treated (DMSO) cells. Data

represent means + SEM.



(B, C) High-throughput autophagy screening of 300 natural compounds. The diagram shows dual-flashlight plots for strictly
standardized mean difference (SSMD) versus average percentage of mCitrine-LC3. Dotted lines define potential inducer and
inhibitors of autophagy. Cells were treated with 10 uM of each compound for 6 h (n = 3). Arzanol is highlighted in red.

(D) The diagram shows individual levels of mCitrine-LC3 fluorescence from (B, C) for each of the 300 compounds in full or

starvation medium. Dotted lines mark the +15% difference in mCitrine-LC3 levels. Data represent means + SEM.
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Figure 2. Arzanol drives LC3-ll accumulation independent of the AKT/mTOR-pathway.

(A) Nonclonal HelLa cells stably expressing GFP-LC3-RFP-LC3AG were starved in serum- and amino acid-free medium for 6 h

while incubated with different concentrations of self-isolated arzanol. Data show fold increase of GFP-LC3 fluorescence relative

to mock treated control as means + SEM of three biological replicates.

(B) Simplified pathway of key proteins of the AKT/mTOR/ULK1-axis in starvation-induced autophagy. Arzanol is a modulator of

starvation-induced autophagy.

(C) Western blot analysis of AKT/mTOR/ULK1-pathway proteins during serum- and amino acid-starvation. HelLa wild type cells

were starved in serum- and amino acid-free medium for 6 h while being incubated with baf A, or different concentrations of self-



isolated arzanol. Data show quantified means of biological triplicates normalized to ACTB + SEM. Statistical analysis was
performed using 2way ANOVA with Dunnett’s multiple comparison test comparing treated to untreated samples, ***p<0.001,
****p<0.0001.

(D) Subcloned Hela cells stably expressing GFP-LC3-RFP-LC3AG were starved in serum- and amino acid-free medium for 6 h
while incubated with different concentrations of commercially available arzanol. Data show fold increase of GFP-LC3 fluorescence
relative to mock treated control as means + SEM of three biological replicates.

(E) Western blot analysis of LC3-Il and p62/SQSTM1 during serum-starvation. HeLa wild type cells were starved in serum-free
(dark bars) or serum- and amino acid-free (light bars) medium for 6 h while being incubated with baf A, or different concentrations

of commercially available arzanol. Data show quantified means of biological triplicates normalized to ACTB + SEM.
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Figure 3. Arzanol interferes with autophagosome biogenesis.

Shown are representative microscopy images of HelLa cells stably expressing GFP-LC3-RFP-LC3AG (A), HeLa wild type cells
immunofluorescence-labelled for endogenous LC3 (B), ATG16L1 (C), or WIPI2 (D). All cells were starved in serum- and amino
acid-free medium for 2 h while incubated with 3 uM arzanol or 10 nM bafilomycin A4. Scale bars in upper panels are 15.5 pm,
scale bars in magnifications are 3.875 pm. (i.) Data show average number of dots per cell from biological triplicates for GFP-LC3,
n=6 for LC3 and ATG16L1, nd n=5 for WIPI2 as mean + SEM. Digits in bars show total number of cells quantified using ImageJ
software. (ii.) Data show average diameter of dots in nm as mean + SEM. Statistical analysis was performed using ordinary 1way

ANOVA with Tukey’s multiple comparison test, *p<0.1.
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Figure 4. Arzanol-induced ATG16L1 accumulations at perinuclear regions colocalize with ATG13

and WIPI2.

Shown are representative microscopy images of HeLa wild type cells immunofluorescence-labelled for endogenous ATGs. Upon
starvation, arzanol-induced ATG16L1 dots colocalize with WIPI2 (A), and ATG13 (B). These ATG16L1 dots accumulate at
perinuclear regions that are also surrounded by LC3 dots (C). Cells were starved in serum- and amino acid-free medium for 2 h
while incubated with 3 uM arzanol. Scale bar in panels are 15.5 ym, scale bars in magnifications are 3.875 ym. Diagrams show

immunofluorescence intensities for the indicated proteins measured using Imaged software for the cross sections marked as white

dotted lines.
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Figure 5. Arzanol is cytotoxic for bladder carcinoma cells in mono- and CDDP-combination
therapy.

Arzanol reduces cell viability in bladder cancer cells. RT-112 bladder carcinoma cells were incubated with indicted concentrations
of arzanol (A) or indicted concentrations of CDDP + 5 uM arzanol (B) during starvation for 24 h. Cell viability was measured using
an MTT assay.

(C) Arzanol sensitizes bladder cancer cells towards cisplatin. The diagram shows a depiction of the synergistic effect of 5 yM
arzanol and 17.6 uM CDDP from (B) compared to the same treatments analyzed by Alamar blue assay.

The results are shown as mean + SEM of at four individual experiments performed in triplicates for treatments with arzanol alone,
and six biological replicates performed in technical triplicates for combination of arzanol and CDDP.

(D) CDDP-resistant RT-112 bladder carcinoma cells were incubated with indicted concentrations of arzanol during starvation for
24 h. Cell viability was measured using an MTT assay. (E) The diagram compares Alamar blue and MTT assay for the combination
of 5 yM arzanol and 88.9 uM CDDP in starved CDDP-resistant RT-112. (F) Arzanol reduces the enzyme activity in an NQO1

Activity Assay Kit similar to the positive control 20 yM dicoumarol (n=3). ***p<0.001, ****p<0.0001.
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Figure 6. Arzanol causes damage-induced fragmentation of mitochondrial membranes.

(A) Shown are microscopy images of mito-DsRed-expressing HelLa cells immunofluorescence-labelled for endogenous TOM20.
Upon starvation, arzanol induces a fragmentation of both inner (mito-DsRed) and outer (TOM20) mitochondrial membranes. Cells
were starved in serum- and amino acid-free medium for 2 h while incubated with 5 pM arzanol. Scale bars in all panels are 20
pm.

(B) Immunoblot for markers of mitochondrial damage (OPA1 fragmentation, Parkin ubiquitination, PINK accumulation) reveals
that arzanol induced mitochondrial fragmentation independent of apoptosis induction. HeLa cells stably expressing mito-DsRed
GFP-Parkin were incubated with serum-free full medium or starvation medium and treated with 5 uM arzanol or a combination of
4 uM antimycin and 10 pM oligomycin (A/O) with/without 1 uM QVD for 6 h. Shown blot is representative of three independent

experiments.
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Figure 7. Target identification for arzanol reveals respiratory chain complexes Il and lll as targets

for arzanol.

(A) Arzanol inhibits complexes Il and Il in a respiratory chain activity assay of isolated mitochondria after incubation for 15 min
and 60 min. (B) Target identification by affinity purification from whole lysates and isolated mitochondria, and DARTS experiments
reveal potential targets of arzanol. (C) Targets of arzanol are validated by DARTS via protection of arzanol-bound proteins from

subtilisin proteolysis.
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Supplementary Methods

Image J Macro for quantification of DAPI-positive nuclei

dirl = getDirectory("INPUT");
dir2 = getDirectory("OUTPUT");
setBatchMode(true);
list = getFileList(dir1);
for (i=0; i<list.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+" DAPI.tif");
close();

close();

open(dir2+title+"_DAPL.tif");

run("Unsharp Mask...", "radius=500 mask=0.90");
run("Median...", "radius=10");

run("Make Binary");

run("Fill Holes");

run("Adjustable Watershed", "tolerance=9");
run("Analyze Particles...", "size=6-Infinity summarize");

saveAs("Tiff", dir2+title+"_DAPI_counts.tif");

close();

}

setBatchMode(false);
selectWindow("Results");

saveAs("Results", output + filename + ".csv");
showMessage("You're awesome!");

exit();




Image J Macro for quantification of LC3-positive dots

dirl = getDirectory("INPUT");
dir2 = getDirectory("OUTPUT");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; i<list.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+" LC3L.tif");
close();

close();

run("Subtract Background...",
"rolling=60");
setThreshold(75, 255);
run("Convert to Mask");
run("Watershed");
run("Analyze Particles...", " summarize");

saveAs("Tiff", dir2+title+"_LC3_binary.tif");

close();

}

setBatchMode(false);
selectWindow("Results");

saveAs("Results", output + filename + ".csv");
showMessage("You're awesome!");

exit();




Image J Macro for quantification of ATG16L1-positive dots

dirl = getDirectory("INPUT");
dir2 = getDirectory("OUTPUT");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; i<list.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+"_ATG16L.tif");
close();

close();

run("Gaussian Blur...", "sigma=3");

setThreshold(50, 255);
run("Convert to Mask");
run("Watershed");

run("Analyze Particles...", " summarize");

close();

}

setBatchMode(false);
selectWindow("Summary");
saveAs("Text", dir2+"Summary2.txt");
showMessage("You're awesome!");

exit();

run("Subtract Background...", "rolling=8");

saveAs("Tiff", dir2+title+"_ATG16L_binary.tif");




Image J Macro for quantification of WIPI2-positive dots

dirl = getDirectory("INPUT");
dir2 = getDirectory("OUTPUT");
setBatchMode(true);
list = getFileList(dirl);
for (i=0; i<list.length; i++)
{
open(dirl+list[i]);
title = File.nameWithoutExtension ;
run("Split Channels");
saveAs("Tiff", dir2+title+"_WIPI2.tif");
close();
close();

run("Gaussian Blur...", "sigma=3");
run("Subtract Background...", "rolling=6");
setThreshold(40, 255);
run("Convert to Mask");
run("Analyze Particles...", " summarize");
saveAs("Tiff", dir2+title+"_WIPI2_binary.tif");

close();

}

setBatchMode(false);
selectWindow("Summary");
saveAs("Text", dir2+"Summary2.txt");
showMessage("You're awesome!");

exit();
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Abstract

Mitochondria are cellular organelles with crucial functions in the generation and distribution of ATP, the buffering of
cytosolic Ca?* and the initiation of apoptosis. Compounds that interfere with these functions are termed
mitochondrial toxins, many of which are derived from microbes, such as antimycin A, oligomycin A, and ionomycin.
Here, we identify the mycotoxin phomoxanthone A (PXA), derived from the endophytic fungus Phomopsis longicolla,
as a mitochondrial toxin. We show that PXA elicits a strong release of Ca”* from the mitochondria but not from the ER.
In addition, PXA depolarises the mitochondria similarly to protonophoric uncouplers such as CCCP, yet unlike these, it
does not increase but rather inhibits cellular respiration and electron transport chain activity. The respiration-
dependent mitochondrial network structure rapidly collapses into fragments upon PXA treatment. Surprisingly, this
fragmentation is independent from the canonical mitochondrial fission and fusion mediators DRP1 and OPAT1, and
exclusively affects the inner mitochondrial membrane, leading to cristae disruption, release of pro-apoptotic proteins,
and apoptosis. Taken together, our results suggest that PXA is a mitochondrial toxin with a novel mode of action that
might prove a useful tool for the study of mitochondrial ion homoeostasis and membrane dynamics.

Introduction

Mitochondria are cellular organelles that are crucial to
almost all eukaryotic organisms. Among their most
important functions are generation and distribution of
ATP, buffering of cytosolic Ca®" and, in animal cells,
initiation of apoptosis. Disturbance of these or other
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functions by mitochondrial toxins can lead to cellular
stress and cell death'”.

Mitochondria produce ATP through oxidative phos-
phorylation (OXPHOS), which depends on the electron
transport chain (ETC) embedded in the inner mitochon-
drial membrane (IMM). The ETC pumps protons out of
the mitochondrial matrix and into the mitochondrial
intermembrane space. This generates a proton gradient
(ApH,,) and, consequently, a membrane potential (AW ,)
across the IMM. The AWY,, is then used to drive the
mitochondrial ATP synthase”.

To provide all regions within the cell with sufficient
ATP, mitochondria often form a network that constantly
undergoes balanced fission and fusion. This allows
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remodelling of the network as well as removal and recy-
cling of damaged mitochondria through mitophagy™*”.
Excessive fission can be triggered by mitochondrial toxins
that cause loss of AW, such as the protonophore car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP)°.

The AY,, also plays a role in the mitochondrial buf-
fering of cytosolic Ca*". Normally, the cytosol of a typical
animal cell contains only a very low Ca>" concentration
([Ca®*]¢ye ~0.1 uM), whereas the concentration of Ca*"
within the endoplasmic reticulum ([Ca®"]gg, > 100 uM) or
outside the cell ([Ca®"].y, > 1000 uM) is up to 10,000-fold
higher?. In response to certain stimuli, Ca>" channels in
the ER and/or the plasma membrane open to release Ca*"
into the cytosol as a second messenger. Mitochondria
contribute to removal of cytosolic Ca®>" by uptake into
their matrix via AW, -driven Ca®" transporters. After that,
a slow, regulated efflux moves the Ca®* out of the matrix
and into the cristae, which are folds in the IMM, from
where it is slowly released and shuttled back to the ER*"~
°. A separate mechanism through which Ca®" can cross
the IMM is the mitochondrial permeability transition
pore (mPTP), which can open irreversibly in response to
severe mitochondrial stress. The mPTP directly connects
the mitochondrial matrix with the cytosol to allow the
free exchange of molecules up to 1.5 kDa in size, including
Ca®". Irreversible mPTP opening leads to release of
mitochondrial Ca**, loss of A¥,,, swelling of the matrix
and eventually mitochondrial outer membrane permea-
bilisation (MOMP)'*1,

In animal cells, MOMP initiates apoptosis. Several
proteins normally contained in the cristae attain a pro-
apoptotic function if they pass the outer mitochondrial
membrane (OMM) and are released into the cytosol.
Among these proteins are cytochrome ¢ (CYCS), SMAC
(DIABLO) and OMI (HTRA?2). Cytosolic CYCS becomes
part of the caspase-activating apoptosome complex, while
DIABLO and HTRA2 bind and inhibit the inhibitor of
apoptosis proteins (IAPs), thus attenuating their inhibi-
tion of caspases’. MOMP can be caused either passively
through rupture of the OMM, such as triggered by the
mPTP, or actively through the formation of pores in the
OMM by the pro-apoptotic proteins BAK and BAX,
which can be induced in response to severe cellular
stress'”.

A variety of mitochondrial toxins with different effects
and molecular targets is known today'. Several of these
toxins are natural products, such as the Streptomyces-
derived ETC inhibitor antimycin A and the ATP synthase
inhibitor oligomycin A.

Phomoxanthone A and B (PXA and PXB) are natural
products named after the fungus Phomopsis, from which
they were first isolated, and after their xanthonoid
structure (Fig. S1). PXA is a homodimer of two acetylated
tetrahydroxanthones symmetrically linked at C-4,4’,
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whereas PXB is structurally almost identical but asym-
metrically linked at C-2,4’. Both possess antibiotic activity
against diverse organisms from all biological kingdoms.
Originally described in 2001, PXA and PXB were tested
against the protozoan Plasmodium falciparum, the Gram-
positive Mycobacterium tuberculosis, and three animal
cell lines. In all of these organisms, both PXA and PXB
showed significant cytotoxic activity, with PXA being
more toxic in every case'®. A later study in different
organisms produced similar results, showing that PXA
inhibits the growth of the Gram-positive Bacillus mega-
terium, the alga Chlorella fusca, and the fungus Ustilago
violacea™.

We previously showed that PXA induces apoptosis in
human cancer cell lines. Signs of apoptosis were observed
as early as after 4h of treatment with low micromolar
doses of PXA'®"”. However, the mechanism by which
PXA causes apoptosis or cytotoxicity in general has never
before been investigated.

The aim of this study was to elucidate the mechanism
through which PXA exerts its toxicity. Following our
initial results, we hypothesised that PXA directly affects
the mitochondria and thus investigated its effects on the
ETC, AY,, ATP production, Ca%t buffering, and
mitochondrial morphology. It appears that PXA is a
mitochondrial toxin that specifically affects the IMM,
leading to loss of AW,, ETC inhibition, Ca®" efflux,
mitochondrial fragmentation, cristae disruption, and
finally to the release of mitochondrial pro-apoptotic
factors.

Results
PXA induces Ca®* release from an intracellular store

To determine how PXA induces apoptosis, we analysed
its effect on cellular Ca®" levels since ionic imbalance
can be an apoptotic trigger. Treatment of Ramos cells
with PXA resulted in a strong, steady increase of [Ca®
+]Cyt (Fig. 1a). Interestingly, there was a delay of about
2-5 min between addition of PXA and increase in [Ca?
+]Cyt. Since this pattern of Ca>" release is similar to that
caused by the tyrosine phosphatase inhibitor pervana-
date (VO,2") (Fig. S2a), and since tyrosine phosphatase
inhibition can induce apoptosis, we tested the effect of
PXA on tyrosine phosphorylation. However, in contrast
to pervanadate, we could not detect any effect (Fig. S2b).
In a broader picture, PXA had no inhibitory effect on any
of 141 protein kinases against which we tested it
(Table S1).

We next tried to determine the origin of the released
Ca”". Since PXA increases [Ca”*]., even in the absence
of extracellular Ca®", we tested if it releases Ca>* from the
ER. Using thapsigargin, which causes a net efflux of Ca*"
from the ER, we could induce an increase in [Ca”]Cyt
even after PXA-inducible Ca*" stores were depleted
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cytometry

Fig. 1 PXA causes an increase of [Ca>*]., and a release of [Ca**]mito but not [Ca®*]gg. a Live measurement of the effect of PXA (10 uM) on [Ca’
+]Cyt in Ramos cells, where DMSO (0.1% v/v) was used as vehicle control and ionomycin (IM; 2 uM) was used as positive control, and b live
measurement of [Ca”*]., after PXA followed by thapsigargin (TG; 10 pM). Measurements were performed by flow cytometry using the Ca**-sensitive
fluorescent probe Fluo-4-AM (Ex 488 nm, Em 530 + 30 nm) in the absence of extracellular Ca®* by maintaining the cells in Krebs-Ringer buffer
containing 0.5 MM EGTA during measurement. ¢, d Comparison of the effect of PXA (10 uM) and thapsigargin (TG; 1 uM) on either [Ca®"]eq OF
[Ca® it @S Measured by the Ca”*-sensitive fluorescent protein CEPIA targeted to the respective organelle in Hela cells. All traces were normalised
(F/Fo) where Fq is the starting fluorescence of each trace. @ Comparison of the effect of PXA (10 uM), ionomycin (IM; 2 uM), and thapsigargin (TG; 1
M) on [Ca?* e in Ramos cells stably transfected with the Ca’*-sensitive ratiometric fluorescent protein mito-Pericam. DMSO (0.1% v/v) was used as
vehicle control. F/Fy is the ratio of fluorescence with excitation at 488 nm (high [Ca?*)) to 405 nm (low Ca**)). f, g Live imaging and quantification of
the effect of PXA (10 uM) on mPTP opening in Hela cells as measured by mitochondrial calcein fluorescence using the calcein/cobalt quenching
method. DMSO (0.1% v/v) was used as vehicle control and ionomycin (IM; 2 uM) was used as positive control. Mitochondrial calcein fluorescence was
quantified. h Additional live measurement of the effect of PXA on mPTP opening in Ramos cells by the calcein/cobalt quenching method using flow

N\

(Fig. 1b), suggesting that the Ca®" released by PXA at
least partially originates from a source other than the ER.

PXA induces Ca®* release mainly from the mitochondria

To quantify the effect of PXA on Ca>" stores, we used
HeLa cells expressing CEPIA Ca®" probes targeted to
either the ER or the mitochondria. Although PXA pro-
voked some Ca”" release from the ER, it was much slower
and weaker than that evoked by thapsigargin (Fig. 1c).
Mitochondria, however, were quickly and severely
depleted (Fig. 1d). This effect of PXA on mitochondrial
Ca”" was confirmed in Ramos cells, making use of the Ca*
* probe Pericam (Fig. 1e).

Mitochondrial Ca®* release caused by PXA is independent
from the mPTP

Large-scale Ca®" efflux from the mitochondria can
result from persistent opening of the mPTP. We thus
tested whether PXA induces mPTP opening by using the
cobalt/calcein method, comparing PXA to the mPTP
inducer ionomycin (IM). While IM caused a strong
decrease in mitochondrial calcein fluorescence as expec-
ted, PXA had no observable effect (Fig. 1f, g; Supple-
mentary Movies S1-S3). Similar results were obtained by
further live measurement using flow cytometry (Fig. 1h).
In addition, we tested whether the mPTP inhibitor
cyclosporin A (CsA) can prevent the mitochondrial Ca®"
release caused by PXA. We measured mitochondrial Ca®*
retention capacity in isolated mitochondria, comparing
PXA to IM and CCCP. This was done in either normal
isolated mitochondria or mitochondria loaded with Ca**,
and in the presence of either CsA or its derivative
cyclosporin H (CsH), which does not affect the mPTP
(Fig. 2)*®. While PXA caused a decrease in calcium green
fluorescence, indicating Ca®" release, under every condi-
tion, i.e., regardless of Ca®" loading and also in the pre-
sence of CsA, IM had an observable effect only in loaded
mitochondria, but also regardless of CsA. On the other
hand, CCCP caused a release of Ca* only in the presence
of CsH but not CsA, indicating that CCCP-induced Ca*"
release does indeed depend on the mPTP, unlike that
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induced by PXA. Taken together, these results indicate
that PXA causes mitochondrial Ca*" release largely
independent from the mPTP.

PXA depolarises the mitochondria but does not uncouple
cellular respiration

A change in [Ca®imito likely correlates with changes in
other mitochondrial ion gradients. Uptake of Ca®' into
the mitochondrial matrix is driven by AW¥,. We thus
analysed the effect of PXA on AW, Indeed, PXA caused
immediate mitochondrial depolarisation similar to CCCP,
both in whole cells and isolated mitochondria (Fig. 3a, b).
The ECsy for PXA-induced loss of A¥,, in Ramos cells
was determined to be 1.1 +0.3uM (Fig. S3). The key
contributor to AW, is ApH,,, which is maintained via
cellular respiration by consumption of O,. If the PXA-
induced loss of AW, was caused by loss of ApH,,
downstream of the ETC, as in case of CCCP, it would be
accompanied by an increase in respiration to compensate
for the loss. Therefore, we measured cellular O, con-
sumption upon increasing concentrations of either PXA
or CCCP. As expected, CCCP caused a dose-dependent
increase in O, consumption. However, in contrast to
CCCP, PXA caused no increase but rather a slight
decrease in O, consumption (Fig. 3c). An overview of the
kinetics of the effects of PXA on [Ca®" ]y, [Ca* Timitor O2
consumption and AW, is presented in Fig. 3d.

PXA inhibits cellular respiration by disrupting the electron
transport chain

Since PXA had a moderate inhibitory effect on cellular
O, consumption under basal conditions, we next mea-
sured O, consumption after the respiration rate was first
increased by CCCP. Here, treatment with PXA caused a
strong decrease in O, consumption to levels below
baseline (Fig. 4a). It thus appeared likely that PXA, unlike
CCCP, is not an inducer but rather an inhibitor of cellular
respiration and of the ETC. We, therefore, compared PXA
to known ETC inhibitors: rotenone (complex I), the-
noyltrifluoroacetone (TTFA; complex II), antimycin A
(complex III), sodium azide (NaNj; complex IV) and
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oligomycin A (complex V / ATP synthase). In an O,
consumption assay, PXA caused a strong decrease in
cellular respiration, both after CCCP treatment and under
basal conditions, similar to that caused by rotenone,
antimycin A and azide (Fig. 4b). Oligomycin A expectedly
inhibited respiration under basal conditions but not after
CCCP treatment since CCCP uncouples respiration from
ATP synthesis. TTFA did not have a significant effect,
probably because complex II is not involved in respiration
if complex I substrates are available'®.

Since a functional ETC is required for ATP synthesis by
OXPHOS, we also compared PXA to known ETC inhi-
bitors in this context. Indeed, PXA as well as all tested
ETC inhibitors strongly reduced cellular ATP levels if
galactose was the only available sugar and ATP had to be
synthesised via OXPHOS instead of glycolysis (Fig. 4c).
Thus assuming that PXA targets the ETC, we tried to
determine if it specifically inhibits one of the ETC com-
plexes. This experiment was performed in permeabilized
cells, comparing PXA to rotenone. Succinate, which
induces complex II-dependent respiration only if complex
I is inhibited, alleviated rotenone-induced inhibition of O,
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consumption but had only a marginal effect in PXA-
treated cells. In contrast, duroquinol, which induces
complex III-dependent respiration, increased O, con-
sumption in both PXA-treated as well as rotenone-treated
cells back to levels before inhibition (Fig. 4d). These data
suggest that PXA might either affect both complex I and
II or the shuttling of electrons between complex I/II and
II1.

Comparison of PXA with other ETC inhibitors

While PXA inhibits the ETC as well as ATP synthesis,
it differs from the other ETC inhibitors used in this study
concerning its effects on Ca®" and AVY,,. Unlike PXA,
neither CCCP nor any of the tested ETC inhibitors with
the exception of antimycin A caused a noticeable release
of Ca®" (Fig. S4a), and that caused by antimycin A was
much weaker and had an earlier but slower onset than
the one caused by PXA. Similarly, while both CCCP and
PXA induced a strong and immediate decrease in AY,,
none of the other ETC inhibitors except antimycin A had
any effect on A¥,,, and that of antimycin A was much
slower and weaker (Fig. S4b). Since we previously
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showed that PXA is cytotoxic and induces apoptosis, we
also compared it to CCCP, ETC inhibitors, IM (control
for Ca*" release) and staurosporine (control for cyto-
toxicity/apoptosis) in these regards. PXA, staurosporine
and CCCP strongly induced apoptosis, while the ETC
inhibitors and IM were much weaker inducers in Ramos
cells and did not noticeably induce apoptosis at all in
Jurkat cells (Fig. 5a, b). Dependency on OXPHOS for
ATP synthesis, which considerably increased the toxicity
of the ETC inhibitors, appeared to have no effect on the
toxicity of PXA or staurosporine (Fig. 5¢, d). These
observations indicate that PXA probably causes cyto-
toxicity in general and apoptosis in particular not via its
effects on the ETC, A¥,,, or [Ca®>"],nito, but rather that
all of these events might have a common cause further
upstream.
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PXA causes irreversible cleavage of OPA1 mediated by
OMAT1 but not YMETL1

Several stress conditions including loss of AY¥,, and low
levels of ATP can induce cleavage of the IMM fusion
regulator OPA1 by the protease OMA1 (ref. *°). Addi-
tionally, OPA1 is also cleaved by the protease YMEI1L],
resulting in fragments of different size. We treated MEF
cells deficient for either one or both of these proteases
with either PXA or CCCP. We observed that PXA, like
CCCP, caused stress-induced OPA1 cleavage that was
dependent on OMAL1, whereas expression of YME1L1 did
not have any visible effect on PXA-induced OPA1 clea-
vage (Fig. 6a). Similarly to their effect in MEF cells, PXA
and CCCP-induced cleavage of OPAl in Ramos and
Jurkat cells within minutes. Interestingly, and unlike
CCCP, removal of PXA did not enable recovery of the



Bohler et al. Cell Death and Disease (2018)9:286 Page 7 of 17

100 *CCCP b

! +DMSO

8 +cccP
Il -cccP

O, consumption [pmol/(s*ml)] Q
o
<

o DMSO
0 5 10 15 20 25 30 0 100 200 300
t (min) 0, consumption rate (% control)
(o] d Digi Succ Duro
=1507:  4pxa  i+PXA :
CCCP £ *#Rot :+EtOH
() . .
OmA % . .
NaNs : i 1001
AmA | Glucose _E
Rot I : Galactose g— 504
: > :
PXA g
(3]
DMSO T T T T T T 1 ON 0'
0 20 40 60 80 100 120 0 10 20 30 40

ATP levels (% control)

Fig. 4 Effect of PXA on electron transport chain and OXPHOS. a Live measurement of the effect of PXA on uncoupled cellular respiration in intact
Ramos cells. Cells were first treated with 1 uM CCCP to uncouple respiration and then with either 10 uM PXA or 0.1% v/v DMSO (vehicle control) to
test for inhibition. Measurement of extracellular [O,] was performed using an oxygraph. b Comparative measurements of the effect of PXA and other
compounds on basal and uncoupled respiration in Ramos cells. Respiration was uncoupled by CCCP (1 uM). PXA (10 uM) was compared to the
complex-specific ETC inhibitors rotenone (Rot; complex I; 10 uM), thenoyltrifluoroacetone (TTFA; complex II; 10 uM), antimycin A (AmA; complex IIl;
10 uM), azide (NaNs; complex IV; T mM) and oligomycin A (OmA; complex V; 10 uM). Measurement was performed in a microplate reader using the
fluorescence-based MITO-ID® Extracellular O2 Sensor Kit (High Sensitivity) (Enzo). € Comparative measurements of the effect of PXA and other
compounds on ATP levels in Ramos cells after 120 min of treatment. PXA (10 uM) was compared to complex-specific ETC inhibitors (see above) as
well as CCCP (1 pM). Measurement was performed in a microplate reader using the luminescence-based Mitochondrial ToxGlo™ Assay (Promega).
Cells were incubated in full growth medium containing either glucose or galactose as the only available sugar. Galactose alone forces the cells to
resort exclusively to OXPHOS for ATP synthesis. d Live measurement of mitochondrial respiration in Ramos cells permeabilized by digitonin (Digi; 5
pg/ml). The effect of PXA (first 1 uM, then increased to 10 uM as indicated) was compared to that of the known complex | inhibitor rotenone (Rot; 1
pM). To specifically induce complex Il and Il of the electron transport chain, succinate (Succ; 10 mM) and duroquinol (Duro; T mM) were used,
respectively. Measurement of extracellular [O,] was performed using an oxygraph

long OPA1 forms (Fig. 6b). This prompted us to also therefore, investigated the effects of PXA on SMAC

investigate the effects of removal of PXA on cytotoxicity.
Indeed, though PXA was about fivefold less toxic if
removed after a few minutes, it still irreversibly primed
the cells for death (Fig. 6¢). It, thus, appears that at least
some of the effects of PXA on the cells are irreversible.

PXA induces fragmentation of the inner but not of the
outer mitochondrial membrane independently of OMAT1,
OPA1 and DRP1

Excessive processing of OPAl by OMAIL changes
mitochondrial cristae morphology, resulting in the release
of pro-apoptotic factors such as CYCS and SMAC. We,
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localisation and on recruitment of BAX to the OMM. We
observed that PXA indeed induced recruitment of GFP-
BAX to the mitochondria, with concurrent release of
SMAC-mCherry into the cytosol, within about 2-3h
(Fig. 7a and Supplementary Movie S4; quantification
shown in Fig. S5). OPA1 processing by OMAL1 also pre-
vents IMM fusion and, if excessive, results in mitochon-
drial fragmentation. Intriguingly, PXA caused rapid
fragmentation of the mitochondrial network within min-
utes (Fig. 7b), and independent of the cells’ OMA1 or
YMEIL1 status (Fig. 7c, left panels; Supplementary
Movies S5-S7). The persistence of PXA-induced
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Fig. 5 Comparative measurements of the effect of PXA and other compounds on apoptosis induction and cytotoxicity in Jurkat and
Ramos cells. PXA (10 uM) was compared to the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 10 uM), the Ca®* ionophore
ionomycin (IM; 10 uM), the apoptosis inducer staurosporine (STS; 10 uM), and the complex-specific ETC inhibitors rotenone (Rot; complex I; 10 uM),
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error bars = SD. a, b Measurement of apoptosis induction based on cleavage of the pro-fluorescent CASP3 substrate Ac-DEVD-AMC, which results in
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mitochondrial fragmentation in OMA1-YME1L1 DKO
cells indicates that this process is independent of OPA1
cleavage.

Mitochondrial fission is also regulated by the dynamin
DRP1, which mediates OMM fission. We, thus, tested the
effect of PXA on the mitochondrial morphology in DRP1-
deficient MEF cells. Again, fragmentation was observed
within minutes after treatment (Fig. 7c, right panel;
Supplementary Movie S8). We next used dual staining of
both the matrix (via HSP60) as well as the OMM (via
TOMM20) to determine whether both or only one of
these structures are affected by PXA. CCCP was used as a
positive control for fragmentation. As expected, CCCP
could not induce fragmentation in DRP1-KO cells, and in
WT cells it induced fragmentation of both the IMM and
OMM together (Fig. 8a, b). In contrast, in the WT cells
treated with PXA, fragmentation was much stronger and
resulted in smaller fragments. More intriguingly, in
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DRP1-KO cells treated with PXA, only the matrix
appeared to have fragmented, whereas the OMM
appeared to have shrunken around the matrix fragments
but otherwise remained connected (Fig. 8a, b). This effect
could also be observed in cells deficient for both DRP1
and OPA1 (Fig. S6) demonstrating that PXA acts inde-
pendently of canonical regulators of mitochondrial fission.
Finally, a close examination of the mitochondrial ultra-
structure by transmission electron microscopy (TEM)
revealed that PXA causes OMA1-independent disruption
of mitochondrial matrix morphology, complete loss of
cristae, and condensation of IMM structures at the OMM
(Fig. 8c¢).

Taken together, our results show that PXA disturbs
mitochondrial form and function in several ways. Some
effects, such as the rapid inhibition of both AY , and the
ETC at the same time, the delayed release of mitochon-
drial Ca*", and the fragmentation of the inner but not the
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cells after 5 min of treatment with either PXA (10 uM) or CCCP (10 uM)
followed by removal of the substance and a recovery period of up to
9h. Proteins were detected by immunoblot. Vinculin (VCL) was used
as loading control. ¢ Comparison of the effect of PXA on cell viability if
the stimulus was removed after treatment. Measurement was
performed in a microplate reader using the MTT viability assay. Data
shown are the means of three independent experiments; error bars =
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outer mitochondrial membrane, are unique and indicate a
mode of action that is distinct from all other compounds
to which it was compared in this study.

Discussion

The mycotoxin PXA is a toxic natural product whose
mechanism of action has so far remained elusive. We
provide evidence that PXA disrupts mitochondrial func-
tion and causes IMM fragmentation and cristae disrup-
tion independently of DRP1 and OPAl, leading to the
release of pro-apoptotic factors and ultimately to
apoptosis.

PXA, just like CCCP, dissipates AW¥, within seconds. In
the case of CCCP, respiration increases to compensate
this, whereas PXA has the opposite effect and blocks
respiration. Conversely, respiration is also blocked by
ETC inhibitors, yet in contrast to PXA, these do not
strongly affect AW,,. This suggests an entirely different
mode of action for PXA. Additionally, unlike any of these
compounds, PXA causes a strong mitochondrial release of
Ca®" and rapid fragmentation of the IMM but not the
OMM.

Release of mitochondrial Ca*" and loss of A¥,, can be
results of persistent mPTP opening, yet we showed that
PXA does not strongly affect the mPTP. Since mito-
chondrial ion gradients are interdependent through var-
ious antiporters that are generally linked to AW, (ref. %),
one might assume that loss of AY,, disturbs these gra-
dients sufficiently to induce a net Ca>" efflux from the
mitochondria. For CCCP, contradictory results have been
reported—in some cases it caused Ca>" release®, in some
cases it did not*>. We observed no effect of CCCP and
most ETC inhibitors on [Ca2+]cyt, and in fact both ETC-
deficient (p°) mitochondria®® and depolarised mitochon-
dria®* can still facilitate a net uptake of Ca®". It, thus,
appears that the mitochondrial Ca®" release induced by
PXA is not necessarily a result of its effects on the ETC
and AY,,, but rather that all of these effects might have a
common cause.

The delay between addition of PXA and the first
observable increase in [Ca”]cyt and decrease in [Ca*" ] i
contrasts with the immediate change in AY,, (Fig. 3d).
This discrepancy could possibly be explained by the
hypothesis that mitochondria release Ca>* mainly into the
cristae, and that the cristae junctions may function as
bottlenecks for mitochondrial Ca*" transport®**. Cristae
junctions are regulated by OPAI1, which is cleaved by
OMAL in response to mitochondrial stress, leading to
cristae disruption®®. We not only showed that OPA1 is
irreversibly cleaved by OMA1 upon PXA treatment, but
that PXA also causes cristae disruption independently of
OMAIL. Thus, PXA-induced cristae disruption might
cause the release of Ca®' from the cristae and thus
eventually into the cytosol. In addition, irreversible cristae
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disruption could well be a sufficient condition for the
release of pro-apoptotic factors and thus the induction of
apoptosis®® 2%,

OPAL1 also affects the fragmentation of mitochondrial
network structures, which can be induced by PXA as well
as CCCP. In the case of CCCP, this is commonly
explained by the excessive activation of DRP1 after
increased OPA1 processing by OMA1, which in turn is a
response to several kinds of cellular stress including
impaired ATP production and loss of AW, (ref. 2%
%2). Since PXA dissipates AW,y inhibits ATP production
and consequently induces OMA1-mediated OPA1 clea-
vage, one might assume that it induces fragmentation via
the same mechanism, yet we observed PXA-induced
fragmentation events that were independent of DRPI,
OMAL1 and even OPAL.

Mitochondrial fragmentation independent of DRP1 is
an unusual phenomenon but has been reported in cells
undergoing apoptosis after pro-apoptotic factors had
already been released®**, In the case of PXA, however,
fragmentation occurs within minutes after treatment,
whereas pro-apoptotic factors are released only after
several hours. In addition, whereas both the OMM and
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IMM are divided together during DRP1-dependent frag-
mentation, PXA can cause exclusive fragmentation of the
IMM while the OMM remains intact. This is surprising
since no active mechanism for exclusive IMM fission is
known in higher eukaryotes, and there are only few
reports documenting this phenomenon®?>2°,

The OMAI1-processed short OPA1 forms play a role in
IMM fission and cristae morphology™**>. However, since
PXA-induced IMM fragmentation and cristae disruption
are independent of both OMA1 and OPAl, this implies
that OPA1 may well be an IMM fission regulator but not
necessarily a fission executor. It has been recently pro-
posed that OPA1 is dispensable for cristae junction bio-
genesis but may still be required for cristae junction
remodelling®”. Our results suggest that excessive OPA1
processing may be sufficient but not necessary for inner
membrane remodelling and cristae disruption and for the
consequent release of pro-apoptotic factors.

The independence of PXA-induced IMM fragmentation
from DRP1, OMA1 and OPAIl, as well as its very fast
onset, suggest that it might not depend on the fission/
fusion machinery at all, but could work via a completely
separate mechanism. Since no such mechanism is known



Bohler et al. Cell Death and Disease (2018)9:286 Page 11 of 17

WT DRP1-KO
TOMM20 Overlay

HSP60 TOMM20 Overlay

; . % ':1 52 of ’
<--.
X
o

Bl Connected

b Z2A Intermediate
120- Matrix - WT O Fragmented 120~ OMM - WT
K] K]
g 80 E 80
2 40 2 40
0 = o 0
DMSO CCcCP PXA DMSO CCCP
120~ Matrix - DRP1-KO 120~ OMM - DRP1-KO
2
1 L : 801 L i_é_;
o
)

DMSO CCCP PXA DMSO CCCP

Fig. 8 Effect of PXA on mitochondrial matrix morphology. a Confocal images of MEF cells (WT and DRP1-KO) at 30 min after treatment with
either 0.1% v/v DMSO (vehicle control), 10 uM CCCP (positive control for fragmentation) or 10 uM PXA. HSP60 (green) was stained as a marker for the
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b Quantification of mitochondrial morphology by classification of 200 individual cells in each of three independent experiments; error bars = SD. ¢

Transmission electron microscopy images of MEF cells (WT or OMA1-KO) after treatment with either 10 uM PXA or with 0.1% v/v DMSO (vehicle
control) for 30 min. Scale bars are equivalent to 0.5 um
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in higher eukaryotes, any attempt at explaining this effect
remains speculative. One explanation could be a change
in IMM fluidity or matrix architecture, causing an
immediate and strong retraction of the IMM. This could
result from interference with the tethering of IMM and
OMM at mitochondrial contact sites. If this is the case, a
possible mechanistic target of PXA could be the mito-
chondrial phospholipid cardiolipin, which is present
almost exclusively in the IMM and especially at mito-
chondrial contact sites®®”. Cardiolipin serves as a
membrane anchor for many proteins that are implicated
in mitochondrial contact site formation, mitochondrial
ultrastructure and the ETC, such as MIC27 (APOOL)4O’41,
F,Fo ATP synthase“'“, CYCS*, and ETC complexes III
and IV*"*3** A disruptive interaction between PXA and
either cardiolipin or cardiolipin-binding proteins might
thus explain several of the effects induced by PXA.

In summary, we identified PXA as a mitochondrial toxin
with a mode of action distinct from known ETC inhibi-
tors, OXPHOS uncouplers, and ionophores. Its effects,
such as the rapid inhibition of both ETC and AW, the
release of mitochondrial Ca®*, and the induction of
DRP1- and OPAl-independent cristae disruption and
fission of the inner but not the outer mitochondrial
membrane, might render it a useful tool in studying these
phenomena. Further studies may reveal the molecular
target of PXA and the mechanisms through which it
induces mitochondrial Ca®* release and IMM fission.

Material and methods
Cell lines and cell culture

Jurkat cells were obtained from DSMZ (#ACC-282).
Ramos cells were kindly provided by Michael Engelke
(Institute of Cellular and Molecular Immunology, Uni-
versity Hospital Gottingen, Gottingen, Germany). HeLa
cells stably expressing mito-DsRed were kindly provided
by Aviva M. Tolkovsky (Department of Clinical Neu-
rosciences, University of Cambridge, England, UK) and
have been described previously*”. MEF cells deficient for
OMA1 and/or YMEIL1 as well as the corresponding
wild-type cells were generated by Ruchika Anand and
kindly provided by Thomas Langer (Institute for Genetics,
University of Cologne, Germany) and have been described
previously””. MEF cells deficient for DRP1 as well as the
corresponding wild-type cells used for live imaging were
kindly provided by Hiromi Sesaki (Department of Cell
Biology, Johns Hopkins University, Baltimore, MD, USA)
and have been described previously>’. MEF cells deficient
for DRP1 used for imaging of fixed cells were generated
using the CRISPR/Cas9 system as described previously™.
The DNA target sequence for the guide RNA was 5'-
CAGTGGGAAGAGCTCAGTGC-3". HCT116 cells were
kindly provided by Frank Essmann (Interfaculty Institute
of Biochemistry, Eberhard Karls University Tiibingen,
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Germany). Transient expression of SMAC-mCherry and
GFP-BAX was achieved by lipofection at 70-80% con-
fluence using Lipofectamine 2000 (Life Technologies,
Darmstadt, Germany). Cells were incubated with 0.15 pl
Lipofectamine 2000, 50 ng pcDNA3-Smac(1-60)mCherry
(Addgene ID 40880; this plasmid was kindly provided by
Stephen Tait (Beatson Institute, University of Glasgow,
Scotland, UK) and has been described previously47), and
50 ng pGFP-Bax (kindly provided by Nathan R. Brady,
Department of Molecular Microbiology and Immunology,
Johns Hopkins University, Baltimore, MD, USA) per well
in glass bottom 8-well chambers (Ibidi, Planegg, Ger-
many) for 16 h. HeLa cells used for Ca*" measurements
were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS) and 4 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml strepto-
mycin at 37°C and 5% CO,. They were authenticated
using autosomal STR profiling performed by the Uni-
versity of Arizona Genetics Core and they fully matched
the DNA fingerprint present in reference databases. Cell
lines stably expressing either mito-DsRed (except HeLa;
see above) or ratiometric mito-Pericam were generated by
retroviral transfection using the Platinum-E (Plat-E)
packaging cell line (kindly provided by Toshio Kitamura,
Institute of Medical Science, University of Tokyo, Japan)
and the retroviral vectors pMSCVpuro-mito-DsRedl
(Addgene ID 87379) or pMSCVpuro-mito-Pericam
(Addgene ID 87381). The medium used for the cultiva-
tion of Jurkat cells and Ramos cells was RPMI 1640
medium, and the medium used for cultivation of HCT116
cells was McCoy’s 5A medium. All other cells were cul-
tivated in high-glucose Dulbecco's Modified Eagle's
medium (DMEM). All media were supplemented with
10% FCS, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin. All cell lines were maintained at 37 °C and 5% CO, in
a humidity-saturated atmosphere.

Reagents

Phomoxanthone A was isolated and purified as descri-
bed previously'®. We found that PXA becomes unstable if
dissolved in dimethyl sulfoxide (DMSO) and readily iso-
merises into the essentially non-toxic compound dicer-
androl C (data not shown), in a process similar to the one
previously described for the structurally related secalonic
acids™®. However, PXA is barely soluble in EtOH and not
soluble in H,O. Therefore, PXA was prepared in small
lyophilised aliquots and only dissolved in DMSO imme-
diately before usage.

The tyrosine phosphatase inhibitor pervanadate (VO,*
~) was freshly prepared by mixing 30 mM sodium
orthovanadate with 60 mM H,0, in phosphate-buffered
saline (PBS) and incubating at room temperature (RT) in
the dark for 10 min; sodium orthovanadate was purchased
from Sigma (Munich, Germany), #450243; IM from
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Sigma, #19657; thapsigargin (TG) from Sigma, #T9033;
carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
from Sigma, #C2759; rotenone from Sigma, #45656; the-
noyltrifluoroacetone (TTFA) from Sigma, #88300; anti-
mycin A from Sigma, #A8674; sodium azide (NaN3) from
Sigma, #S2002; oligomycin A from Toronto Research
Chemicals (Toronto, Canada), #0532970; staurosporine
(STS) from LC Laboratories (Woburn, MA, USA), #9300.
All cell culture reagents were purchased from Life
Technologies, and all other reagents where no manu-
facturer is explicitly mentioned were purchased from Carl
Roth GmbH (Karlsruhe, Germany).

Replicates and statistical analysis

Experiments were replicated at least three times, and
representative data are shown. Error bars indicate stan-
dard deviation. All statistical analysis was performed using
Prism v7.01 (GraphPad Software, La Jolla, CA, USA).

In vitro kinase activity screening

The effect of PXA on the activity of 141 protein kinases
was assessed by the International Centre for Kinase Pro-
filing (Dundee, Scotland, UK) using a radioactive filter
binding assay with **P ATP***°,

Live measurement of [Ca®*],; by Fluo-4-AM

Cells were stained by incubation in growth medium
containing 1uM Fluo-4-AM (Life Technologies;
#F14201), 0.005% w/v Pluronic F-127 (Sigma, #540025),
10 mM HEPES and 5% v/v FCS at 30 °C. After 25 min, an
equal volume of full growth medium was added, the
temperature was increased to 37 °C, and the cells were
incubated for another 10 min. After that, the cells were
washed and resuspended in Krebs-Ringer buffer (10 mM
HEPES pH 7.0, 140 mM NacCl, 4 mM KCl, 1 mM MgCl,,
10 mM glucose) supplemented with 1 mM CaCl,. The
cells were kept at RT in the dark until measurement. Just
before measurement, the cells were washed and resus-
pended in Krebs-Ringer buffer supplemented with 0.5
mM EGTA. Fluo-4-AM fluorescence was measured live
using an LSRFortessa flow cytometer (BD, Franklin
Lakes, NJ, USA) recording fluorescence in the FITC
channel (Ex 488 nm, Em 530 + 30 nm). For each sample,
after at least 30 s of baseline measurement, the stimulus
was added and measurement was continued for at least
10 min.

Live measurement of [Ca®*]nito and [Ca®*1eg by CEPIA
Measurements of [Ca® i and [Ca®T]gr in Hela
single cells were performed as described previously®'?,
using the genetically-encoded Ca®" indicators CEPIA3mt
(Addgene ID 58219) and G-CEPIAler (Addgene ID
58215), respectively, which were developed by Dr. M. Iino
(The University of Tokyo, Japan)®>. The constructs were
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introduced into HeLa cells utilising the X-tremeGENE HP
DNA transfection reagent (Roche, Mannheim, Germany)
according to the manufacturer’s protocol. The [Ca®h]
measurements were performed 48 h after transfection
using a Zeiss Axio Observer Z1 Inverted Microscope
equipped with a 20 X air objective and a high-speed
digital camera (Axiocam Hsm, Zeiss, Jena, Germany).
Changes in fluorescence were monitored in the GFP
channel (Ex 480 nm, Em 520 nm). Extracellular Ca®" was
chelated with 3mM EGTA, and PXA (10 pM) or thapsi-
gargin (1 pM) were added as indicated on the figures. All
traces were normalised (F/F;) where F; is the starting
fluorescence of each trace.

Live measurement of [Ca®*]mito by ratiometric mito-
Pericam

Ramos cells stably transfected with ratiometric mito-
Pericam as described above were used for this measure-
ment. Ratiometric mito-Pericam is a Ca®"-sensitive
fluorescent protein and was described previously’*>*. An
increase in [Ca®"] causes a shift of the Pericam excitation
maximum from ~410 to ~495 nm while the emission peak
remains at ~515 nm. Pericam fluorescence was measured
live using an LSRFortessa flow cytometer recording
fluorescence in both the FITC channel (Ex 488 nm, Em
530 + 30 nm) and the AmCyan channel (Ex 405 nm, Em
525 +50nm). For each sample, after at least 30s of
baseline measurement, the stimulus was added and
measurement was continued for at least 10 min. The ratio
of fluorescence with excitation at 488 to 405nm was
calculated.

Live measurement of mPTP opening by cobalt-calcein
assay

This method was adapted from previously published
protocols'”'®*°, The cells were stained by incubation in
Krebs-Ringer buffer supplemented with 1 mM CaCl,, 1
mM CoCl,, and 1uM calcein-AM (Life Technologies,
#65-0853-78) at 37 °C for 30 min. After that, the cells were
washed and maintained in Krebs-Ringer buffer supple-
mented with 1mM CaCl, and 1.6 uM cyclosporin H
(CsH) to prevent passive efflux of calcein. For live mea-
surement by confocal microscopy, imaging and quantifi-
cation were performed using a Perkin Elmer Spinning
Disc microscope with a 60x objective (oil-immersion and
NA =1.49) at an excitation wavelength of 488 nm. The
videos were obtained at 1000 x 1000 pixel resolution with
a Hamamatsu C9100 camera. Additional live measure-
ment by flow cytometry was performed using an
LSRFortessa flow cytometer recording fluorescence in the
FITC channel (Ex 488 nm, Em 530 + 30 nm). For each
sample, after at least 30 s of baseline measurement, the
stimulus was added and measurement was continued for
at least 10 min.
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Isolation of live mitochondria

Adherent cells were harvested by a cell scraper. All cells
were pelletised by centrifugation at 600 rcf, resuspended
in ice-cold mitochondria isolation buffer (210 mM man-
nitol, 70 mM sucrose, 1 mM K,EDTA, 20 mM HEPES),
and passed through a 23 G needle ten times. The resulting
suspension was centrifuged at 600 rcf and the supernatant
was transferred to a new tube and centrifuged at 6500 rcf
and 4°C for 15 min. The resulting mitochondrial pellet
was resuspended in sodium-free mitochondrial respira-
tion buffer MiR05 (0.5 mM EGTA, 3 mM MgCl,, 60 mM
lactobionic acid, 20 mM taurine, 10 mM KH,PO,4, 20 mM
HEPES, 110mM bp-sucrose, 0.1% w/v fatty-acid-free
bovine serum albumin [BSA]) supplemented with 10
mM succinate and 5 mM malate.

Live measurement of mitochondrial Ca®* retention
capacity by calcium green

Live mitochondria isolated as described above were stained
by incubation in MiR05 buffer supplemented with 10 mM
succinate, 5 mM malate, and 1 uM calcium green AM (Life
Technologies, #C3012) for 20 min on a shaker at 37 °C. Before
measurement, the mitochondria were pelletised at 6500 rcf
for 5 min, washed and resuspended in MiR05 supplemented
with 10 mM succinate, 5 mM malate, and 5 uM of either CsH
or CsA. In experiments where the mitochondria were loaded
with Ca®" before measurement, this was achieved by incu-
bation in MiR05 additionally supplemented with 150 uM
CaCl, on a shaker at 37 °C for 10 min after the first washing
step and followed by a second washing step.

Measurement of mitochondrial membrane potential by
TMRE and TMRM

For measurement in whole cells, the cells were stained
by incubation in full growth medium containing 100 nM
tetramethylrhodamine ethyl ester (TMRE; AAT Bioquest,
Sunnyvale, CA, USA; #22220) and 10 mM HEPES at 37 °C
in the dark for 15 min. After that, the cells were washed
and resuspended in full growth medium containing 10
mM HEPES and were incubated at 37 °C in the dark for
another 15 min. The cells were maintained at these con-
ditions until measurement. For measurement in live
mitochondria, these were isolated as described above,
resuspended in sodium-free mitochondrial respiration
buffer MiR05 supplemented with 10 mM succinate, 5 mM
malat, and 1mM ADP, stained with 50nM tetra-
methylrhodamine methyl ester (TMRM; Life Technolo-
gies, #T1668) at 37°C for 15min, and washed and
resuspended in MiR05 additionally supplemented with
1.6 uM cyclosporin H (CsH) to prevent passive TMRM
leakage. For live measurement, TMRE or TMRM fluor-
escence was measured using an LSRFortessa flow cyt-
ometer recording fluorescence in the PE channel (Ex 488
nm, Em 575 + 26 nm). For each sample, after at least 30 s
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of baseline measurement, the stimulus was added and
measurement was continued for at least 10 min. For the
titration of the ECsy for mitochondrial depolarisation,
TMRE fluorescence was measured using a Synergy Mx
microplate reader (BioTek, Bad Friedrichshall, Germany)
recording fluorescence at Ex 549 + 9 nm, Em 575 + 9 nm.
TMRE fluorescence was measured right before and 10
min after addition of PXA. ECs, values were calculated
using Prism v7.01.

Live O, respirometry measurements

This method was adapted from previously published
protocols'®*”. All measurements were performed using
an OROBOROS Oxygraph-2k (Oroboros Instruments,
Innsbruck, Austria). For measurement of total cellular
respiration, intact cells (2 x 10° cells/ml) were used and
maintained in full growth medium supplemented with 20
mM HEPES during measurement. For direct measure-
ment of mitochondrial  respiration,  digitonin-
permeabilised cells (2 x 10° cells/ml) were used and
maintained in mitochondrial respiration buffer MiR05
during measurement. To induce respiration, 10 mM glu-
tamate, 5 mM malate, 1 mM ADP, and 5 pg/ml digitonin
were added. The following complex-specific ETC indu-
cers were used: For complex II, 10 mM succinate (from
Sigma, #S3674); for complex III, 1mM tetra-
methylhydroquinone / duroquinol (from TCI Germany,
Eschborn, Germany; #T0822); for complex IV, 50 uM
tetramethyl-p-phenylenediamine (TMPD; from Sigma,
#87890) supplemented with 200 uM ascorbate.

Fluorimetric O, consumption assay

This measurement was performed using the MITO-ID®
Extracellular O2 Sensor Kit (High Sensitivity) (Enzo Life
Sciences, Lorrach, Germany; #51045) according to man-
ufacturer’s instructions. Fluorescence was measured using
a Synergy Mx microplate reader (Ex 340—400nm, Em
630-680 nm; time-resolved fluorescence, delay time 30 ps,
integration time 100 ps).

Measurement of cellular ATP levels

This measurement was performed using the AMito-
chondrial ToxGlo™ Assay (Promega, Mannheim, Ger-
many; #G8000) according to manufacturer’s instructions.
Since most cancer cells prefer ATP synthesis by glycolysis
over OXPHOS if glucose is present, this experiment was
conducted in the presence of either glucose or galactose
as the only available sugar, the latter of which reduces the
net ATP yield of glycolysis to zero and forces the cells to
resort to OXPHOS for ATP production®®*’,

Fluorimetric caspase-3 activity assay
Caspase-3 activity was measured as described pre-
viously®. Briefly, cells were harvested by centrifugation at
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600 rcf and lysed with 50 pl of ice-cold lysis buffer (20 mM
HEPES, 84 mM KCl, 10 mM, MgCl,, 200 pM EDTA, 200
uM EGTA, 0.5% NP-40, 1 ug/ml leupeptin, 1 pg/ml pep-
statin, 5 pg/ml aprotinin) on ice for 10 min. Cell lysates
were transferred to a black flat-bottom microplate and
mixed with 150 pl of ice-cold reaction buffer (50 mM
HEPES, 100 mM NaCl, 10% sucrose, 0.1% CHAPS, 2 mM
CaCl,, 13.35mM DTT, 70uM Ac-DEVD-AMC). The
kinetics of AMC release were monitored by measuring
AMC fluorescence intensity (Ex 360 nm, Em 450 nm) at
37 °C in intervals of 2 min over a time course of 150 min,
using a Synergy Mx microplate reader. The slope of the
linear range of the fluorescence curves (Arfu/min) was
considered as corresponding to caspase-3 activity.

Measurement of cell viability by MTT assay

Cell viability was determined by the ability to convert
the yellow MTT substrate (Roth, #4022) into a blue for-
mazan product. MTT solution (5mg/ml MTT in PBS)
was added to cells to a final concentration of 1 mg/ml, and
the cells were then incubated at 37°C for 60 min and
pelletised at 600 rcf. The supernatant was discarded and
replaced with DMSO. After the formazan crystals were
fully dissolved, absorption was measured (test wavelength
570 nm, reference wavelength 650 nm). Reference absor-
bance was subtracted from test absorbance. Cell-free
medium samples were considered as having 0% viability
and the average of the control samples was considered as
having 100% viability. ICso values were calculated using
Prism v7.01.

Immunoblotting

Cells were harvested by centrifugation at 11,000 rcf in 4
°C for 10's, quick-frozen in liquid nitrogen, thawed on ice,
incubated in lysis buffer (20 mM Tris-HCl, 150 mM NaCl,
1% v/v Triton X-100, 0.5 mM EDTA, 1 mM Na3VO,, 10
mM NaF, 2.5 mM Na,P,0,, 0.5% sodium deoxycholate,
protease inhibitor (Sigma, #P2714)) for 30 min and vor-
texed repeatedly. The cell lysates were then cleared from
cell debris by centrifugation at 20,000 rcf for 15 min.
Sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and western blot were performed according to stan-
dard protocol. The antibodies used for protein detection
were mouse anti-phospho-tyrosine (Merck-Millipore,
Darmstadt, Germany; clone 4G10, #05-1050); rabbit anti-
OPAL1 (described previously37); mouse anti-ACTB (Sigma;
clone AC-74, #A5316); and mouse anti-VCL (Sigma;
clone hVIN-1, #V9131).

Confocal microscopy

Live imaging of HCT116 cells transiently expressing
GFP-BAX and SMAC-mCherry was performed using a
Zeiss LSM 710 ConfoCor3 microscope (Carl Zeiss, Jena,
Germany) with a C-Apochromat x 40 N.A. 1.2 water
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immersion objective (Zeiss). Excitation light came from
argon ion (488 nm) and DPSS (561 nm) lasers. The cells
were maintained in full growth medium at 37 °C and 5%
CO, during imaging. Images were recorded every 5 min
and were processed with Fiji®’. For each time frame, the
standard deviation (SD) of the fluorescence intensity was
measured for each channel. A low SD was considered as
corresponding to homogenous distribution, whereas a
high SD was considered as corresponding to
accumulation.

Live imaging of Hela cells stably expressing mito-
DsRed was performed using a Cell Observer SD Dual
Cam spinning disc confocal microscope (Zeiss) equipped
with a C-Apochromat 63x, N.A. of 1.45 oil-immersion
objective. Excitation light came from an argon ion (488
nm) and DPSS (561 nm) laser. The cells were maintained
in full growth medium supplemented with 10 mM HEPES
at 37 °C during imaging. Images were recorded every 5s.

Live imaging of MEF cells stably expressing mito-DsRed
was performed using a Perkin Elmer Spinning Disc
microscope with a 60 x objective (oil-immersion and NA
= 1.49) at an excitation wavelength of 561 nm. The videos
were obtained at 1000 x 1000 pixel resolution with a
Hamamatsu C9100 camera. The cells were maintained in
full growth medium supplemented with 10 mM HEPES at
37 °C during imaging.

For imaging of fixed HeLa and MEF cells, the cells were
seeded on glass coverslips and grown to 60-90% con-
fluence prior to experiments. Cells were treated with
either 10 uM PXA, 10 uM CCCP or 0.1% v/v DMSO for
30 min, and were fixed by incubation with pre-warmed 4%
paraformaldehyde in PBS at 37 °C for 10 min. Coverslips
were then washed once with PBS, followed by incubation
with PBS supplemented with 0.5% Triton X-100 for 10
min at RT. The coverslips were washed three times for
3-5min with PBS supplemented with 0.2% Tween-20
(PBS-T). The coverslips were then incubated at RT for 30
min with blocking buffer (PBS-T supplemented with 0.2%
fish gelatin and 5% goat serum) in a humidified box, fol-
lowed by 1h incubation with primary antibodies (anti-
HSP60 clone N-20, #sc-1052 and anti-TOMM?20 clone
FL-145, #sc-11415 both from Santa Cruz, Dallas, TX,
USA) diluted in blocking buffer. The coverslips were then
washed three times with PBS-T, and incubated with
blocking buffer for 30 min before adding secondary anti-
bodies (Alexa Fluor 488-labelled donkey anti-goat and
Alexa Fluor 594-labelled donkey anti-rabbit). Immuno-
fluorescence images were acquired with a Marianas
spinning disc confocal microscope (Intelligent Imaging
Innovations, Denver, CO, USA).

Transmission electron microscopy
TEM samples were fixed for a minimum of 4 h in 2.5%
v/v glutaraldehyde (GA) and 4% w/v paraformaldehyde
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(PFA) in 0.1 M cacodylate buffer (pH 7.4) at 4°C. Then,
samples were incubated in 1% osmium tetroxide in 0.1 M
cacodylate buffer for 2 h. Dehydration was achieved using
acetone (50%, 70%, 90% and 100%) and block contrast was
applied (1% phosphotungstic acid/0.5% uranylacetate in
70% acetone). A SPURR embedding kit (Serva, Heidel-
berg, Germany) was used to embed samples, which were
polymerised overnight at 70 °C, before cutting into 80 nm
sections using an Ultracut EM UC7 (Leica, Wetzlar,
Germany). Images were captured using an H600 TEM
(Hitachi, Tokyo, Japan) at 75 kV.
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Abstract: Phomoxanthone A, a bioactive xanthone dimer isolated from the endophytic fungus
Phomopsis sp., is a mitochondrial toxin weakening cellular respiration and electron transport chain
activity by a fast breakup of the mitochondrial assembly. Here, a multi-disciplinary strategy has
been developed and applied for identifying phomoxanthone A target(s) to fully address its
mechanism of action, based on drug affinity response target stability and targeted limited
proteolysis. Both approaches point to the identification of carbamoyl-phosphate synthase 1 as a
major phomoxanthone A target in mitochondria cell lysates, giving also detailed insights into the
ligand/target interaction sites by molecular docking and assessing an interesting phomoxanthone A
stimulating activity on carbamoyl-phosphate synthase 1. Thus, phomoxanthone A can be regarded
as an inspiring molecule for the development of new leads in counteracting hyperammonemia
states.

Keywords: Proteomics; Drug Affinity Responsive Target Stability; Targeted-Limited Proteolysis;
Bioactive Xanthone; Molecular Docking.

1. Introduction

Phomoxanthone A (PXA, Figure 1A) is a xanthone dimer, isolated from the endophytic fungus
Phomopsis sp., known as a wealthy source of bioactive secondary metabolites endowed with a broad
range activity against Plasmodium falciparum and Mycobacterium tuberculosis [1]. In particular, PXA
shows a widespread bioactivity and, along years, it has been tested on a large variety of cellular
systems and pathways. Initially, PXA showed significant pro-apoptotic properties when tested on

Biomolecules 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/biomolecules
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human cancer cell lines, whereas it was inactive on healthy normal cells. Interestingly, PXA was also
an effective activator of Natural Killer cells, murine T lymphocytes and macrophages, coding for a
stimulation of the immune system together with its pro-apoptotic activity. This dual effect could help
in counteracting resistance phenomena during chemotherapy [2,3]. More recently, PXA also
displayed robust cytotoxicity against different solid tumor cells and their cisplatin-resistant sub-cells,
with ICso values in the high nanomolar/low micromolar range, as in ovarian cancer and bladder
cancer cell pairs [4].

Besides, PXA has been considered a mitochondrial toxin since its action selectively induces Ca?
release from the mitochondria, but not from the endoplasmic reticulum, as reported by Bohler et al
[5]. This event depolarizes the mitochondria diminishing cellular respiration and electron transport
chain activity, and is accompanied by a rapid fragmentation (fission) of the mitochondrial network
structure. This breakup solely includes the inward mitochondrial membrane, leading to cristae
breakdown, release of pro-apoptotic proteins and apoptosis. Thus, mitochondrial ion homoeostasis
and membrane dynamics seem to be affected by PXA [5]. On the basis of this broad biological profile
and due to the limited information about the macromolecular targets involved in PXA action, a multi-
disciplinary strategy has been developed and applied for identifying PXA target(s) to fully address
its mechanism of action. In the early past, the mass spectrometry-based affinity purification approach
(AP-MS) was one of the most recognized strategies for target identification of the so-called small
molecules [6-9]: the indispensable requirement for fishing out protein interactors from a complex
mixture is the covalent binding of the compound to a solid matrix, to create the fishing bait. Thus,
this method is limited to molecules standing with one or more functional groups with proper reacting
outlines. Clearly, the compound under analysis has to be stable during the reaction with its matrix in
the chosen solvent and, unfortunately, this is not the case for PXA. Indeed, PXA becomes unstable
when dissolved in dimethyl sulfoxide, since it isomerizes into dicerandrol C [5]. To overcome these
restrictions, many strategies have newly been developed for the target protein(s) detection of
unmodified small molecules, such as DARTS (Drug Affinity Responsive Target Stability) [10-13].
DARTS is based on the ability of the tested compound to protect the interacting protein(s) against
enzymatic proteolysis, as easily revealed by gel electrophoresis (SDS-PAGE). Later on, high
resolution MS can identify the targets by proteomics [12,13]. Furthermore, a more detailed depiction
of the molecular mechanism of binding between a small molecule and its putative targets can be
accomplished by t-LiP-MRM (targeted-Limited Proteolysis-Multiple Reaction Monitoring), which is
a gel-free DARTS-like strategy based on a double-protease action and Multiple Reaction Monitoring-
Mass Spectrometry (MRM-MS) detection. T-LiP-MRM points to the discovery of the local protein
structural alterations due to complex formation with the small molecule [13-15]. Since PXA is
unsuited for AP-MS analysis as reported above, DARTS and t-LIP-MRM were chosen to reveal its
cellular targets in mitochondrial protein mixtures, isolated from HeLa cells. Mitochondria were
selected as protein source since previously described PXA activities are related to this organelle. Next,
the identified targets were validated by Western Blotting analysis, in silico and in vitro biochemical
experiments. More in details, the gathered data led to the identification of Carbamoyl-phosphate
synthase 1 (CPS1) as a major PXA target, giving also detailed insights into the ligand/target
interaction site and assessing an interesting PXA stimulating activity on CPS1. Thus, PXA and its
analogues can be regarded as inspiring molecules for the development of new leads in counteracting
hyperammonemia states.

2. Materials and Methods

2.1. Purification of mitochondria from HeLa cells.

HeLa wild type cells were cultivated on 150 mm diameter tissue culture treated dishes (Sarstedt)
and ~3.6x108 cells were harvested the next day via scraping. Cells were pelleted at 500 x g for 5 min
and washed twice with PBS (Gibco). The pellet was re-suspended in 10 ml mitochondria isolation
buffer (210 mM mannitol, 70 mM sucrose, 1 mM EDTA, 20 mM HEPES and protease inhibitor cocktail
[Sigma-Aldrich, #P2714]) for 5 min on ice before rupturing by seven strokes through a 26 G canule.
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The cell lysate was then centrifuged at 1000 x g and 4°C for 5 min and the supernatant was collected.
The remaining pellet of non-lysed cells was re-suspended in 2 ml mitochondria isolation buffer and
ruptured again before centrifugation, and the two fractions were pooled. The pooled lysate was
centrifuged again at 1000 x g and 4°C for 5 min and the pellet was discarded. The remaining lysate
was centrifuged at 8000 x g and 4°C for 10 min. The supernatant (cytosolic fraction) was collected and
centrifuged again before transferring into a new tube and freezing in liquid nitrogen. The pellet
(mitochondrial fraction) was washed three times at 8000 x g for 10 min in 250 pl mito isolation buffer.
The pellet was finally centrifuged at 10,000 x g and 4°C for 10 min. The supernatant was discarded
and the pellet containing isolated mitochondria was frozen in liquid nitrogen and stored at -80°C.

2.2 Identification of PXA cellular target(s) through DARTS.

Mitochondria were lysed in a buffer composed of 1,5 % digitonin, a protease inhibitor cocktail
(Sigma Aldrich), 150mM NaCl, 10mM Tris/HCl (pH 7.5) and 5mM EDTA. After 15 min at 4°C, debris
were removed by centrifugation at 20,000 x g (30 min at 4°C). Protein concentration of the obtained
supernatant was determined by Bradford assay (BioRad Laboratoties, Hercules, CA) and
subsequently adjusted at 3 mg/ml. DARTS experiments were carried out as reported by Morretta et
al. [13]. Briefly, 300 pg proteins aliquots were either incubated with DMSO (vehicle control) or with
PXA (1, 10 and 100 uM final concentrations) for 1h at room temperature and under agitation. The
obtained samples were then treated with the unspecific protease subtilisin (enzyme to proteins ratio
of 1:1000 w/w) and leaved shaking for 30 min at 25°C. One aliquot of the DMSO treated sample went
a mock proteolysis, to be kept as a reference. The protease was then quenched by adding PMSF
(phenylmethylsulfonyl fluoride, Sigma—Aldrich, St. Louis, U.S.A., 1 mM final concentration) to each
sample. Subsequently, all of the samples were boiled in SDS-PAGE loading buffer (60 mM Tris/HCI
pH 6.8, 2% SDS, 0.001% bromophenol blue, 10% glycerol, 2% 2-mercaptoethanol) and 20 ug were
loaded on a 4-12% Bis-Tris Criterion™ XT Precast Gel (BioRad Laboratoties, Hercules, CA), which
was then stained with a Comassie solution and submitted to a densitometric analysis through Image].
This experiment was carried out in duplicate. Thus, protein bands whose intensity raised at
increasing PXA amounts were excised from the gels and submitted to an in situ tryptic digestion
protocol [16]. Briefly, gel slices were reduced (6.5 mM 1,4-dithiothreitol-DTT), alkylated (54 mM
iodoacetamide-IAA), washed and rehydrated, on ice for 1 h, in a 12 ng/ul trypsin/LysC solution
(Promega, Madison, Wisconsin). The enzymes excess was then removed and replaced with
ammonium bicarbonate (AmBic, 40 pl, 50 mM, pH 8.5), allowing protein digestion to proceed
overnight at 37°C. Subsequently, supernatants were collected and peptides were extracted from each
gel slice, shrinking them in 100% CH3CN. The obtained peptides mixtures were dried under vacuum
and dissolved in formic acid (FA, 10%) for the MS analysis.

5 ul of each sample were injected into a nano-ACQUITY UPLC system (Waters, Milford, MA, USA),
separating peptides on a 1.7 ym BEH C18 column (Waters) at a flow rate of 280 nl/min. Peptide
elution was achieved with a linear gradient of mobile phase B from 20% to 90% in 65 min (mobile
phase A: 95% H20, 5% CH3CN, 0.1% acetic acid; mobile phase B: 95% CHsCN, 5% H:0, 0.1% acetic
acid). MS and MS/MS data were acquired on an LTQ Orbitrap XL high-performance liquid
chromatography MS system (Thermo-Scientific, Waltham, MA, USA), provided with an electrospray
(ESI) source. The ten most intense doubly and triply charged peptide ions were fragmented. MS data
were then processed by the MS Converter General User Interface software (ProteoWizard;
http://proteowizard.sourceforge.net/project.html) to generate peak lists for protein identifications.

Subsequently, database searches were carried out on Mascot Deamon (version 5.1, Matrix Science,
London, UK), employing the SwissProt database (release November 2019, 561344 entries) and the
following settings: two missed cleavages; carbamidomethyl (C) as fixed modification; oxidation (M)
and phosphorylation (ST) as variable modifications; peptide tolerance 30 ppm; MS/MS tolerance 0.8
Da.
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2.3 Western Blotting.

5 pg of samples from the duplicate experiments were analyzed by a 12% SDS-PAGE and
transferred onto a nitrocellulose membrane, incubated for 1 h in a blocking solution (30 mM Tris pH
8, 170 mM NaCl, 3.35 mM K, 0.05% Tween-20, 5% non-fat dried milk) and left for 16h at 4°C with
monoclonal antibodies against CPS-1, ACON, HS71A and THIL (1:1000, Proteintech). Then, a mouse
peroxidase-conjugated secondary antibody (1:2500; Thermo-Scientific) was added and the signal was
detected using an enhanced chemiluminescent substrate and LAS 4000 (GE Healthcare, Waukesha,
WI, USA) digital imaging system. Finally, an antibody against GAPDH (1:2000 in 5% milk;
Invitrogen) has been tested as a loading normalizer.

2.4 T-LiP-MRM analysis.

CPS1 peptides previously detected by MS were selected through the proteomics data resource
Peptide Atlas (http://www.peptideatlas.org/). They were subsequently queried in the complete
human SRM Atlas (https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetTransitions) to get a
list consisting of 52 precursors, each one presenting the three most intense daughter ions. T-LiP-MRM
experiments were carried out as reported by Morretta et al. [13].

2.5 In silico prediction of the PXA/CPS1 complex.

The molecular docking analysis between PXA and CPS1 was performed to predict the best
complexes and it included the ligand and protein preparation, the genetic algorithm (GA) execution,
the data analysis and the final image preparation. PXA was designed, including the addition of
tautomeric states, partial charges and protonation, and finally minimized using the Avogadro
software (version 1.2.0) [17] with a universal force field, UFF, and a conjugate gradient algorithm until
a AE lower than 0.001 kJ/mol, as previously reported [18]. The Universal Force Field (UFF) was
developed to provide a set of rules and procedures for producing appropriate parameters across the
entire periodic table. The CPS1 three-dimensional structure were obtained from the Protein Data
Bank [19] (pdbID: 5DOU) [20] and prepared, using the Hermes software (version 1.10.0) [21]
incorporating the Gasteiger(Marsili) partial charges, adding polar protons and removing crystal
waters and extra co-crystallized ligands (see also Figure S3). Moreover, all planar R-NRIR2 were
made available for the cis/trans flipping and the tautomeric states of Asp, Glu and His residues were
adjusted. GOLD (version 5.7.0) [21] was performed to achieve the molecular docking using the
ChemScore as scoring function, search efficiency at 200% (very flexible), selecting all atoms within
20A from three centroids (namely the residues used as centroid were Leu134, Val647 and Leu778) to
completely cover the whole protein, 20 GA runs and other parameters as default. The resulting
ChemScore 4G, the total free energy change of the system upon ligand binding, and the relationship
between this score and experimental free energy of binding, previously obtained [22], were used to
calculate the predicted equilibrium dissociation constant Ko. The best complex geometry, on the base
of the ChemScore and the ChemScore AG, was rendered using PyMol software (The PyMOL
Molecular Graphics System, Version 2.3.4 Schrodinger, LLC.) whereas the 2D representation was
created using PoseView server [23].

2.6 CPS-1 in vitro activity assay.

The reaction mixture consisted of 50 mM NHsHCOs, 10 mM Mg(C20:2Hs)2, 5 mM ATP, 5mM
NAG, 1 mM dithiothreitol, 50 mM triethanolamine, 50 pig/ml of CPS1 in a final volume of 20 pl. The
reaction was run for 10 min at 37°C and the resulting carbamoyl phosphate was converted to
hydroxyurea by the addition of 100 mM hydroxylamine and incubation for 10 min at 95°C. To
measure the concentration of hydroxyurea, 80 pl of chromogenic reagent was added to the reaction
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tubes followed by heating for 15 min at 95°C. The chromogenic reagent consisted of equal volumes
of solutions A and B, mixed immediately before use. Solution A consisted of 8 mg of antipyrine
dissolved in 1 ml of 40% (v/v) H2504. Solution B contained 6 mg of diacetyl monoxime in 1 ml of 5%
(v/v) acetic acid. After cooling to room temperature, 30 pl were loaded in triplicate in a 384-multiwell
plate and the absorbance was measured at 458 nm on MultiskanGO Spectrophotometer. Opportune
controls were performed such as the measure of PXA absorbance at the different used concentrations.
The same experiment has been carried out using Serratol (also diluted in DMSO), a component of the
frankincense essential oil, as negative control. Indeed, Serratol did not affect CPS1 activity at tested
concentrations from 100 to 500 uM (Figure S2).

3. Results and Discussion

Due to its intrinsic instability, PXA has not been considered appropriate for AP-MS strategy and
the subsequent covalent modification. For this reason, both DARTS and t-LiP-MRM approaches were
applied and improved for the detection of unmodified PXA targets in an unbiased way: DARTS-MS
has been used to identify the main targets of the molecule, confirmed or not by Western Blotting
analysis. Then, t-LiP-MRM and molecular docking have been performed to shed light on the molecule
putative interaction site(s). Finally, in vitro assays to evaluate PXA biological properties were
performed.

3.1 Identification of PXA cellular target(s) through DARTS.

In a pseudo-physiological environment, a protein is in dynamic equilibrium with multiple
conformations but, upon ligand binding, the equilibrium will move to the bound state stabilized by
possible hydrogen bonding, hydrophobic and/or electrostatic interactions. This drives to a
thermodynamically more stable state in which the protein breathing is lowered and the target
resistance to proteolysis is definitely enlarged [24,25].

Thus, the limited proteolysis of a total (not fractionated) native cellular lysate, in presence or in
absence of PXA, has been carried out using an unspecific enzyme as subtilisin and the digestion
profile has been compared by SDS-PAGE: in principle, the bands of the protein targets should be
more colored in the samples pre-treated with PXA compared to the control ones and they can be
identified through classical proteomic approaches [16]. Here, non-denatured mitochondrial lysates
from HeLa cells were incubated with PXA for 1 h (from 1 to 100 M), and then treated with subtilisin
in controlled conditions of pH, time and temperature. The samples were resolved by SDS-PAGE and
revealed by Coomassie (Figure 1B and Figure S1): following the densitometric analysis in Figure 1C,
those bands whose intensity enhanced in the lanes containing increasing concentration of PXA were
cut (see red dotted lines, Figure 1B) and digested as reported by Shevchenko [16]. The entire
experimental flowchart has been repeated twice and all of the samples were analyzed through nano-
ultra performance liquid chromatography coupled to high resolution tandem mass spectrometry
(nano-UPLC-MS/MS), followed by Mascot database search, to obtain protein identification. In order
to estimate, in a semi-quantitative way, the PXA protection levels calculating a protection percentage,
Mascot protein matches outputs (Table S1) were compared for all identified proteins at their own
molecular weight. The proteins whose protection was clearly dependent on PXA were comprised in
the list of its putative interacting partners (Figure 1D); namely they are acetyl-CoA acetyltransferase
(THIL), aconitate hydratase (ACON), carbamoyl-phosphate synthase-1 (CPS1) and heat shock 70 kDa
protein 1A (HSP71A). The direct contact of PXA with its putative targets, and accordingly their low
susceptibility from subtilisin, was then verified by Western Blotting analysis: the partially digested
samples were mixed with appropriate antibodies to have a better quantitative measurement of the
PXA protection grade, independent by mass spectrometry (Figure 1E). Indeed, the comparison of
PXA treated samples showed increasing intensities (from left to right) of both CPS1 and HSP71A
corresponding bands (MW of 160 and 70 kDa, respectively), while a significant variation of signal
intensity was evident neither for ACON nor for THIL. A densitometric analysis has been carried out,
using GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) as loading control (Figure S2). Since
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HSP71A is principally localized in the cellular nucleus and cytoplasm, the characterization of PXA
binding to the mitochondrial enzyme CPS1 has been carried out.
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Figure 1. (A) Phomoxanthone A (PXA) structure. (B) Coomassie stained gel of samples treated
without (CTRL) or with 1 uM, 10 uM or 100 pM of PXA and subtilisin at 1:1000 (w/w). Red lines
indicate gel regions digested on one SDS-PAGE, as an example. (C) Densitometric analysis of the SDS-
PAGE gels in Figure S1 reported, through GraphPad Prism, as pixel intensity of each gel region vs
molecular weight. The major variation of pixel intensity of PXA treated samples can be observed at
MW higher than 75 kDa. For some points, the error bars would be shorter than the height of the
symbol, thus Prism does not draw them. (D) List of putative PXA interacting proteins together with
% of protection calculated as (matches of PXA treated sample — matches of control sample)/(matches
of undigested lysate — matches of control sample)*100. (E) Immunoblotting analysis with opportune
antibodies using subtilisin at 1:1000 (w/w). GAPDH has been used as a loading normalizer.

3.2 Analysis of PXA/targets interaction area by t-LiP-MRM.

DARTS allows to identify the putative interactome of PXA; following t-LiP-MRM has been
applied on CPS1 in order to go in the deep in the interaction features. Indeed, t-LiP-MRM allows the
identification of the target/ligand interaction peptides due to the protein structural changes induced
by the small molecule, without any purification of the protein itself in a whole cell lysate.

This protocol is based on a double-protease digestion procedure: in a first step the proteolysis
by an unspecific enzyme is carried out in limited conditions on native samples; afterwards, the
sample are denatured and fully hydrolysed by trypsin. Thus, a mixture of semi-tryptic and fully
tryptic peptides is produced, the latter suitable for targeted MRM-MS and quantification analysis.
Definitely, fully tryptic peptide abundances are related to the target local conformational changes
due to ligand binding. More in the deep, an in silico search using the bio-informatics tool Peptide
Atlas allows to write the MRM methods, setting the best MRM transitions of the theoretical CPS1
fully tryptic peptides to map the protein sequences.

Next, mitochondria lysate samples were incubated with 1 and 10 uM PXA or vehicle (negative
control) and treated with subtilisin at 1:1500 w:w enzyme to proteins ratio, under non-denaturing
conditions. Then, samples were denatured and submitted to a complete tryptic digestion, giving
peptides mixtures suitable for UPLC-MRM-MS analysis. Comparison of intensities of the fully tryptic
peptides of PXA treated and untreated runs revealed the interaction regions between PXA and CPS1,
namely the peptides protected from subtilisin action. Peptides whose intensity raised up in the
samples exposed to the molecule were selected as symptomatic of protection on specific CPS1 regions
(Figure 2A). In particular, peptides mapping for CPS1 interaction sites were identified around
different regions: peptides G-[275-286]-K, V-[491-505]-R, I-[519-533]-K, A-[534-545]-R, I-[699-709]-K,
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I-[1033-1043]-R, S-[1048-1058]-K, F-[1109-1115]-R resulted to be protected by both concentrations of
PXA in three experiments. The first peptide resides in the so called S2 region and the following four
peptides belong to the active bicarbonate phosphorylation site (L1 region, Figure 2B). Moreover, the
latter three peptides belong to the so-called carbamate phosphorylation site, the other CPS1 catalytic
site (L3 region, Figure 2B). Thus, even though no data about the stoichiometry of the complex
between CPS1 and PXA were obtained, it seems that PXA can interact on the protein surface within
different sites, promoting the protection of several peptides in L1, L3 and S2 (Figure 2B).

A. Fold change at Fold change at
Qi_miz Peptide rt PXA 1 uM pvalue PXA10uM  pvalue
663,36 G-[275-286]-K 6,7 min 1,73 0,0001 1,74 0,0003
8044  V-[491-505]-R 9,58 min 1.77 0,0013 184 0,0008
795,43 H519-533]-K 12,45 min 2,57 0,0338 240 0,0473
653,85  A-[534-545]-R 9,13 min 1,30 0,0016 125 0,0033
582,37 H699-709]-K  11.24 min 1,23 00179 120 0,0422
615,83  F[1033-1043}-R 8,04 min 1,44 0,0011 141 0,0013
611,34 5[1048-1058]-K 13,44 min 1,88 0,0001 1,85 0,0001
43322 F{1109-1115]-R 5,05 min 1,34 0,0235 128 0,0315
B. 150 350 750 950 1300
S1 S2 L{1 L2 L3 L4
275286 491-545 699-709 1033-1058 1109-1115

Figure 2. (A) Selected CPS1peptides reported with their Q1 m/z value, their length, the retention time
in UPLC-MS and the calculated fold changes. The fold change represents the ratio between the area
of the tryptic peptide in PXA treated sample and the area of the tryptic peptide in untreated sample.
The same experiments have been repeated three times and the fold changes were calculated over the
means of peptides area. P-values have been calculated and only tryptic peptides with a p value <0.05
are reported. (B) A schematic CPS1 cartoon covering different domains is depicted in gray, with the
LiP protected peptides highlighted in blue, ADP binding sites residues in red (1502, E503, R505,
M543, R545, E581, K582, V584, E589, M614, H617, Q658, E672, N674, R676 and R679, R1087,
K1126, V1128, E1133, H1160, Q1201, E1213, R1217, R1220) and T'-loop in orange (P1269-G1291).

3.3 Molecular docking analysis of PXA/CPS1 complex.

In parallel, a molecular docking analysis of PXA on CPS1 protein has been performed using the 3D
structure of the human protein with a resolved crystallographic structure (pdb ID 5DOU) [17-20]. On
the basis of the predicted affinity, PXA shows best interaction poses into three different protein
binding sites: in particular, as reported in Figure 3A, PXA interacts with the aminoacids R738, H775,
1944, N1021, R1195, into the interspace between the L2 and L3 region, with a Kb of 27.2 uM; with the
aminoacids N894, W898 and Q923, in the L2 region, with a Kb of 4.42 uM; and with the aminoacids
K77,Y78, N188, M666 into the interspace between S2 and L1 region, with a Ko of 2.84 uM. Comparing
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the t-LIP-MRM data with those obtained by molecular docking, it seems clear that the L3 region of
CPS1 undergoes a conformational variation, identified as a protection from proteolysis by t-LIP-
MRM namely the peptides I-[1033-1043]-R, S-[1048-1058]-K, F-[1109-1115]-R, due to a direct
interaction within PXA, inferred by molecular docking (Figure 3B). In addition, the L1 region seems
to be sheltered from proteolysis by t-LIP-MRM even if, accordingly to molecular docking data, PXA
doesn’t lie in close proximity of this region but, possibly, inducing a middle term conformational
variation (Figure 3B). On the other side, no experimental t-LIP-MRM evidences corroborate the
molecular docking-based interaction of PXA in between L2 and S1 cavity. In Figure 2B, the
aminoacids of two active sites of the protein (in L1 and L3 domains) are reported in red: those of the
L1 domain involved in the binding of the nucleotide and phosphate are T502, E503, R505, M543, R545,
E581, K582, V584, E589, M614, H617, Q658, E672, N674, R676 and R679, those of L3 domain are R1087,
K1126, V1128, E1133, H1160, Q1201, E1213, R1217, R1220. Looking at the putative PXA interaction
sites disclosed by docking analysis or t-LIP-MRM (Figure 3A and B), it seems that two of them (in
proximity of L3 and L2) are allosteric binding sites whereas the PXA binding site reported in L1
domain (Kb of 2.84 uM) can be considered orthosteric since the residues T502, E503, R505, M543, R545

of the active sites are in two peptides protected in t-LIP experiments. [20].

A. B.
S 86 Ko=4.42 uM L2
b D 4 O o - [103&1043;;2 e
v S-[1048-1058H 7 1-{699-709]-K
& ~ o
-~ QQ/@; 38
! @v o
- YAt
q’*‘ﬁ = b - R b
=l o &ny S/

- . . l'« -
F{1109-1115}-R ., i s
o .
Q2 (w ¥ &u '\X[‘
‘i) @ ""*
W@ A" " = A >\
s SO0 5"4 [2752661;(
<. . V4e1-5051R
€ S H519-533}-K | 4
A-[534-545]-R

Figure 3. (A) The three best predicted complexes between PXA and CPS1 obtained using the
molecular docking. CPS1 regions, showed in cartoon mode, are labelled and reported with different
colors. Equilibrium dissociation constants Kb for each binding pose and the aminoacids involved in
the interaction with PXA (showed as green sticks) are reported in the 2D pose depictions. (B) CPS1
3D structure is depicted in gold and the PXA protected peptides identified by t-LiP-MRM in red and
marked with the corresponding identifiers.

3.4 CPS-1 in vitro activity assay.

Finally, in vitro activity assays were performed to monitor the effect of PXA on CPS1 activity.
Human CPS1 is a 1462 amino acids, 160-kDa multi-domain mitochondrial, liver and intestinal
enzyme. It catalyzes the biosynthesis of carbamoyl phosphate (the first reaction of the urea cycle) in
a multi-components reaction (2ATP + NHs + HCOs~ — 2ADP + Pi + carbamoyl phosphate), which
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takes place in these sequential steps: bicarbonate phosphorylation, synthesis of carbamate and its
phosphorylation. CPS1 is inactive in its apo-form and requires N-acetyl-L-glutamate (NAG) to reach
an active conformation [26]. Its activity is correlated with many cellular functions and its dysfunction
or deficit leads to many pathological conditions. In mammals, surplus nitrogen, mainly from protein
catabolism, is mainly detoxified in the urea cycle: this pathway is responsible for ammonia
detoxification and for endogenous arginine synthesis [26]. On the other side, CPS1 deficiency
(CPS1D) generates urea cycle disorders (UCDs), a set of inborn diseases linked to nitrogen
detoxification, which can undergo to hyperammonemia [27-29]. Unless promptly treated, it can
generate encephalopathy, coma and death. Current treatment of CPS1D includes the use of N-
carbamyl-L-glutamate, the commercial analogue of NAG, improving in vitro and in vivo the function
of the enzyme. In order to test the effect of PXA on CPS-1 activity, an in vitro colorimetric assay has
been developed. The reaction mixture containing CPS1, ATP and NAG was run for 10 min at 37°C
[30] in presence and in absence of PXA at concentrations from 7.5 pug/ml to 375 pug/ml. The resulting
carbamyl phosphate was converted to hydroxyurea by the addition of hydroxylamine and the
reaction was stopped by heating the samples. To evaluate the hydroxyurea concentration, a
chromogenic reagent was added and the mixtures were loaded, in triplicate, in a 384-multiwell plate
to measure the absorbance at 458 nm. As it is clearly shown in Figure 4, high PXA concentrations are
able to significantly increase CPS1 enzymatic activity up to threefold. Since the peptide F-[1109-1115]-
R, whose protease susceptibility has been altered by PXA, is in spatial proximity to the so-called T’-
loop which undergoes to a conformational variation upon NAG binding ‘opening’ a tunnel channel
for carbamate translocation, [20] it may be speculated that PXA favours this opening acting positively
on CPS1 activity.

400+
é30(."—
z
=
G 2004
<T
2
0100ﬁ
0
& & &S
& & &

Figure 4. CPSI activity measured as reported above in presence of different PXA concentrations. The
data are shown as % of CPS1 activity. The experiments have been repeated three times and S.D. has
been calculated. Opportune controls were carried out as the measurement of the signal of PXA alone
at different concentrations (see also Figure S4).

4. Conclusions

PXA and other phomoxanthones are secondary metabolites typical for the fungal genus
Phomopsis [2]. Chemically, PXA is a homodimer of two tetrahydroxanthones with the two units
covalently linked to each other via a biaryl bond with four hydroxy groups replaced by acetyl groups
and four free alcoholic (phenolic) functions. The site of the bond between the two dimer subunits is
the only structural difference between PXA and its less toxic isomers phomoxanthone B and
dicerandrol C: in PXA, the two xanthonoid monomers are symmetrically linked at the position C-
4,4’. Notably, PXA is unstable in polar solvents for medium time with the covalent bond between the
two monomers shifting between 2,2'-, 2,4"-, and 4,4"-linkage [31,32]. It is interesting that PXA was first
identified as an antimalarial compound, revealing its strong antibiotic activity against the protozoan
parasite Plasmodium falciparum, then against Mycobacterium tuberculosis and against two human cancer
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cells lines [1] Furthermore, its reported antibiotic activity has been investigated against the alga
Chlorella fusca, the fungus Ustilago violacea and the bacterium Bacillus megaterium. This broad range of
activity against bacteria, protozoans, fungi, plants and animal cells banned it as a specific antibiotic,
promoting, on the other side, its anti-cancer profile since it was more toxic against human cancer cells
than non-cancer cells [2-5]. More recently, it has been enlightened that PXA might have an application
as a tool in the study of mitochondrial membrane dynamics, particularly non-canonical
mitochondrial fission and remodeling of the mitochondrial matrix. Indeed, PXA mainly causes cristae
disruption and fragmentation of the matrix [3-5]. Intrigued by its spread biological profile, our MS-
based proteomics research moved to the target(s) discovery of this natural compound through a
combined strategy consisting of MS-based DARTS and t-LiP-MRM. All the gathered proteomics data,
together with molecular docking analysis and biochemical in vitro assays, pointed to the unexpected
discovery of CPS1 as one of the most reliable PXA partners, together with mitochondrial aconitate
hydratase, heat shock 70 kDa protein 1A and mitochondrial acetyl-CoA acetyltransferase. We pointed
out our main interest on CPS1 since this mitochondrial enzyme acts a decisive task in get rid of
ammonia in excess into cells (mainly in intestinal epithelial cells and hepatocytes) by producing
carbamoyl phosphate from ammonium, increasing arginine content and substrate of pyrimidine
synthesis in the so called urea cycle. It is also expressed in several types of cancer cells including liver,
colorectal, stomach, cervical, and pancreatic cancer cell lines [20]. On the other side, CPS1 deficiency
is a rare autosomal genetics-based disease belonging to urea cycle disorders (UCD), producing
reduced metabolism of proteins and nitrogen and elevated ammonia levels in the cell. Ammonia is
extremely toxic, especially for the nervous system, and high NHs levels can result in retardation and
convulsions. Moreover, hyperammonemia can happen after birth causing vomiting, hypothermia,
seizures and coma. Activation of CPS1 as detoxifying by NAG or its analogues is actually employed
as pharmacological strategy, since they improved in vitro and in vivo the function of CPS1 and
mutated isoforms [33]. It is very interesting that low CPS1 expression and hyperammonemia have
been measured in Non-Alcoholic Steato Hepatitis (NASH) and Non-Alcoholic Fatty Liver Disease
(NAFLD), very common diseases worldwide. Indeed, CPS1 can be considered as a potential novel
target for prevention of progression of both diseases: mainly, when the liver is affected, the enzymes
converting nitrogen into urea are inhibited, leading to the growth of toxic ammonia that determines
scratch of tissue development, increasing the risk of disease progression [34,35]. Moreover, it has been
reported that chemotherapy might induce hyperammonemia by CPS1 deficiency and, consequently,
there is the need for urgent therapeutic strategies addressing a possible secondary urea cycle failure
in patients affected by hyperammonemia during chemotherapy and stem cell transplantation [29].
Actually, a natural compound called fisetin, a plant polyphenol from the flavonoid group, has been
tested in the treatment of induced hyperammonemic rats showing an increase of expression of several
enzymes as CPS1 and a decrease of iNOS and NF-kB p65. It was observed that fisetin normalized
ammonia levels, transaminases and alkaline phosphatase in circulation, glutamate and glutamine in
brain, and stabilized the circadian locomotor rhythm [36]. On the basis of this study, PXA could be
considered an interesting probe for further investigations on the development of a new class of CPS1
positive modulators playing a pharmacological role in the therapy of several human diseases and
metabolic disorders.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1. All proteins
identified in two independent DARTS experiments together with the mean of their Mascot scores and matches
Figure S1. DARTS replicate experiments exploited for the densitometric analysis reported in Figure 1C. The left
panel of this figure is reported in the manuscript as Figure 1B. Figure S2. Densitometric analysis of
immunoblotting reported in Figure 1E was performed through ImageJ and the histograms are the results of the
quantitation of the signals from two independent experiments (standard deviations are reported). The
undigested protein was rated as 100% in each analysis and GAPDH was exploited as a loading normalizer.
Figure S3: ADP has been chosen as a known CPS1 ligand. The docking analysis of ADP on CPS1 has been carried
out using the identical experimental parameters employed in PXA one. The superimposition is now reported in
Figure S3: the light blue cartoon ADP from 5dou is comparable with the green cartoon of ADP conformation
obtained by us. Root-mean-square deviation (RMSD) has also been reported. Figure S4. CPS1 activity measured
by the reported assay in presence of another natural compound (Serratol) as control.
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