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Zusammenfassung

Zusammenfassung

Das kolorektale Karzinom (KRK) stellt weltweit eine der am haufigsten diagnostizierten
Tumorerkrankungen dar und tritt insbesondere in der Gruppe der jungen Erwachsenen mit
einer steigenden Inzidenz auf. Fortschreitende Entwicklungen in der Tumorforschung haben
in den vergangenen Jahren zu neuen Behandlungsansatzen gefiihrt, beispielsweise auf dem
Gebiet der Immuntherapeutika. Dennoch basiert das Behandlungsregime seit ber 50 Jahren
auf der zytostatischen Verbindung 5-Fluoruracil (5-FU) und ihren Derivaten, die in Kombination
mit den Substanzen Leucovorin (LV), Oxaliplatin (OXA) und Irinotecan (IT) eingesetzt werden.
Die antitumorigene Wirkung etablierter chemotherapeutischer Ansatze beruht auf der
Induktion von DNA-Schaden, welche insbesondere in Geweben mit einer hohen
Proliferationsrate, wie etwa Tumoren, zu Zelltod fihren. Aktuelle Anséatze in der
Wirkstoffforschung adressieren hingegen spezifische Veranderungen im Tumormetabolismus

sowie von DNA-Reparaturmechanismen als mdgliche Ziele in der Behandlung des KRK.

Die Untersuchung der antineoplastischen Wirksamkeit neuentwickelter Substanzen, vermittelt
durch die Inhibierung der DNA-Reparatur, die Disruption des mitochondrialen Metabolismus
und die Induktion von DNA-Schéaden, stellte den Fokus dieser Arbeit dar. Hierzu wurde das
Potential von Substanzen fir die Therapie des KRK untersucht, welche bereits klinische
Anwendung fir die Behandlung anderer Tumorerkrankungen finden, wie der metabolische
Inhibitor Devimistat und die Poly-(ADP-Ribose)-Polymerase (PARP)-Inhibitoren Olaparib und
Veliparib. Daneben wurde die biologische Aktivitdt von neuen chemischen Verbindungen
analysiert, welche natirlichen Ursprungs sind (aus marinen Schwammen isolierte
Merosesquiterpene) oder als potenzielle PARP-Inhibitoren chemisch synthetisiert wurden. Als
Modell fir die vielfaltigen molekularen Subtypen des KRK kamen KRK-Zelllinien mit
unterschiedlichem Mutationsstatus zur Anwendung. Zur Aufklarung des pharmakologischen
Wirkmechanismus wurden zudem genetische knockdown Versuche durchgefiihrt oder
isogene knockout Zelllinien eingesetzt. Des Weiteren wurden intestinale Tumororganoide und
Organoide murinen Ursprungs sowie Kurzzeitkulturen aus KRK-Patienten verwendet, um die
Tumorspezifitdt der beobachteten Effekte zu untersuchen. Eine Reihe von Methoden, wie
beispielsweise Durchflusszytometrie, konfokale Mikroskopie, Genexpressionsanalysen und
Western-Blot, wurde eingesetzt, um die zugrundeliegenden Zelltodmechanismen aufzuklaren.
Zur ldentifizierung potenzieller Synergismen wurde die Zytotoxizitat des mitochondrialen
Disruptors Devimistat sowie von PARP-Inhibitoren in Kombination mit den etablierten
Chemotherapeutika 5-FU, OXA und IT in verschiedenen KRK-Zelllinien quantifiziert.
Abschlieend wurde Devimistat als Einzelbehandlung oder in Kombination mit IT in einem
murinen Xenograft-Tumormodell eingesetzt, um die therapeutische Wirksamkeit in vivo zu

bewerten.




Zusammenfassung

In unserer ersten Studie zum metabolischen Inhibitor Devimistat konnten wir demonstrieren,
dass die Substanz unabhangig von genetischen oder epigenetischen Aberrationen zu
tumorspezifischer Zytotoxizitat in KRK-Zelllinien und murinen Tumororganoiden fuhrt. Eine
verminderte Sauerstoffverbrauchsrate, eine verringerte mitochondriale Aktivitat und die
Bildung reaktiver Sauerstoffspezies wurden als zugrundeliegende Mechanismen identifiziert,
welche zu p53-unabhangigem Zelltod in KRK-Zellen fiihren. Combenefit-Modellierung und
Chou-Talalay-Analyse zeigten eine synergistische Wirkung von Devimistat in Kombination mit
den Chemotherapeutika IT und 5-FU. Die Herabregulierung antiapoptotischer Bcl-2 Proteine
und die posttranslationale Akkumulation des proapoptotischen Proteins Bim konnten mithilfe
von Genexpressions- und Western-Blot-Analysen sowie genetischen knockdown-
Experimenten als ursachlich fir den beobachteten Synergismus mit IT und 5-FU bestimmt
werden. Die antitumorigene Wirksamkeit und synergistische Aktivitat in Kombination mit IT

wurden unter der Verwendung humaner KRK-Zellen in einem Xenograft-Mausmodell bestéatigt.

In unserer zweiten Studie untersuchten wir die Aktivitat von 11 verschiedenen
Merosesquiterpenen in drei KRK-Zelllinien mit unterschiedlichem Mutationsstatus und
identifizierten die hoéchste Zytotoxizitat fiir die Substanzen llimaquinone (1Q), Dactylospontriol
(DS) und Smenospongine (SP). Mechanistisch induzieren alle drei Substanzen unabhéngig
vom p53-Status der untersuchten Zelllinie DNA-Strangbriiche und eine heraufregulierte DNA-
Schadensantwort, welche zu Zellzyklusarrest und Aktivierung der mitochondrialen Apoptose
fuhrte. Des Weiteren zeigten die untersuchten Merosesquiterpene deutliche Zytotoxizitat in
murinen Tumororganoiden, was auf eine potenzielle Anwendbarkeit in in vivo Studien zur

Behandlung des KRK hinweist.

In unserer dritten Studie untersuchten wir die Applikation etablierter und neuentwickelter
PARP-Inhibitoren fur die Behandlung von KRK-Zellen mit Defizienzen hinsichtlich
verschiedener DNA-Reparaturproteine. Hierzu wurden die zwei neuartigen Substanzen
X17613 und X17618 basierend auf einem in silico und in vitro Screening identifiziert, welche
in submikromolaren Konzentrationen die Aktivitat von PARP-1 inhibieren. Im Gegensatz zu
den Kklinisch eingesetzten Inhibitoren Olaparib und Veliparib zeigten die beiden neuen
Substanzen keine Zytotoxizitdt in KRK-Zelllinienpaaren mit profizientem und defizientem
PARP-1-Status. Entsprechend wurde durch X17613 und X17618 weder eine Induktion des
DNA-Schadensmarkers yH2AX hervorgerufen noch die Dissoziation von PARP-1 von der DNA
verhindert, ein Mechanismus der als PARP-trapping bezeichnet wird. In einer KRK-Zelllinie,
die durch eine BRCA2 (breast cancer type 2 susceptibility protein)-Defizienz keine DNA-
Reparatur mittels homologer Rekombination durchfilhren kann, fihrte X17613 zu einer

erhohten Sensitivitat gegentber IT.




Zusammenfassung

Zusammengefasst untersuchte diese Arbeit das Potential neuartiger pharmakologischer
Therapieansétze in der Behandlung des KRK. Dies beinhaltete die Verwendung des
mitochondrialen Disruptors Devimistat in Kombination mit etablierten Chemotherapeutika, die
Untersuchung des zytotoxischen Potentials von marinen Merosesquiterpenen und die
Identifikation neuer PARP-Inhibitoren anhand eines in silico und in vitro Screenings. Unsere
Ergebnisse geben einen Einblick in die zugrundeliegenden Toxizitdtsmechanismen, den
potenziellen Synergismus mit klinisch angewandten Substanzen und den Einfluss bekannter
KRK-Mutationen auf die Sensitivitdt, um eine weitere Entwicklung dieser moglichen

Therapieansétze zu unterstitzen.




Abstract

Abstract

Colorectal cancer (CRC) is one of the most frequently diagnosed malignant diseases
worldwide and occurs at an alarmingly increasing rate especially in young adults. Ongoing
progress in the field of cancer pharmacology has provided new treatment options in recent
years, particularly in the form of immunotherapy. Yet, standard chemotherapy has been based
on cytostatic agent 5-fluorouracil (5-FU) for over five decades with the more recent addition of
leucovorin (LV), oxaliplatin (OXA) and irinotecan (IT). Established chemotherapeutic
approaches mainly rely on the induction of DNA damage, which particularly affects rapidly
growing cancer cells. The altered tumor metabolism and the DNA repair machinery have more
recently been identified as potential drug targets in CRC.

The assessment of novel anticancer drugs for CRC with a focus on induction of DNA damage,
inhibition of DNA repair and disruption of mitochondrial metabolism as potential mechanisms
constituted the objective of this work. For this purpose, this PhD thesis aimed to evaluate the
applicability of antitumor agents which are already clinically used in the treatment of other
cancer entities, including the metabolic inhibitor devimistat and the poly (ADP-ribose)-
polymerase inhibitors (PARPI) olaparib and veliparib. In addition, the biological activity of novel
chemical compounds for CRC treatment was analyzed. The investigated substances were
either derived from natural sources (merosesquiterpenes isolated from marine sponges) or
chemically synthesized as potential PARPi. CRC cell lines with varying mutational status were
applied as surrogates representing the diversity of this disease and experiments with transient
genetic knockdown or isogenic knockout cell lines were performed to further detail the
pharmacological mode of action of the tested compounds. In addition, murine intestinal tumor
organoids and primary organoids as well as patient-derived short-term cultures were used to
elucidate the tumor cell specificity of the observed effects. An array of methods was utilized to
investigate the underlying cell death mechanisms, including flow cytometry, confocal
microscopy, western blot and gene expression analysis. The cytotoxicity of the mitochondrial
disruptor devimistat and of PARPi in combination with established CRC chemotherapeutic
5-FU, OXA and IT was analyzed in CRC cell lines to identify a potential synergy. Finally,
devimistat was applied either as monotreatment or in combination with IT in a murine xenograft

model to evaluate the therapeutic efficacy in vivo.

At first, the tumor cell specific cytotoxicity of the metabolic inhibition by devimistat was
revealed, independent of genetic and epigenetic alterations in CRC cell lines and murine tumor
organoids. A reduced oxygen consumption rate (OCR), attenuated mitochondrial activity and
induction of reactive oxygen species (ROS) were identified as underlying mechanisms,
resulting in p53-independent induction of CRC cell death. Synergistic anticancer activity was

achieved by combination treatment with the chemotherapeutic agents IT and 5-FU, as

v



Abstract

demonstrated by a Combenefit-model and Chou-Talalay analyses. Mechanistically, synergism
was based on downregulation of antiapoptotic Bcl-2 proteins and posttranslational
accumulation of the proapoptotic protein Bim, as demonstrated by transient genetic knockout
experiments. Antitumor efficacy and synergistic activity with IT were confirmed by applying

human CRC cells in a xenograft mouse model.

In the second study, a compound library comprised of 11 merosesquiterpenes isolated from
marine sponges was analyzed and ilimaquinone (IQ), dactylospontriol (DS) and
smenospongine (SP) were identified as the most cytotoxic compounds in a panel of three
human CRC cell lines. On the mechanistic level, all three compounds induced DNA strand
breaks and upregulated the DNA damage response (DDR) irrespective of the mutational status
of p53, resulting in cell cycle arrest and activation of the mitochondrial apoptosis pathway.
Furthermore, merosesquiterpenes induced pronounced cytotoxicity in murine intestinal tumor

organoids, underlining their potential in CRC treatment.

In the third study, the applicability of established and novel PARPI in the treatment of DNA
repair deficient and proficient CRC was investigated. Therefore, the two novel compounds
X17613 and X17618, which inhibit PARP-1 activity in sub-micromolar concentrations, were
identified based on an in silico and in vitro screening of a library of novel 3,4-bifunctionalized
and -bridged indole compounds. In contrast to clinically applied PARPI olaparib and veliparib,
both compounds showed no cytotoxicity in PARP-1-deficient and -proficient CRC cell line
pairs. In accordance, absence of yH2AX formation and low PARP-1 trapping activity compared
to olaparib were identified after treatment with X17613 and X17618. In the last step,
sensitization of BRCA2 (breast cancer type 2 susceptibility protein)-deficient CRC cells to IT

was demonstrated for X17613.

In conclusion, our research assessed the potential of novel therapeutic approaches for CRC
treatment, including mitochondrial disruption by the clinically applied metabolic inhibitor
devimistat, inhibition of DNA repair by novel PARP-1 inhibitors and DNA damage induction by
marine sponge toxins. Our results provide insight into the underlying molecular mechanisms,
the potential synergistic activity with clinically applied drugs and the impact of common CRC

mutations on sensitivity to guide further development of new therapeutic approaches.




Table of Contents

Table of Contents

ZUSAMMENTASSUNG ..o e e e e e e e e I
AADSTIBCT ...ttt £ v
Table Of CONLENES ..o VI
LiSt Of ADDIEVIATIONS ... Xl
LISt Of FIQUIES ...ttt IX
LISt Of TADIES ...ttt X
1. BaACKGIOUNG ... 1
1.1, COlOrECIAI CABNCET ... 1
1.1.1.Etiology, staging and statistics of CRC .............ccoiiiiiiii e 1
1.1.2.Chemotherapy Of CRC .........uiiii i 7
1.1.3.MetastasiS Of CRC .........uuiiiiiiiiiiiiii e e e 19

1.2. The Altered Metabolism of TUMOr CellS ............ooooiiiiiiiiiiiii e 23
1.2.1.The deregulated of metabolism as a hallmark of cancer..............c....ccooiinnnnnn. 24
1.2.2.Mechanisms of metaboliC alterations..............cccuvviiiiiiiiiiii e 27
1.2.3.The altered tumor metabolism as a target in CRC............ccoovviiiiiii e, 35
1.2.4.The metabolic inhibitor deVImIStat ... 37

1.3. PARP-1 as a Target in CRC TumMOr ThErapy .......cccovviuiiiiiiiieeeeeeeeeiee e 42
1.3.1.PARP-1 in health and diSEASEe.............ccuvviiiiiiiiiiiiiiiiiiiiiie e 42
1.3.2.Targeting PARP-1 in tumor therapy...........ccuuvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 47

2. ODJECHIVES ..o 57
3. Cumulative Part: PUDIICALIONS..........oooiieeeeeeeeeeee e 59

3.1. The Mitochondrial Disruptor Devimistat (CPI-613) Synergizes with Genotoxic

Anticancer Drugs in Colorectal Cancer Therapy in a Bim-Dependent Manner ........ 59

3.2. Natural Merosesquiterpenes Activate the DNA Damage Response via DNA
Strand Break Formation and Trigger Apoptotic Cell Death in p53-Wild-Type and

MULANE COIOTECIAI CANCEY ... e e 84

3.3. Targeting PARP-1 and DNA Damage Response Defects in Colorectal Cancer
Chemotherapy with Established and Novel PARP Inhibitors...........ccccccceeieeno. 123

VI



Table of Contents

4. Summary of RESUIS .......cooiiiiiiii 161

4.1.

4.2.

4.3.

Publication I: The Mitochondrial Disruptor Devimistat (CPI-613) Synergizes with
Genotoxic Anticancer Drugs in Colorectal Cancer Therapy in a Bim-Dependent
IVIGININET ... e ettt e e e e et e e eb b e e e e e e nrraa s 161

Publication II: Natural Merosesquiterpenes Activate the DNA Damage Response
via DNA Strand Break Formation and Trigger Apoptotic Cell Death in p53-Wild-
Type and Mutant Colorectal CanCEeN.........cc..ivuuiuiiiii e eee e eeeaeaeees 163

Publication 1lI: Targeting PARP-1 and DNA Damage Response Defects in
Colorectal Cancer Chemotherapy with Established and Novel PARP Inhibitors....164

5. SUMMAriZING DISCUSSION ......ccoiiiiiiiiiieee e e et e e e e ettt e e e e e e e e e e et e e eeaeas 166

5.1

Publication I: The Mitochondrial Disruptor Devimistat (CPI-613) Synergizes with
Genotoxic Anticancer Drugs in Colorectal Cancer Therapy in a Bim-Dependent

5.1.1.Devimistat targets the mitochondria of CRC cells.............ceeeviiiiiiiiiiiiiiiieneee, 167

5.1.2.Devimistat induces selective cell death in CRC cells and organoids................. 168

5.1.3.Synergism of devimistat with genotoxic chemotherapeutics .............ccccceeeeeenn.. 170

5.2.

Publication II: Natural Merosesquiterpenes Activate the DNA Damage Response
via DNA Strand Break Formation and Trigger Apoptotic Cell Death in p53-Wild-
Type and Mutant Colorectal CanCer.............coouviiiiiiiiiiii 175

5.2.1.Cell death induction by merosesquiterpenes in CRC cells...........cccvvvveeennein. 175

5.2.2.The Role of p53 for the cell death induction by merosesquiterpenes................ 177

5.3.

Publication 1ll: Targeting PARP-1 and DNA Damage Response Defects in
Colorectal Cancer Chemotherapy with Established and Novel PARP Inhibitors....181

5.3.1.1dentification of novel PARP inhibitors for CRC treatment by in silico and in

Y11 (o T8 (=15 1] T PSPPI 182

5.3.2.Role of PARP-1 expression for activity of PARPi monotreatment..................... 183

5.3.3.Cytotoxicity of PARPi as monotreatment and in combination with

chemotherapeutic drugs in CRC.........cooiiiiii e 184
5.3.4.Combining devimistat and PARPi in CRC treatment.............c..cevvvvviviiienneeenn, 187

6.  Conclusion and OULIOOK .........coooeiiiieeee e 189
L I o T 11 ] T o PP PPPPPPPPPPPP 189

Vi



Table of Contents

10.

11.

6.2. Outlook: Metabolic Inhibition by Devimistat Modulates Intracellular Signaling

Pathways Associated with Metastasis and Metabolism...............ccccooeiiiiiiiiiinnnn. 191
RETEIBNCES. ... 200
ACKNOWIEAGEMENLIS ... e e e e s e e e e e e e e ettt e e e e eaeeaeanees 237
CUITICUIUM VB ...ttt e e e e e e e e e e 239
PUBICALIONS ... e e e 240
Conference AENAANCES ..........couiiiiiiii e 241

VI



List of Figures

List of Figures

Figure 1: Genetic alterations during the etiology of CRC. .............uuiiiiiiiiiiiiiiiiiiiiiiiiieenes 5

Figure 2: Mechanism of action, cellular uptake and metabolism of the chemotherapeutic
drugs irinotecan, oxaliplatin and capecitabing. ... 15

Figure 3: Mechanisms of targeted therapy approaches applied in CRC treatment................ 17

Figure 4: The metastatic cascade of colorectal cancer and associated signaling pathways.

............................................................................................................................................. 21
Figure 5: Effects of tumor suppressor activity and oncogenic signaling on the metabolic
reprogramming Of CRC. ... ... bbb eennnne 29
Figure 6: The modulation of pathways associated with CRC metastasis by TCA cycle
LTS 7= 101011 SR 35
Figure 7: Metabolic inhibitors applied in the treatment of solid tumors in clinical trials. ......... 36
Figure 8: Enzymatic mechanism of PARP-1, its role in DNA repair and the effect of
pharmacological PARP-1 iNhibition.............ccooii i 45
Figure 9: Overview of clinically approved PARP inhibitors and their corresponding field of
=T o] o] [To7=\ 1[0 o PSSP 49
Figure 10: The mechanism of synthetic lethality induced by the application of PARP-1
inhibitors in HR-deficient CanCer CEIIS. ...........uuuuiiiiiiiiiiii e eeennees 51
Figure 11: Mechanistic overview summarizing the synergism of devimistat with anticancer
drugs IT and 5-FU in colorectal cancer CellS. ... 174
Figure 12: Mechanistic model of the merosesquiterpene-induced cell death pathway. ....... 179
Figure 13: Devimistat attenuates the migration of tumor cells and is equally active in
primary tumor- and metastasis-derived Cell [INES. ... 192
Figure 14: Devimistat downregulates the nuclear translocation of pSmad2 and the
expression of EMT transcription factor ZEBL............oooooiiiii i 193
Figure 15: Gene set enrichment and differential expression analysis based on proteomic
changes in response to devimistat treatment. ... 196




List of Tables

List of Tables

Table 1: Overview of the consensus molecular subtypes of CRC. .........ccccccvvvviiiiiiiiiinnnnn. 3
Table 2: TNM system for staging of CRC. ........oooiiiiiiiiiiiiiee 7
Table 3: Overview of clinical trials applying PARPi in CRC treatment. ...........ccccccvvvvvveeen. 55




List of Abbreviations

List of Abbreviations

AAG
ABC
ACAT
ACSS
ACC
ACLY
ACOX
AIF
AKI
AML
AMPK
AOM
APC
APS
ARID
ASCO
ASCT
ATP
ATM
ATR
AUC

BCKDC
BER
BRAF
BRCA
BSA
BW

C

C

Cad
CAD
CAF
CAPOX
CCCP
CCSs
CD
CDA
CDK
CES
CH2THF
Chk
CHOP
Cl
CIMP
CIN
CMS
CNT
COX
CPT
CRC
CSsC
CTC
CTLA

S-2-[(2,6-dichlorobenzoyl) amino] succinic acid
ATP-binding cassette

acetyl-coenzyme A acetyltransferase
acetyl-CoA synthetase short-chain family member
acetyl-CoA carboxylase

ATP-citrate lyase

acetyl-CoA oxidase

apoptosis-inducing factor

acute kidney injury

acute myeloid leukemia

5' adenosine monophosphate-activated protein kinase
azoxymethane

adenomatous polyposis coli

ammonium persulphate

AT-rich interactive domain-containing protein
American Society of Clinical Oncology
alanine/serine/cysteine amino acid transporter
adenosine triphosphate

ataxia-telangiectasia mutated
ataxia-telangiectasia and Rad3-related protein
area under the curve

branched-chain a-ketoacid dehydrogenase complex
base excision repair

v-Raf murine sarcoma viral oncogene homolog B1
breast cancer susceptibility protein

bovine serum albumin

body weight

cytosine

cadherin

carbamoyl-phosphate synthetase
cancer associated fibroblasts
capecitabine + oxaliplatin

carbonyl cyanide m-chlorophenyl hydrazone
clear cell sarcoma

cluster of differentiation

cytidine deaminase

cyclin dependent kinase
carboxylesterase
5,10-methylenetetrahydrofolat
checkpoint kinase

C/EBP homologous protein
combination index

CpC-island methylated phenotype
chromosomal instability

consensus molecular subtypes
concentrative nucleoside transporters
cytochrome c oxidase subunit
carnitine palmitoyltransferase
colorectal cancer

cancer stem cell

circulating tumor cell

cytotoxic T-lymphocyte-associated protein

Xl



List of Abbreviations

D2HG
DAG
DACH
DCA
DCK
DDR
DHFU
DLC
DMSO
DNA
dNTP
DPD
DPV
DR
DS
DSB
dTMP
DTT
dTTP
dUMP
duTP
DYRK

4EBP
ECM
EGF
EGFR
EMA
EMT
ENT
ErbB
ERCC
ERK
EtOH
EWL

F

FADH:
FACS
FAP
FCCP
FCS
FDA
FAUMP
FAUTP
FGF

FH
FOLFIRI
FOLFOX
FOLFOXIRI
FP

FPG
FUS
FUTP
5-FU

D-2-hydroxyglutarate
diacylglycerol
1,2-diaminocyclohexane
dichloroacetate
deoxycytidine kinase

DNA damage response
dihydrofluorouracil

dynein light chain

dimethyl sulphoxide
deoxyribonucleic acid
deoxynucleotide
dihydropyrimidine dehydrogenase
differential pulse voltammetry
death receptor
dactylospontriol
double-strand break
thymidine monophosphate
dithiothreitol

thymidine triphosphate
deoxyuridine monophosphate
deoxyuridine triphosphate
dual specificity tyrosine-phosphorylation-regulated kinase

elF4E binding protein

extracellular matrix

endothelial growth factor

epidermal growth factor receptor
European Medicines Agency
epithelial-to-mesenchymal transition
equilibrative nucleoside transporters
erythroblastosis oncogene B
excision repair cross-complementing
extracellular signal-regulated kinase
ethanol

Ewing sarcoma

flavin adenine dinucleotide

fluorescence-activated cell sorting

familial adenomatous polyposis

carbonyl cyanide-p-trifluoromethoxy phenyl hydrazone
fetal calf serum

(US) Food and Drug Administration
fluorodeoxyuridine monophosphate
fluorodeoxyuridine triphosphate

fibroblast growth factor

fumarate hydratase

5-fluorouracil + folinic acid + irinotecan
5-fluorouracil + folinic acid + oxaliplatin
5-fluorouracil + folinic acid + oxaliplatin + irinotecan
fluoropyrimidine

formamidopyrimidine DNA glycosylase

fused in sarcoma

fluorouridine triphosphate

5-fluorouraci

Xl



List of Abbreviations

G

G
G6PD
GARP
Gl
GLDH
GLS
GLUT
GPT
GSH
GST
GTP
GUS

H
H2DCFDA
H6PD
HAT
HCEC
hCTR
HDAC
HE
hENT
HEPES
HIF
HK
HNPCC
HNSCC
HPF
HR
HRD
HRP

I
IBD
ICso0
IDH
19G
IL
i.p.
IP3
1Q
IROX
IT

iv.

JAK
JNK

KGDH
KRAS

LA
LDH
LOH

guanine

glucose-6-phosphate dehydrogenase
glycoprotein A repetitions predominant
gastrointestinal

glutamate dehydrogenase
glutaminase

glucose transporter

glutamate pyruvate transaminase
glutathione

glutathione-S transferase

guanosine triphosphate
glucuronidase

2',7'-Dichlorofluorescein diacetate
hexose-6-phosphate dehydrogenase
histone acetyltransferase

human colon epithelial cells

human copper transporter

histone deacetylase

hematoxylin and eosin

human equilibrative nucleoside transporter
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
hypoxia-inducible factor

hexokinase

hereditary nonpolyposis colorectal cancer
head and neck squamous cell carcinoma
histone PARylation Factor

homologous recombination

homologous recombination deficiency
horseradish peroxidase

inflammatory bowel disease
inhibitory concentration, 50%
isocitrate dehydrogenase
immunoglobulin G
interleukin

intraperitoneal

inositol triphosphate
ilimaquinone

irinotecan + oxaliplatin
irinotecan

intravenous

Janus kinase
Jun kinase

a-ketoglutarate dehydrogenase complex
Kirsten rat sarcoma

a-lipoic acid
lactate dehydrogenase
loss of heterozygocity

X



List of Abbreviations

M
mCRC
MCT
MEK
MET
MED
miRNA
MLH1
MLL
MMEJ
MMP
MMR
MMS
MOM
MOMP
MPC
MRE
MRP
MSH
MSI
MSS
mt
MTD
mtDNA
mTOR
mTORC

N

NAC
NAD
NADPH
NAT
ncRNA
NCT
NEAA
NER
NGS
NHEJ
NQO

@)

OCR
OLA
OPRT
(ON)

OXA
OXPHOS

P

PAR
PARP
PBS
PC
PCCA
PCK
PD
PDAC
PDGF
PDH
PD-L
PDK
PDP

metastatic colorectal cancer
monocarboxylate transporter
mitogen-activated protein kinase kinase
mesenchymal-to-epithelial transition
mediator of RNA polymerase Il transcription
micro RNA

MutL protein homolog

mixed-lineage leukemia
microhomology-mediated end joining
matrix-metalloproteases

mismatch repair

methyl methane sulfonate

mitochondrial outer membrane
mitochondrial outer membrane permeabilization
mitochondrial pyruvate carrier

meiotic recombination homolog
multidrug resistance associated proteins
MutS protein homolog

microsatellite instable

microsatellite stable

mutant

maximum tolerated dose

mitochondrial DNA

mammalian target of rapamycin

MTOR complex

N-acetylcysteine

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
N-acetyl transferase

NncRNAs

National Clinical Trial number
non-essential amino acids
nucleotide excision repair

next generation sequencing
non-homologous end joining
NAD(P)H-quinone oxidoreductase

oxygen consumption rate

olaparib

orotate phosphoribosyl transferase
overall survival

oxaliplatin

oxidative phosphorylation

poly (ADP-ribose)

poly (ADP-ribose) polymerase
phosphate buffered saline

pyruvate carboxylase

propionyl-CoA carboxylase
phosphoenolpyruvate carboxykinase
programmed death receptor
pancreatic ductal adenocarcinoma
platelet-derived growth factor
pyruvate dehydrogenase complex
programmed death receptor-ligand
pyruvate dehydrogenase kinase
pyruvate dehydrogenase phophatase

XV



List of Abbreviations

PDX
PEG
PFK
PFS
PGC
PHD
P
PI3K
PIK3CA
PIM
PIP2
PKM
PMS
Pol
PPT
PPP
PRPS
PTEN
PTIP
PTS1R

Q
gPCR

R
RAD
Raf
Ras
Rb
RNA
ROS
Rot
RPA
rpm
RT
RTK

S

S6K1
SCID
SCNA
SCO
SDH
SDS
SDS-PAGE
SEM
SIRT
SLC
Smad
SN-38
SP

SSB
STAT3
SUCNR1

T
TAF
tBOOH
TCA
TEMED
TET
TFAM

patient-derived xenograft

prostaglandin

phosphofructokinase

progression free survival

peroxisome proliferator-activated receptor gamma coactivator
prolyl hydroxylase

propidium iodide

phosphoinositide 3-kinase
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
serine/threonine-protein kinase pim
phosphatidylinositol-phosphate

pyruvate kinase

postmeiotic segregation increased

DNA polymerase

palmitoyl-protein thioesterase

pentose phosphate pathway

phosphoribosyl-pyrophosphate synthetase

phosphatase and tensin homolog

PAX-interacting protein 1

peroxisomal targeting signal 1 receptor

guantitative real-time polymerase chain reaction

radiation sensitive protein
rapidly Accelerated Fibrosarcoma
rat sarcoma virus
retinoblastoma protein
ribonucleic acid

reactive oxygen species
rotenone

replication protein A
rounds per minute

room temperature
receptor tyrosine kinases

p70S6 kinase

severe combined immunodeficient

somatic copy number alterations

synthesis of cytochrome C oxidase

succinate dehydrogenase

sodium dodecyl sulphate

sodium dodecyl sulphate polyacrylamide gel electrophoresis
standard error of the mean

sirtuin

solute carrier transporter

mothers against decapentaplegic homolog
7-ethyl-10-hydroxy-camptothecin
smenospongine

single strand break

signal transducer and activator of transcription 3
succinate receptor 1

TATA-binding protein-associated factor
tert-butyl hydroperoxide

tricarboxylic acid cycle

tetramethyl ethylenediamine
ten-eleven translocation

mitochondrial transcription factor A

XV



List of Abbreviations

TGF transforming growth factor

TGFBR TGF-B receptor

TIS translocated in sarcoma

TME tumor microenvironment

TNM tumor, node, metastasis

TOP topoisomerase

TOPBP topoisomerase Il binding protein

TP thymidine phosphorylase

TRAIL TNF-related apoptosis-inducing ligand
TRF telomeric repeat-binding factor

Treg regulatory T cell

TS thymidylate synthase

U

UGT uridine 5'-diphospho-glucuronosyltransferase
uiCcC Union of international cancer control

ULK Unc-51-like autophagy-activating kinase
UNG uracil-DNA glycosylase

UPR unfolded protein response

\Y,

VEGF vascular endothelial growth factor

VEL veliparib

VM valinomycin

W

WT wild-type

X

XPF xeroderma pigmentosum group F

XRCC X-ray repair cross-complementing protein
VA

ZEB zinc finger E-box-binding homeobox
z-VAD-FMK carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone
AWYm mitochondrial membrane potential
yH2AX phosphorylated H2A histone family member X

XVI



Background

1. Background

1.1. Colorectal Cancer

With over 1.9 million new cases worldwide and approximately 900,000 deaths in 2020,
colorectal cancer (CRC) emerged as the second leading cause of cancer-related deaths
worldwide, confronting the health care systems with the need for new therapeutic
approaches to target this disease (Sung et al., 2021). Despite ongoing progress in
multiple disciplines of cancer treatment, including radiation, surgery and chemotherapy,
the 5-year survival rate of metastatic CRC is still low, with only 14% (Siegel et al., 2020).
A matter of particular importance is the increasing incidence among patients under
50 years, highlighting the insufficient understanding with regards to the interplay of
genetic susceptibilities and environmental risk factors (Stoffel and Murphy, 2020):
Predispositions encompass the occurrence of inflammatory bowel disease (IBD)
including Crohn’s disease or ulcerative colitis as pre-existing conditions as well as
genetic disorders like Lynch syndrome or the familial adenomatous polyposis (FAP)
syndrome (Valle et al., 2019). Worldwide, the incidence of CRC correlates with the
developmental index and shows a higher frequency in first world countries, reflecting the
impact of lifestyle risk factors like an increased intake of animal-source foods, excess
weight and decreased physical activity (Siegel et al., 2020; Sung et al., 2021).

1.1.1. Etiology, staging and statistics of CRC

The colorectal tumorigenesis has been identified as a multistep process: In general, a
mutation of colonic epithelial cells leads to the development of aberrant crypt foci
resulting in an adenomatous polyp, a benign tumor restricted in size. Additional genetic
and epigenetic alterations, for example loss-of-function mutations of tumor suppressors,
gain-of-function mutations of oncogenes and DNA hypermethylation lead to the
promotion of tumor growth and the development of a malignant tumor or carcinoma. Over
time, this tumor accumulates additional mutations and might finally be enabled to
metastasize to distant organs, as outlined in Figure 1 (L. H. Nguyen et al., 2020;
Vogelstein et al., 1988). The adenoma-carcinoma model, first proposed 35 years ago by
Vogelstein et al. was subsequently supplemented by additional models of CRC tumor
development, termed the serrated pathway (Yamane et al., 2014) and inflammatory
pathway, which differ in their molecular mechanisms and account for approximately
10-15% of CRC cases (Keum and Giovannucci, 2019). The concept of increasing
malignancy during the process of carcinogenesis is progressively overhauled: A more

recently proposed model for CRC development revealed that a set of intermixed
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subclones arises already in the initiation phase of CRC tumor development, indicating
that highly aggressive tumor cells may be present early in oncogenesis and subsequently

increase in proportion (Sottoriva et al., 2015).

In general, the development of CRC can be divided into the phases of initiation,
promotion and progression: The initiation step commonly involves inactivation of tumor
suppressors, typically due to mutations occurring spontaneously or in response to
environmental and dietary carcinogens. The promotion phase is characterized by clonal
expansion of altered cells, caused by suppressed cell death and upregulated
proliferation. Finally, during the progression phase a benign, preneoplastic lesion
develops to an invasive tumor, accompanied by activation of oncogenes and loss of

additional tumor suppressors (Luebeck and Moolgavkar, 2002).

In CRC, a frequently occurring event in initiation is the inactivation of the tumor
suppressor Adenomatous polyposis coli (APC) gene, leading to accumulation of
B-catenin and dysregulation of the Wnt-signaling pathway. This occurs either due to
germline mutations, which cause a hereditary predisposition to CRC termed familial
adenomatous polyposis (FAP), or due to somatic APC mutations, found in 80% of CRC
tumors (Zhang and Shay, 2017). Furthermore, functional impairment of the DNA
mismatch repair (MMR) pathway because of epigenetic regulation as well as sporadic
(Koopman et al., 2009) or germline (Liu et al., 1996) mutations including the MMR
proteins MLH1 and MSH2 represents an important CRC risk factor (Hewish et al., 2010).
The promotion phase of CRC commonly involves mutations of the GTPase RAS:
Expression of mutated KRAS-G12D, -G12V and -G13D genes occurs in 40% of overall
CRC cases and 77% of metastatic CRC (mCRC) cases, causing permanent activation

of the RAS signaling pathway (Neumann et al., 2009; Vaughn et al., 2011).

Furthermore, oncogenic mutations of BRAF gene expressed as BRAF-V600E appear in
10% of CRC cases (Sanz-Garcia et al., 2017). While the occurrence of mutated KRAS
and BRAF has been considered mutually exclusive in CRC, the application of next
generation sequencing (NGS) in a cohort of 820 CRC patients revealed rare concomitant
alterations with an incidence of 0.5% (Deshwar et al., 2018). Mutations of the tumor
suppressor gene TP53 are frequently observed in CRC and a polymorphism of the gene
has been associated with increased CRC risk (Gemignani et al., 2004; lacopetta, 2003).
Functional alterations of the transforming growth factor f (TGF-B) pathway regularly
occur during colorectal carcinogenesis. Mutations of the TGF-f3 receptor Il (TGFBR2) or
the transcription factor Smad4 (small mothers against decapentaplegic homolog 4)

impair the tumor-suppressive function of the corresponding pathway, while still enabling
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induction of epithelial-to-mesenchymal transition. This dual role of TGF-B signaling in

tumor cells is further discussed in Chapter 1.1.4.1.

In addition, somatic copy number alterations (SCNA) cause the loss or gain of DNA
sections with a size of over 1 kb through non-allelic homologous recombination (HR),
thereby leading to the amplification of oncogenes or attenuation of tumor suppressors
(Wang et al.,, 2016b). CRC is a heterogeneous disease with varying outcomes and
marked differences in drug sensitivity. Guinney et al. summarized the consensus
molecular subtypes (CMS) of colorectal cancer in a classification system. Based on gene
expression analysis, four groups with characteristic molecular features were
differentiated, which predetermine progression, prognosis and treatment-response as

outlined in Table 1 (Guinney et al., 2015; Thanki et al., 2017).

Table 1: Overview of the consensus molecular subtypes of CRC. According to Guinney et
al., four different subtypes can be differentiated based on genomic and epigenetic alterations,
which manifest in clinical implications, including prognosis and location (Guinney et al., 2015;
Thanki et al., 2017).

Subtype CMS1 CMS2 CMS3 CMS4
Alternate name (Canonical) (Metabolic) (Mesenchymal)
Incidence 14% 37% 13% 23%
Genomic MSI . )
. ) SCNA high - SCNA high
alteration hypermutation
Epigenetic )
) CIMP high - CIMP low -
alterations
Epithelial, Epithelial, TGF-B activation,
o Immune infiltration ] o
Characteristics o Wnt and MYC metabolic stromal infiltration
and activation o ] ] )
activation deregulation angiogenesis
Associated ATM, BRAF, APC, KRAS, APC, KRAS, APC, KRAS,
mutations TGFBR2, PTEN TP53, PIK3CA TP53, PIK3CA TP53, PIK3CA
] Worse relapse
. Worse survival
Prognosis - - free- and overall
after relapse )
survival
Location Proximal Distal Mixed Distal
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In addition to mutations that drive colorectal carcinogenesis, epigenetic alterations are
commonly occurring in CRC. Madifications of histones and the DNA are among the most
important changes, which are frequently dysregulated as part of the pathophysiological
process of CRC initiation and progression (Jung et al., 2020). One of the best
characterized epigenetic alterations in humans is DNA methylation at the C5 position of
cytosine. Catalyzed by DNA methyltransferases, this modification typically occurs at
CpG-dinucleotides which show a high abundancy in many gene promotor regions (Jones
and Baylin, 2007; Yagi et al., 2010). In CRC cells, transcriptional repression is often
facilitated by CpG-hypermethylation in the promotor region of tumor suppressor genes,
including CDKN2A (Bihl et al., 2012), MLH1 (Cunningham et al., 1998) and APC (Liang
et al., 2017). DNA methylation profiles of a subset of CRC tumors with distinct molecular
features are characterized by a CpG island methylator phenotype (CIMP) (Puccini et al.,
2017).

Histone modifications, especially methylation and acetylation, depict another mechanism
by which gene expression is regularly altered in CRC (Jung et al., 2020). In non-dividing
cells, DNA is tightly associated with histones, protein octamers composed of two pairs
of each of the four core histone proteins Histone 2A (H2A), H2B, H3 and H4. Post-
translational modification of the core histone proteins regulates the histone-DNA
interaction and can modulate the association with binding proteins. Enzymatic activity of
histone acetyltransferases (HATS) and histone deacetylases (HDACSs) can alter gene
expression of tumor suppressors and proto-oncogenes and hence is considered a
component of CRC tumorigenesis (Gargalionis et al., 2012). Besides, non-coding RNAs
(ncRNAS) like micro RNAs (miRNAS) regulate gene expression by interacting with mRNA

transcripts and thereby modulate many CRC-associated pathways (Jia et al., 2022).

Nearly one third of all CRC cases is associated with inherited genetic alterations (Grady,
2003). The Lynch syndrome, also referred to as hereditary nonpolyposis colorectal
cancer (HNPCC), constitutes one of the most common genetic predispositions and is
associated with a 50-80% lifetime risk of the development of colon cancer, accounting
for 2-4% of all CRC cases. The condition is inherited in an autosomal dominant fashion
and typically leads to an early onset of CRC development, characterized by poor
differentiation and proximal tumor localization (Jasperson et al., 2010). Mechanistically,
germline mutations in a class of genes responsible for DNA mismatch repair (MMR),
including MLH1, MSH2, MSH6, and PMS2, result in an elevated rate of single nucleotide

mutations and microsatellite instability (MSI) (Jasperson et al., 2010).
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Figure 1: Genetic alterations during the etiology of CRC. The conventional and the serrated
pathway can be differentiated as the two main, discrete sequences of malignant transformation
from healthy colon to colorectal cancer which together account for approximately 90% of CRC
cases (Kim and Bodmer, 2022). Sequence specific and shared activations of oncogenes and
inactivation of tumor suppressors occur in the different stages of CRC pathways, which involve
initiation, promotion, progression and metastasis of the primary tumor (Kuipers et al., 2015). CIN,
chromosomal instability; CTNNB1, catenin-B1; MAPK, mitogen-activated protein kinase; PI3K,
phosphatidylinositol 3-kinase; PI3BKCA, phosphatidylinositol-4,5-bisphosphate 3-kinase; PTEN,
phosphatase and tensin homologue (Created with BioRender)

As the second most frequent inherited form of CRC, familial adenomatous polyposis
(FAP) is characterized by the formation of multiple adenomas in the colorectum at a
young age and inevitable cancer development if left untreated (Leoz et al., 2015). FAP
is caused by germline mutations of the tumor suppressor gene APC, an antagonist of
the canonical Wnt signaling pathway. APC induces phosphorylation and ubiquitination
of cytoplasmic B-catenin, leading to its proteolytic degradation. In the absence of
functional APC, cytoplasmic B-catenin accumulates, enters the nucleus and binds to
transcription factors of the TCF/LEF family to induce expression of a specific set of genes
to promote proliferation and survival at the expense of differentiation (Hankey et al.,
2018).

In addition, several categories of potentially more common but less penetrant genetic
causes for CRC susceptibility have been identified based on population studies. This

includes variants and polymorphisms, as for example of TGFBR1*6A, HRAS1-VNTR
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and APC-11307K, of genes encoding for the glutathione-S transferases mu (GSTM1),
theta (GSTT1), and pi (GSTP1) and of genes encoding for the N-acetyl transferases 1
and 2 (NAT1, NAT2) (Jasperson et al., 2010).

As opposed to inherited CRC, the likelihood and frequency of spontaneous mutations
that lead to the development of sporadic CRC are often subject to dietary and lifestyle
choices (Gay et al., 2012; Naguib et al., 2010). Thus far, a variety of environmental risk
factors have been connected to the development of sporadic CRC, including obesity,
smoking, alcohol-consumption and lack of physical activity (Durko and Malecka-Panas,
2014). The nutritional profile linked to CRC is characterized by a fiber-deficient, fat-rich,
high calory diet lacking fruits and vegetables (Durko and Malecka-Panas, 2014).
Additionally, high intake of processed and red meat represents a risk factor (Seiwert et
al., 2020). In a large population-based case control study, comparing 4,092 individuals
with CRC to 3,032 without CRC, it was estimated that at least 45% of CRC could be
prevented by adopting healthy life style behaviors, regardless of potential genetic

predispositions (Carr et al., 2018).

Clinical staging represents a critical tool in the clinical management of CRC. The Union
of international cancer control (UICC) publishes the “TNM Classification of Malignant
Tumors” as a globally accepted framework for the classification of cancer extent and
spread. The TNM system differentiates between the T category, which describes tumor
size and site, the N category, which describes lymph node involvement and the M
category, which describes the occurrence of distant metastatic spread (Compton and
Greene, 2004). Based on pathological and clinical approaches, a tumor stage from | to
IV is derived, which helps to guide chemotherapy, facilitates preoperative patient

management, and serves as a predictor of prognosis and survival (Table 2).

Based on the records of 164,996 CRC patients, an overall survival rate of 63.0% was
observed that decreased with age and revealed to be significantly higher in women
compared to men in patients under 75 years (Majek et al., 2012). Striking differences of
survival were identified between the stages of CRC: While for patients with localized
tumors a relative survival of 89.5% was determined, a drop to 65.4% for regional and
14.9% for distant colorectal cancer metastasis underlines the urgency of an early
diagnosis (Majek et al., 2012).
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Table 2: TNM system for staging of CRC. A CRC stage from | to IV can be derived depending
on the size and site of the primary tumor, the involvement of regional lymph nodes and the
occurrence of distant metastases (Compton and Greene, 2004).

Stage T: Primary tumor N: Regional lymph nodes M: Distant metastasis

| T1 NO MO
T2 NO MO
A T3 NO MO
1153 T4 NO MO
T1 N1 MO

A
T2 N1 MO
T3 N1 MO

B
T4 N1 MO
nc any N2 MO
v any any M1

1.1.2. Chemotherapy of CRC

In general, the clinical treatment of malignant diseases is guided by standard protocols.
In the following, the clinical practice guidelines of the ESMO (European Society For
Medical Oncology) and the ASCO (American Society of Clinical Oncology) for treatment
of localized and metastatic CRC are summarized (Argilés et al., 2020; Cervantes et al.,
2023; Morris et al., 2023). Depending on the mutational status of the tumor, the stage of
the disease and the age of the patient, several overarching approaches are applied to
clinically treat CRC: In stage 0 and stage | CRC, the cancer cells have not spread outside
the colon wall itself. Full surgical resurrection of the tumor is possible and paired with a
tight follow-up, without the need for adjuvant chemotherapy. Depending on the cancer
localization and differentiation grade, local colectomy and surgical resurrection of nearby

lymph nodes can be advisable (Argilés et al., 2020).

During treatment of stage 1l CRC, decision-making is frequently based on the MSS/MSI
status: While MSI-high patients do not benefit from adjuvant chemotherapy,
fluoropyrimidine monotreatment plus leucovorine can be conducted in MSS patients.
Additional factors that might indicate application of adjuvant chemotherapy include tumor
outgrowth into blood and lymph vessels, perforation of the colon wall and poor

histological differentiation grade (Argilés et al., 2020). The decision-making process for
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the therapeutic approach of the first line treatment is generally based on the patient’s
age and general state of health. Generally, fluoropyrimidines, which are considered the
backbone of adjuvant CRC chemotherapy, reduce the risk of death in stage Il colon
cancer by an absolute 3-5% and in stage lll disease by 10-15%, with a further 4-5%
improvement with the application of oxaliplatin-containing combinations (Argilés et al.,
2020).

In stage Il CRC patients, adjuvant chemotherapy is generally conducted independent of
the molecular subtype. A combination of fluoropyrimidines and oxaliplatin is considered
the standard of care in stage Ill, with a significant improvement of DFS over
fluoropyrimidine monotherapy, as demonstrated in three landmark clinical trials (André
et al., 2009; Haller et al., 2011; Kuebler et al., 2007). When choosing a regimen for the
adjuvant chemotherapy of stage Ill CRC, the treatment duration has to be considered:
Both, leucovorin/5-fluorouracil/oxaliplatin (FOLFOX) for 6 months and capecitabine plus

oxaliplatin (CAPOX) for 3 months can be recommended (Grothey et al., 2018).

Stage IV CRC, also referred to as mCRC, has spread from the colon to distant tissues
and organs and is therefore in most cases unlikely to be cured by surgery. For first line
treatment of patients with initially unresectable MSS or proficient mismatch repair
(PMMR) mCRC, doublet (folinic acid, FU, IT or OXA) or triplet (folinic acid, FU, IT and
OXA) are recommended (Morris et al., 2023) as reviewed in the treatment guidelines for
colorectal cancer of the American Society of Clinical Oncology (ASCO). In patients with
MSI-high or MMR-deficient mMCRC, the monoclonal programmed death receptor 1 (PD-1)
antibody pembrolizumab should be offered as first line treatment. By blocking the PD-1
ligand (PD-L1) mediated T cell evasion of cancer cells, PD-1 antibodies enhance the
immune suppression of CRC, in particular if a high mutational burden is present (Le Dung
et al., 2015). Mechanistically, neo-antigens derived from tumor-related mutations likely
attract T cell infiltration, resulting in an improved therapeutic outcome (McGranahan et
al., 2016). Application of anti-EGFR therapy in combination with doublet chemotherapy
is indicated in patients with MSS or pMMR left-sided, RAS wild-type mCRC. Patients
with previously treated BRAF-V600E mutant mCRC can benefit from cotreatment with
monoclonal EGFR antibody cetuximab and the BRAF-inhibitor encorafenib. Mutations of
BRAF, a serine/threonine kinase of the EGFR-signaling pathway, are found in 5-10% of
MCRC cases and cause constitutive activation of downstream kinases, as further
outlined in Chapter 1.1.2.4. (Morris et al., 2023). For the treatment of patients with RAS-
mutant, right-sided disease, FOLFOXIRI in combination with antibodies against the
vascular endothelial growth factor A (VEGF-A) should be considered, as for example
bevacizumab, but application of the regimen is often limited by chemotherapy tolerability
(Cervantes et al., 2023).
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If initial treatment does not suspend disease progression or needs to be discontinued
due to toxicity, additional treatment options are selected for second line treatment,
depending on the drugs applied in the first line (Vogel et al., 2017). Following failure of
5-FU single agent treatment, regimens include FOLFOX, FOLFIRI and IROX, which
showed superior efficacy compared to FOLFIRI (Guglielmi and Sobrero, 2007). If IT was
applied as first line treatment, FOLFOX is usually used in the second line, with the
addition of bevacizumab yielding improved outcome (Giantonio et al., 2007). Arnold et
al. analyzed treatment options beyond the second line in a systematic review of 938
references and included 68 references for quality synthesis: Improvement in overall
survival is most likely achieved by a combination of the nucleoside analogue trifluridine
and thymidine phosphorylase inhibitor tipiracil or by applying the receptor tyrosine kinase
inhibitor regorafenib (Arnold et al., 2018).

Depending on the applied chemotherapy, several severe side effects may occur and tight
management is crucial, underlining the necessity to consider age, comorbidities and
disease state in the treatment plan (Eng, 2009). In contrast to neoadjuvant
chemotherapy, which is applied prior to the surgical resection of the tumor, adjuvant
chemotherapy is conducted subsequently to reduce the risk of disease reoccurrence
(Grothey et al., 2018). While application of adjuvant chemotherapy is clearly indicated in
stage Il and stage IV CRC, a risk-benefit analysis based on histological and molecular
markers can be conducted for stage Il CRC to guide decisions on an individual basis
(Kannarkatt et al., 2017). Neoadjuvant chemotherapy is implemented in the therapy of
several malignant diseases, including breast and pancreatic cancer but a general benefit
for the treatment of CRC remains elusive (Glynne-Jones et al.,, 2012; Schrag et al.,
2014). For the specific treatment of locally advanced rectal cancer, the application of
neoadjuvant FOLFIRINOX significantly improved disease-free survival and is better

tolerated than adjuvant chemotherapy (Conroy et al., 2021).

As outlined above, different cytostatic agents are routinely combined in specific treatment
regimen in the therapy of CRC. Typically, these involve the antimetabolite 5-fluorouracil
(5-FU), the topoisomerase | (TOP1) inhibitor irinotecan (IT) and the cross-linking agent
oxaliplatin (OXA) as backbone therapy. Since these cytostatic drugs constitute the most
frequently applied chemotherapeutics in CRC (Morris et al., 2023), the following chapter
focuses on IT, 5-FU and OXA or the corresponding prodrugs, respectively. The chemical
structures, most relevant cellular targets and known uptake mechanisms are outlined in

Figure 2.
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1.1.2.1. I[rinotecan

Irinotecan is a derivative of the naturally occurring substance camptothecin, which was
discovered in 1966 by M. E. Wall and M. C. Wani in a screening for novel anticancer
drugs. Like its mother compound, irinotecan inhibits the enzyme TOP1, thereby inducing
cytotoxicity in a large variety of tumor cells. Uniquely among camptothecins, irinotecan
is a prodrug that is metabolically activated by a carboxylesterase (CES), particularly
CES2 followed by CES1, to 7-ethyl-10-hydroxy-camptothecin (SN-38). As the major
metabolite, SN-38 has a 100-1,000-fold higher potency than IT and is therefore
responsible for the majority of biological effects observed due to irinotecan treatment,
although only 2-3% of IT are activated (Mathijssen et al., 2001). Detoxification occurs
predominantly in the liver due to glucuronidation by uridine 5'-diphospho-
glucuronosyltransferase (UGT) 1A1, leading to the formation of the inactive metabolite
SN-38 glucuronide (SN-38G). Activity of bacterial B-glucuronidase (GUS) in the
gastrointestinal tract (Gl) tract was identified as an important determinant of IT-induced
Gl tract damage and resultant diarrhea (Bhatt et al., 2020). In addition, metabolic
inactivation of IT can be catalyzed by CYP3A4/5 (Fujita et al., 2015). Polymorphism of
UGT1Al such as UGT1A1*6 and UGT1A1*28 can result in severe toxicity of IT treatment
due to an attenuated drug metabolism (Minami et al., 2007). Besides drug metabolizing
enzymes, transporters expressed in the human liver are involved in the pharmacokinetics
of IT: Biliary excretion is facilitated by ATP-binding cassette (ABC) transporter, subfamily
C, member 2 (ABCC2), ABC transporter, subfamily G, member 2 (ABCG2) and ABC
transporter, subfamily B, member 1 (ABCB1) (Chu et al., 1998).

The mechanism of DNA damage induction by camptothecin and its analogues appears
to depend entirely on a reversible stabilization of the TOP1 cleavage complex
(TOP1CCQ), resulting in the inhibition of DNA religation and thereby induction of DNA
single-strand breaks (Thomas and Pommier, 2019). The prolonged attenuation of DNA
synthesis leads to the replication-dependent formation of DNA double-strand breaks,
subsequent S/G; cell cycle arrest and finally cell death. Several DNA repair proteins are
involved in the resolution of IT-induced DNA damage. PARP-1 limits the toxicity of TOP1
inhibitors by promoting replication fork reversal to allow for religation and repair of the
TOP1CC (Das et al., 2014; Ray Chaudhuri et al., 2012). ATR and its corresponding
downstream kinase Chkl can induce transient arrest of fork progression to allow for
repair of broken replication forks, thereby attenuating cytotoxicity induced by TOP1
inhibitors (Jossé et al., 2014). Overexpression of XRCC1, which plays a critical role as a
scaffolding protein in the base excision repair pathway, results in resistance against

camptothecin cytotoxicity in cancer cells (Park et al., 2002).
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IT has been applied in the treatment of solid tumors, including pancreatic, colorectal and
lung cancer for over three decades. As described above, IT is frequently utilized as a
second line chemotherapeutic drug for treatment of advanced CRC, when the first line
treatment consisting of 5-FU and OXA failed, and in the first line treatment of mMCRC.
Several phase-Il and phase-lll clinical trials revealed that inclusion of IT in chemotherapy
regimen improved 1-year survival rate and overall quality of life and prolonged pain-free,
progression-free and overall survival (Fujita et al., 2015). Standard administration of IT
is carried out by clinical i.v. infusion. Around 15-20% of patients receiving IT
monotherapy develop severe side effects which include diarrhea, febrile neutropenia,
anemia, and thrombocytopenia, resulting in a reduced quality of life and dose-limiting
toxicities (Thomas and Pommier, 2019). Cotreatment with additional anticancer drugs,
including 5-FU and OXA can further increase the frequency and severity of side effects
(de With et al., 2023).

1.1.2.2. 5-Fluorouracil

The compound 5-fluorouracil (5-FU) is derived by the substitution of hydrogen to fluorine
in the C5 position of uracil, one of the four nucleobases in the nucleic acid RNA. As one
of the earliest anticancer drugs, 5-FU was first synthesized in 1957 by Heidelberger and
colleagues, after an increased uptake of uracil by tumors had previously been discovered
(Heidelberger et al., 1957). 5-FU is frequently applied in the treatment of different solid
malignancies, including head and neck, pancreatic, stomach, esophageal and breast
cancer (Vodenkova et al., 2020). In the context of CRC, 5-FU was incorporated in
treatment regimen nearly 30 years ago and is nowadays standardly applied in
combination with leucovorin (LV). As an inhibitor of thymidylate synthase (TS), LV
enhances the efficacy of 5-FU treatment, thereby increasing patient survival and therapy
response rates (Thirion et al., 2004). Despite ongoing progression in the development of
novel therapeutic approaches, 5-FU still represents a mainstay of chemotherapy

combination regimens in CRC treatment (Vodenkova et al., 2020).

The antitumorigenic effects of 5-FU are induced by several mechanisms. Inhibition of TS
results in a depletion of the intracellular deoxynucleotide pool, which is required for DNA
synthesis and repair. Applying 5,10-methylenetetrahydrofolat (CH2THF) as a methyl
donor, TS catalyzes the methylation of deoxyuridine monophosphate (dUMP) to
thymidine monophosphate (dTMP). Fluorodeoxyuridine monophosphate (FAUMP),
which is endogenously generated from 5-FU, competitively blocks the nucleotide binding
position of TS and thereby prevents binding of dUMP. As a result, formation of dTMP is
impeded, leading to thymidine depletion induced cytotoxicity particularly in rapidly

proliferating cells. Furthermore, the enzyme orotic acid phosphoribosyl transferase
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(OPRT) catalyzes the formation of 5-fluorouridine triphosphate (FUTP) utilizing
phosphoribosyl pyrophosphate (PRPP) as a cosubstrate. The incorporation of FUTP
attenuates RNA synthesis, disrupts the processing of rRNAs, tRNAs and snRNAs and
reduces protein biosynthesis, which has been identified as the main contributor for 5-FU
mediated cytotoxicity (Pettersen et al., 2011). Additionally, the induction of DNA strand
breaks has been described due to the incorporation of 5-FU (Longley et al., 2003). The
MMR pathway drives the cytotoxic activity of 5-FU in tumor cells (Iwaizumi et al., 2011),
rendering the MMR status an important predeterminant for the corresponding therapeutic
response (Sargent et al., 2010). The repair of 5-FU-DNA adducts is predominantly
executed by base excision repair (BER), initiated by uracil-N DNA glycosylases (UNG)
(Pettersen et al.,, 2011). Induction of thymine to guanine point mutations as a
consequence of 5-FU treatment has been identified by tumor whole genome sequencing
in CRC and might be linked to the occurrence of secondary malignancies (Christensen
et al., 2019).

After administration by infusion, around 20% of 5-FU is directly excreted via urine. A high
proportion of 5-FU is metabolically inactivated by dihydropyrimidine dehydrogenase
(DPD) to dihydrofluorouracil (DHFU) in the liver. Accordingly, it has been demonstrated
that only 3% of the applied 5-FU dose is responsible for cytotoxic activity in malignant
tissue as well as side effects in several organs (Diasio and Harris, 1989). Therefore,
usage of oral 5-FU was dissipated early, and subsequent pharmacological research
focused on the application of 5-FU as a prodrug to increase its bioavailability, leading to
the development of the compound capecitabine. Following its rapid absorption through
the gastrointestinal wall, capecitabine is rapidly converted to 5'-deoxy-5-fluorouridine by
carboxylesterases (CES) and cytidine deaminases (CDA) in the liver which is
subsequently metabolized to 5-FU by thymidine phosphorylases (TP) (Vodenkova et al.,
2020). Cellular uptake of 5-FU is mainly facilitated by concentrative nucleoside
transporters (CNTs/SLC28s) and equilibrative nucleoside transporters (ENTs/SLC29s),
which enable bidirectional transport and thereby attenuate 5-FU efficacy in CRC. (Hruba
et al., 2023; Phua et al., 2013). In addition, the active 5-FU metabolite FAUMP is actively
excreted by cancer cells via the efflux pump MRP8 (ABCC11), thereby conferring

resistance to treatment with this nucleotide analogue (Oguri et al., 2007).

While 5-FU is generally considered a comparably safe chemotherapeutic agent, several
types of adverse side effects and toxic events were described in CRC patients: Besides
general symptoms like fever, fatigue, mucositis, diarrhea and vomiting, hematological
effects can occur and include thrombocytopenia, leukopenia and anemia (Latchman et
al., 2014; Zhang et al., 2018). Among the dose-limiting toxicities observed after treatment

with 5-FU and its prodrug, capecitabine, are hematological symptoms (e.g. neutropenia,
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hyperbilirubinemia) as well as gastrointestinal (e.g. diarrhea, stomatitis) and skin
conditions (e.g. hand-foot syndrome) (Kline et al., 2014; Walko and Lindley, 2005).
Complete or partial deficiency in DPD is observed in 0.1-3% of the general population
and has been identified as an important determinant of susceptibility to severe 5-FU-

induced toxicity (Bocci et al., 2006).

1.1.2.3. Oxaliplatin

Oxaliplatin consists of a central platinum atom surrounded by a 1,2-diaminocyclohexane
(DACH) group and a bidentate oxalate ligand. Different stereochemical isomers of the
complex exist, with the trans-1-(R,R)-DACH-Pt isomer, referred to as oxaliplatin,
exhibiting the highest cytotoxicity (Lévi et al., 2000). Oxaliplatin constitutes a further step
in drug development emerging from first- and second-generation platinum compounds
like cisplatin and carboplatin and demonstrates improved antitumor activity (Cvitkovic,
1998; Rottenberg et al., 2021). While CRC exhibits a primary resistance against cisplatin
and carboplatin, attributable to an intrinsically high expression of cytoplasmatic efflux
transporters and upregulated DNA adduct repair mechanisms, OXA revealed to be highly
antitumorigenic in clinical studies, as reviewed by Grothey and Goldberg (Grothey and
Goldberg, 2004).

Intravenous administration of OXA is followed by a short initial distribution phase and
subsequent drug removal over a time course of 48 h, mainly via renal clearance. In urine,
around 20 platinum species were identified after administration, with the main
constituents being glutathione (GSH)-DACH-Pt and different creatinine derivatives
(Kweekel et al., 2005). While passive diffusion was considered the main contributor to
cellular OXA uptake, evidence about the role of active cellular transport systems
emerged in recent years: Transporters involved in the sequestration and intrusion of
copper, including human copper transporter 1 (hCTR1), participate in OXA uptake (Bufd
et al., 2018; Howell et al., 2010), while increased expression levels of the copper efflux
transporter ATP7B have been linked with poor outcome in CRC patients receiving
oxaliplatin-based therapy (Martinez-Balibrea et al., 2009). The role of members of the
solute carrier (SLC) transporters, including organic cation transporters (OCT) 1, OCT2
and OCT3, and of members of the ABC family of efflux transporters, including multidrug-
resistance associated proteins (MRP) 1 and MRP4, for the sensitivity of CRC towards
OXA remains elusive (Martinez-Balibrea et al., 2015). Contrasting, MRP2 expression
has been linked to FOLFOX therapy outcome in CRC and was identified as a limiting
factor for oxaliplatin accumulation in CRC cells (Myint et al., 2019). In corresponding in
vitro experiments, the cytotoxic response was restored by MRP2 inhibition, underlining

the significance of MRP2 expression for sensitivity to OXA treatment (Myint et al., 2019).

13



Background

As a prodrug, OXA is activated by non-enzymatic hydrolysis and displacement of the
oxalate group to monochloro-, dichloro- and diaquo-compounds. Following its cellular
uptake, rapid binding of OXA to nucleophilic molecules occurs, including amino- and
sulfur groups in DNA, RNA and proteins. In addition, passive and GST-mediated
glutathione-adduct formation inactivates OXA and facilitates its efflux (Fronik et al.,
2022). Correspondingly, the main contributors to cytotoxicity of OXA in tumor cells are
induction of intrastrand DNA crosslinks, especially between two adjacent guanine-
residues or guanine- and adenine-residues as well as Pt-DNA adducts and DNA protein
crosslinks, which block DNA replication and transcription (Graham et al., 2000;
Rottenberg et al., 2021).

In contrast to cisplatin adducts, the MMR does not recognize and repair OXA-adducts,
rendering MMR-defective CRC cells sensitive towards OXA-treatment (Martin et al.,
2008). In vitro studies revealed the NER as the main oxaliplatin-induced DNA damage
repair system and showed a comparable role of the NER for DNA damage induced by
cisplatin and OXA. In accordance, genetic knockdown of the endonuclease ERCC1
(excision repair cross-complementing 1) or its interaction partner XPF (xeroderma
pigmentosum group F) result in higher sensitivity towards OXA treatment in vitro (Hatch
et al.,, 2014). While the mutational status of TP53 was unable to predict sensitivity
towards OXA in a panel of 30 cell lines, cDNA microarray data of 9216 transcripts
revealed correlation with expression of DNA repair and apoptosis related genes,
including ERCC1 (Arango et al., 2004). Clinically, increased ERCC1 expression of CRC
tumors measured by quantitative real-time polymerase chain reaction (QPCR) was a
predictor of reduced OXA-treatment efficacy, as reviewed by Bohanes and colleagues
(Bohanes et al., 2011).

The molecular mechanism of OXA-induced cell death in CRC cell lines is characterized
by induction of G2/M arrest and activation of the intrinsic apoptosis pathway, including
mitochondrial Bax translocation, cytochrome c release and caspase-3 cleavage (Arango
et al., 2004). In parallel, development of OXA-resistance in CRC cell lines was caused
by frameshift mutations in the BAX gene, resulting in complete loss of BAX transcription
(Gourdier et al., 2002). In general, addition of OXA to CRC chemotherapy is considered
safe but several adverse effects have been described, including significantly higher
incidence of grade Il and IV neutropenia and an increase of diarrhea and stomatitis
(Haller, 2000). In contrast to other chemotherapeutics applied in CRC treatment,
neurosensory symptoms frequently occur in response to OXA treatment and can

culminate in dose-limiting neurotoxicity (Beijers et al., 2014).
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Figure 2: Mechanism of action, cellular uptake and metabolism of the chemotherapeutic
drugs irinotecan, oxaliplatin and capecitabine. Following administration, irinotecan and
capecitabine require conversion to their respective active metabolites SN-38 and 5-FU. Several
drug transporters have been identified which are responsible for specific cellular uptake of the
compounds or facilitate their excretion, thereby enabling chemoresistance. While the mode of
action for IT, OXA and 5-FU is predominantly based on the induction of DNA damage, the
corresponding mechanisms differ, as depicted in the schematic model. (Created with BioRender)

1.1.2.4. Targeted therapy of CRC

In recent years, various novel approaches for CRC treatment were clinically approved.
Besides small molecule kinase inhibitors, which are applied to attenuate the activity of
several cancer specific signaling cascades, antibodies targeting receptors responsible
for tumor cell growth are used as a treatment option especially in mCRC (Xie et al.,
2020), as summarized in Figure 3. Upregulation of the epidermal growth factor receptor
(EGFR) has been observed in 60-80% of CRC cases and is associated with poor overall
survival, thereby rendering it a frequently utilized therapeutic target (Cunningham et al.,
2004). The EGFR belongs to the family of erythroblastosis oncogene B (ErbB) receptor
tyrosine kinases, which upon ligand binding mediate downstream activation of several
intracellular signaling pathways, including JAK (Janus kinase)/STAT3 (Signal transducer
and activator of transcription 3), PI3BK/AKT and RAS/RAF/MEK/ERK, to induce migration,
proliferation, survival and cellular growth (Roskoski, 2019a). The clinically approved
murine-human chimeric immunoglobulin G (IgG) antibody cetuximab specifically binds
the external domain of the EGFR, inducing degradation and internalization of the

receptor (Cunningham et al., 2004). Proceeding its approval for IT-insensitive mCRC by
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the United States Food and Drug Administration (FDA) in 2004 (Xie et al., 2020),
cetuximab was revealed to significantly improve overall- and progression free survival in
patients with CRC that did not respond to treatment with IT, 5-FU or OXA (Jonker et al.,
2007). The more recently developed, fully humanized antibody panitumumab
circumnavigates hypersensitivity reactions associated with the application of murine-
human chimeric antibodies (Yarom and Jonker, 2011). Unlike cetuximab, panitumumab
does not trigger antibody-dependent cell-mediated cytotoxicity but still improves clinical
outcomes in CRC due to a higher potency in the recruitment of myeloid effector cells
(Garcia-Foncillas et al., 2019; Résner et al., 2019).

The formation of new blood vessels, termed angiogenesis, depicts another critical step
in tumor initiation, growth and metastasis. While angiogenesis is finely tuned by several
intra- and intercellular signaling pathways, the growth factor VEGF-A was identified as a
major contributor to its tumor-promoting effects. Upon binding of VEGF-A to the VEGF
receptor 2 (VEGFR2), the RAS/RAF/ERK/MAPK and PI3K/AKT pathways are activated
to induce epithelial cell growth and promote cell survival (Goel and Mercurio, 2013). High
serum levels of circulating VEGF have been associated with poor survival in CRC and
were identified as predictors of liver and lung metastasis (Lopez et al., 2019). Targeted
therapy of angiogenesis was first established as a valuable approach for CRC treatment
when humanized monoclonal IgG antibody bevacizumab that specifically binds VEGF-A
was revealed to improve progression-free survival (PFS) and overall survival (OS) of
metastatic CRC in combination with IT, 5-FU and leucovorin in the AVF2107 clinical trial
and was subsequently approved by the FDA (Hurwitz et al., 2004). Ramucirumab
constitutes a more recently FDA-approved fully humanized monoclonal 1gG antibody
targeted at VEGFR2 that significantly improved PFS in combination with FOLFIRI
(Tabernero et al., 2015).

Furthermore, small molecule inhibitors of dysregulated growth signaling pathways are
successfully applied in the treatment of CRC. The multi-kinase inhibitor regorafenib
blocks several protein kinases involved in the progression of CRC, including VEGF, RAF
and FGFR. Application of regorafenib revealed to provide survival benefits for patients
with treatment-refractory metastatic CRC and thus received treatment approval by the
FDA (Arai et al., 2019; Grothey et al., 2013). Encorafenib, a potent inhibitor of RAF
kinases, attenuates ERK phosphorylation, thereby inhibiting CRC cell growth with limited
induction of apoptosis (Jenkins et al., 2024). The application of encorafenib in
combination with cetuximab has been approved as the new standard of care in
previously treated BRAF-V600E-mutant metastatic colorectal cancer, leading to
improved OS, ORR and PFS (Kopetz et al., 2019; Tabernero et al., 2021).
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Figure 3: Mechanisms of targeted therapy approaches applied in CRC treatment. Small
molecule inhibitors and antibody drugs are differentiated as indicated. While circulating growth
factors (e.g. VEGF) and the corresponding receptors (e.g. VEGFR and EGFR) are targeted by
monoclonal antibodies, small molecule kinase inhibitors are applied to attenuate the downstream
signaling. In addition, immune-checkpoint receptors programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4) are routinely targeted by applying
monoclonal antibodies to impede immune evasion of cancer cells. (Created with BioRender)

Beyond the targeted therapeutic interference with intracellular pathways mediating
growth and proliferation, novel approaches aim to improve the immunorecognition of
cancer cells. In CRC, overexpression of the transmembrane proteins B7-1 and PD-L1
on the cellular surface enables the interaction with the corresponding immune-
checkpoint receptors cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and PD-1
on the T cell surface, thereby attenuating T cell signaling and anti-tumorigenic immune
response by a mechanism referred to as T cell exhaustion (Xie et al., 2020). The first
FDA-approved immune checkpoint inhibitor is ipilimumab, which targets CTLA-4 and
was initially applied in melanoma treatment. In 2018 it received approval for the therapy
of refractory mCRC in a doublet regimen with nivolumab (Lenz et al., 2018).
Pembrolizumab, a monoclonal antibody against PD-1, was revealed to prolong PFS and
reduce side effects in combination with 5-FU in the treatment of MSI-high and MMR-
deficient mCRC (André et al., 2020). Only a small portion of CRC patients respond to
the therapy with immune checkpoint inhibitors. In particular, MSI-high cancers with high
mutational burden and MMR-deficiency showed an improved response rate (Xie et al.,
2020).
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1.1.2.5. Merosesquiterpenes as novel anticancer compounds

Historically, natural compounds found in plants, fungi or microorganisms provided an
important source of pharmacologically active agents, either directly or after subsequent
structural modifications. The secondary metabolism of these stationary life forms evolved
to overcome environmental needs and challenges, resulting in a large variety of bioactive
compounds, some of which were identified as exerting antitumorigenic activity.
Prominent examples include vincristine, camptothecin and etoposide, which can be
found in plant species, as well as bleomycin and daunorubicin, naturally synthesized by
bacteria (Demain and Vaishnav, 2011). As shown by the chemotherapeutic drugs
eribulin, cytarabine and vidarabine, chemical compounds synthesized by marine
sponges can serve as lead structures for the development of novel anticancer agents
(Mayer et al., 2010). Despite ongoing advances in rational drug design, high throughput
screening of natural compound libraries is still applied in the pharmaceutical industry as

a reliable source of potential new drug candidates (David et al., 2015).

In the 50-year period from 1963 to 2013, nearly 25,000 novel marine compounds were
identified and reported in literature, with 33% contributed by the phylum of porifera, also
referred to as marine sponges (Blunt et al., 2015). A large variety of chemical compounds
are biosynthesized by marine sponges, many of which exhibit pharmacological activity,
including alkaloids, terpenoids, lipids and macrolides (Essack et al., 2011). Among them,
merosesquiterpenes are a group of biological compounds, structurally characterized by
a sesquiterpene unit joined with a quinone or phenolic moiety (Alvarez-Manzaneda et
al., 2011).

Corresponding natural substances can be found in sponges as well as plants and fungi.
They exhibit a wide structural diversity with mixed biosynthetic origins (Fuloria et al.,
2022). Among this group, the most potent biological activities are frequently reported for
bicyclic terpene moieties, also referred to as drimanes (Carrasco et al., 2014). While the
plethora of pharmacological effects observed for sesquiterpenes include anti-
inflammatory, anti-bacterial, anti-viral, anti-oxidant and anti-diabetic activity, this chapter

will focus on the anti-cancer activity (Tian et al., 2023).

A particularly well studied member of the class of merosesquiterpenes is ilimaquinone
(1Q). Several studies revealed growth inhibition and cytotoxicity in pancreatic, liver, lung
and prostate cancer cells in vitro (Lu et al., 2007). In CRC cells, induction of TRAIL-
dependent cell death was observed in response to IQ treatment, characterized by ROS-
dependent upregulation of death receptor 4 and 5 (DR4 and DR5) expression (Do et al.,
2014). Pyruvate dehydrogenase kinase (PDK), the negative regulator of PDH, was
identified as a potential target. By interfering with the ATP-binding pocket of the enzyme,
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IQ leads to generation of ROS and depolarization of the mitochondrial membrane,
thereby inducing apoptotic cell death in several cancer cell lines (Kwak et al., 2020).
Furthermore, 1Q-dependent accumulation and Serl15-phosphorylation of p53 as well as
caspase-3 cleavage and apoptotic cell death were observed in CRC cell lines (Lee et al.,
2015). Tumor suppressor p53-dependent induction of apoptosis by IQ was also revealed
in oral squamous cell carcinoma (Lin et al., 2020). In a screening of 296 natural
compounds regarding their cytotoxicity and potential to active DDR, 1Q was identified to
induce histone 2AX phosphorylation (yH2AX) and DNA strand break formation in

pancreatic cancer cells (van Stuijvenberg et al., 2020).

Among the group of merosesquiterpenes, smenospongine (SP) represents a less
studied compound. Investigation in breast cancer cell lines revealed activation of
5' adenosine monophosphate-activated protein kinase (AMPK) and p38 signaling,
thereby inducing cell cycle arrest and activation of the intrinsic apoptosis pathway (Tang
et al.,, 2018). In the human leukemia cell lines HL60 and U937, SP induced dose
dependent activation of apoptosis and G cell cycle arrest. Increased expression of p21
and phosphorylation of the retinoblastoma protein (Rb) were observed and occurred
independent of p21-promotor activation, as demonstrated by luciferase transporter gene

transfection (Kong et al., 2008).

1.1.3. Metastasis of CRC

Metastasis, which describes the dissemination of malignant cells from an initial primary
tumor site to secondary sites, often occurs in the final stages of tumor progression and
represents the main contributor to mortality in CRC (Cervantes et al., 2023). While, in
general, the primary tumor can be managed by surgical excision, the spreading of
malignant cells to distant organs, such as liver, lung and brain, results in a dismal
prognosis (Fidler, 2003; Langley and Fidler, 2011). Although preventive measures
evolved in recent years, the proportion of CRC patients that exhibit metastases at
diagnosis (20%) has been stable in the last two decades (van der Geest et al., 2015).
Analysis of 49,096 CRC patients revealed the liver to be the most common site of
metastasis for both colon (70%) and rectal (70%) cancer. A more frequent metastatic
colonization of thoracic organs was observed by rectal cancer (47%) compared to colon
cancer (32%) (Riihimaki et al., 2016).

Typically, the development of metastases follows the metastatic cascade, as outlined in
Figure 4 (Obenauf and Massagué, 2015): The process of epithelial-to-mesenchymal
transition (EMT), which is frequently induced by oncogenic activation of the TGF-3

signaling pathway in CRC (Calon et al., 2012), plays a fundamental role in the early steps
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of tumor invasion: Cancer cells obtain a mesenchymal phenotype, which includes loss
of intercellular adhesion and polarization as well as an increase of moaotility and
invasiveness, as further discussed in Chapter 1.1.4.1. (Thiery et al., 2009). During local
invasion, tumor cells utilize proteases (e.g. MMPs) to break down the extracellular matrix
and leave the confined primary tumor into the adjacent parenchyma. An invasive front at
the edge of the tumor develops, where close interaction with the tumor microenvironment
further facilitates growth signaling and immunosuppression (Joyce and Pollard, 2009).
Small GTPases of the Rho-family including RhoA, which control intracellular actin
dynamics and thereby cell motility, are an important driver of tumor cell migration and

invasion (Crosas-Molist et al., 2022).

Single tumor cells or tumor cell clusters invade the blood or lymphatic circulation, where
interaction with non-malignant cells may enhance survival. Anoikis, an apoptosis
mechanism induced by the detachment from the extracellular matrix, is evaded by NF-kB
signaling in CRC cells (Yoo et al., 2015). Furthermore, circulating tumor cells are
exposed to increased levels of oxidative stress, which leads to stabilization of HIF1a to
further drive metastasis and tumor cell survival (Nagaraju et al., 2015). In distant organs,
cancer cells, which become trapped in narrow capillaries, penetrate the microvascular
wall utilizing MMPs to extravasate into the tissue (Nguyen et al., 2009). In addition, the
protein ANGPTL4 (angiopoietin-like 4) has been shown to promote CRC metastasis by
increasing vascular permeability and venous invasion (Nakayama et al., 2011). While
only a fractional amount of tumor cells entering the circulation and reaching a
colonization site survive, few cells may be sufficient to enable the growth of a metastasis
(Nguyen et al., 2009).

1.1.3.1. The role of epithelial-to-mesenchymal transition

Epithelial-to-mesenchymal transition (EMT) is a fundamental biological process that
occurs during numerous steps of embryonic development and is responsible for wound
healing in adult organisms. During the malignant progression of various tumor diseases,
EMT depicts an important regulator of tumor cell metastasis. In general, epithelial cells,
which are characterized by a high intracellular adhesion, a non-migratory phenotype and
apical-basal polarity, begin to migrate as single cells which display a dorsal-ventral
polarity. This process is accompanied by loss of cell adhesion markers (e.g. E-cadherin),
redistribution of actin fibers and increased expression of matrix-metalloproteases
(MMPSs). Several pathways, including the EGF, FGF, TGF- and Wnt-signaling pathways
are involved in the induction of EMT to different degrees, depending on cell type and
tissue (Thiery et al., 2009).
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Figure 4: The metastatic cascade of colorectal cancer and associated signaling pathways.
The process of tumor metastasis can be subdivided into several steps, starting with phenotypic
alterations during EMT, the subsequent invasion through physiological barriers and intravasation
into the circulation, leading to spread of circulating tumor cells to distant organs, where
extravasation and metastasis formation occur. The different steps of the metastatic cascade are
driven by several signaling pathways which are activated by oncogenes, environmental stimuli or
cytokines secreted in the TME (Zhou et al., 2022). (Created with BioRender)

The TGF-B pathway upregulates EMT in different settings, including tumor metastasis:
In mammalian epithelial cells, three isoforms of TGF- are expressed, encoded by the
genes TGFB1, TGFB2, TGFB3, depending on tissue type and developmental context.
While TGF-B1 is expressed in most tissues and its role in cancer well studied, only
specific organs exhibit expression of the isoforms TGF-B2 (heart and eye) and TGF-33
(developing lung) (Wakefield and Hill, 2013). The cytokine TGF-f binds to the
corresponding TGF-B receptor (TGFBR) 2, leading to recruitment and phosphorylation
of TGFBR1, thereby inducing its kinase activity. Active TGFBR1 phosphorylates the
transcription factors Smad2 and Smad3, which heterodimerize with Smad4. This Smad
complex enters the nucleus, where it acts as a transcription factor to induce the
expression of TGF-B responsive target genes in a cell- and tissue-specific context,
including Zinc finger E-box-binding homeobox 1 (ZEB1), SNAIL 1/2 and TWIST
(Massagué, 2012). Additionally, other Smad and non-Smad signaling pathways are
induced by active TGFBR1 and TGFBRZ2, resulting in a complex network which regulates
various cellular processes including proliferation and differentiation (Lampropoulos et al.,
2012).
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TGF-p functions as a tumor suppressor in early phases of colorectal carcinogenesis and
mutations of associated pathways are known to occur in the process of malignant
transformation. Accordingly, TGF-B has been observed to induce cell cycle arrest and
cell death in early steps of tumorigenesis (Xu and Pasche, 2007). Other studies revealed
that most CRC cells do not completely downregulate TGF- signaling (Zavadil and
Bottinger, 2005). Instead, several late-stage cancer types, redirect TGF-f3 signaling to
facilitate increased malignancy by inducing EMT, while remaining insensitive regarding
its growth inhibiting effects (Hao et al., 2019). Alterations of Smad2 and Smad3
phosphorylation sites have been identified to play an important role for the change of
TGF-B-induced signal transduction during CRC progression (Matsuzaki et al., 2009).
Among the molecular alterations taking place during the malignant transformation of
CRC, outlined in Chapter 1.1.1., TGFBR2 and Smad4 mutations are frequently
observed. In particular loss of Smad3 has been associated with metastatic CRC (Zhu et
al., 1998).

Despite its growth inhibiting effects in isolated CRC cells, increased TGF-
concentrations were observed in CRC patients who exhibited liver metastases
(Tsushima et al., 2001). When discussing the effects of TGF-3 on tumor metastasis, it is
important to consider the complex interactions in the tumor microenvironment (TME)
rather than only its effects on isolated cells (Bellomo et al., 2016). TGF-B-dependent
signaling between cancer associated fibroblasts (CAFs) and CRC cells has been
revealed as crucial for the induction of metastasis and is associated with poor prognosis
(Calon et al., 2015). Correspondingly, metastasis and chemoresistance induced by
TGF-B in CRC were revealed to be mediated by Interleukin-11 (IL-11) which promotes
the recruitment of immune suppressive CAFs (Calon et al., 2012). Excretion of TGF-
by tumor-associated macrophages has been described to induce HIF1a-dependent
invasion of CRC cells in vitro (C. Liu et al., 2021). In addition, loss of MED12, a negative
regulator of TGFBR2, was shown to be associated with chemotherapy resistance in CRC
patients by inducing an EMT-like phenotype (Huang et al., 2014). TGF- expression has
been linked to certain molecular subtypes of CRC. A positive correlation between MSS
status and activity of the TGF-B pathway was observed (Pino et al., 2010). In certain,
BRAF-mutated types of serrated CRC, TGF-B signaling was correlated with poor
prognosis (Fessler et al., 2016).

Several approaches have been established to target TGF-8 dependent signaling in CRC.
The small molecule drug galunisertib inhibits kinase activity of TGFBR1, thereby
impairing phosphorylation of Smad2 and downregulating the canonical TGF-3 signaling
pathways. Galunisertib was shown to decrease growth of breast, prostate and colon
cancer in vivo (Herbertz et al., 2015). LY2109761, a dual kinase inhibitor of TGFBR1 and
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TGFBR2 was shown to attenuate liver metastasis and prolong survival in vivo by
targeting Smad- and non-Smad-dependent EMT in colon and pancreatic cancer (Melisi
etal., 2008; Zhang et al., 2009). In line with these observations, in vivo findings confirmed
the effects of LY2109761 on metastasis of breast and prostate cancer in a xenograft
mouse model (Ganapathy et al., 2010; Wan et al., 2012). First phase Il clinical trials of
LY2157299 (galunisertib) in combination with radiochemotherapy in CRC have been
finished recently and revealed a marked increase in therapy response (Yamazaki et al.,
2022).

A clinical study of TGFBR1-inhibitor vactosertib in cotreatment with pembrolizumab is
currently executed in MSS mCRC (NCT03724851) and first results indicated a favorable
safety profile and a promising efficacy (T. W. Kim et al., 2021). Regulatory T cells (Treg)
can attenuate the activity of nearby immune cells by activating latent TGF-1 via the
transmembrane protein GARP (glycoprotein A repetitions predominant) (Liénart et al.,
2018; Salem et al., 2019). In order to target the tumor promoting and suppressing dual
role of TGF-f signaling in a more targeted way, de Streel et al. developed and applied
antibodies against complexes of GARP and TGF-f1 in an in vivo xenograft mouse model
using CT26 colon carcinoma cells to restore T cell-mediated anti-tumor immunity (de
Streel et al., 2020).

1.2. The Altered Metabolism of Tumor Cells

First described by Otto Warburg, the metabolic adaptions of tumor cells have been
known for nearly 100 years. Nevertheless, a thorough understanding of the underlying
processes only emerged recently with the advent of high content biomolecular methods
such as transcriptome and metabolome analysis (Stine et al., 2022). During the
malignant transformation of healthy cells and in the course of tumor development,
metabolic alterations occur as a consequence of oncogenic signaling or in response to
alterations of the tumor microenvironment (Martinez-Reyes and Chandel, 2021). In the
last decade, five core elements of metabolic alterations in tumors have been
differentiated (Danzi et al., 2023):

) The unregulated acquisition of extracellular nutrients enabling cellular
proliferation and survival even under nutrient deprivation and their utilization in
core metabolic pathways, including glycolysis, the pentose-phosphate pathway
(PPP) and the TCA cycle (Seyfried et al., 2020).

1)} An increased nitrogen-demand to supply biosynthetic pathways for cellular
biomolecules including nucleotides, amino acids, glutathione and polyamines
(Kodama et al., 2020).
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1)} The modulation of gene expression mediated by metabolites or metabolic

enzymes including acetylation, phosphorylation and succinylation.

V) A dependence on antioxidants (e.g. GSH, NADPH) and antioxidant enzymes
(e.g. catalase, superoxide dismutase) to mitigate the effects of ROS which acts
as a pro-growth signal to sustain tumor initiation, progression, metastasis and

angiogenesis (Panieri and Santoro, 2016).

V) An accumulation of oncometabolites (e.g. succinate, fumarate, and
2-hydroxyglutarate) compared to non-malignant tissue due to loss- or gain-of-

function mutations of respective enzymes (Yang et al., 2013).

The different aspects of the deregulated metabolism in cancer, including the central role
of the TCA cycle, the metabolic regulation by tumor suppressors and oncogenes, and

the effects of oncometabolites, are further delineated in the following chapters.

1.2.1. The deregulated of metabolism as a hallmark of cancer

The metabolic alterations which occur during the malignant transformation of tumor cells
are considered as a hallmark of cancer (Hanahan, 2022). Several aspects of the
carcinogenesis process result in changes of the cellular metabolic phenotype, including
rewiring in the TME, loss of tumor suppressor genes and mutations of metabolic
enzymes. Nevertheless, to which extend the deregulation of cellular energetics occurs
directly in response to oncogenic signaling and thereby enables increased proliferation
and provision of biosynthetic substrates is not yet fully understood (Martinez-Reyes and
Chandel, 2021). Based on additional evidence regarding this question, the concept of
metabolic reprogramming emerged in the last decade. Tumor-associated metabolic
alterations are initiated by oncogenes and are not only the result of mutations, damaged
mitochondria or adaptions to changing environmental conditions (Ward and Thompson,
2012). In addition, deregulated intracellular concentrations of metabolites like fumarate,
succinate or a-ketoglutarate can impair cellular feedback mechanisms resulting in an

oncogenic activity (Fu et al., 2022; Martinez-Reyes and Chandel, 2020).

The metabolic phenotype of tumor cells changes during the process of carcinogenesis
influenced by specific microenvironmental conditions. During tumor-growth, oxygen
supply is limited by diffusion early on, resulting in hypoxia and upregulation of glycolysis.
As a key regulator of this adaption, hypoxia-inducible transcription factor 1a (HIF1la)
mediates a shift towards glycolysis by inducing expression of glycolytic enzymes and
glucose transporter 1 (GLUT1) while inhibiting mitochondrial metabolism due to
activation of pyruvate dehydrogenase kinase (PDK), as further outlined in Chapter
1.2.2.1. (Marin-Hernandez et al., 2009; Papandreou et al., 2006). In CRC, HIF1a induces
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expression of angiogenic growth factors VEGF and platelet-derived growth factor
(PDGFB), which stimulate angiogenesis to provide the tumor with oxygen and nutrients
(Cao et al., 2009; Manzat Saplacan et al., 2017) and positively correlate with advanced

TNM-stage, vascular invasion and consequently poor survival (Rasheed et al., 2009).

Another important determinant for the metabolic status in CRC is the mitochondrial
pyruvate carrier (MPC), which consists of the subunits MPC1 and MPC2. This
transporter, which facilitates the mitochondrial uptake of pyruvate to enable its
catabolism in the TCA cycle, is frequently deleted or downregulated in CRC tissue and
its absence correlates with poor prognosis (Schell et al., 2014). Re-expression of MPC
in CRC cells reverses the Warburg-effect and restores oxidative metabolism, resulting in
reduced xenograft-tumor growth in vivo (Schell et al., 2014). In line with these findings,
Cuezva and colleagues showed that a high bioenergetic mitochondrial index compared
to the cellular glycolytic potential provides a positive prognostic value regarding the

progression of CRC (Cuezva et al., 2002).

The diversity of metabolic phenotypes reported among CRC is a consequence of the
distinctive mutations of tumor suppressors and oncogenes in tumors, as further
discussed in Chapter 1.2.2. During malignant transformation, a reduced mtDNA copy
number was revealed in carcinoma tissue of CRC patients compared to non-malignant
adenoma. In addition, mtDNA copy number was identified to be significantly lower in
MSS and BRAF-mutated tumors, while being higher in KRAS-mutated tumors (van Osch
et al., 2015). In support of this observation, analysis of ATP-dependent respiration rate
and mitochondrial outer membrane (MOM) permeability in patient-derived tumor
specimen linked KRAS-mutations to an oxidative phenotype and BRAF mutations to
glycolysis (Rebane-Klemm et al., 2020). However, the Warburg-subtype, indicated by
somatic mutations of the genes RAS, BRAF, PI3KCA, and MET (MNNG HOS
transforming gene) encoding for a receptor tyrosine kinase, did not affect survival within
mutational subgroups in a cohort of 2,344 patients in contrast to the MMR status
(Offermans et al., 2023).

1.2.1.1. The tricarboxylic acid cycle

The tricarboxylic acid (TCA) cycle functions as the main hub for a plethora of metabolic
processes and is highly conserved in aerobic organisms. Briefly, acetyl-CoA is oxidized
in a series of chemical reactions to generate the reduction equivalents NADH and
FADH,, which are utilized during oxidative phosphorylation to generate ATP.
Intermediates of the TCA cycle do not only serve metabolic functions but are also
involved in cellular signaling, thereby enabling metabolic dysregulations to promote

cancer development and progression (Eniafe and Jiang, 2021).
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A pronounced deregulation of the TCA cycle was reported for human colon carcinoma
tissue in several studies. Downregulation of TCA cycle intermediates, including
fumarate, malate, succinate and oxalate, accompanied by upregulated purine,
pyrimidine and amino acid concentrations as well as fatty acid synthesis could be
observed in comparison to healthy colon tissue (Denkert et al., 2008; Mal et al., 2012;
Ong et al., 2010). In CRC, the molecular consequence of attenuated a-ketoglutarate
(aKG) levels is well examined. Impairment of mitochondrial respiration by silencing
mitochondrial transcription factor A (TFAM), a key transcription factor for mitochondrial
DNA (mtDNA) replication and gene transcription, led to accumulation of aKG and
impairment of HIFla and Wnt/B-catenin signaling. Knockout of prolyl hydroxylase
domain protein 2 (PHD2), an aKG-dependent dioxygenase, rescued HIFla and
Wnt/B-catenin protein expression, revealing the role of aKG as a signaling molecule
during tumorigenesis (Wen et al., 2019). Correspondingly, aKG has been shown to drive
differentiation in vivo and in CRC tumoroids by inducing hypomethylation of DNA and

histone H3K4me3, which leads to downregulation of Wnt-target genes (Tran et al., 2020).

Cancer cells rely on intermediates of the TCA cycle for biosynthetic reactions, epigenetic
remodeling and oncogenic signaling. Since a continuous withdrawal of metabolites
would lead to the break-down of the TCA cycle, anaplerotic reactions represent a
fundamental part of this metabolic network (Inigo et al., 2021). The deamination of
glutamine to glutamate by glutaminase (GLS) and the subsequent generation of aKG by
glutamate dehydrogenase (GLDH), termed glutaminolysis, represents an integral
anaplerotic pathway. Upregulation of GLS and GLDH expression have been observed in
human CRC tumor specimen and were linked to poor disease progression and
metastasis (Huang et al., 2014; Liu et al., 2015; Song et al., 2017). Glutamine was
identified as a critical anaplerotic substrate based on which colon cancer cells replenish
the TCA cycle in vivo (Zhao et al., 2019).

A higher dependency on glutamine was observed in CRC tumors with mutations of the
PIK3CA gene (Zhao et al., 2019). Correspondingly, PIK3CA mutations were shown to
upregulate glutamate pyruvate transaminase 2 (GPT2) expression in CRC, which
converts glutamine to aKG for TCA cycle anaplerosis (Hao et al., 2016). Overexpression
of GLDH1 and reduced expression of mitochondrial aspartate/glutamate carrier 2
(SLC25A13) corresponded to poor prognosis and tumor aggressiveness in CRC (Miyo
et al., 2016). The additional impact of TCA cycle metabolites on the process of cancer
metastasis and EMT, two important drivers of malignancy in CRC, is detailed in Chapter
1.2.2.2.
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1.2.1.2. Oxidative phosphorylation

The oxidative phosphorylation (OXPHOS) constitutes the final metabolic pathway, in
which the molecular electron donors NADH and FADH; that are a product of glycolysis
and TCA cycle are applied to generate an electrical potential across the inner
mitochondrial membrane and thereby enable ATP synthesis. A deregulation of OXPHOS
is regularly observed in different types of cancer. While in some cases upregulation of
several respiration-chain complexes and mitochondrial respiration occurs, other tumors
exhibit a downregulated OXPHOS (Gaude and Frezza, 2016).

Based on the metabolic phenotype of the tumor, the deregulation may not only result in
excessive aerobic glycolysis but can also manifest as an upregulated OXPHOS,
illustrated for CRC by several studies. CRC tissue samples derived from MSS tumors
exhibited an upregulated copy number of mtDNA, positively correlating with tumor stage
(Feng et al., 2011). In accordance, increased mtDNA copy number was associated with
a reduction of apoptosis and a higher proliferation in MSS CRC cell lines, dependent on
upregulated OXPHOS (Sun et al., 2018). Induction of OXPHOS with a concurrent
unchanged glycolytic activity was identified in biopsies obtained from CRC tumor tissue

in comparison to surrounding non-malignant tissue (Chekulayev et al., 2015).

Several studies revealed an association of an upregulated OXPHOS with the
development of chemoresistance. In a xenograft mouse model, 5-FU treatment was
reported to select for CRC cells which underwent metabolic reprogramming to OXPHOS
to meet their energetic needs (Denise et al., 2015). Vellinga and colleagues revealed
that chemotherapeutic intervention with 5-FU and OXA in CRC patients led to
upregulated OXPHOS in corresponding liver metastases, resulting in chemoresistance.
Treatment of associated patient-derived colonosphere cultures induced an upregulated
expression of respiratory chain enzymes, increased mitochondrial biomass and higher
oxygen consumption rate mediated by the histone deacetylase sirtuin-1 (SIRT1) and its
substrate, the peroxisome proliferator-activated receptor coactivator PGC1aq, indicating

a clinical relevance (Vellinga et al., 2015).

1.2.2. Mechanisms of metabolic alterations

In non-malignant cells, proliferation, differentiation and the balance between survival and
death are tightly regulated by specific signaling pathways, which also control metabolic
processes (Shortt and Johnstone, 2012). As described in the preceding chapter,
neoplastic transformation depends on the induction of proliferative stimuli (e.g.
oncogenes) and the disruption of mechanisms that avoid uncontrolled proliferation (e.g.

tumor suppressors).
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The altered metabolism of tumors was long considered a passive consequence of
dysfunctional mitochondria. Recent studies revealed that the metabolic changes of
malignant cells occur in response to deregulated signaling, thereby facilitating cell growth
and supplying biosynthetic pathways to provide a selective advantage over
untransformed cells (Brown et al., 2018; Martinez-Reyes and Chandel, 2020).
Transcriptional regulators and kinases, which are frequently associated with alterations
of the metabolic phenotype in CRC includes oncogenes HIF1a, MYC, PI3K, AKT, mTOR
and KRAS as well as the tumor suppressor p53 (Tarrado-Castellarnau et al., 2016). In
addition, oncometabolites and TCA cycle intermediates have been identified as critical

signaling molecules, which omit further influence on CRC metabolism.

1.2.2.1. The role of oncogenes and tumor suppressors

MYC: Acting as a proto-oncogene, deregulated expression of the transcription factor
MYC has been observed in over 20% of cancer entities (Dang et al., 2006). In CRC,
inactivating mutations of the APC gene or activating mutations of 3-catenin result in the
transcription factor-dependent upregulation of MYC expression (He et al., 1998). As an
important regulator of cellular proliferation and differentiation, an increase of MYC was
observed during adenoma as well as carcinoma stage of CRC and identified as a main
contributor to the metabolic reprogramming of CRC (Satoh et al., 2017). A MYC-induced
upregulation of 231 genes has been observed in CRC, which encode for enzymes and
transporters involved in glycolysis, glutaminolysis and carbon metabolism (Satoh et al.,
2017). In detail, MYC-dependent metabolic modulation in CRC included downregulation
of catabolic genes engaged in fatty acid B-oxidation (e.g. carnitine palmitoyltransferase,
CPT2) and upregulation of anabolic genes responsible for de novo synthesis of
pyrimidines (e.g. carbamoyl-phosphate synthetase, CAD), purines (e.g. phosphoribosyl-
pyrophosphate synthetase, PRPS2) and fatty acids (e.g. palmitoyl-protein thioesterase
1, PPT1) (Satoh et al., 2017). Additionally, MYC induced expression of glycolytic genes
(e.g. LDHA) and transcriptionally repressed genes associated with the TCA cycle (e.g.
IDH3A), thereby promoting a shift towards glycolysis (Tang et al.,, 2019). MYC was
observed to downregulate miR-23, a suppressor of the enzyme GLS, resulting in
enhanced glutamine metabolism (Gao et al.,, 2009). Accordingly, glutaminolysis is
induced by upregulation of GLS and ASCT1 (ASC amino acid transporter 1) gene
expression in CRC, which is facilitated by MYC (Xu et al., 2015).
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Figure 5: Effects of tumor suppressor activity and oncogenic signaling on the metabolic
reprogramming of CRC. A multitude of metabolic pathways evolve around the TCA cycle,
including anabolic (e.g. lipid synthesis) and catabolic (e.g. glycolysis) processes. In addition,
anaplerotic reactions (e.g. glutaminolysis) are necessary to replenish intermediates, which are
repurposed for biosynthetic processes (Neitzel et al., 2020). ACLY, ATP citrate lyase; FH,
Fumarate hydratase; MDH, Malate dehydrogenase; SCS, Succinyl coenzyme A synthetase;
SDH, Succinate dehydrogenase; SREBP, Sterol regulatory element-binding protein; PDPC,
pyruvate dehydrogenase phosphatase; PDK, pyruvate dehydrogenase; AWm, mitochondrial
membrane potential. (Created with BioRender)

HIF1a: As a heterodimeric transcription factor, HIF1 consists of the constitutively
expressed subunit HIF1B and the subunit HIFla, which is post-transcriptionally
controlled by the cellular oxygen state (Nagaraju et al., 2015). Under normoxia,
degradation of HIF1a by the 26s proteasome is controlled by hydroxylation of two proline
residues, catalyzed by the enzyme prolyl hydroxylase 1 (PHD1). Hypoxic conditions

result in a downregulated activity of PHD1, leading to HIF1a stabilization and subsequent
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transcription of target genes (Erez et al., 2003). In cancer cells, stabilization of HIF1a
under normoxic conditions can be induced by deregulated signaling pathways, as
described for the PIBK/AKT/mTOR axis, and is associated with malignant progression
(Agani and Jiang, 2013). Opposed to healthy mucosa, HIF1a upregulation was observed
in 55% of CRC tumor specimens and positively correlated with tumor stage and an
aggressive histological and clinical behavior (Cao et al., 2009). In accordance, loss of
PHD1 was detected in 71% of CRC patients and associated with advanced tumor stage
and short overall survival (Melling et al., 2023). Mechanistically, HIF1la regulated
expression is enabled by hypoxia-responsive element promotor regions found in genes
associated with metabolism and angiogenesis, including VEGF, cytochrome ¢ oxidase
subunit 2 (COX2) and GLUT1 (Nagaraju et al., 2015). Vascularization and angiogenesis
of CRC tumors is associated with HIF1a-dependent VEGF expression (Forsythe et al.,
1996; Goel and Mercurio, 2013) and COX2 overexpression, leading to enhanced
prostaglandin E2 (PEGZ2) levels (Tsujii et al., 1998).

KRAS: Mutations of KRAS are observed in 40% of CRC tumors and frequently result in
reduced treatment response and poor clinical outcome (Vaughn et al., 2011). As an
integral part of the MAPK/ERK pathway, the small GTPase KRAS regulates cellular
processes involved in migration, proliferation, differentiation and apoptosis. In addition,
alterations of the metabolic phenotype in malignant cells have been described as a
consequence of deregulated MAPK and PI3K signaling pathways driven by KRAS (Kerk
et al., 2021). Enhanced glucose uptake and a thereby increased glycolytic flux constitute
the central mechanisms of KRAS-induced metabolic alterations in tumors. In CRC cells
exhibiting mutations of KRAS, upregulated expression of glucose transporters (GLUT)
enables a more efficient uptake of glucose (lwamoto et al., 2014). In addition, key
enzymes of glycolytic pathways are either activated or transcriptionally upregulated by
KRAS-signaling, allowing for an enhanced synthesis of amino acids and nucleotides
(Amendola et al., 2019; Hutton et al., 2016). Mutated KRAS promotes the reduction of
pyruvate to lactate and facilitates subsequent cellular clearance via the TME by
upregulated expression of lactate transporters, which helps to avoid lactate accumulation
(H. Liu et al., 2021). The TCA cycle of KRAS-mutated tumor cells is characterized by an
increased carbon flux and the utilization of intermediates for anabolic synthesis, which is
supplied by glutamine in anaplerotic reactions (Gaglio et al., 2011). In CRC, a positive
feedback mechanism was reported for KRAS and HIF1la (Chun et al., 2010). While
hypoxia upregulates KRAS expression in several CRC cell lines (Zeng et al., 2010),
KRAS reciprocally stabilizes HIF1a, enabling increased cellular survival under hypoxic
conditions (Kikuchi et al., 2009).
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PI3K-AKT-mTOR: Activated by receptor tyrosine kinases (RTK) or G-protein coupled
receptors in response to various growth factors (e.g. EGF) or oncogenes (e.g. KRAS),
phosphatidylinositol 3-kinases (PI3Ks) enable downstream cellular growth signal
transduction in CRC (Danielsen et al., 2015). Active PI3K catalyzes the phosphorylation
of phosphatidylinositol-4,5-bisphosphate (PIP2) to the second messenger phosphatidyl-
inositol-3,4,5-trisphosphate  (PIP3), which activates the downstream effector
serine/threonine kinase AKT and subsequently mammalian target of rapamycin (nTOR),
thereby facilitating cellular proliferation (Fruman et al., 2017). The isoform AKT1
stimulates several pathways in cellular metabolism, including glycolysis (Li et al., 2019)
and OXPHOS (Huang et al., 2019), by direct phosphorylation or transcriptional induction.
In addition to its direct involvement in metabolic reprogramming, deregulated AKT
activates mTOR, which subsequently forms the mTOR complex 1 (mTORC1). By
phosphorylating elF4E binding protein (4EBP) and p70S6 kinase 1 (S6K1), mTORC1
directly promotes mRNA translation and thus cellular protein synthesis, resulting in an

increased cellular proliferation (Saxton and Sabatini, 2017).

p53: Best known for its integral role in the regulation of DNA repair and cell cycle
progression, mutations of the tumor suppressor gene TP53, either associated with a loss
or gain of function, have been described for about 60% of CRC tumors (Olivier et al.,
2010). In addition, several mechanisms of the metabolic reprogramming in CRC tumors
are associated with mutations of p53, including aerobic glycolysis, TCA cycle and the
PPP (J. Zhang et al., 2023). In a pivotal study, Li et al. revealed that not the canonical
p53 activity (e.g. apoptosis, cell cycle and senescence) but metabolic control depicts the
major tumor suppressive mechanism of p53 in an in vivo mouse lymphoma model (Li et
al., 2012). Accordingly, p53 was shown to regulate central aspects of metabolism.
Glycolysis is repressed by wild-type p53 via transcriptional downregulation of glucose
transporter gene expression (GLUT1, GLUT12) (Zawacka-Pankau et al., 2011), whereas
mutant p53 can facilitate their translocation to the plasma membrane (C. Zhang et al.,
2013). Wild-type p53 represses aerobic glycolysis by downregulating expression of the
monocarboxylate transporter 1 (MCT1), thereby inhibiting the extracellular transport of
lactate (Boidot et al., 2012). Under physiological conditions, wild-type p53 promotes
OXPHOS by downregulating expression of PDK2 (Contractor and Harris, 2012) and
inducing parkin, a key regulator of mitochondrial homeostasis (Zhang et al., 2011), as
well as SCO2 (synthesis of cytochrome C oxidase 2), an integral factor of the electron

transport chain (Matoba et al., 2006).
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1.2.2.2. Oncometabolites

While serving a fundamental role in the provision of energy equivalents and providing
building blocks for biosynthetic reactions, the TCA cycle is also a source of several
signaling molecules. Intermediates like fumarate, succinate, aKG and citrate regulate the
function of a plethora of enzymes, which are involved in epigenetic regulation or function
as transcription factors (Martinez-Reyes and Chandel, 2020). At the same time,
mutations that may occur in certain enzymes of the TCA cycle can lead to the generation
of oncometabolites (Fu et al., 2022). One of the most significant oncometabolites is D-2-
hydroxygutarate (D2HG), a molecule that leads to the deregulation of multiple cellular
processes including metabolism, proliferation and differentiation (Cairns and Mak, 2013).
It is formed in several tumor entities due to a gain of function mutation of the enzyme
IDH1/2. While wild-type IDH1/2 converts isocitrate to aKG and CO; in an oxidative
decarboxylation, mutant IDH1/2 catalyzes the conversion of aKG to D2HG (Waitkus et
al., 2018). As a competitive inhibitor of ten-eleven translocases (TET), D2HG disrupts
the stepwise demethylation, which is normally catalyzed by these enzymes, and thereby
induces hypermethylation of histones and DNA to promote tumorigenesis, as shown in

Figure 6.

Gain of function mutations of IDH1/2 leading to generation of 2HG are rare in CRC,
occurring in 0.9% of cases, and are observed more frequently in BRAF-V600E-mutated
CRCs, with an incidence of 3.0% (Huang et al., 2021). Notably, a recent study described
elevated levels of D2HG in CRC cell lines in the absence of mutant IDH1 or IDH2 (Atalay
and Kayali, 2022). Accumulation of D2HG has been associated with tumor progression
in colitis-associated CRC in vivo (Han et al., 2018). HIF1a dependent downregulation of
the enzyme D2HG-Dehydrogenase (D2HGDH), which catalyzes elimination of D2HG,
was subsequently identified in mucosal biopsies of ulcerative colitis patients that
developed CRC (Han et al., 2018). L2ZHG has been recently reported to activate the
MTOR pathway, thereby inducing expression of ATF4 and improving the survival of CRC
tumor cells (Tabata et al.,, 2023). Furthermore, several metabolic intermediates
covalently modify proteins via lysine acetylation including crotonylation, lactylation,
succinylation, propionylation, butyrylation, malonylation, glutarylation, 2-hydroxy-
isobutyrylation and B-hydroxybutyrylation, thereby regulating gene expression and
intracellular signaling pathways (Fu et al., 2022). A significantly upregulated
crotonylation of a-enolase (ENO1) has been reported in human CRC tissue and was
mechanistically linked to enhanced growth, migration and invasion as well as a reduced
sensitivity towards glucose deprivation in vitro (Hou et al., 2021). Succinylation of citrate
synthase (CS), which catalyzes the rate-limiting first step of the TCA cycle, significantly

decreases its enzymatic activity, thereby suppressing colon cancer proliferation and
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migration (Ren et al., 2020). In summary, the available studies highlight that in CRC,
occurrence of mutated enzymes IDH1 and IDH2 and subsequent accumulation of the
oncometabolite 2HG is rare. Nevertheless, tumor-promoting effects of deregulated TCA
cycle intermediates are frequently observed and associated with an altered protein
expression and activity due to epigenetic regulation or posttranslational modification
(Martinez-Reyes and Chandel, 2020).

1.2.2.3. Metabolic alterations during metastasis

Metabolic alterations can be a direct consequence of the phenotypic changes during the
process of EMT or can occur in response to alterations of the cellular energy supply
during metastasis. In general, tumor cells display metabolic plasticity, which describes
the ability to utilize one metabolite during different steps of the metabolic cascade.
Furthermore, nutrient flexibility may enable reliance on multiple metabolites during a
specific step. Differentiation of these two phenomena helps to dissect the targetability of

tumor metabolism during metastasis (Bergers and Fendt, 2021).

Adaptations of the tumor metabolism arise in different steps of the metastatic cascade.
In CRC, the process of EMT leads to alterations of tumor metabolism but in parallel,
metabolites or oncometabolites act as signaling molecules, modulating EMT and driving
the early steps of metastatic progression (Wei et al., 2020). Metabolic changes allow
circulating tumor cells (CTCs) to withstand the environmental stressors occurring during
circulation, including oxidative stress and shear forces (Bergers and Fendt, 2021).
Recently published studies detailed approaches to target EMT by applying metabolic
inhibitors (Ramesh et al., 2020; Wei et al., 2020). In addition, several metabolites and

intermediates of the TCA cycle have been described to modulate EMT and metastasis:

) D-2-hydroxyglutarate: Produced by the mutant enzymes IDH1 and IDH2,
D-2-hydroxyglutarate (D2HG) constitutes a potential oncometabolite in CRC that
induces EMT and distant metastases. D2HG leads to increased trimethylation of
Histone H3 lysine 4 in the promotor of the ZEB1 gene, thereby elevating
transcription of this EMT master regulator (Colvin et al., 2016). In accordance,
downregulation of antimetastatic miR200 microRNAs and upregulation of ZEB1
protein expression have been observed in CRC cells in response to D2HG
(Grassian et al., 2012).

1)} Succinate: Mutations of the genes encoding for the succinate dehydrogenase
(SDH) subunits (SDHA and SDHB) which are associated with different hereditary
cancer entities including CRC result in accumulation of succinate in the

mitochondrial matrix, from where it is transported to the cytoplasm and excreted
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1)

V)

V)

Vi)

in the extracellular milieu (D. Zhang et al., 2013). While high intracellular
succinate levels can result in HIFla stabilization due to inhibition of prolyl
hydroxylases (PHD), extracellular secretion of succinate by malignant cells can
enhance cancer cell migration and facilitate metastasis by inducing succinate
receptor-1 (SUCNR1)-mediated ERK1/2 and STAT3 signaling and subsequent
transcriptional activation of VEGF (Kuo et al., 2022). Knockdown of SDHB has
been described to induce EMT in CRC cells mediated by activation of the
SNAIL1-Smad3/4 axis (Wang et al., 2016a).

Fumarate: Accumulation of fumarate due to loss of fumarate hydratase in renal
cancer was observed to inhibit aKG dependent dioxygenases, so called TETS.
This caused reduced demethylation in the regulatory region of the antimetastatic
mMiRNA cluster miRNA200 and upregulation of the expression of EMT-inducing
transcription factors (Sciacovelli et al., 2016). A pronounced downregulation of
FH expression has been observed in human CRC samples and was associated
with accumulation of fumarate compared to corresponding healthy tissue, leading
to stabilization of HIF1a (Hu et al., 2013).

a-Ketoglutarate: In breast cancer, aKG was shown to inhibit EMT by enhancing
expression of tumor suppressors SDH and fumarate hydratase (FH), which
reduced intracellular concentration of the oncometabolites succinate and
fumarate, thereby stabilizing PHD2 and decreasing HIF1a protein levels (Tseng
et al., 2018). Inhibition of KGDH led to downregulation of EMT and reduced tumor
cell invasion in breast cancer cells in vivo and in vitro. The underlying mechanism
involved accumulation of aKG, activation of TETs, upregulation of anti-metastatic
MiRNA200 and downregulation of the ZEB1/MMP3 axis (Atlante et al., 2018).

B-hydroxybutyrate: As recently published by Mao et al., upregulated serum levels
of B-hydroxybutyrate in CRC patients induce acetyl-coenzyme A
acetyltransferase 1 (ACAT1) leading to downstream IDH1 acetylation, thereby

facilitating CRC proliferation and metastasis (Mao et al., 2023).

Acetyl-CoA: In breast cancer, acetyl-CoA dependent acetylation of Smad2 due
to attenuated acetyl-CoA carboxylase (ACC) 1 activity was described to induce
EMT and metastasis in vivo (Garcia et al., 2017). Furthermore, promotion of CRC
metastasis by HOX (Homeobox) 13A was shown to be mediated by ATP-citrate
lyase (ACLY), an enzyme that catalyzes the conversion of citrate to acetyl-CoA
and oxaloacetate (Qiao et al., 2021). Abnormal expression of ACLY is associated
with the migration and invasion ability of CRC cells and contributes to drug

resistance of metastatic CRC (Li et al., 2024).
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Figure 6: The modulation of pathways associated with CRC metastasis by TCA cycle
metabolites. TCA cycle intermediate aKG functions as a cosubstrate of TETs, which induce
expression of the antimetastatic mMiRNA200 by catalyzing the demethylation of its promotor, and
of PHD2, which ubiquitinates HIF1a. The oncometabolite D2HG as well as the intermediates
succinate and fumarate attenuate activity of TETs and of PHD2, thereby promoting EMT and in
consequence metastasis of CRC. (Created with BioRender)

1.2.3. The altered tumor metabolism as a target in CRC

The use of cytostatic drugs, which is still the standard of care for the treatment of most
malignant diseases, is regularly accompanied by severe side effects and the
development of resistances, as outlined in Chapter 1.1.2. Confronted with the need for
new therapeutic approaches, the altered metabolism of cancer cells was identified as a
potential vulnerability that may be exploited by applying novel small molecule inhibitors
(Luengo et al., 2017; Stine et al., 2022). Nevertheless, the diversity and plasticity of the
tumor metabolism complicates its utilization as a therapeutic target. Attempts aimed at
the deregulated aerobic glycolysis as the most obvious metabolic alteration in tumors by
applying inhibitors of GLUT1/2/3 (e.g. WZB-117), HK2 (e.g. FV-429) and LDHA (e.g.
FX-11) showed limited preclinical effectivity (Yu et al., 2016) and no compound has

reached market authorization to date (Stine et al., 2022).

Nevertheless, several metabolic inhibitors have reached clinical testing so far including
drugs that target glutaminolysis (CB-839 & IPN60090) and the intracellular utilization of
glutamine (DRP-104), the lipid synthesis (TVB-2640), the OXPHOS (IM156 & IACS-
010759) and the MCT1-dependent excretion of lactate produced during aerobic
glycolysis (AZD-3965) (Stine et al., 2022). Furthermore, compounds which inhibit the
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enzymes IDH1 (Ivosidenib) or IDH2 (Enasidenib) and thereby attenuate generation of
the oncometabolite 2HG in patients with specific mutations of IDH1 and IDH2 genes are
already clinically applied in the treatment of acute myeloid leukemia (AML) and

cholangiocarcinoma, as summarized in Figure 7 (Pirozzi and Yan, 2021).
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Figure 7: Metabolic inhibitors applied in the treatment of solid tumors in clinical trials.
Several approaches which focused on the altered metabolism of tumor cells have reached clinical
application so far. Metabolic processes which have been targeted include glutaminolysis,
oxidative phosphorylation, lipid synthesis, aerobic glycolysis and the TCA cycle. (Created with
BioRender)

The TCA cycle, which is the central hub of anabolic and catabolic reactions and
frequently altered due to oncogenic signaling, mutations or oncometabolites, has been
identified as a promising target in cancer therapy (Neitzel et al.,, 2020). Therefore,
pharmacological inhibition of enzymes associated with the TCA cycle could provide a
promising strategy for cancer treatment, either as a single-agent regimen or in
combination with conventional chemo- or radiotherapy (Anderson et al., 2018). Thus, the
lipoate devimistat has been developed to attenuate the activity of the TCA cycle enzymes
pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase (KGDH) and is

currently applied in clinical studies for CRC treatment.
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1.2.4. The metabolic inhibitor devimistat

Devimistat, a derivative of the coenzyme a-lipoic acid (LA), was developed by Rafael
Pharmaceuticals Inc. (formerly known as Cornerstone Pharmaceuticals Inc.) under the
abbreviation CPI-613 as a tumor-specific antimitochondrial drug with a novel mode of
action (Zachar et al., 2011). As a first-in-class agent, devimistat targets the mitochondria
of tumor cells to enable a potential broad-spectrum efficacy in the treatment of a variety
of cancer entities, including hematological malignancies as well as solid tumors (Stuart
et al., 2014). Chemically, two benzyl groups are covalently attached to the sulfur atoms
of LA, rendering this compound redox-inactive. Devimistat is derived from its mother
compound by applying a two-step synthetic procedure as detailed by Gibson and

colleagues (Gibson et al., 2011).

1.2.4.1. Mechanism of action

As a mimic of the coenzyme LA, devimistat targets the altered metabolism of tumor cells.
In opposition to existing small-molecule inhibitors of the tumor metabolism, devimistat
has a dual mode of action by impairing the function of PDH and KGDH (Stuart et al.,
2014; Zachar et al., 2011). The underlying mechanism differs for the two enzymes: Due
to devimistat-activity, PDH is downregulated by activation of its regulator PDH-kinase
(PDK), leading to a reduction of its enzymatic activity. Under physiological conditions,
activity of the enzyme PDH is tightly regulated. Devimistat-induced hyperphosphorylation
of its E1a subunit results in permanent inactivation of the enzyme, thereby blocking the
utilization of pyruvate derived from glycolysis in the TCA cycle. Impairment of the
mitochondrial carbon flow by devimistat was shown to result in cancer cell death, while
coadministration of acetate as an alternative to acetyl-CoA prevented these effects
(Pardee et al., 2014). An alternative mechanism was described for the devimistat-
induced inhibition of KGDH. In contrast to PDH, no phosphorylation is involved in the
regulation of KGDH activity. Instead, oxidative stress has been described to reversibly
inactivate KGDH by glutathionylation of its E2 lipoate residues (Applegate et al., 2008).
Devimistat causes hyperstimulation of the endogenous redox-mechanism responsible
for the regulation of KGDH-activity in a tumor cell specific manner. A ROS-burst
dependent on the catalytic E3 subunit of the KGDH-complex impairs its autoregulatory

function, rendering the enzyme dysfunctional (Stuart et al., 2014).

1.2.4.2. Biokinetics

Several studies investigated the pharmacokinetics of devimistat by applying preclinical
in vitro and in vivo models or as part of clinical studies. Lee and colleagues investigated

the metabolism of devimistat in vitro by applying human and rat liver S9-mixes. After its
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oxidation during phase | metabolism, mainly catalyzed by CYP2C8 and CYP3A4/5,
subsequent phase Il O-glucuronidation at the terminal carboxyl group of devimistat can
occur (Lee et al., 2011). Solely in human S9, a sulfoxide metabolite is generated based
on the devimistat-glucuronide metabolite. Biotransformation of devimistat leads to
detoxification of the compound, as revealed by cytotoxicity studies of its metabolites in
lung and ovarian cancer cells (Lee et al., 2011). Based on administration of [**C]-labeled
devimistat in rats, B-oxidation was identified as the main pathway of elimination, with the
majority of metabolites excreted via feces (59%) and urine (22%) (Reddy et al., 2022).
After intravenous administration of the maximum tolerable dose (2940 mg/m?) in patients
with hematologic malignancies, plasma concentrations of around 40 uM were measured.
A triphasic elimination pattern with a first half-life (t12) of about 1.34 h was observed for
devimistat (Pardee et al.,, 2014). An additional study revealed the active metabolite,
CPI-2850 (4,6-bis-benzylsulphanyloctanoic acid) rapidly emerged as the major
circulating species over time. Secondary peaks during the elimination phase of
devimistat (t1> = 2 h) and CPI-2850 (t1> = 54 h) are indicative of enterohepatic circulation
(Alistar et al., 2017).

1.2.4.3. Antitumor effects in vitro

Developed as a dual function inhibitor that simultaneously targets two metabolic
enzymes, devimistat represents a first-in-class anticancer drug and its effects have
hence been assessed in a plethora of in vitro studies. Applying a panel of tumor cell
lines, with origin in bone, breast, colorectal, kidney, lung, muscle, ovarian, pancreatic,
prostate and urine cancer, ECso values between 100-280 uM were detected in a first
cytotoxicity screening (Zachar et al., 2011). Comparison of lung (H460), breast (SKBR-3)
and kidney (ACHN) cancer cell lines with primary cells of the corresponding organs
revealed significantly higher cytotoxicity in malignantly transformed cells (Zachar et al.,
2011). After devimistat treatment, downregulation of cyclins D3, E1, E2, F, A2, B1 and
cyclin dependent kinase (CDK) 2 gene expression was induced in BXPC-3 pancreatic
cancer cells but not in non-transformed NIH-3T3 mouse fibroblast cells, indicating a
tumor specific mode of action (Lee et al.,, 2014). Induction of cell death via several
mechanisms was described in response to devimistat treatment. Morphological changes
indicative of apoptotic cell death were observed, including membrane blebbing and
nuclear subinclusions, accompanied by cleavage of PARP-1 and caspase-3 (Zachar et
al., 2011). Correspondingly, apoptotic and necrotic cell death in response to devimistat
treatment were identified by Annexin-V/PI costaining. Application of pan-caspase
inhibitor  carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone  (z-VAD-

FMK) did not result in a decline of apoptotic cell death, suggesting the occurrence of
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additional cell death mechanisms in response to devimistat (Zachar et al., 2011). In
prostate cancer cell lines, devimistat treatment induced cell death due to p53-
independent accumulation of Noxa and a decrease of MCL1, a mitochondrial inhibitor of

apoptosis that neutralizes Bak/Bax and sequesters Bim (Arai et al., 2020).

The mitochondria as a crucial target of devimistat have been further assessed within
several studies. Chronic treatment of cancer cell lines with devimistat over 7 days
induced attenuation of the mitochondrial membrane potential but did not result in a
reduction of mitochondrial size or number (Mordhorst et al., 2019). Short term treatment
led to a substantial and initially reversible reduction of ATP levels, which however finally
caused cancer cell death (Zachar et al., 2011). Correspondingly, in pancreatic cancer
cells morphologic alterations of mitochondria, including a disrupted cristae morphology
and reduced cristae junctions, were observed by transmission electron microscopy after
devimistat treatment (Gao et al., 2020). In a novel approach, Koo and colleagues recently
applied differential pulse voltammetry (DPV) to measure extracellular electrochemical
signals in cervical cancer cells after devimistat treatment and detected changes at low
concentrations of 2 uM after comparably short treatment duration of 1 h (Koo et al.,
2023). Hala et al. used embryo-larval zebrafish as a model to study the metabolic effects
of devimistat in vivo: The oxygen consumption rate (OCR) after devimistat treatment for
5 days was significantly reduced to 22% of the solvent control and recovered up to day
20 (Hala et al., 2021). In accordance, a significantly decreased OCR was observed in

biliary tract cancer cell lines in response to devimistat treatment (Mohan et al., 2023).

A potential resistance mechanism against the mitochondrial effects of devimistat was
recently observed by Rivas et al. By surpassing the TCA cycle, fatty acid B-oxidation of
intracellular lipid stores directly supplies the mitochondrial electron transport system after
devimistat treatment in carcinoma cells. Application of the receptor tyrosine kinase (RTK)
inhibitor crizotinib abrogates peroxisomal lipid 3-oxidation, thereby sensitizing resistant
pancreatic ductal adenocarcinoma (PDAC) tumors against devimistat in vivo (Rivas et
al., 2022). In addition, by utilizing etomoxir, an inhibitor of mitochondrial fatty acid import,
and thioridazine, an inhibitor of peroxisomal fatty acid B-oxidation, sensitivity towards
devimistat could be restored (Rivas et al., 2022). In pancreatic cancer cells, activation of
the AMPK-ACC axis induced by devimistat treatment was found to inhibit lipid
metabolism and thereby induce ROS-mediated apoptosis (Gao et al., 2020).

Glutamine metabolism as a potential route of devimistat-resistance was assessed in
head and neck squamous cell carcinoma (HNSCC)-cells. Glutaminase 1 (GLS1) was
upregulated due to devimistat treatment and promoted glutaminolysis as a

compensatory route to facilitate cancer cell survival. Applying the GLS1 inhibitor CB-839
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impaired the glutamine-dependency of HNSCC and led to synergistic anticancer effect
in combination with devimistat (Lang et al., 2021). Correspondingly, transcriptome
analysis showed deregulation of several metabolic pathways, including upregulation of
glutamine-to-glutamate conversion and downregulation of fatty acid $-oxidation (Hala et
al., 2021). Lactate frequently accumulates in the tumor microenvironment as a critical
byproduct of the altered tumor metabolism. Devimistat was found to synergize with
inhibitors of lactate metabolism in vitro, but a orthotopic pancreatic cancer mouse model
failed to reproduce the tumor growth inhibiting effects, presumably due to an insufficient
lactate inhibitor efficacy (Kumstel et al., 2022). In a different study, devimistat abrogated
the protective effects lactate exerted in an acidic environment on tumor growth of

pancreatic cancer cells (Koncosova et al., 2021).

Formation of autolysosomes in response to devimistat treatment and modulation of
metabolism were observed in porcine fibroblasts and discussed as a mechanism that
enabled the cells to maintain viability (Mordhorst et al., 2019). In line with these findings,
Gao and colleagues reported activation of autophagy via the AMPK-ULK1 (Unc-51-like
autophagy-activating kinase) signaling pathway in pancreatic cancer cells in vitro,
indicated by a decrease of p62, accumulation of LC3B-Il and an increase of double
membraned vacuoles (Gao et al., 2020). Activation of AMPK signaling in response to
devimistat was also observed in AML cells, underlining the significance of autophagy
(Pardee et al., 2018a). Investigation of the effects of devimistat in clear cell sarcoma
(CCS) cells revealed a significant increase of cell death due to blocking of devimistat-
induced autolysosome formation by chloroquine cotreatment (Egawa et al., 2018).
Devimistat may provide a therapeutic opportunity for treatment-enriched ovarian cancer
by specifically targeting the cancer stem cell (CSC) population. Following metabolic
inhibition, frequency of CD (cluster of differentiation) 133+ and CD117+ OvCa cells was
reduced and CSC associated properties, including tumorigenicity and sphere forming
capacity, were impeded (Bellio et al., 2019).

Devimistat has already been applied in several clinical trials in combination with
established cancer therapy, as further outlined in Chapter 1.2.4.5., but to date few
studies have investigated the underlying molecular mechanisms for solid tumors. In
preclinical experiments devimistat significantly reduced OCR and synergized with
cisplatin and gemcitabine in two cell line models of advanced biliary tract cancer (Mohan
et al., 2023). Investigation of combining devimistat treatment with radiation in PDAC cell
lines revealed reduced proliferation, enhanced cell death and alterations of key

mitochondrial metabolites, indicating a radio-sensitizing activity (Khan et al., 2023).
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1.2.4.4. In vivo studies

Several in vivo studies have been conducted using devimistat, either to study the
underlying mechanisms of its antitumorigenic activity or to provide safety information
prior to clinical testing. A frequently applied approach in current cancer research is the
xenograft mouse model, which allows the usage of human cancer cell lines or patient-
derived cells in an in vivo setting (Kung, 2007). Estimation of the general tolerability of
devimistat in vivo revealed 100 mg/kg as the maximum tolerated dose (MTD) in
CD1-nu/nu mice (Zachar et al., 2011). The anti-cancer efficacy of devimistat was
assessed using the pancreatic ductal adenocarcinoma cell line 6606PDA injected into
the pancreas of C57BL6/J mice. Administration of devimistat in a dose of 10 mg/kg BW
five times per week did not impair tumor growth rate. Reduction of animal weight
compared to the control group was reported at the end of treatment, indicating a too high
dose (Kumstel et al., 2022). In contrast, Lee et al. reported prolonged survival and tumor
growth inhibition in a xenograft model of pancreatic carcinoma cell line BxPC-3 in
CD1-nu/nu mice after treatment with 25 mg/kg BW devimistat once per week (Lee et al.,
2014). Utilizing a metastasis model of clear cell sarcoma with human skeletal muscle
myoblast (HS-MM) cells in severe combined immunodeficient (SCID) mice, application
of devimistat (25 mg/kg BW) combined with chloroquine (50 mg/kg BW) two times per

week resulted in a decreased rate of mesenteric metastasis (Egawa et al., 2018).

1.2.4.5. Clinical trials

Thus far, more than 30 studies have assessed the applicability of devimistat in the
treatment of hematological malignancies and solid tumors either as monotherapy or in
combination with established chemotherapeutic drugs under the developmental
designation CPI-613. Devimistat received orphan drug status by the European
Medicines Agency (EMA) for the treatment of pancreatic cancer and AML. The FDA
granted devimistat an orphan drug status for patients with pancreatic and biliary cancer,
AML, peripheral T cell and Burkitt's lymphoma, myelodysplastic syndrome and soft
tissue sarcoma. However, an open center phase lll trial (NCT03504410) regarding the
applicability of devimistat in combination with cytarabine and mitoxantrone for the
treatment of AML (Pardee et al., 2018a), termed ARMADA 2000, was terminated due to
lack of efficacy. As reported recently, no improvement of remission rates and overall
survival could be demonstrated (Pardee et al., 2024). In parallel, an open-label
randomized phase Il trial (NCT03504423) of devimistat in combination with modified
FOLFIRINOX compared to FOLFIRINOX for the treatment of metastatic pancreas
adenocarcinoma termed AVENGER 500, was conducted (Philip et al., 2019). In total,

528 patients who had not previously received any treatment were enrolled and overall
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survival (OS), progression-free survival (PFS), duration of response, and overall
response rate were assessed as secondary endpoints. As indicated by an OS of
11.7 months for FOLFIRINOX compared to 11.1 months for modified FOLFIRINOX in
combination with devimistat, no statistically significant therapy improvement occurred. A
first phase | clinical trial (NCT02232152) regarding the application of devimistat in
combination with 5-FU for the therapy of previously treated colorectal cancer has been
conducted (Rocha Lima et al., 2019). A durable, stable disease, describing neither
growth nor shrinkage of tumor size, was reported at the MTD of 2250 mg/m?, indicating
antitumor activity (Rocha Lima et al., 2019). A phase I trial (NCT05070104) for devimistat
in combination with modified FOLFIRINOX plus Bevacizumab for the treatment of mMCRC

was planned but has recently been withdrawn.

Among the clinical studies conducted so far, few adverse effects of devimistat were
described. The general side effects comprised fatigue, headache, nausea, vomiting,
diarrhea and in consequence electrolyte imbalance (Alistar et al., 2017). Serious adverse
events observed included thrombocytopenia, anemia, neutropenia and lymphopenia as
well as hyperglycemia, hypokalemia and hypoalbuminemia (Alistar et al., 2017). A more
specific adverse event described by Anderson et al. after devimistat treatment is
reversible acute kidney injury (AKI) observed especially in older patients after a latent
time. Metabolic inhibition and induction of ROS presumably caused injury of the

metabolically highly active renal epithelium, resulting in AKI (Anderson et al., 2019).

1.3. PARP-1 as a Target in CRC Tumor Therapy

The preservation of genomic integrity is fundamentally important for the maintenance of
cellular homeostasis and survival. Various intracellular signaling pathways, summarized
as the DNA damage response (DDR), assure the efficient repair of double-strand breaks
(DSB) as one the most harmful forms of DNA alterations (Ceccaldi et al., 2016). Beside
an endogenous generation, caused by DNA replication errors or metabolic ROS
formation, DSBs can be induced by exogenous sources, including ionizing radiation and
genotoxic compounds (Cannan and Pederson, 2016). The rapid recognition of DNA
strand breaks and the subsequent recruitment of DDR factors are realized by several
cellular sensors, which include the enzyme poly-(ADP-Ribose) polymerase-1 (PARP-1)

as an important mediator.

1.3.1. PARP-1 in health and disease

PARP-1 plays a critical role in the recognition and regulation of the DNA damage repair.

By catalyzing the attachment of poly ADP-ribose (PAR) to intracellular protein acceptors,
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PARP-1 facilitates the recruitment of DNA repair mediators and decompaction of
chromatin, enabling a higher repair efficiency. Thereby, PARylation processes are
involved in several DDR pathways, including DNA mismatch repair (MMR), single strand
break repair (SSBR), nucleotide excision repair (NER), homologous recombination (HR)
and non-homologous end joining (NHEJ) (Ray Chaudhuri and Nussenzweig, 2017). For
this reason, PARP-1 inhibition has been clinically exploited in the therapy of several
cancer subtypes, including DNA repair-deficient ovarian, breast and prostate cancer.
Growing evidence indicates beneficial outcome for the application of PARP inhibitors
(PARPI) in combination with conventional chemotherapy even in the absence of DNA

repair deficiencies (Matulonis and Monk, 2017).

1.3.1.1. Structure, mechanism and role in DNA repair

The family of PARP enzymes catalyzes the NAD*-dependent attachment of ADP-ribose
polymers to acceptor proteins and thereby modulates a multitude of cellular signaling
pathways (Gibson and Kraus, 2012; Jubin et al., 2016). Currently, 17 homologues of
PARP are known in humans, differing regarding their function and structure, with PARP-1
accounting for 80-90% of total cellular PARylation (Jubin et al., 2016). Structurally,
PARP-1 consists of three domains responsible for N-terminal DNA binding, auto-
modification and catalytic activity: The DNA binding domain contains three zinc finger
motifs and a nuclear localization sequence (Langelier et al., 2010). The auto-modification
domain includes a breast cancer type 1 susceptibility protein (BRCA1) C terminus motif
and facilitates protein-protein interaction. In the catalytic domain of the C-terminus, the
PARP-signature motif (PSM) can be found: six B-strands and one a-helix that include a
donor site for nicotinamide and an acceptor site for adenosine to transfer ADP residues
from NAD" to target sites (Kinoshita et al., 2004).

PARP-1 is predominantly activated by damaged DNA, particularly DNA strand breaks,
(Kun et al., 2002; Zandarashvili et al., 2020) and further induction of its enzymatic activity
can occur in response to several cellular stimuli, including abnormal DNA structures,
nucleosomes and a variety of protein-binding partners (Lonskaya et al., 2005).
Furthermore, induction by kinase cascades represents a DNA damage independent
route of PARP-1 modulation. For instance, catalytic activity of PARP-1 is enhanced by
pERK1/2-induced phosphorylation dependent or independent of DNA damage
(Kauppinen et al., 2006). Upon its activation, PARP-1 rapidly interacts with the DNA
damage site to initiate recruitment of DNA repair complexes within seconds, thereby
acting as a first line sensor of the DDR (Ray Chaudhuri and Nussenzweig, 2017; Satoh
and Lindahl, 1992).
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On a molecular level, zinc finger domains F1 and F2 of PARP-1 recognize distinct
structures which only occur in damaged DNA, including exposed nucleic bases and the
phosphate backbone (Langelier et al., 2011). Interaction with a DNA break results in an
allosteric switch that destabilizes the helical domain blocking the NAD* binding site,
causing a relief of the enzymatic auto-inhibition and leading to a 1000-fold induction of
PARP-1 activity (Langelier et al., 2018). In addition, various signaling factors present at
the DNA damage site further modulate PARP-1 activity. The Ku70-Ku80 heterodimer, a
component of the non-homologous end joining (NHEJ) repair pathway, competes with
PARP-1 in a cell cycle dependent manner, with Ku70-Ku80 being preferentially recruited
in the G4/S phase and PARP-1 in the S/G; phase (Yang et al., 2018). In order to prevent
activation of DDR on telomeric DNA strand ends, activity of PARP-1 is attenuated by
telomeric repeat-binding factor 2 (TRF2) (Schmutz et al., 2017).

PARP-1 functions as a first responder to facilitate DNA repair. By utilizing intracellular
NAD* pools, PARP-1 synthesizes poly-ADP ribose (PAR) attached to various target
proteins near the damage site to initiate binding of repair complexes. PARylation of
histones results in the decompaction of chromatine structures, allowing for a better
accessibility of the damaged DNA for repair enzymes (Pandey and Black, 2021). Histone
PARylation Factor 1 (HPF1) modulates the catalytic activity of PARP-1 and switches its
substrate specificity from modifying Asp/Glu residues to Ser residues, thereby limiting
auto-PARylation and promoting PARYylation of histones and downstream modulators of
DNA repair (Gibbs-Seymour et al., 2016).

In detail, substrate modification by PARP-1 involves addition of ADP-ribose to the
carboxyl group of target proteins via ester linkage. Subsequent linear PAR chain
elongation through synthesis of 2',1"-O-glycosidic ribose-ribose bonds and additional
branching via 2',1" ribose—ribose bonds results in the formation of large PAR polymers
(Pandey and Black, 2021). The precise role of PAR in DDR signaling is gradually
becoming understood and includes assembly of the proteins FUS/TIS (fused in
sarcoma/translocated in sarcoma), EWL (Ewing sarcoma) and TAF15 (TATA-binding
protein-associated factor) to reorganize the soluble nuclear space around the DNA
damage site (Altmeyer et al., 2015). In addition, PAR polymers provide a binding site for
various DNA repair proteins which contain PAR-binding motifs, thereby allowing for the

efficient recruitment of the DDR machinery (Liu et al., 2017).
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Figure 8: Enzymatic mechanism of PARP-1, its role in DNA repair and the effect of
pharmacological PARP-1 inhibition. PARP-1 rapidly detects and binds DNA single strand
breaks (SSB), catalyzing ADP-ribosylation of histones and several DNA repair factors. Auto-
ribosylation of PARP-1 results in the dissociation of PARP-1 from damaged DNA followed by its
regeneration by poly (ADP-ribose) glycohydrolase (PARG). Binding of PARPI not only impairs the
PARylation of protein acceptors but also auto-ribosylation, thereby attenuating the dissociation of
PARP-1, which results in the trapping of PARP. DNA replication in the presence of trapped
PARP-1 leads to the generation of blocked and unresolved replication forks and finally induction
of DSBs. (Created with BioRender)

PARP-1 itself constitutes a major acceptor of PAR polymers, in a process referred to as
auto-PARylation. As precise and sensitive modulation of PARP-1 activity is critical for its
function, PARP-1 hyperactivation is associated with several pathological conditions,
including inflammation and cancer (Ddrsam et al., 2018; Liu et al., 2016). The auto-
modification with negatively-charged PAR leads to the repulsion of PARP-1 from the
DNA and its dissociation within minutes of its initial binding (Ray Chaudhuri and
Nussenzweig, 2017). Additionally, PARP-1 auto-PARylation facilitates binding of the
DNA repair protein XRCC1 that acts as a scaffold for the recruitment of enzymes DNA
polymerase beta (Pol-f) to fill DNA gaps and Ligase llla to ligate DNA nicks (Pandey
and Black, 2021). An integral part of the PARylation homeostasis is the removal of PAR
residues from substrates by PAR hydrolyzing enzymes. With its endoglycosidase and
exoglycosidase activity, poly (ADP-ribose) glycohydrolase (PARG) hydrolyzes the
ribosyl-ribosyl bonds in PAR polymers (Barkauskaite et al., 2013). Despite its lower
intracellular abundance compared to PARP-1, PARG is critical for functional DNA repair
and genomic stability (Koh et al., 2004; Min et al., 2010).
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Besides its important role for DNA repair and survival, deregulated PARP-1 signaling
can also have detrimental consequences. Overactivation of PARP-1 was shown to
induce a caspase-independent mode of cell death. This process, termed parthanatos, is
characterized by PAR-induced nuclear translocation of the mitochondrial-associated
apoptosis-inducing factor (AIF), causing chromatin condensation and DNA
fragmentation (Fatokun et al., 2014). Consequently, inhibition of PARP-1 has been
discussed as an approach to target cell death in neurodegenerative and myocardial
diseases (Kaundal et al., 2006; Ordog et al., 2021). The important role of PARP-1 for
malignant diseases is extensively discussed in the following chapter with a focus on
CRC.

1.3.1.2. The role of PARP-1 in cancer

In contrast to most other known DNA repair enzymes, increased expression of PARP-1
is frequently observed in several types of cancer compared with their histologically
normal counterparts, including breast, uterine, lung, and ovarian cancers (Ossovskaya
et al., 2010). While in general, PARP-1 expression revealed to be high in a majority of
CRC tumors, around 26% showed low and 6% no expression of the enzyme (Sulzyc-
Bielicka et al., 2012). A similar pattern was also observed in breast tumors (Domagala
et al., 2011). Low PARP-1 expression as an indicator of poor prognosis was described
for gastric (Park et al., 2022), pancreatic (Klauschen et al., 2012) and breast tumors
(Aiad et al., 2015) and assumed to occur due to an increase of genomic instability in the
absence of PARP-1. In contrast, high PARP-1 expression was linked to poor prognosis
in ovarian (Molnar et al., 2020), gastric (Liu et al., 2016) and prostate cancer (Acar et al.,
2021).

Doérsam and colleagues investigated the dual role of PARP-1 in CRC: In early phases of
carcinogenesis, PARP-1 can protect against DNA alkylation-induced CRC development
by facilitating DNA repair. During disease progression, PARP-1 overexpression was
observed in human CRC, indicative of a tumor-promoting role. Inflammation-driven
tumor growth and induction of the IL6-STAT3-cyclin D1 axis was revealed as a
mechanism of PARP-1-induced cancer progression (Dorsam et al., 2018). Analysis of
60 stage Il and Il colon cancer cases of patients who underwent resection and adjuvant
chemotherapy revealed high nuclear expression of PARP-1 in 63.3% of tumors that
correlated with disease progression and the occurrence of lymph node metastases
(Abdelrahman et al., 2020). Accordingly, increased PARP-1 levels were found in CRC
tumor specimen compared to healthy and benign adenoma tissue (D6rsam et al., 2018;
Dziaman et al., 2014).
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Deregulated expression of PARP-1 in certain types of cancer can directly modulate the
activity of certain DNA repair pathways. In healthy cells, microhomology-mediated end
joining (MMEJ), an error-prone DNA repair pathway of double-strand breaks, forms a
backup pathway of HR and NHEJ and contributes to the stability of repetitive DNA (Sfeir
and Symington, 2015). As a mutagenic DNA repair pathway, MMEJ is intrinsically error
prone and associated with the generation of insertions and deletions, thereby
contributing to genomic instability, a hallmark of cancer (Patterson-Fortin and D’Andrea,
2020). Different HR factors, including BRCA1, BRCA2 and RPA (replication protein A)
have been demonstrated to downregulate MMEJ in non-malignant human cells (Ahrabi
et al., 2016). In consequence, upregulation of MMEJ frequently occurs in tumor entities
which exhibit deficiencies of the HR DNA repair pathway, including breast, ovarian and

prostate cancer (Ceccaldi et al., 2015).

As a critical factor of the MMEJ pathway, PARP-1 competes with Ku70-Ku80 for the
binding to DSBs and facilitates recruitment of MMEJ-specific DNA polymerase theta
(Pol-8) (Sharma et al., 2015). Upregulation of PARP-1 levels in tumors has been
associated with an increase of MMEJ (Muvarak et al., 2015). MMEJ has recently been
demonstrated to enable chemoresistance by promoting reversion mutations of the HR
factor BRCA (Lukashchuk et al., 2022). As an integral component of DNA repair,
expression of PARP-1 correlates with sensitivity to anti-cancer treatment that relies on
the induction of DNA damage. Higher activity or upregulated expression of PARP-1 have
been shown to facilitate resistance against chemotherapeutic drugs (Michels et al., 2013;
Wu et al., 2013; Xu et al., 2019). In parallel, a high PARP-1 level caused resistance of
nasopharyngeal carcinoma cells against radiation therapy in vitro and in vivo due to
upregulated DNA repair (Chow et al., 2013).

1.3.2. Targeting PARP-1 in tumor therapy

The involvement of PARP enzymes in the detection and repair of DNA damage led to
the development of specific PARP inhibitors (PARPIi) as targeted therapeutics for
malignant diseases (Lord and Ashworth, 2008). First approaches applied
3-aminobenzamide to reveal a potentiated sensitivity against DNA damage inducing
compounds by inhibited PARylation (Durkacz et al., 1980), resulting in the targeted
search for more potent and selective PARPi (Curtin and Szabo, 2020). Following
extensive chemical screening and preclinical research, a novel generation of PARPi was
developed and finally clinically applied (Rouleau et al., 2010). The observation that a
marked inhibition of DNA repair only occurs when PARP-1 activity is downregulated by
at least 90% further underlined the requirement of sufficient potency and specificity
(Rouleau et al., 2010; Satoh and Lindahl, 1992). While all clinically applied PARPi share
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a characteristic benzamide moiety as a key feature necessary for binding to the catalytic
center of PARP-1, they differ in size and flexibility, which results in different PARP
trapping potencies and binding affinities, as summarized in Figure 9 (D.-S. Kim et al.,
2021).

Consequently, marked differences were observed for the substrate selectivity of PARPI:
At higher concentrations, all clinically applied PARPi show promiscuity among the
different members of the PARP family, with the highest selectivity for PARP-1 and PARP-
2 observed for veliparib and niraparib (Thorsell et al., 2017). In addition, several off-target
kinases, including tankyrase 1/2, the dual specificity tyrosine-phosphorylation-regulated
kinase 1A (DYRK1A), the serine/threonine-protein kinase pim-3 (PIM3), hexose-6-
phosphate dehydrogenase (H6PD) and deoxycytidine kinase (DCK), have been
identified with 1Cso values in the sub-micromolar range, which might account for the
characteristic patterns of clinical side effects observed for PARPi (Antolin et al., 2020;
Knezevic et al., 2016).

PARP-1 trapping mainly occurs in response to its enzymatic inhibition. The enzyme-
inhibitor complex remains attached to the DNA, resulting in the formation of DNA double-
strand breaks during replication (Pommier et al., 2016). PARP-1 inhibitors differ in their
capability to induce PARP-1 trapping. While a linear correlation between the potency to
inhibit PARP-1 and to trap the PARP-1-DNA complex has been observed (Hopkins et
al., 2015), the ability to induce PARP-1 trapping was subsequently identified as an
independent property of PARPI. Recently, the molecular correlation between the inhibitor
mode of action and the PARP-1 trapping profile was elucidated and three different types
of PARPi were differentiated (Zandarashvili et al., 2020). While type Il PARPI (e.g.
olaparib) do not affect allostery, type | PARPI alter allostery to retain PARP on the DNA
(e.g. EB-48) and type Il PARPI alter allostery to release PARP from the DNA (veliparib).
Nevertheless, catalytic inhibition by all three types blocks the auto-modification
dependent release of PARP-1 from the DNA (Zandarashvili et al., 2020). Xue and
colleagues quantified the retention potencies of commonly applied and novel PARPI
considering the influence of frequently observed PARP-1 mutations associated with
PARPIi-resistance. First, PARPi compete with NAD* at its binding site to inhibit catalytic
activity followed by allosteric modulation, which changes DNA retention of PARP-1 (Xue
et al., 2022). While the retention potency of clinically relevant PARPI is predominantly
determined by the initial step, their distinct induction of allosteric changes can be
abrogated by structural PARP-1 mutations (Xue et al., 2022).

48



Background

PARP _trapping

PARP inhibitors: Approved for: potency:
Veliparib Oy NH2
ABT-888
low
Olaparib .
AZD-2281 Pancreatlc, prosta_te
& breast cancer with
BRCA mutations
Rucaparib o.M
AG-014699 i i .
- Ovarlgn, fallopian tube medium
O N O & peritoneal cancers
F NH NH-CH,
Niraparib O+ _NH,
MK-4827
N NH
ClN
Talazoparib
BMN-673 Breast cancer with high
BRCA mutations 19

Figure 9: Overview of clinically approved PARP inhibitors and their corresponding field of
application. Thus far, five different PARPI have been clinically approved with a focus on different
cancer entities. The biologically relevant benzamide moiety, highlighted in red, functions as an
analogue of NAD+ and is shared by all structures. PARPI differ regarding their PARP trapping
potency and are tiered accordingly (Thomas et al., 2018). (Created with BioRender)

Two distinct approaches in the application of PARPi can be differentiated, which
consequently determine their required characteristics during drug development. On the
one hand, PARPI are applied as monotherapy to target malignant cells with genetic
alterations that result in a dependence on functional PARP-1 for DNA repair and survival,
following the concept of synthetic lethality. On the other hand, PARPi can be combined
with DNA damaging agents or radiation therapy to improve therapeutic efficacy in a
synergistic manner (Plummer et al., 2008). The two approaches and the required

characteristics of the applied PARPI are further discussed in the following chapters.
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1.3.2.1. The concept of synthetic lethality

The role of PARP-1 in malignant diseases can only be understood in the context of
deregulated or mutated DNA repair pathways. Homologous recombination (HR), an
essential pathway for the highly accurate repair of DNA double-strand breaks, is enabled
by the interplay of several proteins, including BRCA1/2, ATM (Ataxia-telangiectasia
mutated) , RAD51 (radiation sensitive protein 51) and MRE11 (meiotic recombination 11
homolog) (Hoppe et al., 2018). Deficiencies of the HR pathway, caused by the genetic
or epigenetic inactivation of respective genes, are commonly observed in several tumor
entities and associated with an increased level of genomic alterations (Lord and
Ashworth, 2016). Since HR is responsible for the resolution of interstrand crosslinks,
cells with mutations of corresponding genes are highly sensitive to platinum-based
cytostatic drugs and other agents that cause DNA crosslinks (Turner et al., 2004).
Furthermore, HR-deficient cells heavily rely on PARP-1 dependent DNA repair, which
has led to the development of clinically applicable PARP-1 inhibitors that target this
susceptibility (Mateo et al., 2019).

As the most frequently observed HR deficiency, monoallelic germline mutations of
BRCAL1/2 genes are associated with a higher risk for cancer development in affected
individuals (L. Nguyen et al., 2020). Their role for the early onset of ovarian and breast
cancer was discovered in the early 1990s and their identification was subsequently
applied as a potential biomarker for cancer susceptibility (Hall et al., 1990; Hoppe et al.,
2018). Cancer development in BRCA1/2 mutation carriers generally follows the “two-hit”
hypothesis, as tumorigenesis requires the somatic inactivation of the remaining
functional BRCA allele, either due to mutation or epigenetic inactivation (Stoppa-
Lyonnet, 2016). Mechanistically, BRCA1/2 proteins constitute key components during
the process of HR and therefore have a fundamental role in the repair of DNA DSBs
(Venkitaraman, 2001). As described above, healthy cells heavily rely on the HR pathway
to resolve DNA strand breaks and are therefore hardly affected by PARPI. In contrast,
cells deficient in BRCA1/2 are incapable of HR and in consequence DNA SSBs remain
unrepaired, accumulate and finally lead to cell death when PARP-1 is inhibited, as shown
in Figure 10 (Bryant et al., 2005). This mechanism does not only apply to BRCA1/2
deficiencies, but has also been observed for mutations of other HR proteins, which cause
a higher susceptibility towards PARP-1 inhibition (D.-S. Kim et al., 2021). Based on this
concept, termed synthetic lethality, specific PARP-1 inhibitors were developed over a
decade ago and first applied as single agent treatment for cancers defective in BRCA1/2,
therefore unable to repair DSBs by HR. Promising clinical data was followed by a fast
approval and a subsequent development of additional PARPI for different tumor types,

which is still ongoing (Mateo et al., 2019).
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Figure 10: The mechanism of synthetic lethality induced by the application of PARP-1
inhibitors in HR-deficient cancer cells. In healthy cells, DNA damage in the form of single
strand breaks is repaired via the PARP-dependent SSBR (Abbotts and Wilson, 2017) or via HR,
which requires functional BRCA1/2. Cells deficient in functional BRCAL/2, frequently associated
with several types of cancer, rely on SSBR and therefore PARP-1 for repair of damaged DNA.
Application of PARPI has little effect on healthy cells since HR can still serve as an alternative
DNA repair pathway. Cells deficient in BRCAL1/2 are highly sensitive against PARP-1 inhibition,
as damaged DNA cannot be repaired. (Created with BioRender)

Furthermore, PARP trapping has been identified as the main mechanism of PARPI
induced attenuation of DNA repair (Pommier et al., 2016). Binding of PARPI prevents
the auto-modification of PARP, thereby impeding its release from the DNA which results
in stalled replication forks and the subsequent formation of DNA DSBs. Cells deficient in
the HR DNA repair pathway are unable to resolve DNA DSBs, which leads to the
activation of cell death programs (Lord and Ashworth, 2017). Besides the well-studied
role for breast and ovarian cancer, BRCA1 mutations were shown to be associated with
a five-fold higher incidence of CRC in women younger than 50 years. No such correlation
was found for BRCA2 mutations and older women (Sopik et al., 2015). Mutations of
BRCAL/2 genes might also occur during tumor progression, but sensitivity towards
PARPi was only found in carriers of hereditary mutations of BRCA1/2 genes (Jonsson et
al., 2019). In accordance with these findings, a recently published study by Bhamidipati
et al. analyzed 1760 cancer patients with somatic BRCA1/2 gene alterations, of which
189 (11%) had a CRC diagnosis, and revealed cooccurrence of pathogenic DNA
polymerase epsilon (Pol-¢) mutations but could not show additional benefit of PARPI
treatment (Bhamidipati et al., 2024).

Despite the therapeutic advances achieved by PARP-1 inhibitors, cancer cells adapt to
drug treatment and a majority will develop resistances (Dias et al., 2021). So far, three
main survival mechanisms of tumors treated with PARPi were identified: Restoration of
HR, restoration of replication fork stability and drug target related resistance. Clinically

documented reversion mutations or epigenetic alterations can restore function of
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BRCAL1/2 and thereby HR (Sakai et al., 2008). This process is often facilitated by the
high genomic instability observed in BRCAL1/2-deficient cancer cells. Loss of PAX-
interacting protein 1 (PTIP), an MLL (mixed-lineage leukemia) 3/4 complex protein, was
found to protect BRCAL/2-deficient cells from PARPI by attenuating the recruitment of
the MRE11 nuclease to stalled replication forks that protects nascent DNA strands from
degradation (Ray Chaudhuri et al., 2016). Furthermore, mutations of PARP itself can
confer resistance against the effects of PARPI. In talazoparib treated ovarian cancer
cells, deletions of nucleotides encoding for DNA-contacting amino-acid residues K119
and S120 within the second zinc finger domain were identified, which leads to the
impairment of DNA binding and avoidance of cytotoxic PARP-1 trapping (Pettitt et al.,
2018). As recently demonstrated, mutations of the catalytic core of PARP-1 alter how
different PARPi affect its allostery to favor a pro-release state and attenuate the
inhibitor's PARP trapping capacity (Xue et al., 2022). Several approaches are currently
discussed to tackle the resistance to PARPI. The protein ATR (ataxia telangiectasia and
Rad3-related), a serine/threonine-protein kinase, enables HR and protection of
replication forks in BRCA1/2-deficient cells by facilitating RAD51 loading onto DSBs and
stalled replication forks (Yazinski et al., 2017). Hence, combination therapy with PARP
and ATR inhibitors could represent a potential method to overcome this resistance
mechanism (Kim et al., 2020, 2017).

Besides BRCAL1/2 deficiency, synthetic lethality by PARP inhibition may arise due to
mutations of other proteins involved in the HR pathway, leading to HR deficiency (HRD).
A large-scale study investigated HR genes in 52,426 tumors across 21 cancer lineages
by next-generation sequencing. The overall frequency of HR-DDR mutations was 17.4%,
with ARID1A (AT-rich interactive domain-containing protein) as the most frequently
mutated gene (7.2%), followed by BRCA2 (3.0%), BRCA1 (2.8%), ATM (1.3%), ATR
(1.3%), and CHEK2 (1.3%). For CRC, a frequency of 15.0% was observed, with 3.1% of
CRC bearing multiple HR-DDR mutations (Heeke et al., 2018). In line with these results,
an analysis of 9,321 CRC patients by Arai et al. revealed mutations of DDR in 13.8% of
tumors with enrichment in MSI-high tumors (76.4%) as well as in the right-sided RAS-
WT, BRAF-mutant, and CMS1 subgroups (Arai et al., 2021).

Functional HR deficiency is associated with loss of heterozygosity (LOH) of intermediate
size regions, caused by defective repair of sister chromatids during mitosis (Abkevich et
al., 2012). Compared to MSI-high tumors, more cases of MSS cancers showed a high
LOH (16.2% vs 9.5%), indicating that HRD cases in MSS tumors more frequently impair
HR function (Lee and Kopetz, 2022). In a recently published work, Lee and colleagues
proposed a newly developed assay to quantify real-time HR activity in tumor cells rather

than gene expression analysis to identify tumors susceptible towards PARPI treatment
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(Lee et al., 2023). When applying the assay to patient-derived tumor specimen, marked
differences in the sensitivity towards PARPi were identified. While CRC and triple-
negative breast cancer cells were highly sensitive towards inhibition of PARP, exhibiting
ICso values in the picomolar range, ovarian cancer cells were more resistant, showing

ICso values that ranged from nanomolar to micromolar concentrations (Lee et al., 2023).

1.3.2.2. Synergism with chemotherapeutic drugs

The application of PARP-1 inhibitors beyond the concept of synthetic lethality has been
a focus of several studies (Matulonis and Monk, 2017; Vitiello et al., 2018). Synergy of
PARP-1 inhibitors with established chemotherapeutics could improve the therapeutic
efficacy or allow the application of lower doses, thereby reducing side effects of
conventional drugs (McQuade et al., 2018). Furthermore, hyperactivation and
upregulation of PARP-1 in response to chemotherapy has been shown in several types
of cancer, serving as a resistance mechanism due to the induction of DNA damage repair
(Kim et al., 2020; Mariano et al., 2015; Michels et al., 2013).

Several preclinical studies have evaluated the potential benefit of PARPI in combination
with cytostatic agents for the treatment of CRC and dissected the impact of different
molecular subtypes. Screening of the synergistic effects exerted by PARPi and
chemotherapeutic drugs IT, 5-FU and OXA in CRC cell lines revealed the highest activity
for the combination of rucaparib with IT (Augustine et al., 2019). Wang et al. showed
increased sensitivity towards olaparib in ATM-deficient CRC cells as demonstrated by
the application of ATM-deficient cell lines, ATM inhibitors and transient knockdown
(Wang et al., 2017). In accordance, combination of PARPi ABT-888 (veliparib) and ATR
inhibition at non-toxic doses synergistically enhanced SN-38-mediated cytotoxicity in
several CRC cell lines (Abu-Sanad et al., 2015).

Microsatellite instability occurs in about 15% of CRC cases and is associated with
mutations of DNA mismatch repair genes, such as MRE11 (Vilar et al., 2011). Mutations
of MRE11 as well as its genetic knockdown were accompanied by an increased
sensitivity towards PARP-1 inhibition by veliparib in vitro (Vilar et al., 2011). As recently
shown, MRE11 homolog A (MRE11A) is significantly overexpressed in CRC tumor
specimen compared to healthy tissues and high levels corresponded with poor overall
survival, rendering it a potential biomarker to select CRC patients for treatment options
targeting HR deficiency including PARPi (Azambuja et al.,, 2023). In contrast, no
difference for the MSS/MSI status regarding the sensitivity towards PARP inhibition in
vitro and in vivo was detected in CRC cells in a different study (Genther Williams et al.,
2015). Nevertheless, potentiating effects in combination with SN-38, the active

metabolite of IT, were observed regardless of the molecular status (Genther Williams et
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al., 2015). A recently published study by Paul et al. showed that veliparib potentiated
cytotoxicity of 5-FU in MMR-proficient CRC cells by attenuating the MMR pathway in
vitro and in vivo (Paul et al., 2023). Following veliparib cotreatment, elevated DNA
damage, induction of the mitochondrial apoptosis pathway and downregulation of MMR
pathway-related proteins MSH2 (MutS homolog 2), MLH1 (MutL homolog 1), the
mismatch repair endonuclease PMS2 (postmeiotic segregation increased 2), and Pol-6
were observed, indicating potential applicability in CRC chemotherapy regimen (Paul et
al., 2023). Niraparib monotreatment or the combination with IT, 5-FU and OXA were
analyzed in a panel of 8 KRAS- or BRAF-mutated CRC cell lines from all four CMS
clusters. Niraparib showed the strongest synergism with IT, independent of molecular
subtype (Vitiello et al., 2018).

Smeby and colleagues further dissected the underlying molecular determinants of the
susceptibility to PARP inhibition in CRC. By correlating the sensitivity towards PARP
inhibition (olaparib, talazoparib, niraparib, rucaparib) in 93 CRC cell lines with the
molecular status, biomarkers related to deficient HR were identified as non-predictive
(Smeby et al., 2020). Instead, TP53 wild-type status was identified to correlate with
PARPI sensitivity, possibly due to the regulation of RAD51-repression (Smeby et al.,
2020). Accordingly, potentiation of SN-38 cytotoxicity by olaparib cotreatment was
revealed to be further upregulated by transient knockdown of RAD51 (Tahara et al.,
2014). These diverse and in part conflicting results underline the significance of the
applied PARPI, the mechanism of the chemotherapeutic drug and the mutational status

of the used CRC cell line for the occurrence of a synergistic activity.

Aside from chemotherapy, studies revealed beneficial effects of PARP-1 inhibition in
combination with radiotherapy. In a CRC mouse model, concurrent veliparib treatment
and radiation significantly enhanced the effects of anti-PD-1-mediated survival and tumor
growth inhibition (Seyedin et al., 2020). Loss of the DNA damage repair protein XRCC2
sensitizes CRC cells to radiation in combination with PARP-1 inhibition by olaparib in

vitro and in a xenograft mouse model (Qin et al., 2022).

1.3.2.3. Clinical trials of PARP inhibitors in CRC

First PARPi were clinically approved for the treatment of breast and ovarian cancers over
10 years ago. To date, 11 clinical trials have been registered for the application of PARPI
in the treatment of CRC, either as monotherapy or in combination with additional
chemotherapeutics (Table 3). In CRC patients, monotreatment with olaparib after failure
of standard systemic chemotherapy showed no partial or complete response, regardless
of MSS status. The authors concluded that future studies should focus on the

combinations of PARPI with radiotherapy or chemotherapy with DNA damage inducing
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drugs (Leichman et al., 2016). A first phase | trial applying combination treatment with IT
and olaparib in the treatment of CRC reported lack of antitumor efficacy. Intermittent
administration of olaparib was necessary to avoid drug-induced toxicity, which was not
considered tolerable (Chen et al., 2016). First phase Il clinical trials of veliparib in
combination with the FOLFIRI chemotherapy regimen revealed significant improvement
of the treatment outcome. Additionally, an increase of hematological adverse events was
observed in response to veliparib cotreatment, including anemia and neutropenia
(Gorbunova et al., 2019).

In summary, application of existing PARPi in CRC treatment has not been able to
improve therapy outcome. Nevertheless, the studies conducted so far repurposed the
PARPI veliparib and olaparib, which were initially developed for application in the context
of BRCAL/2 mutations. Only recently, the determinants of the synergy between PARPI
and DNA damage inducing drugs have been understood and yet have to be applied for
the development of PARPI specifically intended for this purpose. Clinical studies which

applied PARPI in the context of CRC treatment are summarized in Table 3.

Table 3: Overview of clinical trials applying PARPi in CRC treatment. The information has
been retrieved from the database www.clinicaltrials.gov in July 2024. “Terminated” indicates that
the study was stopped early with or without renewal while “Completed” indicates that the study
ended normally.

Cancer type Drug(s) Phase Status Reference

. Not yet recruiting
Solid tumors HS-10502 NCT05740956
(2023-2026)

Advanced solid tumors M9466 Not yet recruiting
NCT06509906
and colorectal cancer FOLFIRI (2024-2026)
Metastatic colorectal ] B
Talazoparib Recruiting
or gastroesophageal o o NCT04511039
Trifluridine + Tipiracil (2021-2027)
cancer
Irinotecan Completed
Colorectal cancer ] NCT00535353
Olaparib (2008-2015)
Veliparib
) Completed
Solid tumors FOLFIRI NCT02033551
) ] (2013-2016)
Paclitaxel + Carboplatin
Pancreatic, colorectal Rucaparib Not yet recruiting
- I NCT03337087
or biliary cancer FOLFIRI (2018-2025)
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Durvalumab .
. . Recruiting
Advanced solid tumors Olaparib I NCT02484404
. (2015-2025)
Cediranib
. AZD5305 »
Advanced solid ) Recruiting
) ) Paclitaxel I/ NCT04644068
malignancies ) (2020-2026)
Carboplatin
) CB-839 Terminated
Solid tumors ) I NCT03875313
Talazoparib (2019-2020)
Metastatic colorectal . . Withdrawn
Niraparib Il NCT05412706
cancer (2023)
Colorectal cancer Niraparib Not yet recruiting
. Il NCT06365970
(MMR-D/MSI-H) Dostarlimab (2024-2017)
Advanced or metastatic  Niraparib Not yet recruiting
i Il NCT03983993
colorectal cancer Panitumumab (2019-2024)
Fluzoparib Not yet recruiting
Colorectal cancer (HRD) _ Il NCT05732129
Irinotecan (2023)
Olaparib Recruiting
Colorectal cancer (HRD) . Il NCT05201612
Pembrolizumab (2022-2025)
. Veliparib
Metastatic colorectal Completed
FOLFIRI Il NCT02305758
cancer : (2014-2017)
Bevacizumab
Temozolomide Completed
Colorectal cancer Il NCT01051596
ABT-888 (2009-2013)
: Completed
Colorectal cancer (MSI)  Olaparib Il NCT00912743
(2009-2012)
MGMT-hypermethylated  Olaparib Completed
: Il NCT04166435
colorectal cancer Temozolomide (2020-2023)
Metastatic colorectal Olaparib Completed
1] NCT04456699

cancer

Bevacizumab

(2020-2023)
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2.

Objectives

The current standard-of-care for patients with CRC includes cytostatic drugs (IT, 5-FU

and OXA) as well as monoclonal antibodies targeted against growth factors (e.g.

bevacizumab), growth factor receptors (e.g. cetuximab) and immune receptors

(pembrolizumab). Ongoing progress in molecular cancer diagnostics not only has helped

to understand the mechanisms of carcinogenesis but has also been crucial in identifying

new targets in this complex disease. Therefore, novel chemotherapeutic compounds

emerged in the recent years, improving the prognosis of several types of cancer. The

assessment of new pharmacological approaches in CRC chemotherapy represents the

overarching scope of this PhD thesis. Therefore, three pivotal points should be

addressed in this work:

The deregulated metabolism of tumor cells as a target in CRC allowing for a tumor
specific mechanism of action that complements established chemotherapy based
on DNA damage inducing cytostatic drugs. While mitochondrial alterations of
cancer have been studied in depth, only recently devimistat received clinical
approval as one of the first drugs targeting the deregulated TCA cycle of tumor
cells (Philip et al., 2019; Rocha Lima et al., 2019). Our first publication aimed to
assess the potential of devimistat as a building block in CRC treatment, either as
monotherapy or in combination with established chemotherapy. Therefore, the

following questions were addressed:

o What impact does the molecular subtype of CRC cell lines have on their

sensitivity towards devimistat and is the cytotoxicity cancer cell specific?

o Can mitochondrial disruption be confirmed as the underlying mechanism of

cytotoxicity for CRC cell lines and which cell death pathways are triggered?

o Does devimistat act synergistically with established chemotherapeutic drugs

and can the corresponding molecular mechanism be identified?

. Can the effects observed for mono- and cotreatment be transferred to an

animal model to assess the therapeutic efficacy in vivo?

The pharmacological induction of DNA damage and ROS to specifically target
rapidly dividing tumor cells is a common approach in chemotherapy. In the
treatment of CRC, the range of clinically applied cytostatic drugs is limited and the
development of chemoresistance frequently impedes therapy outcome.

Biologically active compounds found in nature with distinct mechanisms of action
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could complement the existing pharmacological options in CRC therapy. Thus, our

second publication focused on the following questions:

o Can novel compounds with anticancer activity in CRC cell lines be identified

in a screening of 11 merosesquiterpenes isolated from marine sponges?

o What is the mode of action of the most active merosesquiterpenes in CRC
cell lines with regards to induction of DNA damage, production of ROS and

activation of the mitochondrial apoptosis pathway?

o What impact does the cellular p53 status have on cell death induction

triggered by merosesquiterpenes?

o Can the observed results for anticancer activity be confirmed in murine tumor

organoids?

[ll.  The DNA damage repair machinery of CRC cells enables chemoresistance against
routinely applied cytostatic agents and assures proliferation despite extensive
genetic and epigenetic alterations. Inhibitors of the DNA repair enzyme PARP-1
have been clinically applied in the treatment of specific cancer entities exhibiting
mutations of BRCAL/2 for over 10 years, including breast, ovarian and prostate
cancer. Only recently, PARP-1 emerged as a potential target in tumor subtypes
with mutational alterations beyond BRCAL/2. In our third publication, the
applicability of novel PARP-1 inhibitors for CRC therapy should be evaluated and

therefore the following questions were addressed:

° Can novel PARP-1 inhibitors be identified based on in silico and in vitro
screening of a library of novel 3,4-bifunctionalized and -bridged indole

compounds?

o How does HR deficiency affect the cytotoxicity of novel and established
PARP-1 inhibitors in CRC cell lines and does the combination with genotoxic

anticancer drugs improve anticancer activity?

o How does the PARP-1 trapping capacity of nhovel and established PARP-1
inhibitors relate to their cytotoxicity as monotreatment and in combination

with genotoxic anticancer drugs?

In summary, this work aimed to assess novel chemotherapeutic approaches for CRC
treatment with an emphasis on the investigation of underlying molecular mechanisms,

considering the impact of mutations commonly observed in CRC.
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3.1. The Mitochondrial Disruptor Devimistat (CPI-613) Synergizes with
Genotoxic Anticancer Drugs in Colorectal Cancer Therapy in a Bim-

Dependent Manner

Publication |

Carina Arnold*, Philipp Demuth*, Nina Seiwert, Simon Wittmann, Kerstin Boengler, Birgit
Rasenberger, Markus Christmann, Magdalena Huber, Thomas Brunner, Michael
Linnebacher, Jorg Fahrer

*Contributed equally to this work

In a short preamble | would like to expand on the funding and the collaborations which
made the following publication possible as well as my patrticipation in it. This publication,
in which | have a shared first authorship, was created in collaboration with 10 coauthors.
The project was funded by the Wilhelm Sander Foundation and conducted within their
scopes, which is the development of nhovel therapeutic approaches for cancer treatment.
During the creation of the publication, | took part in the formal analysis, validation,
investigation and methodology as well as the writing of the original draft and its
subsequent review and editing. | conducted the experiments on the activity of devimistat
in murine primary and tumor organoids, the induction of ROS and the quantification of
vital mitochondria. In addition, | performed the experiments regarding the role of Bim for
the synergism of devimistat with IT and 5-FU, which included cell culture, western blot
analysis, siRNA mediated Bim knockdown and analysis of tumor lysates. The gene
expression analysis of cell death markers by gPCR was conducted by the Department

of Toxicology at the University Medical Center in Mainz, Germany.

This publication appeared in the peer-reviewed journal Molecular Cancer Therapeutics
(Volume 21) in January 2022.
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Colorectal cancer is one of the most frequent tumor entities, with
an increasing incidence and mortality in younger adults in Europe
and the United States. Five-year survival rates for advanced colo-
rectal cancer are still low, highlighting the need for novel targets in
colorectal cancer therapy. Here, we investigated the therapeutic
potential of the compound devimistat (CPI-613) that targets altered
mitochondrial cancer cell metabolism and its synergism with the
antineoplastic drugs 5-fluorouracil (5-FU) and irinotecan (IT) in
colorectal cancer. Devimistat exerted a comparable cytotoxicity ina
panel of established colorectal cancer cell lines and patient-derived
short-term cultures independent of their genetic and epigenetic
status, whereas human colonic epithelial cells were more resistant,
indicating tumor selectivity. These findings were corroborated in
intestinal organoid and tumoroid models. Mechanistically, devimi-
stat disrupted mitochondrial membrane potential and severely

Introduction

Colorectal cancer is among the most prevalent types of cancer
worldwide and exhibits an increasing incidence and mortality rate in
low- and middle-income countries (1). Not only are elderly age groups
affected, but also an elevated number of cases is observed in young
adults (2). Several risk factors are associated with colorectal cancer
including nutrition (3), lack of physical activity (4), as well as genetic
predisposition (5). The treatment of colorectal cancer includes surgical
resection of the primary tumor, generally in combination with che-
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impaired mitochondrial respiration, resulting in colorectal cancer
cell death induction independent of p53. Combination treatment of
devimistat with 5-FU or IT demonstrated synergistic cell killing in
colorectal cancer cells as shown by Combenefit modeling and
Chou-Talalay analysis. Increased cell death induction was revealed
as a major mechanism involving downregulation of antiapoptotic
genes and accumulation of proapoptotic Bim, which was confirmed
by its genetic knockdown. In human colorectal cancer xenograft
mouse models, devimistat showed antitumor activity and syner-
gized with IT, resulting in prolonged survival and enhanced ther-
apeutic efficacy. In human tumor xenografts, devimistat prevented
IT-triggered p53 stabilization and caused synergistic Bim induction.
Taken together, our study revealed devimistat as a promising
candidate in colorectal cancer therapy by synergizing with estab-
lished antineoplastic drugs in vitro and in vivo.

motherapy and radiation, depending on the stage and localization
of the disease (6). Drugs usually applied are the antimetabolite
5-fluorouracil (5-FU) and folinic acid (leucovorin) combined with
another DNA-damaging agent [irinotecan (IT) or oxaliplatin] used in
a specific regimen (FOLFOX or FOLFIRE; ref. 6). Additionally, highly
specific treatment with antiangiogenic drugs (e.g., bevacizumab) or
epidermal growth factor receptor inhibitors (e.g., cetuximab) emerged
in the last decade as targeted options for first- or second-line therapy of
colorectal cancer, respectively (7).

More recently, a new class of anticancer drugs was developed,
derived from the endogenous enzymatic cofactor a-lipoic acid (LA),
which plays a crucial role in mitochondrial energy production and was
shown to have cytotoxic effects in several types of cancer cells (8).
Devimistat (CPI-613) is a derivative of LA, containing two benzyl rings
covalently bound to the sulfur atoms of LA, rendering it non-redox
active (9). Devimistat acts as an inhibitor of the mitochondrial
enzymes pyruvate dehydrogenase (PDH) and o-ketoglutarate dehy-
drogenase (KGDH), thereby interfering with the altered energy metab-
olism of tumor cells (10). The mechanism of enzymatic inhibition
differs between both enzymes: PDH activity is impaired indirectly
due to induction of its negative regulator pyruvate dehydrogenase
kinase, whereas the enzyme KGDH is inactivated by a devimistat-
induced reactive oxygen species (ROS) burst (9, 11).

The cytotoxic activity of devimistat has been demonstrated in
various cancer cell lines, including mainly pancreatic, kidney, lung,
breast, ovarian, and prostate cancer cells, whereas moderate impact
on untransformed cells was observed (9, 11, 12). The underlying
mechanism of cytotoxicity included induction of apoptosis as well as
caspase-independent cell death pathways, as revealed in pancreatic
and lung cancer cells (11, 12). As an inhibitor of mitochondrial key
enzymes, devimistat was found to target the altered energy metabolism
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of tumor cells: low serum and glucose conditions as well as carnosine,
an inhibitor of glycolytic ATP production, synergistically enhanced the
cytotoxicity of devimistat (9, 13). Several years ago, devimistat entered
clinical testing and progressed especially for the treatment of acute
myeloid leukemia and pancreatic cancer (14, 15). Clinical studies
demonstrated beneficial effects by combining devimistat with standard
chemotherapeutics such as antimetabolites, indicated by an increased
overall and progression-free survival, patient performance, and
response rate (14-17). Yet, the underlying mechanisms of this inter-
play are only partially understood.

In our study, we aimed to analyze the potential synergistic effects of
devimistat with 5-FU and IT in the treatment of colorectal cancer
in vitro and in vivo. To this end, we screened a panel of established
human colorectal cancer cell lines including patient-derived short-
term cultures and normal human colonic epithelial cells (HCEC) for
their sensitivity toward devimistat and the chemotherapeutics 5-FU
and IT. Tumor selectivity of devimistat was further addressed using
murine intestinal organoids and intestinal tumoroids. The mode
of action of devimistat in colorectal cancer cells was detailed by cell
death measurements, assessment of mitochondrial function, and
genotoxicity studies. The potential synergism of devimistat with
chemotherapeutics was then investigated in colorectal cancer cells
using Combenefit modeling and Chou-Talalay analysis. Underlying
mechanisms such as apoptosis, cell-cycle regulation, and genotoxicity
were analyzed by various methods such as qPCR, western blot
detection, flow cytometry, and genetic knockdown experiments.
Finally, these findings were translated into two xenograft mouse
models and supported by tumor xenograft analysis.

Materials and Methods

Cell culture

Cell lines were cultured under sterile conditions at 37°C and 5%
CO, in humidified atmosphere. The human colorectal cancer cell lines
included HCT116-p53*"*, HCT116-p53 ™'~ (both provided by Prof.
Bert Vogelstein, John Hopkins University, Baltimore in 2012), Caco-2,
DLD-1, HT29, RKO, SW48, SW480, and LS174T (all obtained from
the Institute of Toxicology, University Medical Center Mainz between
2012 and 2015). Cells were reauthenticated by the p53 status, their
differential response to genotoxic anticancer drugs such as 5-FU and
IT (see Table 1) as well as their typical cell morphology. The primary
patient-derived cell lines HROC60 and HROC278 were established as
described previously (18). Cells were grown in corresponding medium
(DMEM: HCT116, RKO, DLD-1; RPMI: SW48, HT29, SW480;
IMDM: LS174T; DMEM/Ham F-12 1:1: HROC60, HROC278: MEM:
Caco-2) supplemented with 10% fetal calf serum and 1% penicillin/
streptomycin. Colorectal cancer cells were routinely maintained in
culture for 20-25 passages. Media and supplements were obtained
from Gibco Life Technologies or Pan-Biotech. Nontransformed HCEC
(1CT) were kindly provided by Prof. Jerry W. Shay (Department of Cell
Biology, UT Southwestern Medical Center, Dallas) in 2015 and
reauthenticated by their p53 status and their typical cell morphology.
Cells were isolated from normal human colonic biopsies and immor-
talized by CDK4- and hTERT-transfection as described (19). HCEC
were grown in a nitrogen incubator with reduced oxygen levels (7% O,)
and 5% CO, at 37°C in 4:1 DMEM GlutaMax/Medium 199 (Thermo
Fisher Scientific) with supplements as reported previously (20). HCEC
were usually cultured for 8-10 passages at maximum. Cell lines were
mycoplasma negative as routinely demonstrated by PCR using the
VenorGeM Classic kit (Minerva Biolabs) and immunofluorescence
microscopy with nuclear staining.

AACRJournals.org

Table 1. Cytotoxicity screening in a panel of colorectal cancer cell
lines based on ICsq values.

IC5q (umol/L) Devimistat 5-FU IT
MS|/p53-wild-type

HCT16 167 4 6
HCT116-p53~~ 151 nd. n.d.
LS174T 184 4 2
RKO 164 32 n
SW48 175 64 56
DLD-1 155 4 52
MSS/p53-mutant

Caco-2 183 186 67
HT29 163 20 23
SW480 187 63 9
Patient-derived

HROC278 190 172 17
HROC60 20 1,190 53
Noncancerous

HCEC 286 3 6

Note: Indicated cell lines were incubated with increasing concentrations of
devimistat or the cytostatic drugs 5-FU and IT for 72 hours followed by
measurement of the cell viability using the ATP assay (n = 3). ICsg values were
determined as described in Materials and Methods. MSS: microsatellite stable;
MSI: microsatellite instable; HCEC: human colonic epithelial cells; n.d. not
determined.

Transient transfection with siRNA

Knockdown of Bim was performed using iGENOME SMARTpool
siRNA obtained from Dharmacon. Nonsense, scrambled RNA served
as control. Transfections were conducted as reported (20), and suc-
cessful knockdown was confirmed by western blot analysis as detailed
below.

Drugs and drug treatment

Devimistat (CPI-613; Hycultec GmbH) was dissolved in dimethyl-
sulfoxide (DMSO) and stock solutions (125 mmol/L) were stored at
—20°C. 5-FU (medac) and IT (Fresenius Kabi) were obtained from the
pharmacy of the University Medical Center Mainz and prepared as
solution in 0.9% saline solution stored at —20°C. In the combination
regimen, cytostatic drug treatment was performed 2 hours after
treatment with devimistat.

Isolation of RNA and quantitative real-time PCR

Preparation of total RNA, transcription into cDNA, and quantita-
tive gene-expression analysis by real-time PCR was performed as
described (21) using the primers listed in Supplementary Table S1.
In three independent experiments, qPCR was conducted in technical
duplicates with a CFX96 Real-Time PCR Detection System (Bio-Rad).
The subsequent analysis was performed using CFX Manager Software.
Nontranscribed controls were included in each run. Gene-expression
levels were normalized to GAPDH as well as ACTB, and the solvent
control was set to one.

Preparation of cell and tissue extracts

Protein extracts were generated from either cell culture experiments
or xenograft mouse studies (22). Whole-cell lysis was performed in
RIPA buffer containing 25 mmol/L Tris-HCI pH 8.0, 2 mmol/LEDTA,
150 mmol/L NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS
supplemented with cOmplete protease inhibitor cocktail (Roche
Diagnostics), 1 mmol/L Na;VO,, 2 mmol/L. NaF, and 1 mmol/L
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PMSF for 15 minutes on ice, followed by sonication and centrifugation.
Protein extracts of tumor xenografts were obtained by homogenization
of snap-frozen isolated tumor tissue in RIPA buffer with slight
modifications. Clarified extracts were determined for their protein
content using the Bradford assay.

SDS-PAGE and immunoblot analysis

Western blot analysis was essentially conducted as described pre-
viously (23), and proteins were detected using a ¢300 chemilumines-
cence imager (Azure Biosystems). The used primary and secondary
antibodies are detailed in Supplementary Table S2.

In-cell western analysis

The In-Cell Western (ICW) analysis of YH2AX as DNA strand
break marker was performed as previously described (24). Samples
were analyzed using an Odyssey Infrared Imaging Scanner (LI-COR
Biosciences) by simultaneous measurement of YH2AX and DNA
staining. Statistical analysis was performed using Image Studio Lite
(Version 5.2; LI-COR Biosciences) by determining the x-fold increase
in YH2AX signal normalized to the DNA content per well in relation to
the control.

Measurement of ROS formation

Quantitative analysis of ROS levels was performed using the probe
CM-H,;DCFDA (Invitrogen) as described (25). Staining was per-
formed for 30 minutes at 37°C in the dark in phenol red- and
serum-free medium, and samples were measured by flow cytometry
using a BD Canto Il and BD FACS Diva software 6.0 (BD Biosciences).

Assessment of DNA damage using the Comet assay

The alkaline Comet assay and the Fpg-modified alkaline Comet
assay were essentially performed as described (26). Samples were
analyzed by microscopy, and at least 50 cells per sample were scored
using Comet IV software (Perceptive Instruments Ltd.). Olive tail
moment (OTM) was used for the quantification of DNA damage.

MitoTracker staining and confocal microscopy

MitoTracker Orange CMTMRos (Thermo Fisher Scientific) stain-
ing was used to visualize the relative amount of intact mitochondria.
Cells were seeded on cover slips and treated as indicated. Upon
the desired incubation time, cells were stained using 250 nmol/L
MitoTracker for 15 minutes and then fixed with 4% paraformaldehyde.
Following mounting using VectaShield with DAPI (Vector Labs), cells
were analyzed using a Zeiss Axio Observer 7 microscope equipped
with an LSM900 confocal laser scanner (Zeiss) as reported (24). Images
were processed using ZEN software (Zeiss) and Image] software
(NIH).

Cell death measurement

Cell death induction was measured using Annexin V/PI staining
and flow-cytometric analysis as reported (27). Cells were incubated as
indicated, harvested, and washed with PBS. Cells were then stained
with Annexin V (Miltenyi Biotec) for 15 minutes on ice in binding
buffer (5% dye; 10 mmol/L. HEPES pH 7.4, 140 mmol/L NaCl,
2.5 mmol/L CaCl,, and 0.1% BSA) followed by the addition of propi-
dium jodide (2% dye in binding buffer). Cells were analyzed on a BD
Canto II and the corresponding BD FACS Diva software 6.0 (BD
Biosciences), which was used for gating of living cells (Annexin V/PI
double negative), early apoptotic cells (Annexin V-positive, PI-negative),
and late apoptotic/necrotic cells (Annexin V/PI double positive).
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Analysis of cell-cycle distribution

Cell-cycle distribution was assessed as reported previously (28).
Cells were treated and incubated for various time periods as indicated.
Cells were then harvested, washed with PBS, and incubated in 80%
ethanol at —20°C overnight. Cells were washed with PBS, incubated
with RNase A (Sigma) for 1 hour, and stained by propidium iodide
(Sigma). Finally, cells were analyzed by flow cytometry using a BD
Canto II and the corresponding BD FACS Diva software 6.0 (BD
Biosciences).

Measurement of cell viability and assessment of synergism

Cell viability was determined by the CellTiter-Glo Luminescent Cell
Viability Assay Kit (Promega). According to the manufacturer’s
protocol, cells were seeded in white 96-well plates, treated as indicated,
and incubated for 72 hours. The medium was then exchanged for
medium containing 50% CellTiter-Glo Luminescent Solution and
analyzed with the luminometer Fluoroskan Ascent FL (Thermo
Scientific). In order to determine the combination index (CI) by the
Chou-Talalay method (29), experiments were performed as explained
previously using CompuSyn software (CompuSyn Inc; ref. 30). Simul-
taneously, Combenefit analysis was undertaken as described
elsewhere (31).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was analyzed using the dye JC-1
(5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-benzamidazolylcarbocyanine
iodide; Sigma) as reported (27). Valinomycin served as positive
control. Staining was performed according to the manufacturer’s
protocol of the Mitochondrial Staining Kit (Sigma). Monomeric
cytosolic JC-1 in the cytoplasm exhibits green fluorescence emission
(530 nm), whereas aggregated JC-1 in intact mitochondria exhibits
red fluorescence emission (585 nm). This is monitored by flow
cytometry using a BD Canto II and BD FACS Diva software 6.0
(BD Biosciences).

Assessment of metabolic function using the Seahorse Mito
stress test kit

Mitochondrial dysfunction of colorectal cancer cells upon treat-
ment with devimistat was assessed in Seahorse XF96 Cell Culture
Microplates (Agilent). In brief, medium was replaced with Seahorse
assay medium (glucose-free DMEM supplemented with 2 mmol/L
glutamine, 1 mmol/L pyruvate, and 25 mmol/L glucose) at the day of
measurement. Oxygen consumption rate (OCR) was measured with
Seahorse XF396 Analyzer (Agilent). Mitochondrial ATP production
was defined as the difference between basal OCR reading and the OCR
following the injection of 2 pmol/L oligomycin. Maximal respiration
was defined as the difference in OCR after injection of 1 mol/L CCCP,
which uncouples the electron transport, and OCR after injection of
a mixture of 2.5 pmol/L rotenone/antimycin A (Anti A), inhibiting
complex I and IIL.

Analysis of normal intestinal organoids and tumor organoids

Murine intestinal organoids and tumor organoids were generated
and maintained as described previously (20, 32). Viability of organoids
following treatment with increasing devimistat concentrations was
assessed using the MTS assay and absorbance measurements in a
Sirius HT reader (MWG Biotech). Solvent-treated organoids were
defined as 100% viable. Furthermore, organoids were analyzed for
morphologic changes and cell death induction using PI/Hoechst 33342
costaining and live-cell microscopy as reported (33).
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Colorectal cancer xenograft mouse model

Male Balb/c™™ mice were purchased from Janvier Laboratories
and maintained at 25°C and 65% humidified atmosphere at the animal
facility of the University Medical Center Mainz or the Justus Liebig
University Gieflen. Mice were housed at a 12 hours day and night cycle
with food and drinking water supply ad libitum. Following acclima-
tization, mice were inoculated subcutaneously with either HCT116 or
HT29 cells (5 x 10° and 10° cells/flank) into the right and left flank
each as reported previously (34). After 7 days of xenograft tumor
growth, animals were randomized into four treatment groups and
received tumor therapy for up to four consecutive weeks. Animals
received 1.p. injections with either devimistat (25 mg/kg bw, twice per
week, dissolved in 1 mol/L triethanolamine, injected with 5% dextrose
in water) or IT (40 mg/kg bw, once per week, dissolved in and injected
with 0.9% NaCl) or the combination of both or the corresponding
vehicle control. Three times per week, body weight was monitored and
tumor diameters (length, width, and volume) were measured using a
sliding caliper. At the end of the experiments, animals were sacrificed
by cervical dislocation. Tumor xenografts were isolated, snap-frozen in
liquid nitrogen, and stored at —80°C until further analysis.

Study approval for experiments using animals

All animal experiments were approved by the government of
Hessia or Rhineland-Palatinate and the Animal Care and Use
Committee at the JLU Gief3en and the JGU Mainz. All animal
studies were performed according to German federal law and the
guidelines for the protection of animals.

Statistical analysis

Experiments were performed independently at least three times,
except otherwise stated. Results from representative experiments are
shown. Values underwent Grubb test to exclude outliers and are
displayed as mean + standard error of the mean (SEM) using the
GraphPad Prism 8.0 Software (GraphPad Software Inc.). Statistical
analysis (Student ¢ test, log-rank test, two-way-ANOVA) was per-
formed as indicated in figure legends, and statistical significance was
defined as P < 0.05.

Data availability
The data generated in this study are available within the article and
its supplementary data files.

Results

Devimistat Kills colorectal cancer cells independent of their
molecular subtype

Initially, we screened a panel of colorectal cancer cell lines including
patient-derived short-term cultures for their sensitivity toward devi-
mistat and established anticancer drugs used in colorectal cancer
therapy, 5-FU and IT (Table 1). The molecular colorectal cancer
subtypes and genetic features clearly affected the cytotoxicity of both
5-FU and IT, which were generally more potent in colorectal cancer
cells with microsatellite instability (MSI) and wild-type p53. In con-
trast, microsatellite stable (MSS) colorectal cancer cells with mutated
p53 displayed higher ICs, values and were thus more resistant. Patient-
derived short-term cultures (HROC60, HROC278) exhibit a high
resistance particularly to 5-FU treatment. Interestingly, devimistat
showed comparable toxicity in all tested colorectal cancer cells inde-
pendent of the molecular subtype. Furthermore, nonmalignant
HCECs were less vulnerable to devimistat, whereas 5-FU and IT
caused strong toxicity. In contrast to HCEC, the viability of both

AACRJournals.org

HT29 and HCT116 colorectal cancer cells was strongly reduced upon
treatment with the same devimistat concentration (Supplementary
Fig. S1A).

In order to analyze the impact of p53 on cytotoxicity induced by
devimistat, isogenic p53-proficient and -deficient HCT116 cells were
used and exposed to devimistat. Our findings clearly showed a p53-
independent cytotoxicity of devimistat (Fig. 1A). Further experiments
provided evidence that devimistat exerts its cytotoxicity not only in
proliferating colorectal cancer cells, but also in colorectal cancer cells
pretreated with 5-FU or IT (Fig. 1B; Supplementary Fig. S1B and S1C).
In opposition to that, both anticancer drugs lost their cytotoxic effects
in arrested colorectal cancer cells rechallenged with the drugs. Flow
cytometry-based cell-cycle analysis in HCT116 and HT29 cells
revealed a reduction of cells in S- and G,-M-phase and an induction
of cells in sub-G,, which was more prominent in HCT116 cells
(Fig. 1G; Supplementary Fig. SID-S1F). In line with these findings,
devimistat caused cell death as shown by Annexin V/PI staining
(Fig. 1D; Supplementary Fig. S1G). Finally, the cytotoxicity of devimi-
stat was analyzed in murine intestinal organoids and intestinal tumor-
oids. Devimistat had almost no effects on normal intestinal organoids
as attested by immunofluorescence microscopy and MTS viability
assay (Fig. 1E and F). In contrast, devimistat caused a concentration-
dependent decrease in viability together with severe morphologic
changes and cell death in tumoroids (Fig. 1G and H). Taken
together, devimistat was cytotoxic in a plethora of colorectal cancer
cell lines with similar potency independent of the molecular colo-
rectal cancer subtype as well as in intestinal tumoroids. Importantly,
devimistat showed moderate to low toxicity in normal HCEC as
well as normal intestinal organoids, and was active in pretreated and
arrested cells, making it an attractive drug candidate for colorectal
cancer therapy.

Devimistat disrupts mitochondrial function in colorectal
cancer cells

Because devimistat was reported to target enzymes involved in
the mitochondrial TCA cycle and energy metabolism, metabolic
measurements of OCRs were carried out in HCT116 and HT29
cells. Using the Cell Mito Stress Test kit (Seahorse assay) with
oligomycin, CCCP and a combination of rotenone (Rot) and
antimycin A (Anti A), oxidative phosphorylation (OXPHOS) was
analyzed in the presence of increasing devimistat concentrations.
Although 100 pmol/L devimistat had no effect on oxygen con-
sumption rate, 150 pmol/L devimistat strongly impaired basal
(oligomycin), ATP production-related (CCCP) and maximal
(Rot/Anti A) respiration in both colorectal cancer cell lines
(Fig. 2A and B; Supplementary Fig. S2A and S2B). This was
preceded by a dose-dependent burst of ROS triggered by devimistat,
which was shown by H,DCFDA staining and also observed under
hypoxic conditions (Fig. 2C and D; Supplementary Fig. $2C and
$2D). Concomitantly, changes in mitochondrial membrane poten-
tial (MMP) were assessed by JC-1 dye. This staining revealed an
elevated number of cells with JC-1 monomers upon devimistat
treatment and, thus, indicated loss of MMP (Fig. 2E and F). A
similar effect was observed with the positive control rotenone
and with the ionophore valinomycin, which is known to depolarize
mitochondria (Fig. 2E and F). As a next step, mitochondrial
integrity was analyzed using MitoTracker Orange staining and
confocal microscopy. This dye only accumulates in mitochondria
with intact MMP and thus directly reflects intact mitochondria (35).
Devimistat treatment caused a reduction of intact mitochondria in
HCT116 cells, which was slightly more pronounced in cells exposed
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Figure 1.

Impaired cell viability and cell death induction by devimistat in colorectal cancer (CRC) cells and intestinal tumoroids. A, Isogenic HCT116 cells with either wild-type
p53 (white bars) or p53 knockout (gray bars) were treated with devimistat (for 72 hours), and viability was assessed using ATP assays (7 = 5). B, Proliferating (white
bars) and nonproliferating (cells chronically treated with 5-FU are depicted in gray and cells chronically treated with IT are depicted in dark-gray bars) HCT116 cells
were exposed to devimistat or rechallenged with 5-FU and IT. Viability was measured as described in A (n = 3). C, HCT116 cells were treated with increasing doses of
devimistat for up to 72 hours, andl cell-cycle distribution was determined by Pl staining and flow cytometry (n = 3). D, Cell death induction after 48 hours in HCT116 and
HT29 cells exposed to devimistat followed by Annexin V/PI staining and flow cytometry (n = 3). E, Normal intestinal organoids were challenged with devimistat or
solvent control for 72 hours followed by Hoechst 33342/PI staining and immunofluorescence microscopy. Representative images are shown. Scale bar: 50 um.
F, Viability of intestinal organoids upon treatment with increasing concentrations of devimistat or the positive control staurosporine (STS) determined by MTS assay.
G, Intestinal tumoroids were treated as described in E, stained with Hoechst 33342/PI, and analyzed by immunofluorescence microscopy. Scale bar, 50 pm.
H, Viability of intestinal tumoroids treated as described in F and analyzed by MTS assay. Data, mean + SEM (n = 3; except for STS in normal organoids: n = 2). ns:
P>0.05; % P<0.05 %, P<0.01 ** P<0.00%; ****, P < 0.0001; t test.

$20Z Aleniqe £z uo 18an6 Aq 1pd"001/200£L0E/00 L/L/LZpd-aENOW/EI0"S[euINoLoeE/:d)Y WOl papeojumod

to the mitochondrial complex I inhibitor rotenone (Fig. 2G and H).
In summary, devimistat increases ROS generation and disrupts
MMP in colorectal cancer cell lines, thereby leading to mitochon-
drial dysfunction and impairment of OXPHOS.
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Devimistat acts cytotoxic in colorectal cancer cells without
causing DNA damage

Next, we wished to know whether devimistat is genotoxic similar to
the established anticancer drugs 5-FU and IT. To this end, HCT116
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Figure 2.

Devimistat triggered disruption of mitochondrial integrity and function in colorectal cancer cells. A, HCT116 cells were incubated with increasing doses of devimistat
for 24 hours. OCR was determined with Seahorse metabolic analyzer. OCR was measured basally and after the addition of mitochondrial inhibitors oligomycin
(Oligo), CCCP, and rotenone/antimycin A (Rot/Anti A; n = 3). B, Basal, ATP-coupled and maximal respiration as determined in A. € and D, ROS level in HCT116 cells
after incubation with devimistat for 2 hours. ROS formation was assessed by H,DCFDA staining and flow cytometry. tBOOH (200 pumol/L; 20 minutes) was included
as positive control. Representative histograms are shown (n = 3). E and F, Loss of MMP in HCT116 cells after 1hour of devimistat treatment was measured using JC-1
staining. The respiratory complex I-inhibitor rotenone (Rot; 1 umol/L; 24 hours) and ionophore valinomycin (VM) served as positive controls. Formation of JC-1
aggregates (red) versus monomers (green) was quantified by flow cytometry. Representative dot blots are shown (n = 3). G and H, HCT116 cells were incubated with
either 200 pmol/L devimistat, solvent control, or rotenone (10 pmol/L) for 24 hours and stained for vital mitochondria using MitoTracker Orange dye. Cells were then
analyzed by confocal microscopy. Representative images are displayed. Nuclear staining with DAPI is depicted in blue, whereas MitoTracker staining is visualized in
orange. Size bar, 10 pm. Data, mean + SEM (n = 3). ns: P> 0.05; *, P< 0.05; **, P < 0.0T, ***, P < 0.001; ****, P < 0.0001; { test.

cells were incubated with increasing concentrations of devimistat, and
the DNA damage marker phosphorylated histone 2AX (YH2AX) was
studied by ICW analysis. No YH2AX formation was detected after
devimistat treatment, whereas 5-FU clearly increased YH2AX levels
(Fig. 3A; Supplementary Fig. S3A). Furthermore, an alkaline Comet
assay was performed, which reveals apurinic/apyrimidinic (AP) sites,

AACRJournals.org

DNA single-strand breaks and DNA double-strand breaks. However,
no DNA damage formation was observed following devimistat
treatment (Fig. 3B; Supplementary Fig. S3B). These experiments
were repeated in HT29 cells, confirming lack of genotoxicity for
devimistat (Supplementary Fig. S3C-S3F). Because we observed
ROS formation by devimistat treatment (compare Fig. 2C), we also
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used a Fpg-modified Comet assay that allows for the detection of
oxidative DNA damage. Devimistat caused a moderate, but not
statistically significant, increase at the highest concentration tested
(200 pmol/L; Fig. 3C and D). The positive control tBOOH induced
both DNA strand breaks and oxidative DNA damage as revealed by
the Fpg-modified Comet assay (Fig. 3C and D). In conclusion, our
experiments demonstrated a nongenotoxic mode of action for
devimistat, which is an important advantage over genotoxic anti-
cancer drugs in terms of damage to healthy tissue.

Devimistat synergizes with anticancer drugs in colorectal
cancer cell lines by increasing cell death induction in a Bim-
dependent manner

Due to its nongenotoxic mitochondria-targeted mode of action, we
hypothesized that devimistat should prove valuable in combination
regimens with the DNA-damaging anticancer drugs 5-FU and IT.
Therefore, mono- and combination treatments were performed in
HCT116 cells, and viability was assessed by ATP assays. Cls were
calculated according to the Chou-Talalay method (29), revealing a
clear synergism of devimistat with both anticancer drugs (Supple-
mentary Table $3). In order to determine the optimal concentration
for combination therapy, a wide range of concentrations was tested
followed by Combenefit modeling. This analysis also demonstrated
synergy for devimistat at a concentration between 150 and 200 umol/L
with nearly all tested concentrations of 5-FU and IT (Fig. 4A). The
same set of experiments was conducted in HT29 cells. Although Chou-
Talalay analysis displayed clear synergism for devimistat with 5-FU
and a moderate antagonism for its combination with IT, Combenefit
modeling revealed synergistic effects for all combination regimens
(Supplementary Table S3; Supplementary Fig. S4A).

Subsequently, we wanted to detail the mechanisms underlying the
synergism between devimistat and the genotoxic anticancer drugs.

Mol Cancer Ther; 21(1) January 2022
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Figure 3.

Lack of genotoxicity after devimistat
treatment. A, HCT116 cells were incu-
bated with increasing concentrations
of devimistat for 24 hours and sub-
jected to ICW analysis of the DNA
damage marker yH2AX. Incubation
with 10 pmol/L 5-FU served as positive
ns control. B, HCT1I6 cells were treated as
described in A. Subsequently, DNA
strand break formation was assessed
by the alkaline Comet assay. Incubation
with 200 umol/L tBOOH was used as
positive control. €, HCT116 cells were
treated as stated in A, and oxidative
DNA lesions were revealed using the
Fpg-modified alkaline Comet assay.
Incubation with 200 pmol/L tBOOH for
30 minutes was used as positive con-
trol. D, Representative photographs of
cells obtained by the Fpg-modified
alkaline Comet assay in HCT116 cells.
All data, mean + SEM (n = 3). ns: P >
0.05; %, P< 0.05; ***, P < 0.007; t test.

50 100 150 200 +
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200 pumol/L tBOOH

HCT116 cells were exposed to devimistat, 5-FU, and IT or combina-
tions thereof followed by cell death analysis with Annexin V/PI
staining. As expected, all single treatments caused cell death to a
certain degree (Fig. 4B; Supplementary Fig. $4B). However, the
combination of devimistat with either 5-FU or IT strongly increased
cell death in a synergistic manner (Fig. 4B). Cell death induction was
also moderately augmented in HT29 cells treated with the combina-
tion regimens as compared with the single treatments (Supplementary
Fig. $4C and $4D). Next, the expression levels of antiapoptotic and
proapoptotic genes in HCT116 cells were determined by qPCR.
Interestingly, the combination devimistat/5-FU as well as the combi-
nation devimistat/IT resulted in decreased expression of the antia-
poptotic genes Bcl-X; and Survivin (Fig. 4C). Proapoptotic gene
expression was induced by the genotoxic anticancer drugs 5-FU and
IT, but was hardly modulated by addition of devimistat except for
FASR expression levels that were augmented in the combination
devimistat/IT (Supplementary Fig. S5A and S5B). Interestingly, we
observed that devimistat in a combination regimen with 5-FU or IT
strongly increased Bim protein levels in HCT116 cells (Fig. 4D),
although no effects were revealed on gene-expression level (Supple-
mentary Fig. S5A). A similar upregulation of Bim protein was also
detected in HT29 cells in the combination treatments (Supplementary
Fig. $5C). Using p53-proficient and -deficient HCT116 cells, we found
that Bim induction was even higher in cells without p53 as demon-
strated by western blot analysis (Fig. 4E and F). It should also be noted
that devimistat reduced basal p53 levels and blocked IT-triggered p53
accumulation in p53-proficient HCT116 cells (Fig. 4E; Supplementary
Fig. S5D). To detail the contribution of Bim to the observed synergism,
a siRNA-mediated knockdown was performed in HCT116 cells and
confirmed by western blot analysis upon treatment with the drugs or
combination for 48 hours (Fig. 4G). At the same time, cell death
induction was analyzed by Annexin V/PI staining, showing a
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Figure 4.

Synergism of devimistat with anticancer drugs in colorectal cancer (CRC) cells and role of Bim. A, The 3D diagrams show Combenefit analysis of the combination
regimens 5-FU + devimistat and IT + devimistatin HCT116 cells using cell viability data after 72 hours of incubation as indicated. Arithmetically averaged data of three
independent experiments were used for analysis. B, HCT116 cells were treated as indicated (10 pmol/L 5-FU, 20 umol/L IT, and 200 umol/L devimistat: DS) for
48 hours. Cell death analysis was then performed by Annexin V/PI staining and flow cytometry (n = 3). ns: P> 0.05; **, P< 0.01; ****, P < 0.0001; two-way-ANOVA.
C, Expression levels of antiapoptotic genes in HCT116 cells treated as described in B for 24 hours. Gene expression was assessed by quantitative real-time PCR (n = 3).
ns: P> 0.05is not shown; *, P<0.05. D, Protein expression of proapoptotic Bim in HCT116 cells treated as described in B for 24 hours. Whole-cell lysates were analyzed
by SDS-PAGE followed by western blot detection of Bim. Hsp90 served as loading control. A representative western blot is shown. E, p53 level and its impact on Bim
following single or combination treatment. HCT116 cells were exposed to IT, devimistat, or the combination regimen as described in D. A representative western blot
analysis of p53, Bim, and the loading control Hsp90 is shown. F, Quantitative evaluation of western blot analysis. Data, mean + SEM (n = 3). ns: P> 0,05 is not shown;
*,P<0.05;"", P<0.0], f test. G, siRNA-mediated knockdown of Bim in HCT116 cells followed by treatment with devimistat, IT, or the combination (++) for 48 hours.
Cells were transfected with scrambled RNA (scrRNA) as control. Western blot detection of Bim and Hsp90 as loading control. H, Impact of Bim knockdown on cell
death induction upon treatment with devimistat, IT, or the combination regimen as described under G. Cell death analysis was performed by Annexin V/PI staining
and flow cytometry (n = 3). ns: P> 0.05 is not shown; ****, P < 0.0001; two-way ANOVA.
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significantly reduced cell death level in the devimistat/IT combination
regimen upon Bim knockdown (Fig. 4H). Finally, the impact of the
combination regimens on the expression of cyclins and important
CDK-cyclin inhibitors was analyzed. The experiments revealed a
strong reduction of CCNBI (cyclin B1) and CCNH (cyclin H) expres-
sion in all combinations as well as a suppression of CCNDI (cyclin D1)
and CCND2 (cyclin D2) in the regimen with IT and devimistat
(Supplementary Fig. S5E and S5F). The expression levels of the
CDK-cyclin inhibitors pi4, p16, and p21 were unaffected by the
combination treatment (Supplementary Fig. S5G). Taken together,
our data demonstrate that devimistat synergizes with IT and 5-FU in
colorectal cancer cells mainly by increasing cell death induction, which
is mediated by induction of the BH3-only protein Bim.

Devimistat synergizes with IT in colorectal cancer xenograft
models in vivo

Finally, these results were translated into an in vivo setting with two
different colorectal cancer xenograft mouse models focusing on the
promising combination of devimistat and IT. To this end, Balb/c™/ne
animals were inoculated subcutaneously with either HCT116 or HT29
cells, were randomized into four groups (control, devimistat, IT and
devimistat/IT) and treated as depicted in Fig. 5A. In HCT116 xeno-
grafts, single treatment with devimistat or IT suppressed tumor growth
(Fig. 5B), resulting in a significant increase in survival rates (Fig. 5C).
Intriguingly, the strongest inhibition of tumor growth was observed in
animals receiving the combination devimistat/IT (Fig. 5B). In agree-
ment with this finding, this regimen displayed the best overall survival
rates (Fig. 5C). In HT29 xenografts, both devimistat and IT retarded
tumor growth on their own (Fig. 5D). The best tumor growth
suppression was achieved with the combination regimen (Fig. 5D),
although the growth retardation was not as strong as in HCT116 cells.
Remarkably, only the devimistat/IT combination resulted in signifi-
cantly increased overall survival (Fig. 5E). It should further be
mentioned that devimistat single treatment exhibited no general
toxicity as reflected by normal weight gain comparable to the control
group (Supplementary Fig. S6A and B). IT displayed moderate toxicity
starting after 14 days of therapy, which was, however, not further
increased by the addition of devimistat in the combination regimen
(Supplementary Fig. S6A and B). Finally, the DNA damage markers
p53 and YH2AX as well as the BH3-only protein Bim were assessed in
tumor homogenates using western blot analysis. IT treatment caused
p53 induction and yH2AX formation in both colorectal cancer
xenograft models, which was suppressed in the combination regimen
particularly in HCT116 xenografts (Fig. 5F; Supplementary Fig. S6C
and S6D, and S6F). Furthermore, both devimistat and IT treatment
increased Bim levels, which was potentiated in the combination
regimen especially in HCT116 xenografts (Fig. 5G; Supplementary
Fig. $6C and S6E). In conclusion, these findings provide evidence that
devimistat also synergizes with IT in colorectal cancer in vivo, resulting
in better therapy response and improved overall survival. Notably, the
combination therapy was not associated with a higher toxicity than the
single treatments, but caused even reduced DNA damage levels and
triggered Bim induction in tumor xenograft tissue. The key pathways
involved in the synergism between devimistat and the anticancer drugs
are summarized in a model shown in Fig. 5H.

Discussion

This study demonstrates that the mitochondrial targeted drug
devimistat is cytotoxic with similar efficacy in a broad panel of
established colorectal cancer cell lines and patient-derived short-

108 Mol Cancer Ther; 21(T) January 2022

term cultures independent of their genetic and epigenetic alterations.
This is a clear advantage over the mother compound LA, which is also
active in various colorectal cancer cell lines, but displays ICs, values
differing up to 10-fold (8, 27). 5-FU is the gold standard in colorectal
cancer chemotherapy, whose activity is linked to the mismatch-
repait (MMR) status. Patients with MMR-deficient tumors and
high MSI did not show a benefit from adjuvant 5-FU chemother-
apy (36), which was confirmed in MMR-deficient colorectal cancer
cells exposed to 5-FU (37). Genetic features also determine the
response and adverse effects induced by SN-38, the active metab-
olite of IT (38). Colorectal cancer patients with a deficiency in
uridine diphosphate glucuronosyltransferase 1A1 exhibit insuffi-
cient hepatic glucuronidation and subsequent elimination of SN-38,
thereby causing severe side effects after high IT doses (39). In
contrast, neither MSI nor chromosomal instability affected the
susceptibility of colorectal cancer cells toward devimistat. Further-
more, the devimistat-triggered cytotoxicity is independent of p53
as revealed by our studies in isogenic HCT116 cell lines. This is an
important finding, because p53 mutations occur frequently in
human cancer cells and affect their sensitivity toward DNA-
damaging chemotherapeutics, as illustrated by an increased resis-
tance of p53-deficient colorectal cancer cells to 5-FU (30, 40).
Our cytotoxicity data further show that nonmalignant HCEC are
less susceptible toward the cytotoxic effects of devimistat, whereas the
genotoxic anticancer drugs 5-FU and IT exerted a similar degree of
cytotoxicity in colorectal cancer cells and HCEC. In support of these
findings, devimistat killed intestinal tumoroids in a concentration-
dependent manner, but hardly affected the viability of normal intes-
tinal organoids. The reduced cytotoxicity in noncancerous cells was
also observed in normal lung, breast, and kidney cells, which were all
more resistant toward devimistat than the respective tumor cell
lines (9). This tumor-selective mode of action is very likely attributable
to differences in the metabolism between normal and cancer cells as
highlighted recently (10). Nevertheless, further studies are required to
elucidate the precise molecular mechanisms. Another asset of devimi-
stat is the fact that devimistat is able to eliminate colorectal cancer cells
independent of ongoing cell proliferation as attested by our experi-
ments with 5-FU or IT arrested colorectal cancer cells. Although
devimistat was still active in this setting, treatment with 5-FU or IT
displayed no cytotoxicity at all. This fits to the notion that the
antimetabolite 5-FU and topoisomerase I poisons like IT require
cancer cell proliferation to exert their cytotoxicity (38, 41).
Furthermore, we were able to show that devimistat targets mito-
chondria and strongly impairs OXPHOS in colorectal cancer cell lines,
which is preceded by ROS formation and decreased MMP. This is in
agreement with other studies performed in H460 lung cancer cells, in
which devimistat caused a loss of MMP (9) and a mitochondrial ROS
burst with oxidation of the mitochondrial peroxiredoxin 3 iso-
form (11). The underlying mechanism by which the non-redox active
devimistat promotes ROS formation is not fully understood, but was
attributed to the E3 dihydrolipoamide dehydrogenase subunit of
KGDH as primary source (11). A concentration-dependent inhibition
of mitochondrial respiration was also detected in leukemia cell
lines (42), which were even more susceptible than the colorectal cancer
cell lines tested herein. Our genotoxicity assays conducted with
devimistat in two colorectal cancer cell lines displayed lack of geno-
toxicity, except for a moderate, but statistically insignificant increase in
oxidative DNA damage at high concentrations (i.e, 200 pmol/L
devimistat). This might be a consequence of the early ROS burst
triggered by devimistat and the compromised mitochondria, resulting
in nuclear DNA damage. However, this genotoxic effect is rather small
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Figure 5.

Therapeutic efficacy and synergism of devimistat and IT in colorectal cancer xenograft mouse models. A, Experimental setup of xenograft experiments in male Balb/
c"¥™ animals. Mice were inoculated subcutaneously with colorectal cancer cells into both flanks and tumors were allowed to develop for 7 days. Animals were then
grouped (n = 7/group with two tumors/animal) and either received mock treatment, devimistat (25 mg/kg BW, 2x/week), IT (40 mg/kg BW, 1x/week), or
devimistat + IT. B, Growth curve with HCT116 xenografts depicting the absolute tumor volume. Tumor volume was determined every second day using a digital
caliper. C, Kaplan-Meier curve illustrates survival of animals in the HCTT16 xenograft experiment. ns: P> 0.05; *, P< 0.01; **, P< 0.01; ***, P < 0.001 (log-rank test).
D, Growth curve with HT29 xenografts depicting the absolute tumor volume. Tumor volume was determined every second day using a digital caliper. E, Kaplan-Meier
curve illustrates survival of animals in the HT29 xenograft experiment. ns: > 0.05; **, P < 0.01 (log-rank test). F and G, Snap frozen tumor segments were lysed,
subjected to SDS-PAGE and western blot analysis. Shown are densitometric evaluations for western blot analysis of p53 and Bim in HCT116 xenograft tumors (n = 4).
Data, mean + SEM. ns; P> 0.05 is not shown; *, P< 0.01; t test. H, Model of synergistic cell death induction by devimistat and the anticancer drugs 5-FUand IT in colorectal
cancer cells. Devimistat promotes ROS formation followed by a decrease in the MMP (Aym) and impaired oxidative phosphorylation, thereby preferentially killing
colorectal cancer cells and murine colorectal cancer organoids. IT and 5-FU induced DNA damage as detected by YH2AX formation and activation of the p53 tumor
suppressor protein, leading to cell-cycle arrest via p21and cell death. Combination therapy causes synergistic cell death with upregulation of Bim as a proapoptotic key
factor as demonstrated by genetic knockdown experiments. Apart from that, combination therapy resulted in a repression of antiapoptotic genes (e.g., Bc-X,) and
cyclins required for cell-cycle progression. The synergistic effects of devimistat and IT were validated in vivo using two colorectal cancer xenograft models, resulting in
significantly retarded tumor growth and increased survival. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com.
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compared with the potent DNA-damaging properties of 5-FU or IT, as
attested in the YH2AX ICW. A similar lack of genotoxicity was
previously reported for the mother compound LA (27).

Based upon their different mode of actions, we hypothesized that
the combination of the metabolic disruptor devimistat with the
genotoxic agents 5-FU and IT will result in synergistic colorectal
cancer cell death. The synergism of the combination regimens was
demonstrated in colorectal cancer cells by both Chou-Talalay
analysis and Combenefit analysis. Increased apoptotic cell death
was identified as a major mechanism for the observed synergism. In
the combination regimen with 5-FU or IT, devimistat caused a
downregulation of the antiapoptotic genes Bcl-X; and Survivin.
Targeting Survivin by small-molecule inhibitors has recently been
shown to sensitize p53-mutated colorectal cancer cells to IT treat-
ment (43), highlighting Survivin as critical target in colorectal
cancer. High expression levels of Bcl-X; are known to contribute
to the resistance of colorectal cancer cells towards 5-FU treat-
ment (44). Furthermore, our study revealed a pronounced upre-
gulation of the proapoptotic protein Bim in combination regimens
of 5-FU/IT with devimistat. This was not only observed in colorectal
cancer cells but also found in tumor xenograft tissue. siRNA-
mediated downregulation of Bim significantly reduced the cell
death induction by devimistat and IT, thereby highlighting its
important function for the observed synergism. Bim is a BH3-only
protein that antagonizes antiapoptotic proteins of the Bcl2 family,
such as Bcl-2 and Mcl-1, and thereby promotes mitochondrial
apoptosis (45). Because no changes in gene expression were
detected in our experiments, the observed upregulation of Bim is
likely attributable to its posttranslational regulation. Phosphoryla-
tion of Bim by JNK and p38 MAPK is known to prevent Bim
degradation and promote its proapoptotic activity (45). Interest-
ingly, JNK-mediated Bim activation was shown in liver cancer cells
after exposure to the antineoplastic agent doxorubicin, which was
potentiated by combined treatment with the death ligand TRAIL (46).
Also in glioblastoma cells, JNK/c-Jun—mediated induction of Bim
enhanced apoptosis triggered by the alkylating anticancer drugs
temozolomide and nimustine (47).

Moreover, we found a pronounced downregulation of different
cyclins, especially cyclin B1, cyclin HI, and cyclin D1/D2, in colorectal
cancer cells challenged with the combination regimen. While Cyclin
Bl is involved in G,-M transition, Cyclin D1 and D2 regulate
the progression from G; to S-phase (48). Cyclin H is part of the
CDK-activating kinase, which activates CDKs, including CDK4 and
CDKS, to promote cell-cycle progression and is involved in transcrip-
tion as subunit of TFIIH (49). The reduced gene expression levels of
certain cyclins in the combination group therefore suggest an impaired
cell-cycle progression. Interestingly, a previous study conducted in
pancreatic cancer cells reported a devimistat-triggered downregula-
tion of several cell-cycle regulating genes, including cyclin B1, cyclin
D3, and cyclin E1 (50).

Finally, the antitumor activity of devimistat was demonstrated in
two different human colorectal cancer xenograft mouse models
(HCT116—MSI; HT29—MSS). This extends the findings of a
previous study, which reported growth inhibition of human lung
cancer xenografts by devimistat (9). In a human pancreatic cancer
xenograft model, devimistat was found to be even more potent than
the antimetabolite gemcitabine, which is the mainstay in pancreatic
cancer chemotherapy (50). In the present work, the therapeutic
effects of devimistat were comparable to that of IT and clearly
prolonged survival. With regard to its antitumor activity, devimistat

110 Mol Cancer Ther; 21(1) January 2022

is also superior to that of the parental compound LA, which weakly
retarded growth of HCT116 tumor xenografts (34). Importantly, we
showed that devimistat synergizes with IT in both colorectal cancer
xenografts, resulting in prolonged survival and enhanced therapeu-
tic efficacy. Notably, this is the first preclinical study revealing a
synergism between the mitochondrial disruptor devimistat and a
genotoxic anticancer drug in vivo. In view of these positive results,
clinical studies evaluating the benefit of devimistat in combination
with anticancer drugs commonly used in colorectal cancer chemo-
therapy, such as 5-FU, IT, or oxaliplatin, are eagerly awaited. There
is already an ongoing phase I study dealing with devimistat in
combination with 5-FU for the treatment of patients with metastatic
colorectal cancer (NCT02232152), which will be completed in the
next year.

In conclusion, our study showed that devimistat is a promising
building block in colorectal cancer chemotherapy and synergizes with
antineoplastic agents in vitro and in vivo. By targeting mitochondrial
metabolism in colorectal cancer cells independent of their genetic and
epigenetic aberrations, devimistat complements the genotoxic mode of
action of 5-FU and IT. This represents a novel and efficient combi-
nation strategy to fight colorectal cancer, which is still a fatal disease for
many patients.
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Figure S1: Cytotoxicity of devimistat in HCEC, HCT116 and HT29 cells (A) HCT116
and HT29 CRC cells as well as human colonic epithelial cells (HCEC) were exposed to 200
MM devimistat for 72 h and viability was determined using the ATP assay. Data are shown
as mean + SEM (n=3). ***p<0.001, ****p<0.0001; t-test (B) Flow cytometry based analysis

of cell cycle distribution in HCT116 cells chronically treated with 5-FU and IT at the
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beginning (start) and at the end (end) of the ATP assay as described in Figure 1 (n=3). (C)
Representative histograms of (B). (D) and (E) HCT116 and HT29 cells were exposed to
increasing doses of devimistat for up to 72 h and cell cycle distribution was determined by
Pl staining and flow cytometry. Representative histograms are shown. (F) Quantitative
evaluation of cell cycle distribution in HT29 cells exposed to increasing concentrations of
devimistat for up to 72 h. Data are presented as mean + SEM (n23). ns: p>0.05, *p<0.05,
**p<0.01; t-test. (G) Cell death induction after 48 h in HCT116 and HT29 cells exposed to
devimistat followed by AnnexinV/PI staining and flow cytometry. Representative dot plots

are shown.
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Figure S2: Devimistat triggered disruption of mitochondrial function in CRC cells. (A)

HT29 cells were incubated with increasing doses of devimistat for 24 h. Oxygen

consumption rate (OCR) was determined with Seahorse metabolic analyser. OCR was

measured basally and after the addition of mitochondrial inhibitors Oligomycin (Oligo),

CCCP and Rotenone/Antimycin A (Rot/Anti A) (n=3). (B) Basal, ATP-coupled and maximal-

respiration as determined in A. (C) and (D) ROS level in HCT116 cells after incubation with

devimistat for 2 h under hypoxic conditions (7 % Oz). ROS formation was assessed by

H2DCFDA staining and flow cytometry. tBOOH (200 uM; 20 min) was included as positive

control. Representative histograms are shown. Data in A — C are presented as mean +

SEM. ns: p>0.05, *p<0-05, ***p<0.001; t-test.
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Figure S3
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Figure S3: Lack of genotoxicity in CRC cells after devimistat treatment. (A)
Representative In Cell Western images from HCT116 cells exposed to devimistat or 5-FU.
(B) Representative pictures of the alkaline Comet assay conducted in HCT116 cells after
treatment with devimistat (DS) or tBOOH. (C) HT29 cells were incubated with increasing
concentrations of devimistat for 24 h and subjected to In Cell Western analysis of the DNA
damage marker yH2AX. Incubation with 10 uM 5-FU served as positive control (+). (D)
Representative In Cell Western images from HT29 cells. (E) HT29 cells were treated as
described in (C). Subsequently, DNA strand break formation was assessed by the alkaline
Comet assay. Incubation with 200 yM tBOOH was used as positive control (+). (F)
Representative pictures of the alkaline Comet assay conducted in HT29 cells after
treatment with devimistat (DS) or tBOOH. Data in C and E are presented as mean + SEM

(n=3). ns: p>0.05, *p<0.05, ***p<0.001; t-test.
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Figure S4
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Figure S4: Synergism of devimistat with anticancer drugs in HT29 and HCT116 CRC

cells. (A) The 3D-diagrams show Combenefit analysis of the combination regimens 5-FU

+ devimistat and irinoitecan (IT) + devimistat in HT29 cells using cell viability data after 72

h of incubation as indicated. Arithmetically averaged data of three independent experiments

were used for analysis. (B) HCT116 cells were treated as indicated (10 yM 5-FU, 20 uM IT,

200 pM devimistat [DS]) for 48 h. Cell death analysis was performed by Annexin V/PI

staining and flow cytometry (n23). Representative dot plots are shown. (C) HT29 cells were

treated as indicated (10 uM 5-FU, 20 uM IT, 200 uM DS) for 48 h. Cell death analysis was

performed by Annexin V/PI staining and flow cytometry (n23). ns: p>0.05, *p<0.05; 2-way-

ANOVA. (D) Representative dot plots in HT29 cells treated as described in (C).
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Figure S5
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Figure S5: Effects of devimistat combination therapy on cell death induction and
gene expression levels in CRC cells. (A) and (B) Expression levels of pro-apoptotic
genes in HCT116 cells treated as indicated (10 uM 5-FU, 20 pM irinotecan [IT], 200 uM

devimistat [DS]) for 24 h. Gene expression was assessed by quantitative Real-Time PCR
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(n=3). (C) Protein expression of pro-apoptotic Bim in HT29 cells treated as indicated (10
MM 5-FU, 20 uM IT, 200 uM DS) for 24 h. Whole cell lysates were analysed by SDS-PAGE
followed by western blot detection of Bim. Hsp90 served as loading control. A representative
western blot is shown. (D) p53 level in HCT116 cells following single or combination
treatment. Cells were exposed to 20 uM IT, 200 uM DS or the combination regimen for 24
h. Quantitative evaluation of p53 western blot analysis (n=3). (E) - (G) Gene expression
levels of cyclins and cyclin-dependent kinase inhibitors in HCT116 cells treated as
described in A for 24 h. Gene expression was determined by quantitative Real-Time PCR
(n=3). Datain A, B, D — G are presented as mean + SEM. ns: p>0.05 is not shown, *p<0.05,

**p<0.01, ***p<0.001; t-test.
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Figure S6: General toxicity as well as impact on DNA damage response markers and
Bim in CRC xenograft mouse models treated with devimistat and IT. (A) and (B) Body
weight gain curves of animals during xenograft experiments. Mice were inoculated
subcutaneously with CRC cells into both flanks and tumors were allowed to develop for 7
days. Animals were then grouped (n=7/group with two tumours/animal) and either received
mock treatment, devimistat [DS] (25 mg/kg BW, 2x/week), IT (40 mg/kg BW, 1x/week) or
devimistat [DS] + IT. (C) Analysis of DNA damage response markers and the BH3-only
protein Bim in tumour xenografts. Snap frozen tumour segments were lysed, subjected to
SDS-PAGE and Western Blot analysis. Shown are representative western blots for p53,

yH2AX, Bim and the loading control Hsp90 in HCT116 and HT29 xenograft tumours. (D) —
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(F) Quantitative evaluation of Western Blots in HCT116 and HT29 cells (n=4 for HCT116,

n=3 for HT29). Data are depicted as mean + SEM. Ns: p>0.05 is not shown, *p<0.05, t-test.

Supplementary Tables

Table S1: Primers used for gPCR

qPCR target Forward Primer (5'-3¢) Reverse primer (5’- 3’)

ACTB TGGCATCCACGAAACTACC GTGTTGGCGTACAGGTCTT

BAX CAGAAGGCACTAATCAAG ATCAGATGTGGTCTATAATG

BCL2 TTCAGAGACAGCCAGGAGAAA AGTACCTGAACCGGCACCT
BCL-X. AAGCGTAGACAAGGAGAT TAGGTGGTCATTCAGGTAA

BID GTGTGGATGATATGAAGGC GAAGACAGGCTGGAAGATA

BIM CCAAATGGCAAAGCAACCTTCTG  CTGTCAATGCATTCTCCACACC
CCNB1 CATAGTTAGTTCCATCAGGTATT CCTTCGGAGAGCATCTAA

CCNB2 GGAGACTCTGTACATGTGCGT AGAGCAGAGCAGTAATCCCA
CCND1 CATCTACACCGACAACTCCATCC GAGGCGGTAGTAGGACAGGAAGT
CCNE1 ATTAACCAATCCAGAAGAAT GCAAATAGAGAGGAAGTC

CCNH TAAGTTGCTGTATAAGAAGT AATGTATCTAGTCCTCAGT

FASL GGGATGTTTCAGCTCTTCCA TAAATGGGCCACTTTCCTCA
FASR AGAACTTGGAAGGCCTGCAT CTGGTTCATCCCCATTGACT
GAPDH CATGAGAAGTATGACAACAG ATGAGTCCTTCCACGAT

NOXA ACACGGTGGACGTCCTGT ACGAAGCACTTGGGGAAGAT

p14 CCCTCGTGCTGATGCTACTG CATCATGACCTGGTCTTCTAGGAA
p16 GGAGCAGCATGGAGCCTTC CATCATCATGACCTGGATCG

p21 TACATCTTCTGCCTTAGT TCTTAGGAACCTCTCATT

PUMA GACGACCTCAACGCACAGTA CTGGGTAAGGGCAGGAGTC
Survivin ATGACTTGTGTGTGATGA GTTTGTGCTATTCTGTGAA
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Table S2: Antibodies used in this study

Antibody Catalog No. Provider
. . Cell Signaling Technology,
Anti-B bbit lonal 2933
HEC AR onaEgig Danvers, Massachusetts, USA
Santa Cruz Biotechnol
Anti-p53 (DO-1), monoclonal mouse sc-126 ar1 =l ReEaiandy:
Heidelberg, Germany
Anti-Hsp90 (F8), monoclonal mouse sc-13119 Saf“a Gz Biotachnclogy,
Heidelberg, Germany
Anti-yH2AX, monoclonal rabbit ab81299 Abcam, Cambridge, UK
- . Santa Cruz Biotechnology,
Mouse IgGk binding protein HRP sc-516102 Hekdalbar, Gamiang
; " Cell Signaling Technology,
Goat-anti-Rabbit-HRP 70748
et Danvers, Massachusetts, USA
; Santa Cruz Biotechnology,
Goat-anti-Mouse-HRP sc-2005 Heidsiberg; Deutsshlarid
Goat-anti-Rabbit-HRP sc-2004 Santa Cruz Biotechnology,

Heidelberg, Germany

Table S3: Combination Indices (Cl) for devimistat with standard chemotherapeutics

IT and 5-FU in CRC cell lines. Calculation with the Chou Talalay method based on cell

viability data obtained by ATP assays after 72 h of incubation using the constant ratio

approach (n=3).

Cl Devimistat
HCT116
IT 0.39 (+++)
5-FU 0.87 (+)
HT29
IT 1.31(-)
5FU  0.65 (+++)
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3.2. Natural Merosesquiterpenes Activate the DNA Damage Response via
DNA Strand Break Formation and Trigger Apoptotic Cell Death in
p53-Wild-Type and Mutant Colorectal Cancer
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Brunner, Riyanti, Till Schaberle, Anuchit Plubrukarn, Jorg Fahrer

Publication Il, of which | am second author, was prepared in an international cooperation
with 13 coauthors. The tested merosesquiterpenes were provided by the Department of
Pharmacognosy and Pharmaceutical Botany at the Prince of Songkla University in Hat-
Yai, Thailand and were subsequently characterized at the Fraunhofer Institute for
Molecular Biology and Applied Ecology (IME) at the Branch for Bioresources in Giessen.
| was involved in methodology, validation, formal analysis and investigation as well as
visualization, review and editing of the original draft. In regard to experiments, |
performed the western blot analysis of Bim, measurement of intracellular ROS after
treatment with merosesquiterpenes, flow cytometry-based cell death measurement, and
quantification of yH2AX by confocal microscopy. Additionally, | investigated the effects

of selected merosesquiterpenes in murine tumor organoids.

This publication appeared in the peer-reviewed journal Cancers (Volume 13) in June
2021.
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Simple Summary: Bowel cancer is a serious disease, which affects many people worldwide. Unfor-
tunately, the disease is often diagnosed in an advanced stage, which impairs the chance of survival.
Furthermore, resistance to therapy occurs frequently. Thus, novel therapeutic approaches are re-
quired to improve cancer therapy. Here, we studied whether merosesquiterpenes might be useful
for cancer treatment. These compounds occur in marine sponges and were isolated by our group.
We were able to identify three compounds with potent cytotoxic activity in different cell lines estab-
lished from human large bowel cancer. Our experiments provided evidence that the compounds
cause DNA damage and trigger cell death, so-called mitochondrial apoptosis, which was attested in
cancer cells with expression of wild-type and mutated p53 tumor suppressor. Finally, we show that
merosesquiterpenes also kill intestinal tumor organoids, an ex vivo model of large bowel cancer.

Abstract: Colorectal cancer (CRC) is a frequently occurring malignant disease with still low survival
rates, highlighting the need for novel therapeutics. Merosesquiterpenes are secondary metabolites
from marine sponges, which might be useful as antitumor agents. To address this issue, we made use
of a compound library comprising 11 isolated merosesquiterpenes. The most cytotoxic compounds
were smenospongine > ilimaquinone ~ dactylospontriol, as shown in different human CRC cell lines.
Alkaline Comet assays and YH2AX immunofluorescence microscopy demonstrated DNA strand
break formation in CRC cells. Western blot analysis revealed an activation of the DNA damage
response with CHK1 phosphorylation, stabilization of p53 and p21, which occurred both in CRC cells
with p53 knockout and in p53-mutated CRC cells. This resulted in cell cycle arrest followed by a strong
increase in the subG1 population, indicative of apoptosis, and typical morphological alterations. In
consistency, cell death measurements showed apoptosis following exposure to merosesquiterpenes.
Gene expression studies and analysis of caspase cleavage revealed mitochondrial apoptosis via BAX,
BIM, and caspase-9 as the main cell death pathway. Interestingly, the compounds were equally effective
in p53-wild-type and p53-mutant CRC cells. Finally, the cytotoxic activity of the merosesquiterpenes
was corroborated in intestinal tumor organoids, emphasizing their potential for CRC chemotherapy.

Cancers 2021, 13, 3282. https://doi.org/10.3390/cancers13133282
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1. Introduction

Marine sponges are an important source of a plethora of bioactive natural com-
pounds [1]. Merosesquiterpenes belong to these secondary metabolites produced by
marine sponges, which were reported to display various biological activities including anti-
inflammatory and antibacterial properties [1]. [limaquinone (IQ) is a well-studied member
of this class. There is increasing evidence that IQ also exerts antiproliferative and/or
cytotoxic effects as attested by its growth inhibition of prostate, liver, lung, and pancreatic
cancer cells [2]. More recently, IQ was reported to induce apoptosis in oral squamous cell
carcinoma, which was attenuated by transient knockdown of the tumor suppressor p53 [3].
In another study, IQ was shown to promote TRAIL-induced cell death in colorectal cancer
(CRCQ) cells via upregulation of TRAIL death receptor expression, which was associated
with moderate induction of reactive oxygen species (ROS) [4]. Increased mitochondrial
ROS levels were also observed in lung cancer cells exposed to IQ, leading to apoptosis
induction [5]. Moreover, it was reported that IQ causes the accumulation of p53 in two CRC
cell lines and can induce cell death on its own [6]. Very recently, IQ has been identified
as an activator of the DNA damage response (DDR) within a large screen consisting of
296 natural compounds [7]. Consistent with this finding, IQ was toxic in pancreatic cancer
cells without anticancer drug treatment [7]. Smenospongine (SP) is a structurally related
compound, which was hardly studied with regard to its putative cytotoxic effects in cancer
cells until now. It was shown that SP inhibits the growth of different leukemia cell lines and
increases the subG1 population, indicative of apoptosis [8]. A more recent study provided
evidence that SP eliminates breast cancer stem cells by activating p38 and AMPK-signaling
pathways [9]. Collectively, these studies suggest that merosesquiterpenes may have the
potential to kill cancer cells and could offer a novel therapeutic option in the treatment
of CRC.

CRC is a frequently occurring malignant disease, which is causally linked to vari-
ous genetic, lifestyle, and dietary risk factors [10-12]. CRC incidence and mortality are
increasing in younger people under 50 years of age, particularly in Europe and the United
States [13,14]. The treatment of CRC involves surgical resection, chemotherapy, radia-
tion, and, in metastatic disease, targeted therapies [15]. Despite recent progress in CRC
therapy, patients with the advanced and metastatic disease still face low 5-year survival
rates, highlighting the need for novel therapeutics. These promising therapeutic strategies
include inhibitors of tumor cell metabolism such as «-lipoic acid and others [16,17], natu-
ral or synthetic small molecules targeting oncogenic signaling mediated by mTOR, AKT,
or STAT3 [18], and inhibitors of the DDR [19].

To address this issue, we made use of a compound library comprising 11 naturally
occurring merosesquiterpenes. First, the identity and purity of all isolated compounds
were characterized by NMR spectroscopy. A cytotoxicity screening was conducted in three
CRC cell lines with wild-type p53 (HCT116, RKO) or mutated p53 (HT29), allowing for
the calculation of ICs) values. As a next step, the formation of DNA damage and ROS
production was evaluated by the alkaline Comet assay, immunofluorescence microscopy,
and flow cytometry using the most promising compounds. Activation of the DDR and
effects on cell cycle progression were assessed by Western blot analysis and flow cytometry.
Furthermore, cell death induction and apoptosis triggered by selected merosesquiterpenes
were studied by flow cytometry, Western blot detection, quantitative PCR, and microscopy.
The role of p53 was addressed by using isogenic p53 knockout cells and p53 knockdown
by siRNA. Finally, the results were translated into a murine tumor organoid model using
viability assays, phase-contrast, and fluorescence microscopy.
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2. Materials and Methods
2.1. Compounds

The merosesquiterpenes used in this study (Figure 1) were isolated from the sponges
Haliclona sp. (smenospongine) [20] and Verongula rigida (smenospongorine, smenospongiarine,
smenospongidine, ilimaquinone, 5-epi-ilimaquinone, quintaquinone, cyclospongiaquinone-1,
smenodiol, dactylospontriol, and 3-farnesyl-2-hydroxy-5-methoxy quinone) [21], as de-
scribed. All tested compounds were directly used with no additional purification steps.
The structures were reauthenticated using spectroscopic analysis, particularly NMR spec-
troscopy. The spectral data were identical to those reported previously [20-29]. The NMR
spectrum of each tested compound revealed almost no signals of impurity. The compounds
were stored at —20 °C until experiments were carried out. Please see Supporting Infor-
mation for the isolation and 'H NMR spectral data (Figures S1-S11). The anticancer drug
5-fluorouracil (5-FU) was from Medac (Wedel, Germany) and provided by the pharmacy of
the University Medical Center Mainz.

h HN <:>—\~‘HN H

gine pongorine  smenospongiarine  smenospongidine
HyCO j\
) oS
S ol ol o 0l

20-Methoxy rearranged H% p OH H y OH
drimane sesquiterpenes @/ g;é/ qj/

20-Amino and N-alkyl
rearranged drimane
sesquiterpenes

OCH,
o HO.
g (e]
Drimanes sesquiterpenes g’n,o
i H
cyclospongiaquinone-1 smencdiol dactylospontriol

Acyclic sesquiterpene
quinone

Figure 1. Chemical structures of merosesquiterpenes used in this study.
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2.2. Cell Culture and Treatments

The human CRC cell line HCT116 and isogenic p53-deficient HCT116 cells were pro-
vided by Dr. Bert Vogelstein (John Hopkins University, Baltimore, MD, USA). HT29 and
RKO cells were provided by the Institute of Toxicology, University Medical Center Mainz,
Germany. HCT116 and RKO cells were maintained in DMEM and HT29 cells in RPMI1640
medium supplemented with 10% fetal calf serum and 1% penicillin/streptomycin at 37° C
in a humidified atmosphere of 5% CO,. Media and supplements were obtained from Gibco
Life Technologies (Darmstadt, Germany) and PanBiotech (Aidenbach, Germany). All cell
lines were mycoplasma negative, as confirmed by routine PCR testing. The merosesquiter-
penes were dissolved in DMSO as a 10 mM stock solution and added to the culture medium
reaching a final concentration from 0-100 uM. DMSO served as solvent control (0 uM).
Cells were exposed to the compounds for up to 72 h, as indicated.

2.3. Transient Transfection with siRNA

Knockdown of p53 was performed using siGENOME SMARTpool siRNA bought from
Dharmacon (Lafayette, CO, USA). Non-sense, scrambled RNA, also purchased at Dhar-
macon, was used as control. Transfections were carried out, as reported previously [30].
Briefly, HT29 cells were transfected with 20 nM siRNA using Lipofectamine™ RNAiIMAX
(Thermo Fisher Scientific, Darmstadt, Germany) for 24 h before exposure to ilimaquinone
for 48 h. Successful knockdown of p53 was verified by Western blot analysis.

2.4. Preparation of Cell Lysates

Whole-cell extracts were generated as described [31]. After treatment for 48 h, cells
were harvested, and whole-cell lysis was performed using a buffer containing 25 mM
Tris-HCI pH 8.0, 5 mM EDTA, 1 mM DTT, 0.5 M NaCl supplemented with cOmplete™
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). After incubation
for 15 min at 4 °C on a rotating platform, extracts were clarified by centrifugation (10 min,
10,000 x g) and protein content was determined using Bradford assay.

Blue extracts were prepared as published elsewhere [32]. Briefly, cells were treated
with the compounds for 24 h, as indicated and harvested in 1 x Lammli loading buffer.

2.5. SDS-PAGE and Immunoblot Analysis

Western blot analysis was essentially performed as described [33]. Equal protein
amounts were separated by SDS-PAGE, followed by wet blot transfer onto a nitrocellulose
membrane (PerkinElmer, Rodgau, Germany). Membranes were blocked with 5% nonfat
dry milk in TBS/0.1% Tween-20 (TBS-T) for 1 h at RT. Subsequently, primary antibody
incubation was carried out overnight at 4° C, followed by three washing steps in TBS/0.1%
Tween-20. Membranes were then incubated with appropriate secondary antibodies for at
least 1 h at RT. After three washing steps in TBS-T, proteins were detected with Western
Lightning® Plus-ECL (PerkinElmer, Rodgau, Germany) using a ¢300 chemiluminescence
imager (azure biosystems, Dublin, CA, USA).

2.6. Antibodies

The following primary antibodies were used: Hsp90o/f (F8, mouse monoclonal;
Santa Cruz Biotechnology, Dallas, TX, USA, no. sc-13119), p53 (DO-1, mouse monoclonal;
Santa Cruz, no. sc-126), p21 (C-19, rabbit polyclonal; Santa Cruz, no. sc-397), YH2AX
(Ser139, rabbit monoclonal; Abcam, Cambridge, United Kingdom, no. ab81299), cleaved
caspase-3 (rabbit monoclonal, Cell Signaling Technology, Danvers, MA, USA, no. 9661) and
cleaved caspase-9 (rabbit monoclonal, Cell Signaling Technology, no. 7237), phospho-CHK1
(Ser345; rabbit monoclonal; Cell Signaling Technology, no. 2348), Bim (rabbit monoclonal,
Cell Signaling Technology, no. 2933). Secondary antibodies conjugated with horseradish—
peroxidase were purchased from Santa Cruz (anti-mouse, no. K2818) and Cell Signaling
Technology (anti-rabbit, no. 7074).
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2.7. Isolation of RNA, cDNA Synthesis, and Quantitative Real-Time PCR (qPCR)

Gene expression analysis was performed as described [34]. Total RNA was isolated
using the NucleoSpi_n® RNA Kit (Macherey-Nagel, Diiren, Germany), and concentra-
tions were determined using a NanoDrop™ 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). 0.5 ug of total RNA was transcribed into cDNA using the Verso
c¢DNA Synthesis Kit (Thermo Scientific, Dreieich, Germany). qPCR was performed with the
SensiMix™SYBR Green and Fluorescein Kit (Bioline, London, UK) and the CFX96™ Real-
Time PCR Detection System (Biorad, Miinchen, Germany), with the primers detailed below
(Table 1). In all three experiments, gPCR was conducted using biological and technical
triplicates. The analysis was performed using CFX Manager™ Software (BioRad, Hercules,
CA, USA). Non-transcribed controls were included in each run. Finally, the expression of
genes of interest was normalized to GAPDH and ACTB. The solvent control was set to one.

Table 1. Primers used for gPCR analysis.

qPCR Target Forward Primer (5'-3") Reverse Primer (5'-3")
ACTB TGGCATCCACGAAACTACC GTGTTGGCGTACAGGTCTT
BAX CAGAAGGCACTAATCAAG ATCAGATGTGGTCTATAATG
BCL2 TTCAGAGACAGCCAGGAGAAA AGTACCTGAACCGGCACCT
BCL-Xp AAGCGTAGACAAGGAGAT TAGGTGGTCATTCAGGTAA
BID GTGTGGATGATATGAAGGC GAAGACAGGCTGGAAGATA
BIM CCAAATGGCAAAGCAACCTTCTG CTGTCAATGCATTCTCCACACC
cIAP1 TTCCCAGGTCCCTCGTATCA CCGGCGGGGAAAGTTGAATA
cIAP2 TCACTCCCAGACTCTTTCCA CCCCGTGTTCTACAAGTGTC
FASL GGGATGTTTCAGCTCTTCCA TAAATGGGCCACTTTCCTCA
FASR TTATCTGATGTTGACTTGAGTAA GGCTTCATTGACACCATT
GAPDH CATGAGAAGTATGACAACAG ATGAGTCCTTCCACGAT
MDM2 ATCTTGATGCTGGTGTAA AGGCTATAATCTTCTGAGTC
NOXA TCTTCGGTCACTACACAAC CCAACAGGAACACATTGAAT
p21 ACCATGTCAGAACCGGCTGGG TGGGCGGATTAGGGCTTC
PUMA TAAGGATGGAAAGTGTAG TTCAGTTTCTCATTGTTAC
Survivin ATGACTTGTGTGTGATGA GTTTGTGCTATTCTGTGAA

2.8. Measurement of ROS Formation

HCT116 cells grown in 6-well plates were exposed to smenospongine and ilimaquinone
at the desired concentration for 24 h. As positive control, cells were treated with 200 uM
H;O; in PBS for 20 min. ROS generation was essentially determined as reported [35].
Cells were washed twice with PBS and loaded with CM-H,;DCFDA (Life Technologies,
Darmstadt, Germany) in phenol red- and serum-free medium for 30 min. The cells were
washed with PBS, detached by Trypsin/EDTA treatment, and collected by centrifugation.
Finally, the cell pellets were resuspended in PBS, analyzed using a FACSCanto II flow cy-
tometer (BD Biosciences, Heidelberg, Germany), and evaluated using FACSDiva software
6.0 (BD Biosciences).

2.9. Alkaline Comet Assay

HCT116 cells grown in 6-well plates were exposed to smenospongine and ilimaquinone
for 24 h, as indicated. Etoposide (10 uM) served as positive control. Formation of DNA
strand breaks and AP sites was assessed using the alkaline Comet assay as reported [36],
with a cell lysis step (50 min), followed by alkaline DNA unwinding step (20 min) prior
to electrophoresis under alkaline conditions. Following DNA staining with propidium
iodide, samples were analyzed by using an Axioskop 2 fluorescence microscope (Zeiss,
Jena, Germany). In total, 50 cells per slide were scored using the Comet Assay 1V software
(Perceptive Instruments, Bury St Edmunds, UK).
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2.10. Cell Cycle Analysis

Cell cycle distribution was studied as described previously [37]. Briefly, CRC cells
were exposed to the compounds as indicated for 24 h and 48 h, respectively. Attached
and detached cells were collected. Cell pellets were washed with ice-cold PBS, followed
by a precipitation step with ethanol overnight at —20 °C. Subsequently, cell pellets were
resuspended in PBS containing RNase A (20 pg/mL; Sigma, Deisenhofen, Germany) and
incubated for one hour. Finally, propidium iodide (PI; Sigma) was added in a final concen-
tration of 10 ug/mL, and cells were analyzed using a FACSCanto II flow cytometer (BD
Biosciences, Heidelberg, Germany). Cell cycle distribution was assessed with FACSDiva
software 6.0 (BD Biosciences).

2.11. Cell Death Analysis

Cell death induction was studied by AnnexinV-FITC and PI staining as reported [38].
In short, CRC cells were exposed to the compounds for 48 h, as indicated. Attached and de-
tached cells were harvested following Trypsin/EDTA digestion by centrifugation, washed
in PBS, and resuspended in binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM
CaClp, 0.1% BSA) containing AnnexinV-FITC (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). After incubation on ice for 15 min, a binding buffer containing PI (50 pug/mL) was
added, and samples were subject to flow cytometry using a FACSCanto II (BD Biosciences).
Gating of living cells (Annexin V/PI double negative), early apoptotic cells (Annexin
V-positive, PI-negative), and late apoptotic/necrotic cells (Annexin V/PI-double positive)
and data evaluation was performed with FACSDiva software 6.0 (BD Biosciences).

2.12. Cell Viability Assay and Determination of ICsy Values

To analyze the effects of the compounds on cell viability, CRC cells were grown in
white 96-well plates overnight and incubated with increasing concentrations for 72 h,
as indicated. Cell viability was then assessed with Cell Titer-Glo® Luminescent Cell Viabil-
ity Assay (Promega, Mannheim, Germany) according to the manufacturer’s instructions
using a Fluoroskan™ FL 96-well plate reader (Thermo Fisher, Dreieich, Germany). ICso-
values were determined by GraphPad Prism 7.0 software as reported previously [39]. To
this end, concentrations were transformed into the log scale, plotted against the cell via-
bility and the curve was fitted by nonlinear regression with variable slope, providing the
1Csp values.

2.13. Analysis of Cell Morphology

CRC cells were treated with the compounds as indicated for up to 48 h. Cell morphol-
ogy was monitored with a Leica DMil microscope equipped with an MC170 camera (Leica,
Wetzlar, Germany). Images were acquired with LAS EZ software 3.4.0 (Leica).

2.14. Cultivation of Murine Tumor Organoids and Assessment of Viability

Murine tumor organoids were grown in 3D culture using Cultrex® basement mem-
brane extract (BME) (R&D Systems, Inc., Minneapolis, MN, USA) and maintained as de-
scribed previously [40]. Tumor organoids were collected by removing the culture medium
and adding 500 pL of cold DMEM. The BME was destroyed with a pipette tip and tumor
organoids were collected in a 15 mL tube. After centrifugation at 100 g for 5 min and
removal of the supernatant, 5 mL TrypLE was added, and tumor organoids were digested
at 37 °C for 10 min. TrypLE was inactivated by adding 10 mL of DMEM and cells were
again centrifuged at 100 g for 5 min. Cells were resuspended in 1 mL basal organoid
culture medium, consisting of advanced DMEM/F12, 10 mM HEPES, 100 U/mL penicillin,
100 mg/mL streptomycin, 20 mg/mL nystatin, 1 mM N-acetyl cysteine (all from Sigma,
Schnelldorf, Germany), 0.1% BSA (Carl Roth, Karlsruhe, Germany), 2 mM L-glutamine, 1x
B27 supplement, 1x N2 supplement (all from Life Technologies, Darmstadt, Germany).
Using a 96 well plate, 2.4 x 10° cells were seeded per well by applying 8 uL droplets of
a 1:4 mixture of basal culture medium and BME. After polymerization for 30 min, 80 uL

90



Cumulative Part: Publications

Cancers 2021, 13, 3282

7 of 25

of complete culture medium were added, consisting of basal organoid culture medium
supplemented with 50 ng/mL murine EGF, 100 ng/mL murine Noggin (all from Peprotech,
Hamburg, Germany), 10 mM Nicotinamide, 500 nM A83-01 (all from Sigma, Schnell-
dorf, Germany), 10 uM Y-27632 (MedChemExpress, Monmouth Junction, NJ, USA) and
mR-Spondin-1 conditioned medium in a final concentration of 20% (v/v). Subsequently,
tumor organoids were cultivated at 37 °C and 5% CO; for 72 h. After exchanging the
culture medium, tumor organoids were exposed to smenospongine and ilimaquinone in
the desired concentrations as well as 5-FU as the positive control for another 72 h.

Tumor organoid viability was determined by the MTS assay as described [30]. After
discarding the medium, 80 pL basal organoid culture medium containing 75 pg/mL MTT
were added and tumor organoids were incubated for 1 h at 37 °C. BME was solubilized
by adding 20 uL of 10% SDS solution to each well and incubating for 30 min at 37 °C.
Absorbance was measured using a microplate reader at 490 nm. Background absorbance
was estimated by measuring tumor organoids without added MTT and subtracted from all
values. Solvent treated organoids were defined as 100% viable.

2.15. Immunofluorescence Microscopy of CRC Cells and Tumor Organoids

HCT116 cells grown on coverslips were treated with smenospongine and ilimaquinone
as indicated and incubated for 24 h. YH2AX foci formation was analyzed by immunofluo-
rescence microscopy as described elsewhere [32]. After fixation with paraformaldehyde
and methanol, cells were blocked in PBS containing 5% BSA and 0.3% Triton X-100 for
1 h. Subsequently, the samples were incubated with a primary antibody directed against
YH2AX (diluted 1:1000; see Section 2.6.) for 1 h. After several washing steps, incubation
with a secondary antibody conjugated with Alexa Fluor 488 (1:400; Life Technologies,
Darmstadt, Germany) was performed for 1 h. Finally, the samples were mounted using
Vectashield® containing DAPI (VectorLabs, Burlingame, CA, USA). Analysis was carried
out with a Zeiss Axio Observer 7 microscope equipped with an Axiocam 305 mono (Carl
Zeiss Microscopy, Jena, Germany). Images were acquired and processed with ZEN software
(Carl Zeiss Microscopy, Jena, Germany).

Tumor organoids were seeded in 96-well plates and cultivated, as mentioned above.
Tumor organoids were then treated with smenospongine and ilimaquinone in the desired
concentrations as well as 5-FU as the positive control for 72 h. Microscopic determination
of cell death in tumor organoids was performed by PI/ Hoechst 33342 co-staining, as de-
scribed elsewhere [41]. Briefly, the organoid culture medium was removed after treatment
and PBS containing PI and Hoechst 33342 at a final concentration of 10 pg/mL each was
added for 30 min. The staining solution was exchanged for basal organoid culture medium
before analysis by fluorescence microscopy, as described in the last paragraph.

2.16. Statistics

Experiments were performed independently three times, except otherwise stated.
Representative experiments are displayed. Values are presented as means + standard error
of the means (SEM) using GraphPad Prism 7.0 software. Statistical analysis was performed
using a two-sided Student’s -test and statistical significance was defined as p < 0.05.

3. Results
3.1. Cytotoxicity Screening of Merosesquiterpenes in Human CRC Cell Lines

First, 11 merosesquiterpenes (Figure 1) were analyzed with regard to their cytotoxic
potential in 3 colorectal cancer (CRC) cell models, displaying either microsatellite instabil-
ity (HCT116, RKO) or chromosomal instability (HT29) [42]. Smenospongin (SP) caused
a concentration-dependent reduction in cell viability, which was most pronounced in
HCT116 cells, followed by HT29 and RKO cells (Figure 2A). Ilimaquinone (IQ) was some-
what less potent than SP and displayed the highest cytotoxicity in HT29 cells (Figure 2B).
Dactylospontriol (DS) was most effective in HCT116 cells and exerted similar cytotoxicity
in RKO and HT29 cells (Figure 2C). The calculated ICsj values ranged from 8 uM to 44 pM
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for these three compounds in all CRC cell lines (Table 2). The other compounds tested
revealed either weaker cytotoxicity throughout the CRC cell lines (e.g., smenospongorine
and smenodiol) or only showed moderate efficacy in HCT116 cells and were therefore ex-
cluded from the analysis in RKO and HT29 cells. Two compounds (smenospongiarine and
3-farnesyl-2-hydroxy-5-methoxyquinone) showed a lack of cytotoxicity in HCT116 cells
and were therefore not considered further (Table 2). Taken together, SP, 1Q, and DS were
identified as the most promising merosesquiterpenes in our initial cytotoxicity screening.
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Figure 2. Cytotoxicity of selected merosesquiterpenes in CRC cell lines: (A-C) CRC cells (HCT116, RKO, HT29) were
treated with increasing concentration of SP (panel A), IQ (panel B) and DS (panel C) for 72 h. Viability was determined
using a luminescent ATP test. Data are presented as mean + SEM (n = 3). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01;
** p < 0.001; *** p < 0.0001.
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Table 2. ICs; values of merosesquiterpenes analyzed in three CRC cell models.

Compound HCT116 RKO HT29
smenospongine 8 uM 15 M 10 uM.
smenospongorine 39 uM 58 UM 37 uM
smenospongiarine - n.d. n.d.
smenospongidine 80 uM nd. nd.
ilimaquinone 27 uM 43 uM 13 uM
5-epi-ilimaquinone 47 uM nd. n.d.
quintaquinone 80 uM n.d. n.d.
cyclospongiaquinone-1 79 uM n.d. n.d.
smenodiol 31 uM 66 UM 42 uM
dactylospontriol 19 uM 40 uM 29 uM
3-farnesyl-2-hydroxy-5-methoxyquinone - n.d. nd.

n.d. = not determined.

3.2. Activation of the DNA Damage Response and Impact on Cell Cycle Progression

Next, we studied whether the merosesquiterpenes cause DNA damage and trigger
the DNA damage response (DDR). To this end, we used HCT116 cells with wild-type
p53 protein and HT29 cells that express p53 with a hot spot mutation in the DNA bind-
ing domain [43]. First, DNA strand break formation was analyzed using the alkaline
Comet assay, which detects DNA strand breaks and alkali labile sites. A concentration-
dependent increase in DNA damage levels was observed after treatment with both SP and
1Q (Figure 3A,B). These findings were substantiated by immunofluorescence microscopy
of phosphorylated histone 2AX (YH2AX), a well-established marker for DNA strand breaks
that was induced by both merosesquiterpenes (Figure 3C). Western blot analysis revealed
a concentration-dependent increase of YH2AX after SP” and DS exposure in HCT116 cells
after 24 h (Figure 3D). Furthermore, phosphorylation of the checkpoint kinase 1 (CHK1)
was detected (Figures 3D and A1C), also reflecting DDR activation. Consistent with this
finding, a simultaneous accumulation of p53 and its downstream target p21 was observed.
Interestingly, these effects were even more pronounced than that of the positive control
5-FU, an antimetabolite used for CRC chemotherapy. Similar findings were obtained in
p53-mutated HT29 cells, except for CHK1 phosphorylation that was rather unaffected
after 24 h (Figure 3B). Furthermore, ROS formation was measured in CRC cells after 24 h,
revealing increased ROS levels following treatment with high concentrations of SP and
1Q (Figure A1A,B).

Since p53 controls cell cycle progression via p21, the cell cycle distribution was ana-
lyzed in both CRC cell lines following treatment with merosesquiterpenes for 24 h. In both
CRC cell lines, SP and DS reduced cell density and /or promoted cell rounding, as shown
by microscopy (Figure 4A). In HCT116 cells, SP caused an accumulation of cells in the
G2-M phase at low concentration, while a high concentration resulted in decreased S-phase
population and higher G1 population (Figure 4B,D). DS displayed similar effects at low
concentration but increased subGl1 at high concentration, the latter being indicative of
apoptotic cell death (Figure 4C,E). In HT29 cells, SP at high concentration caused a G1 arrest
with a decreased number of cells in the S-phase (Figure A2A,C), whereas DS moderately
induced subG1 population (Figure A2B,D).
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Figure 3. Induction of DNA strand brakes and DNA damage response in CRC cells after treatment
with merosesquiterpenes: (A) HCT116 cells were treated with SP or IQ as indicated for 24 h. The anti-
cancer drug etoposide was included as positive control. DNA strand break induction was determined
by the alkaline Comet assay. Data are presented as mean + SEM (n = 3). **p <0.01, **p < 0.001;
(B) representative images of Comet assay shown in A; (C) HCT116 cells were treated as described
in (A). Formation of the DNA damage marker YH2AX was visualized by immunofluorescence

microscopy. Nuclei are depicted in blue, while YH2AX is shown in green. Representative pictures
are displayed. Scale bar: 10 um; (D) HCT116 cells were treated with SP or 1Q, as indicated, for 24 h.
The anticancer drug 5-FU was included as positive control. Samples were analyzed by SDS-PAGE
and Western Blot detection of YH2AX, p-CHK1, p53, and p21. Hsp90 served as loading control.
Representative blots are shown together with the densitometry evaluation.
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Figure 4. Effects on morphology and cell cycle distribution in CRC cells after treatment with
merosesquiterpenes: (A) HCT116 and HT29 cells were incubated with solvent control, 25 uM SP,
50 uM DS and 5 uM 5-FU for 24 h. Cell morphology was observed by light microscopy. Representative
pictures are shown. Scale bar: 25 um; (B,C) cell cycle analysis in HCT116 cells challenged with
increasing concentrations of SP (B) and DS (C), respectively, for 24 h, and 5-FU served as positive
control. Data are given as mean + SEM (n > 3). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01;
(D,E) representative histograms of cell cycle analysis shown in (B,C).

We then analyzed how prolonged exposure to SP and DS over 48 h affects morphol-
ogy and cell cycle distribution in HCT116 and HT29 cells. Microscopy revealed drastic
morphological changes with increased cell rounding and detachment of cells, strongly
suggesting cell death induction (Figure 5A). In agreement with these observations, SP and
DS caused a huge increase of the subG1 population in HCT116 cells at high concentrations
(Figure 5B-E), which was also detected in HT29 cells (Figure A3A-D). Treatment with
lower concentrations of both compounds induced a pronounced G2-M arrest in the tested
CRC cell lines. Interestingly, the positive control 5-FU exerted also potent cytotoxic effects
in HCT116 cells (Figure 5), whereas 5-FU had little impact on HT29 cells, as attested by
lack of subG1 (Figure A3).
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Figure 5. Morphological changes and cell death induction by merosesquiterpenes in CRC
cells: (A) HCT116 and HT29 cells were incubated with solvent control, 25 uM SP, 50 uM DS and 5 uM
5-FU for 48 h. Cell morphology was observed by light microscopy. Representative pictures are shown.
Scale bar: 25 um; (B,C) cell cycle analysis in HCT116 cells treated with increasing concentrations of
SP (B) and DS (C), respectively, for 48 h, and 5-FU served as positive control. Data are given as mean
+SEM (n > 3). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; (D,E) representative
histograms of cell cycle analysis performed in (B,C).

In conclusion, our results demonstrated that merosesquiterpenes cause DNA strand
breaks, activate the CHK1-p53-p21 mediated DDR, affect cell cycle progression in p53-
mutant and p53-wild-type cells, and increase the subG1 population indicative of cell death.

3.3. Cell Death Induction by Merosesquiterpenequinones and Impact of p53

In order to investigate the cell death mechanism and the role of p53, we made use
of isogenic HCT116 cells proficient and deficient for p53 (HCT116-p53*/* vs. HCT116-
p53~/7). Both cell lines were exposed to increasing concentrations of smenospongine
for 48 h, and cell death was analyzed by Annexin V/PI staining. SP induced both early
apoptosis and late apoptosis /necrosis, which was significantly reduced in HCT116 p53
k.o. cells (Figure 6A,B). However, a marked increase in dead cells (i.e., only PI positive)
was observed in HCT116-p53’/ ~ cells after treatment with SP at high concentration. In
addition, 5-FU triggered cell death in a p53-dependant manner in HCT116 cells as expected,
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whereas the p53 status did not affect cell killing by etoposide (Figure A4A,B). Microscopic
inspection revealed a similar ratio of round and detached cells in both isogenic HCT116
cell lines but a somewhat higher cell density in p53 k.o. cells (Figure A4C).
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Figure 6. Impact of p53 status on merosesquiterpenes triggered cell death in CRC cells: (A) isogenic HCT116—p53*/ *and
HCT116-p53 7/~ cells were exposed to increasing concentrations of SP for 48 h. Cell death induction was assessed by
Annexin V-FITC/PI staining and flow cytometry. Data are shown as mean + SEM (1 = 3). Not significant (ns): p > 0.05;
*p <0.05 ** p <0.01; ** p < 0.001; *** p < 0.0001; (B) representative dot plots of (A); (C) isogenic HCT116 cell lines differing
in their p53 status were exposed to increasing concentration of SP for 48 h. 5-FU was included as positive control and
untreated cells as the corresponding negative control. Samples were subject to SDS-PAGE, followed by Western blot analysis
of cleaved caspase-3, cleaved caspase-9, and Bim. Hsp90 was included as the loading control. Representative blots are
shown including the densitometric evaluation; (D) expression levels of MDM2 and p21 in p53-proficient and -deficient
HCT116 cells treated with 50 uM 1Q, 25 uM SP and 5 uM 5-FU for 24 h. Gene expression was assessed by q PCR (1 = 3);
(E) expression levels of proapoptotic genes (BAX, BIM, FASL, FASR) in HCT116 cells differing in their p53-status treated as
described in (D). Gene expression was assessed by qPCR (1 = 3). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Since both Annexin/PI staining and analysis of cell cycle distribution indicated apop-
tosis induction by SP, the cleavage of the caspase-3 and caspase-9 was assessed by Western
blot detection. The experiments demonstrated a concentration-dependent cleavage of both
caspases upon SP treatment, which was strongly attenuated in p53-deficient HCT116 cells,
particularly for caspase-9 (Figure 6C). Similar to this finding, caspase-9 cleavage by 5-FU
treatment was completely blocked in HCT116 p53 k.o. cells (Figure 6C). IQ also caused
caspase-9 and caspase-3 cleavage, which was much more prominent in HCT116 cells with
p53 expression (Figure A5A). Furthermore, the proapoptotic BH3-only protein Bim was
analyzed, revealing a concentration-dependent increase in HCT116 p53 WT cells upon
both SP and IQ treatment (Figures 6C and A5A). This effect was strongly attenuated in
HCT116 p53 k.o. cells. Interestingly, the p53 status had no impact on Bim levels after
challenge with 5-FU, which were found moderately elevated in both isogenic HCT116 cell
lines (Figures 6C and A5A).

The impact of p53 on the mode of cell death triggered by merosesquiterpenes was
further studied by gene expression analysis using qPCR. The p53 negative feedback regula-
tor MDM2 was induced in HCT116-p53*/* cells by both SP and IQ, as well as the positive
control 5-FU, which was completely abolished in p53 k.o. cells (Figure 6D). Furthermore,
the cell cycle regulator p21 was substantially upregulated by all test compounds. Inter-
estingly, this effect was strongly repressed in HCT116-p53~/~ cells after 5-FU incubation
but was almost as strong after treatment with both merosesquiterpenes (Figure 6D). Both
SP and IQ induced the expression of the proapoptotic genes BAX, BIM, FASL, and FASR,
with higher levels in p53-proficient HCT116 cells (Figure 6E). Other proapoptotic genes
such as BID, NOXA, and PUMA were hardly influenced by SP and 1Q (Figure A5B). Anti-
apoptotic genes including cIAP1, BCL2, and BCL-XL were only slightly regulated, which
occurred to a similar extent in both isogenic HCT116 cell lines (Figure A5C,D). Only cIAP2
was found to be upregulated in p53-proficient HCT116 cells, which was reduced in p53 k.o.
cells. The expression of survivin was repressed by all test compounds in a p53-independent
manner (Figure A5C). In summary, our findings showed that merosesquiterpenes induce
apoptosis in a p53-dependent manner in HCT116 cells, which involved mainly the intrinsic
mitochondrial pathway via the Bim-Bax—caspase-9—caspase-3 axis. Intriguingly, SP and IQ
caused similar cell death rates independent of the p53 status despite reduced apoptosis
induction in the absence of p53 (see Figure 6A).

3.4. Influence of Mutant p53 on Cell Death Induction

Given that p53 is frequently mutated in CRC, we wanted to know whether mutant p53
affects the sensitivity of CRC cells towards merosesquiterpene treatment. First, Annexin
V /Pl-staining was performed in p53-mutated HT29 cells and showed induction of apoptotic
and necrotic cell death by SP and IQ after 48 h (Figure 7A,B). Western blot analysis revealed
caspase-9 and caspase-3 cleavage following treatment with SP and 1Q, which was also
observed upon exposure to 5-FU (Figure 7C). Furthermore, both merosesquiterpenes
caused induction of the proapoptotic protein Bim (Figure 7C). In order to characterize
the role of mutant p53, a siRNA-mediated p53 knockdown was carried out in HT29 cells.
As shown before, IQ caused substantial levels of cell death similar to the 5-FU treatment
(Figure 7D,E). In contrast to HCT116 cells, downregulation of p53 had no impact on cell
death induction triggered by IQ in HT29 cells (Figure 7D,E). Moreover, 5-FU-dependent
cell death only slightly decreased upon p53 downregulation, which also contrasts with the
results obtained in isogenic HCT116 cells (see Figure A4). Taken together, these findings
provide evidence that merosesquiterpenes eliminate CRC cells independent of mutant p53
expression via apoptosis.
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Figure 7. Cell death induction by merosesquiterpenes in p53-mutant CRC cells: (A) HT29 cells were incubated with
increasing concentrations of SP or IQ, and 5-FU was included as positive control. Cell death induction was assessed
by Annexin V-FITC/PI staining and flow cytometry. Data are depicted as mean + SEM (n = 5). Not significant (ns):
p>0.05;*p <0.05;** p < 0.01; *** p < 0.001; (B) representative dot plots of (A); (C) HT29 cells were exposed to increasing
concentrations of IQ or SP for 48 h, and 5-FU was included as positive control. Samples were separated by SDS-PAGE,
followed by Western blot analysis of cleaved caspase-3, cleaved caspase-9, and Bim. Hsp90 served as loading control.
Representative blots are shown including the densitometric evaluation; (D) knockdown of p53 in HT29 cells. The cells were
transfected with p53 siRNA or scrambled RNA, followed by treatment with 50 uM IQ and 5 pM 5-FU. Cell death induction
was analyzed as described in panel A. Data are given as mean + SEM (1 = 3). Not significant (ns): p > 0.05; * p <0.05;
**p < 0.01; (E) representative dot plots of (D).

99



Cumulative Part: Publications

Cancers 2021, 13,3282 16 of 25

3.5. Therapeutic Efficacy of Merosesquiterpenquinone in Murine Tumor Organoids

Finally, we translated our findings to a murine tumor organoid model. Tumor
organoids were exposed to increasing concentrations of SP and IQ for up to 72 h, and 5-FU
was included as the positive control. While low concentrations of the merosesquiterpenes
had no impact on tumor organoid morphology and viability, higher concentrations caused
substantial morphological alterations already after 24 h, culminating in complete disruption
of tumor organoids after 72 h (Figure 8A, top vs. bottom panel).

10puMIQ 50 M 1Q

-

Viability (%of control)

50 100 5 50 5 [uM]
Q sp 5-FU

Hoechst

Pl

Figure 8. Effects of merosesquiterpenes on intestinal tumor organoids: (A) tumor organoids were treated with increasing
concentrations of IQ, SP, 5-FU, or the solvent control and incubated for up to 72 h. Representative images of organoid
morphology are shown. Scale bar: 100 um; (B) organoid viability upon treatment as described in A determined by MTT
assay. Data are given as mean + SEM (n > 3). * p < 0.05; *** p < 0.001; *** p < 0.0001. (C) cell death staining in tumor
organoids exposed to the indicated compounds for 72 h. Representative immunofluorescence pictures are depicted. Scale
bar: 100 um.
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This correlated very well with the concentration-dependent decrease in tumor organoid
viability as determined by the MTT assay (Figure 8B). In support of these findings, tumor
organoids were highly positive for the cell death marker PI after treatment with IQ and SF,
which was visualized by fluorescence microscopy (Figure 8C). In summary, these experi-
ments showed that merosesquiterpenes not only caused cell death in established CRC cell
lines but also efficiently kill tumor organoids. The major findings of this study have been
summarized in a scheme shown in Figure 9.
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Figure 9. Model of cell death induction triggered by genotoxic merosesquiterpens and involved key
players. Merosesquiterpenes cause DNA strand break formation in CRC cells with a concomitant
ROS production. This results in the activation of the DNA damage response, as attested by yH2AX
formation, CHK1 phosphorylation, and accumulation of p53 and p21. Notably, p21 induction is also
observed in p53-mutant CRC cells after exposure to merosesquiterpenes. Activation of p21 and CHK1
causes initial cell cycle arrest. In CRC cells with expression of WT p53, the tumor suppressor protein
activates a cell death program by upregulation of Bax, FasR, and Bim as the main proapoptotic factors,
as demonstrated in isogenic p53 knockout cells. This finally results in mitochondrial apoptosis via
caspase-9 and caspase-3 in p53 WT CRC cells after treatment with merosesquiterpenes. Interestingly,
induction of the cell cycle regulator p21 occurs independently of the p53 status, as attested in
CRC cells with mutant p53 and p53 knockout. Another important finding is that Bim induction
and mitochondrial cell death are also executed in p53-mutated CRC cells after treatment with
merosesquiterpens. This figure was created using Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com, accesse on
18 May 2021.

4. Discussion

In this study, the therapeutic potential of numerous merosesquiterpenes was eval-
uated in CRC cell lines and tumor organoids. The most promising compounds were
SP, IQ, and DS, with potent cytotoxic activities in the uM range. The cytotoxicity was
influenced by the chemical structure, particularly the side chains. With regard to the
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20-Amino and N-alkyl rearranged drimane sesquiterpenes, an unsubstituted amino group
(i.e., SP) was responsible for the high cytotoxic activity, while an amino group substituted
with an alkyl- or aromatic side chain reduced cytotoxicity. This also holds true for the
sesquiterpenes with a 20-Methoxy rearranged drimane skeleton, i.e., IQ) was more potent
than its oxohexyl-substitued derivative quintaquinone. Interestingly, the compound 3-
farnesyl- 2-hydroxy-5-methoxyquinone with an open chain configuration was completely
inactive, suggesting a toxicity mechanism beyond ROS generation by the (hydro)quinone
structure (see paragraph below). Another factor potentially modulating the cytotoxicity
of merosequiterpenes is the enzyme NQO1 (NAD(P)H:quinone oxidoreductase 1), which
catalyzes the conversion of quinones to hydroquinones [44]. This is usually considered
a detoxification step but could also give rise to reactive hydroquinones. These can un-
dergo redox cycling with the subsequent formation of electrophilic species and ROS. Thus,
the expression levels of NQO1 found in cancer cells and tissues should affect their sensi-
tivity towards merosesquiterpenes. In support of this view, inhibition of NQO1 in PC3
prostate cancer cells reduced the cytotoxic effects of IQ [45].

The growth arrest and cell death induction by merosesquiterpenes were preceded
by the formation of DNA strand breaks with potent activation of the DDR, as attested by
alkaline Comet assays, YH2AX formation, CHK1 phosphorylation, and p53 accumulation.
Together, these genotoxicity markers demonstrate that merosesquiterpenes cause DNA
damage. One plausible mechanism could involve the generation of ROS by merosesquiter-
penes due to redox cycling mediated by their hydroquinone structure. In line with this
notion, IQ has recently been reported to promote mitochondrial ROS production in A549
lung cancer cells [5] and to increase ROS levels in HCT116 CRC cells [4]. We were able
to confirm ROS generation after treatment of HCT116 cells with high concentrations of
IQ and SP, which was most prominent after 24 h. However, no effects on ROS levels were
observed at lower concentrations despite clear genotoxicity, as evidenced by induction
of DNA strand breaks, YH2AX formation, and DDR activation. This suggests that ROS
formation is likely not the main trigger of DNA damage detected after treatment with
merosesquiterpenes. Furthermore, it is conceivable that the compounds might interfere
with enzymes regulating DNA topology and/or directly interact with DNA, thereby caus-
ing DNA damage. In line with the latter, an in vitro study using plasmid DNA indicated
DNA cleavage by the hydroquinone species [45]. This is also in agreement with the finding
that an open-chain sesquiterpene quinone displays no cytotoxicity despite being capable of
redox cycling.

The merosesquiterpenes caused cell cycle arrest in G1 and/or G2/M phase, depending
on the concentrations and incubation periods in CRC cells. Consistent with this finding,
phosphorylation of CHK1 and upregulation of p21 were detected. CHK1 is involved in
the regulation of cell cycle checkpoints in S, G2, and M-phase [46], while p21, as a CDK
inhibitor, halts G1/S transition and G2/M transition [47]. Interestingly, p21 induction
by merosesquiterpenes also occurred in the absence of p53 and in p53-mutated cells,
strongly suggesting a p53-independent regulation of p21. Indeed, several p53-independent
pathways controlling p21 gene expression were described [47], including the recently
identified zinc finger protein ZNF84 upon genotoxic stress [48]. Treatment of CRC cells
with higher concentrations of the merosesquiterpenes caused a significant increase in
subGl levels, indicative of apoptotic cell death, which was seen already after 24 h. Further
cell death measurements, detection of caspase cleavage, and analysis of proapoptotic
and antiapoptotic gene expression clearly demonstrated apoptosis induction in the CRC
cell models. Our findings (caspase-9 and caspase-3 cleavage, upregulation of BAX and
BIM) indicate mitochondrial apoptosis as a major cell death pathway. This was clearly
dependent on p53 in CRC cells with the expression of WT p53 but also occurred in CRC
cells with a hot spot mutation in p53. This is an important aspect since p53 is inactivated
in the vast majority of human CRC cell lines and in more than 40% of human sporadic
CRC cases [49,50]. Interestingly, the observed upregulation of the proapoptotic BH3-only
protein Bim occurred not only in CRC cells with p53 WT expression but to a similar extent
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also in p53-mutated CRC cells, as shown by Western blot analysis. Bim can stimulate
apoptosis by directly activating Bax and Bak, as well as by antagonizing antiapoptotic
Bcl-2 proteins [51]. It is further worth mentioning that the selected merosesquiterpenes kill
CRC cells and also display comparable cytotoxicity in tumor organoids, as shown herein.
Aberrant activation of the WNT signaling pathway is a hallmark of sporadic and hereditary
CRC [52]. This is primarily caused by mutations of the APC tumor suppressor gene, which
regulates the degradation of the key effector molecule (3-catenin [52]. Interestingly, IQ was
shown to suppress the WNT/ 3-catenin signaling pathway in multiple myeloma cells via
downregulation of 3-catenin levels [53]. Thus, the deregulated WNT signaling in CRC
cells might represent an additional target of merosesquiterpenes.

Another contributor to cell death induction by merosesquiterpenes might be endo-
plasmic reticulum (ER) stress. It was reported that IQ causes the upregulation of C/EBP ho-
mologous protein (CHOP), also denoted as DNA damage-inducible gene 153 (GADD153),
in prostate cancer cells [2]. CHOP is known to be activated by ER stress and DNA dam-
age [54]. Furthermore, CHOP can induce mitochondrial apoptosis via upregulation of the
BH3-only proteins Puma and Bim [54], the latter of which was also found in our exper-
iments. Interestingly, another study indicated IQ-dependent upregulation of CHOP in
HCT116 cells via ERK and MAPK signaling, which depended on ROS formation [4]. These
effects could therefore contribute to the mitochondrial apoptosis observed in our CRC cell
models following exposure to the different merosesquiterpenes.

To date, little information is available on the pharmacokinetics and the potential
toxicity profile of merosesquiterpenes in vivo. With regard to pharmacokinetics, a recent
study performed in rats reported an oral bioavailability of 45% after administration of
10 mg 1Q /kg body weight (b.w.) [55]. The maximum plasma concentration determined for
single oral administration was 0.94 ug/mL, which corresponds to approximately three uM.
Further experiments with i.v. injection of only 2 mg IQ/kg b.w. revealed an area under the
curve (AUC) of 1.46 pg x h/mL, as compared to an AUC of 3.39 pg x h/mL, after oral
administration of 10 mg/kg b.w. This suggests that i.v. injection of 10-20 mg IQ/kg b.w.
yields plasma concentrations of approximately 6-12 pM. Given that SP and DS display
similar pharmacokinetics, plasma concentrations with cytotoxic activity in CRC cells could
thus be reached in vivo. Nevertheless, basic animal studies incorporating dose-response
curves and comparing different routes of administration are clearly required. This holds
also true for preclinical toxicity studies to obtain detailed information on the safety profile
of the compounds, which will ultimately determine their applicability and therapeutic
range. Finally, it is tempting to speculate that the merosesquiterpenes identified in this
study may synergize with established anticancer drugs used in CRC therapy, as has been
previously demonstrated for the combination of the natural disulfide compound LA with
5-FU or doxorubicin [34,39].

5. Conclusions

Taken together, we identified three natural merosesquiterpenes with potent cytotoxic
activity in different human CRC cell lines independent of their p53 status. The underlying
mechanism involved DNA strand break formation and activation of the DNA damage
response, followed by cell cycle arrest and mitochondrial apoptotic cell death. Impor-
tantly, these findings were corroborated in murine intestinal tumor organoids, suggesting
merosesquiterpenes as promising building blocks in CRC chemotherapy.
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Figure A1. Effects of merosesquiterpenes on cellular ROS production and DNA damage response in CRC cells after 24 h:
(A) flow-cytometry-based measurements of ROS formation in HCT116 cells challenged with increasing concentrations of SP
and IQ, respectively. H,O, was included as positive control. Data are given as mean + SEM (n = 4). Not significant (ns):

p>0.05;* p < 0.05; ™ p < 0.01; (B) representative histograms of ROS analysis shown in (A).
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Figure A2. Effect of merosesquiterpenes on cell cycle distribution in HT29 cells after 24 h: (A,B) cell cycle analysis in HT29

cells challenged with increasing concentrations of SP (A) and DS (B), respectively, for 24 h, and 5-FU served as positive
control. Data are given as mean + SEM (1 = 4). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01; (C,D) representative
histograms of cell cycle analysis shown in (A,B).
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Figure A3. Effect of merosesquiterpenes on cell cycle distribution in HT29 cells after 48 h: (A,B) cell cycle analysis in HT29
cells treated with increasing concentrations of SP (A) and DS (B), respectively, for 48 h, and 5-FU served as positive control.
Data are given as mean + SEM (n = 4). Not significant (ns): p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; (C,D) representative
histograms of cell cycle analysis performed in (A,B).
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Figure Ad. Impact of p53 status on anticancer drug triggered cell death in CRC cells: (A) isogenic HCT116-p53*/* and
HCT116-p53~/~ cells were exposed to 5 pM 5-FU and 5 pM Etoposide (Eto) for 48 h. Cell death induction was assessed
by Annexin V-FITC/PI staining and flow cytometry. Data are shown as mean + SEM (n = 3). Not significant (ns): p > 0.05;
*p <0.05 ** p <0.01; (B) representative dot plots of measurements performed in (A). (C) Morphological changes in
HCT116-p53+/* and HCT116-p53~/ ~ cells challenged with 25 uM SP for 48 h.
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Figure A5. Impact of p53 status on caspase cleavage, proapoptotic and antiapoptotic gene expression in CRC cells upon
merosesquiterpene treatment: (A) isogenic HCT116 cell lines differing in their p53 status were exposed to increasing
concentration of IQ for 48 h, and 5-FU was included as positive control and untreated cells as the corresponding negative
control. Samples were subject to SDS-PAGE, followed by Western blot analysis of cleaved caspase-3, cleaved caspase-9,
and Bim. Hsp90 was used as loading control. Representative blots are shown including densitometric evaluation; (B)
expression levels of the proapoptotic genes BID, NOXA, and PUMA in p53-proficient and -deficient HCT116 cells treated
with 50 pM IQ, 25 uM SP and 5 uM 5-FU for 24 h. Gene expression was assessed by qPCR (n = 3); (C) expression levels of
the antiapoptotic genes cIAP1, cIAP2, and Survivin determined, as described in A; (D) expression levels of the antiapoptotic
genes BCL2 and BCL-XL determined as described in A.
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Supplementary Material & Methods

Isolation and characterization of Merosesquiterpenes

Merosesquiterpenes were obtained from two sponge species, an Indonesian Haliclona
sp. BL-3, as well as a Thai Verongula cf. rigida Esper.

Smenospongine was isolated before from sponge Dactylospongia elegans collected
from Towo’e Beach Tahuna Bay, Sangihe Islands. For reisolation of smenospongine, the
sponges Haliclona sp. BL-3, collected from Batulewehe’s coral reef Sangihe Island, was
used. Therefore, the Haliclona specimen was extracted with MeOH (shake at 140 rpm, 30
°C, overnight). Upon removal of the solvent to dryness, the extract was purified using an
HPLC system (Shimadzu Deutschland GmbH, Duisburg, Germany) equipped with a re-
verse-phase column (EC Gravity C18, 250 x 10 mm) and eluted with a gradient 6:4
MeCN/H:20 + 0.01% TFA to 8.5:1.5 MeCN/H:0 + 0.01% TFA, over 55 min, flow rate 3.0
mL/min), yielding five fractions (M1-M5). Fraction M3 was purified by reverse-phase
HPLC column (gradient 55:45 MeCN/Hz0 + 0.01% TFA to 8:2 MeCN/H:0 + 0.01% TFA,
over 75 min, flow rate 3.0 mL/min) to yield smenospongine (2.2 mg).

The sponge Verongula cf. rigida Esper was collected from Koh Ha Islets, Krabi Prov-
ince, Thailand, in two separate expeditions—one in 2010, and the otherin 2014. The spec-
imen from the 2010 expedition (1.8 kg, wet weight) was extracted with 1:1 MeOH/EtOAc
(2.5L) and EtOAc (3 x 2.5 L). The extract (23 g) was partitioned with hexane, CH:Clz, and
n-BuOH, respectively. An aliquot of the hexane extract (2.6 g) was chromatographed over
a Sephadex LH-20 column (MeOH) and an HPLC system (Waters 1525 binary solvent de-
livery system with Waters 2998 photodiode array detector, a Rheodyne 7125 injection
port, and performed with Empower 3 software) using a reverse-phase column (C-18, Phe-
nomenex®, 250 x 10 mm, 10 um) with a 9:1 MeCN/water (2.0 mL/min) to yield dactylo-
spontriol (6 mg). Another aliquot of the hexane extract (11.7 g) was separated over a Se-
phadex LH-20 (EtOAc), SiO2 (98:2 CH2Clz/MeOH), and a SiO2 HPLC columns (VertiSep
GES Silica, 250x10 mm, 10 puM; 85:15 hexane/EtOAc, 2.0 mL/min) to yield 3-farnesyl-2-
hydroxy-5-methoxyquinone (6.4 mg).

The sponge specimen from the 2014 expedition (325 g, dry weight) was exhaustively
extracted with hexane (5 x 3 L), CH2Clz (4 x 3 L), and MeOH (4 x 3 L). An aliquot of the
hexane extract (3 g) was isolated with a SiO: (gradient 100:0 — 0:100 hexane/EtOAc) and
Sephadex LH-20 columns (4:1 MeOH/EtOAc), yielding six pooled fractions (H1-H6).
Fraction H4 was separated over AgNO:-imprenated SiO: column (4:1 hexane/EtOAc) to
yield ilimaquinone (300 mg) and 5-epi-ilimaquinone (81 mg). Fraction H5 was isolated
with a SiOz (8.5:1.5 hexane/CHCIs + 1 % v/v acetic acid), reverse-phase C-18 solid phase
extraction (CH3CN), and reverse-phase HPLC columns (C-18, Mightsill RP-18 GPII, 250 x
4.6 mm, 5 um; 8.5:1.5 MeCN/water, 1.0 mL/min) to yield quintaquinone (1.4 mg). Another
aliquot of the hexane extract (2 g) was chromatographed over a SiO2 (gradient 100:0-0:100
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hexane/EtOAc) and Sephadex LH-20 columns (4:1 MeOH/EtOAc) to yield six fractions
(HH1-HHS6). Fraction HH4 was chromatographed over reverse-phase C-18 solid phase
extraction (CHsCN) and separated with a reverse-phase HPLC column (8.5:1.5
CHsCN/water, 1.0 mL/min) to yield smenospongorine (1.5 mg), smenospongiarine (1.2
mg), and smenospongidine (0.8 mg). Fraction HH5 was isolated using a reverse-phase
column (7:3 CHsCN/water, 1.0 mL/min) to yield cyclospongiaquinone-1 (4.4 mg) and
smenodiol (9 mg).

Smenospongine. 'H-NMR (CDOD, 400 MHz) 6 5.51 (1H, s, H-19), 4.43 (2H, brs, H2-
11),2.47 (1H, d, ] = 13.7 Hz, H-15a), 2.41 (1H, d, ] = 13.7 Hz, H-15b), 2.34 (1H, ddd, ] = 13.7,
4.3,2.7 Hz, H-3ax), 2.15 (1H, brd, ] =12.7 Hz, H-1eq), 2.05 (1H, brd, | = 13.7, 4.5 Hz, H-3eq),
1.95 (1H, m, H-2eq), 1.52 (1H, m, H-6eq), 1.43 (1H, m, H-1ax), 1.40 (1H, m, H-2ax), 1.39
(1H, m, H-8), 1.34 (3H, m, H-6ax, H2-7), 1.06 (3H, s, H3-12), 1.01 (1H, brd, ] = 11.5 Hz, H-
10), 0.98 (3H, d, | = 6.4 Hz, H3-13), 0.84 (3H, s, H3-14); HRESI-LCMS m/z 344.2218 [M+H]*
(caled for CaiH290NOs 344.2220).

Smenospongorine. 'H-NMR (CsDe, 500 MHz) 6 6.02 (1H, brs, -NH), 5.17 (1H, s, H-
19), 4.60 (1H, dd, ] = 1.6, 1.6 Hz, H-11a), 4.56 (1H, dd, ] = 1.6, 1.6 Hz, H-11b), 2.66 (1H, d, |
=13.8 Hz, H-15a), 2.57 (1H, d, ] = 13.8 Hz, H-15b), 2.38 (1H, ddd, ] = 12.4, 5.3, 2.2 Hz, H-
leq), 2.35 (1H, ddd, | = 137, 137, 5.3 Hz, H-3ax), 2.17 (1H, ddd, ] = 137, 2.4, 2.4 Hz, H-
3eq), 2.03 (2H, H2-22), 1.97 (1H, ddd, ] = 11.5, 5.3, 2.4 Hz, H-2¢q), 1.55 (1H, ddd, | = 12.4,
8.9 ,2.9 Hz, H-6eq), 1.45 (1H, ddd, | =12.4, 9.7, 2.4 Hz, H-1ax), 1.44 (1H, ddd, ] =11.5, 5.3,
2.4 Hz, H-2ax), 1.43 (1H, ddq, ] =12.4, 10.0, 5.8 Hz, H-8), 1.40 (3H, overlapped, H-6ax, H2-
7),1.20 (3H, d, ] =5.8 Hz, H3-13), 1.12 (1H, ddd, ] = 13.5, 6.8, 6.8 Hz, H-23), 1.06 (3H, s, H3-
12), 1.04 (1H, dd, ] = 9.7, 2.2 Hz, H-10), 0.89 (3H, s, H3-14), 0.45 (6H, d, | = 6.0 Hz, H3-24,
H3-25); HRESIMS m/z 398.2702 [M-H]- (caled for C2sH3eNOs, 398.2686).

Smenospongiarine. 'H-NMR (CsDs, 500 MHz) 6 5.87 (1H, brs, -NH), 5.17 (1H, s, H-
19),4.60 (1H, dd, ] = 1.6, 1.6 Hz, H-11a), 4.56 (1H, d, ] = 1.6 Hz, H-11b), 2.68 (1H, d, | = 13.8
Hz, H-15a), 2.58 (1H, d, | = 13.8 Hz, H-15b), 2.38 (1H, overlapped, H-3ax), 2.37 (1H, over-
lapped, H-1eq), 2.19 (2H, H2-22), 2.16 (1H, dd, | = 13.7, 5.9 Hz, H-3eq), 1.95 (1H, ddd, | =
12.3, 6.0, 3.8 Hz, H-2eq), 1.53 (1H, dd, | = 13.5, 4.5 Hz, H-6eq), 1.44 (1H, overlapped, H-
2ax), 1.43 (2H, overlapped, H-1ax, H-6ax), 1.42 (1H, dd, | =5.7, 3.1 Hz, H-8), 1.40 (2H, H2-
7),1.21 (3H, d, ] = 5.8 Hz, H3-13), 1.06 (3H, s, H3-12), 1.06 (1H, overlapped, H-24), 1.04 (1H,
dd, /=11.1, 1.8 Hz, H-10), 0.90 (3H, s, H3-14), 0.68 (2H, H2-23), 0.55 (6H, d, | = 6.6 Hz, H3-
25, H3-26); HRESIMS m/z 412.2856 [M-H]- (calcd for C2sH:sNOs, 412.2842).

Smenospongidine. 'H-NMR (CeDe, 500 MHz) 6 7.08 (2H, brd, | =7.9 Hz, H-25, H-29),
7.05 (1H, brd, | = 7.5 Hz, H-27), 6.74 (2H, brd, | = 7.3 Hz, H-26, H-28), 5.91 (1H, brs, -NH),
5.12 (1H, s, H-19), 4.61 (1H, dd, ] = 1.6, 1.6 Hz, H-11a), 4.57 (1H, brs, H-11b), 2.64 (1H, d, |
=13.8 Hz, H-15a), 2.53 (1H, d, | = 13.8 Hz, H-15b), 2.40 (2H, H2-22), 2.36 (1H, ddd, | =13.7,
13.7,7.1 Hz, H-3ax), 2.33 (1H, brd, | = 12.6 Hz, H-1eq), 2.19 (1H, brd, ] = 13.7 Hz, H-3eq),
2.04 (2H, H2-23), 1.94 (1H, ddd, ] = 12.7, 5.9, 2.4 Hz, H-2eq), 1.55 (1H, dd, ] = 13.5, 2.9 Hz,
H-6eq), 1.46 (1H, overlapped, H-1ax), 1.42 (3H, overlapped, H-2ax, H2-7), 1.41 (1H, dd, |
=5.7,3.1 Hz, H-8), 1.40 (1H, overlapped, H-6ax), 1.17 (3H, d, ] = 5.4 Hz, H3-13), 1.06 (3H,
s, S-14, H3-12), 1.03 (1H, dd, ] = 11.7, 2.2 Hz, H-10), 0.88 (3H, s, H3-14); HRESIMS m/z
448.2846 [M+H]' (calcd for CoHsNO», 448.2842).

Ilimaquinone. 'H-NMR (CsDe, 500 MHz) 6 7.37 (1H, s, 17-OH), 5.08 (1H, s, H-19),
4.58 (1H, dd, ] = 1.6, 1.6 Hz, H-11a), 455 (1H, dd, ] = 1.6, 1.6 Hz, H-11b), 2.68 (1H, d, ] =
13.7 Hz, H-15a), 2.64 (3H, s, 20-OCHs), 2.55 (1H, d, ] = 13.7 Hz, H-15b), 2.35 (1H, dddd, | =
13.5,11.5, 5.5, 1.6 Hz, H-3ax), 2.32 (1H, brdd, | = 11.5, 2.2 Hz, H-1eq), 2.13 (1H, dddd, | =
13.5,4.5,2.2, 2.2 Hz, H-3eq), 1.93 (1H, brddd, ] = 11.7, 5.5, 2.2 Hz, H-2eq), 1.53 (1H, ddd, |
=118, 3.1, 3.1 Hz, H-6eq), 1.44 (1H, dddd, | = 11.5, 11.5, 11.3, 2.2 Hz, H-1ax), 1.43 (1H,
dddd, ] =11.7,11.5,2.2, 2.2 Hz, H-2ax), 1.40 (1H, ddd, ] = 11.8, 2.4, 2.4 Hz, H-6ax), 1.38 (1H,
brdd, ] =5.8, 1.7 Hz, H-8), 1.36 (2H, H2-7), 1.16 (3H, d, | = 5.8 Hz, H3-13), 1.03 (3H, s, H3-
12), 0.98 (1H, dd, | = 11.3, 2.2 Hz, H-10), 0.86 (3H, s, H3-14); HRESIMS m/z 381.2025
[M+Na]* (caled for C2H300OsNa, 381.2034).
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5-Epi-ilimaquinone. 'H-NMR (CsDs, 500 MHz) 6 7.36 (1H, s, 17-OH), 5.19 (1H, s, H-
19),4.81 (1H, dd, ] =1.7, 1.7 Hz, H-S-13 11a), 4.78 (1H, dd, ] = 1.7, 1.7 Hz, H-11b), 2.72 (1H,
d, | = 13.6 Hz, H-15a), 2.70 (3H, s, 20-OCHs), 2.60 (1H, d, | = 13.6 Hz, H-15b), 2.43 (1H,
dddd, ] =13.9, 13.5, 6.4, 1.7 Hz, H-3ax), 2.34 (1H, brdd, | = 15.4, 4.3 Hz, H-1eq), 2.12 (1H,
dd, /=13.9, 5.5 Hz, H-3eq), 2.05 (1H, ddd, | = 13.9, 3.2, 3.2 Hz, H-6eq), 1.96 (1H, dddd, | =
15.4, 14.6, 6.4, 6.4 Hz, H-1ax), 1.83 (1H, dddd, ] = 13.5, 13.5, 5.5, 5.5 Hz, H-2eq), 1.64 (1H,
dddd, ] =13.5, 13,5, 11.7, 2.3 Hz, H-2ax), 1.61 (1H, ddd, | =13.4, 6.4, 3.2 Hz, H-7eq), 1.37
(1H, ddd, ] =64, 6.4, 3.5 Hz, H-8), 1.36 (1H, dd, | = 6.4, 4.3 Hz, H-10), 1.22 (1H, dddd, | =
13.4,7.7,3.5,3.2 Hz, H-7ax), 1.12 (3H, d, | = 6.4 Hz, H3-13), 1.10 (1H, ddd, ] =13.9,7.7, 3.5
Hz, H-6ax), 1.10 (3H, s, H3-12), 1.00 (3H, s, H3-14); HRESIMS m/z 381.2047 [M+Na]* (calcd
for C2H300sNa, 381.2034).

Quintaquinone. 'H-NMR (CsDs, 500 MHz) 6 4.59 (1H, dd, ] = 1.6, 1.6 Hz, H-11a), 4.55
(1H, brs, H-11b), 3.78 (3H, s, 20-OCHs), 2.66 (1H, d, ] =13.6 Hz, H-15a), 2.51 (1H, d, ]=13.6
Hz, H-15b), 2.35 (1H, dddd, ] = 11.5, 11.2, 3.2, 1.6 Hz, H-3ax), 2.30 (2H, H2-22), 2.28 (1H,
ddd, ] =11.2, 3.5, 1.8 Hz, H-1eq), 2.14 (1H, dd, ] = 11.5, 2.2 Hz, H-3eq), 1.93 (1H, ddd, | =
11.2,3.2, 2.2 Hz, H-2eq), 1.86 (2H, t, ] =7.3 Hz, H2-25), 1.61 (3H, s, H3-27), 1.55 (1H, brdd,
] =10.9, 2.6 Hz, H-6eq), 1.45 (3H, ddd, ] =11.2, 11.2, 2.2 Hz, H-1ax, H2-24), 1.42 (2H, ddd,
J=10.9, 10.9, 2.6 Hz, H-6ax, H-7eq), 1.40 (1H, dddd, ] =11.2, 11.2, 3.5, 2.2 Hz, H-2ax), 1.35
(1H, overlapped, H-7ax), 1.32 (1H, dq, ] =12.2, 6.0 Hz, H-8), 1.26 (2H, H2-23), 1.13 (3H, d,
] = 6.0 Hz, H3-13), 1.04 (3H, s, H3-12), 0.96 (1H, dd, ] = 11.2, 1.8 Hz, H-10), 0.86 (3H, s, H3-
14); HRESIMS m/z 479.2763 [M+Na]* (calcd for C2sH0OsNa, 479.2763).

Cyclospongiaquinone-1. 'H-NMR (CsDs, 500 MHz) 6 5.41 (1H, s, H-19), 2.88 (3H, s,
20-OCH), 2.45 (1H, dd, | = 18, 4.7 Hz, H-15a), 1.97 (1H, ddd, ] = 12.7, 3.3, 3.3 Hz, H-7eq),
1.91 (1H, dd, ] =18, 12.9 Hz, H-15b), 1.57 (1H, ddd, | =12.7, 12.7, 4.4 Hz, H-7ax), 1.37 (1H,
ddd, [=13.8,7.1, 3.6 Hz, H-2eq), 1.32 (1H, ddd, ] =12.8, 7.2, 3.4 Hz, H-1eq), 1.27 (1H, ddd,
] =131, 4.3, 2.9 Hz, H-6eq), 1.25 (1H, ddd, | = 13.9, 5.2, 3.2 Hz, H-3eq), 1.22 (1H, ddd, | =
13.1,7.1,3.5 Hz, H-6ax), 1.07 (1H, dd, ] = 12.9, 4.7 Hz, H-9), 0.97 (1H, ddd, ] =13.9, 13.9, 3.8
Hz, H-3ax), 0.90 (1H, ddd, ] =13.8, 13.8, 3.4 Hz, H-2ax), 0.90 (3H, s, H3-13), 0.74 (3H, s, H3-
12), 0.66 (3H, s, H3-11), 0.62 (1H, dd, ] = 12.4, 2.2 Hz, H-5), 0.54 (1H, ddd, | =12.8, 3.3, 3.3
Hz, H-lax), 0.49 (3H, s, H3-14); ESIMS m/z 381.2037 [M+Na]* (caled for C22Hx0OsNa,
381.2034).

Smenodiol. 'H-NMR (CsDs, 500 MHz) 6 7.96 (1H, brs, H-17), 7.41 (1H, brs, H-19), 5.77
(1H, brs, 21-OH), 5.41 (1H, brs, H-7), 5.01 (1H, brs, 20-OH), 3.51 (3H, s, 22-OCHs), 2.89 (1H,
dd, ] = 15.4, 9.4 Hz, H-15a), 2.69 (1H, dd, ] = 15.4, 2.5 Hz, H-15b), 2.56 (1H, brd, | = 9.4 Hz,
H-9), 1.94 (1H, brd, ] =13.0 Hz, H-6eq), 1.86 (2H, overlapped, H-leq, H-6ax), 1.64 (3H, dd,
] =2.2,1.2 Hz, H3-13), 1.47 (1H, ddd, ] = 13.0, 3.3, 3.3 Hz, H-2eq), 1.35 (2H, ddd, ] = 13.0,
5.6, 3.3 Hz, H-2ax, H-3eq), 1.20 (1H, dd, ] =11.8, 5.1 Hz, H-5), 1.12 (1H, ddd, ] = 13.0, 10.1,
3.3 Hz, H-1ax), 1.10 (1H, ddd, ] =13.0, 10.1, 3.3 Hz, H-3ax), 0.90 (3H, s, H3-14), 0.86 (3H, s,
H3-11), 0.83 (3H, s, H3-12); HRESIMS m/z 373.2369 [M+H]" (calcd for C23sH30s, 373.2370).

Dactylospontriol. 'H-NMR (CsDs, 500 MHz) 6 11.29 (1H, s, 19-OH), 7.55 (1H, s, H-
17), 5.78 (1H, s, 20-OH), 5.42 (1H, s, H-7), 3.31 (3H, s, 22-OCHs), 2.82 (1H, d, ] = 15.5 Hz,
H-15a), 2.65 (1H, dd, | =15.5, 9.6 Hz, H-15b), 2.51 (1H, brs, H-9), 1.94 (1H, overlapped, H-
6eq), 1.87 (1H, overlapped, H-6ax), 1.85 (1H, overlapped, H-1eq), 1.66 (3H, s, H3-13), 1.48
(1H, overlapped, H-2eq), 1.35 (1H, overlapped, H-2ax), 1.33 (1H, overlapped, H-3eq), 1.21
(1H, dd, ] =11.7, 5.0 Hz, H-5), 1.08 (1H, overlapped, H-1ax), 1.05 (1H, overlapped, H-3ax),
0.89 (3H, s, H3-14), 0.85 (3H, 5, H3-11), 0.82 (3H, s, H3-12); EIMS m/z (% relative intensity):
388 ([M]+, 36), 197 (100), 164 (40).

3-Farnesyl-2-hydroxy-5-methoxyquinone. '"H-NMR (CsDs, 500 MHz) 6 5.48 (1H, tq,
J=7.1,1.2Hz, H-2"), 522 (2H, tq, ] =6.9, 1.4 Hz, H-6', H-10'), 5.13 (1H, s, H-6), 3.30 (2H, d,
J=7.1Hz, H2-1'), 2.72 (3H, s, 5-OCHs), 2.15 (2H, overlapped, H2-5'), 2.14 (2H, overlapped,
H2-9'), 2.04 (2H, overlapped, H2-4'), 2.03 (2H, overlapped, H2-8'), 1.82 (3H, brs, 3'-CHs),
1.67 (3H, d, ] = 1.10 Hz, H3-12'), 1.55 (3H, s, 7'-CH3), 1.54 (3H, s, 11'-CH3); HRESIMS m/z
359.2211 [M+H]+ (caled for C22Ha10s, 359.2214).
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Figure S1. 'H-NMR of smenospongine (400 MHz, CD:OD).

L ML

b e e ol - YN .
nzang R eNmE ¢
2

M

5 70 65

fff‘
I

o

- @ M-

g o {>
103 {

v
55 50 45 3.0 25 20 15 10 05 0.

40 35
Chemical shift (ppm)

Figure S2. 'H-NMR of smenospongorine (500 MHz, CsDe).

113



Cumulative Part: Publications

Cancers 2021, 13, 3282 S5 of S13

;
F ) 3 J /v
UJ . I Uh N
e e 5 od g SN Ay e
8 # ¢ RBYRSY BprInzse
— e M e e - P - St . e e S (LK § - PR L s b L G
5 70 65 6.0 55 5.0 45 30 25 20 15 1.0 0.5

N
2 22 5

l/f o F

M, l s “ 1 d -
o i g = L 5 ST T e
35 3 Q@ € 8 BHEDS BATERY
LA o8 O TRICUS TS S BRSPS C RSN, L - . L L PR L L
5 70 65 6.0 55 50 45 4.0 35 30 25 20 15 1.0
Chemical shift (ppm)

Figure S4. 'H-NMR of smenospongidine (500 MHz, CsDs).
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Figure S6. 'H-NMR of 5-epi-ilimaquinone (500 MHz, CsDs).
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Figure S12
Western blots HCT116 cells, Fig. 3D
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Figure S13
Western blots HT29 cells, Fig. 3D
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Figure S14
Western blots HCT116 cells, Fig. 6C and HT29 cells, Fig. 7C
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Figure S15
Western blots HCT116 cells, Fig. A5A
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3.3. Targeting PARP-1 and DNA Damage Response Defects in Colorectal
Cancer Chemotherapy with Established and Novel PARP Inhibitors
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Fahrer

First, | would like to expand on my participation in this publication and the collaborations
that enabled this work. Publication Ill, of which | am first author, was prepared in
cooperation with 10 coauthors. The manuscript has been submitted to an international
peer reviewed journal and is currently under review. The test substances were provided
by the Institute of Biological and Chemical Systems - Functional Molecular Systems
(IBCS-FMS), at the Karlsruhe Institute of Technology (KIT) in Eggenstein-
Leopoldshafen, Germany. During the creation of this publication, | took part in the formal
analysis, validation, investigation and methodology as well as visualization, writing of the
original draft and its subsequent review and editing. The experiments | conducted for this
publication included the enzymatic PARP-1 inhibitor screening assay as well as the
subsequent microscopy-based quantification of PARylation in HCT116 cells after
treatment with four selected inhibitor candidates (X17613, X17618, X17620 & X17621).
In addition, | performed the cytotoxicity assessment of olaparib, veliparib and the two
novel inhibitor candidates (X17613 & X17618) in combination with established cytostatic
drugs (IT, OXA and 5-FU) in HCT116 WT and BRCA2™ cells. | conducted the western
blot-based quantification of PARP-1 trapping in response to two selected inhibitor
candidates (X17613 & X17618) and the positive control olaparib in HCT116 cells.
Furthermore, | measured the induction of yH2AX in response to X17613, IT and the

combination treatment in HCT116 WT and BRCA2™ cells by western blot analysis.

This publication appeared in the peer-reviewed journal Cancers (Volume 16) in October
2024.
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Simple Summary: Inhibition of the DNA repair protein PARP-1 is a promising concept in cancer
therapy. More recently, PARP-1 has been revealed as a possible target in colorectal cancer, which is
the second leading cause of cancer-related death worldwide. In this work, we screened a compound
library to identify novel PARP inhibitors with low cytotoxicity and tested their efficacy in colorectal
cancer cell models with and without defects in the DNA damage response. Furthermore, we evaluated
whether the putative PARP inhibitors synergize with chemotherapeutic drugs used in the clinics to
treat colorectal cancer patients. Using various experimental approaches, we were able to identify
two promising molecules with potent PARP inhibition in colorectal cancer cells without causing
cytotoxicity on their own. Moreover, the novel PARP inhibitors sensitized colorectal cancer cells to
the anticancer drug irinotecan dependent on homologous recombination deficiency. Remarkably,
the clinically approved PARP inhibitor olaparib displayed the strongest synergistic effects, but it
was also cytotoxic as a single agent in wildtype colorectal cancer cells. The novel PARP inhibitors
might, therefore, be useful for a combination therapy with irinotecan to avoid overlapping toxicity
on healthy tissue such as bone marrow, which warrants further preclinical studies.

Abstract: The DNA repair protein PARP-1 emerged as a valuable target in the treatment of tu-
mor entities with deficiencies of BRCA1/2, such as breast cancer. More recently, the application
of PARP inhibitors (PARPi) such as olaparib has been expanded to other cancer entities including
colorectal cancer (CRC). We previously demonstrated that PARP-1 is overexpressed in human CRC
and promotes CRC progression in a mouse model. However, acquired resistance to PARPi and
cytotoxicity-mediated adverse effects limit their clinical applicability. Here, we detailed the role
of PARP-1 as a therapeutic target in CRC and studied the efficacy of novel PARPi compounds in
wildtype (WT) and DNA repair-deficient CRC cell lines together with the chemotherapeutics irinote-
can (IT), 5-fluorouracil (5-FU), and oxaliplatin (OXA). Based on the ComPlat molecule archive, we
identified novel PARPi candidates by molecular docking experiments in silico, which were then
confirmed by in vitro PARP activity measurements. Two promising candidates (X17613 and X17618)
also showed potent PARP-1 inhibition in a CRC cell-based assay. In contrast to olaparib, the PARPi
candidates caused no PARP-1 trapping and, consistently, were not or only weakly cytotoxic in WT
CRC cells and their BRCA2- or ATR-deficient counterparts. Importantly, both PARPi candidates
did not affect the viability of nonmalignant human colonic epithelial cells. While both olaparib and
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veliparib increased the sensitivity of WT CRC cells towards IT, no synergism was observed for X17613
and X17618. Finally, we provided evidence that all PARPi (olaparib > veliparib > X17613 > X17618)
synergize with chemotherapeutic drugs (IT > OXA) in a BRCA2-dependent manner in CRC cells,
whereas ATR deficiency had only a minor impact. Collectively, our study identified novel lead
structures with potent PARP-1 inhibitory activity in CRC cells but low cytotoxicity due to the lack of
PARP-1 trapping, which synergized with IT in homologous recombination deficiency.

Keywords: PARP-1; colorectal cancer; synthetic lethality; DNA damage response; chemotherapy

1. Introduction

Despite ongoing progress in the development of new approaches for CRC therapy,
the five-year survival rate is still low, making it the second leading cause of cancer-related
death worldwide [1]. An increasing incidence was observed primarily among younger
age groups, which was attributed to changing lifestyle, medication, and environmental
factors [2]. Current treatment of advanced CRC is based on surgery and chemotherapy
with the DNA damage-inducing drugs irinotecan (IT), oxaliplatin (OXA) and 5-fluorouracil
(5-FU), which are combined in several chemotherapy regimens [3]. Both the development of
resistance during prolonged application and systemic toxicity limit the efficacy of currently
used therapeutics [4].

Colorectal carcinogenesis is associated with (epi)genetic alterations of DNA repair.
In hereditary CRC, mutations of DNA mismatch repair (MMR) genes such as MLH1 and
MSH?2 give rise to microsatellite instability (MSI) [5]. The MMR gene MLH1 can also be
epigenetically inactivated in sporadic CRC together with other genes, which is referred to
as a CpG island methylator phenotype (CIMP) and results in MSI as well [5]. In contrast,
the vast majority of sporadic CRC cases (up to 90%) arise through the chromosomal
instability pathway (CIN), which is characterized by microsatellite stability (MSS) [6].
Furthermore, sporadic CRC formation is frequently accompanied by epigenetic inactivation
of MGMT involved in the repair of DNA alkylation damage [7]. Mutations of BRCA2
required for homologous recombination (HR)-mediated DNA repair occur rarely but were
observed predominantly in young patients [8]. However, they have not been causally
linked to an increased CRC susceptibility, unlike BRCAT mutations [9]. Interestingly, a
more comprehensive study revealed that around 14% of all CRC cases exhibit HR deficiency
(HRD) [10].

DNA damage induction represents the primary mechanism of anticancer drugs used
in CRC treatment [11]. A fundamental component of the DNA damage response (DDR)
is the enzyme poly (ADP-ribose) polymerase 1 (PARP-1) [12,13]. After binding to DNA
strand breaks, PARP-1 is activated and catalyzes the post-translational formation of poly
ADP-ribose (PAR) on various acceptor proteins, associated with DNA repair, histone
modification, or cell cycle progression [13,14]. We found that PARP-1 is overexpressed in
human CRC tissue, correlating with disease progression [15]. Using a CRC mouse model,
we further demonstrated that PARP-1 protects against colorectal tumor induction, whereas
it promoted colorectal tumor progression driven by intestinal inflammation [15]. These
findings highlight the potential benefit arising from pharmacological PARP inhibition in
CRC.

In recent years, several PARP inhibitors (PARPi) have been clinically approved for
the treatment of ovarian and breast cancer [12,16]. The PARPi olaparib, rucaparib, and
niraparib were shown to induce synthetic lethality in tumors deficient in BRCA1/2 [17]. The
application of PARPi is currently expanded beyond BRCA1/2 deficiency to malignancies
with other defects in HR and extensive testing may identify patient populations that benefit
from PARPi treatment [18,19]. This includes defects of the apical DDR kinases ATM and
ATR, as well as RAD51 involved in HR [20]. Mutations of MRE11, which is important for
the detection of DNA double-strand breaks (DSBs), were reported to occur in CRC with
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MSI [21] and lead to higher cytotoxicity of PARPI in vitro [22] but not in patients receiving
monotherapy [23]. Deficiency of ATM, which is observed in up to 10% of CRC cases, is
accompanied by sensitivity towards olaparib, especially in the absence of wildtype (WT)
p53 [24]. Although the anticancer effects of PARPi generally rely on mutations in DDR
genes, multiple lines of evidence suggest a synergistic effect of PARPi and conventional
chemotherapy also in tumors without genetic alterations of DNA repair [12,25]. Molecular
susceptibilities beyond HRD have been identified in CRC [19]. Increased sensitivity towards
the PARP inhibitor olaparib was found in patient-derived HROC278-Met cells containing
a BRAF mutation [26]. Furthermore, KRAS mutant intrahepatic cholangiocarcinoma cells
were shown to be highly sensitive to PARP inhibition [27], which might also hold true for
KRAS mutated CRC. Despite these promising results from preclinical and clinical studies,
the application of PARPi in cancer therapy is limited due to the development of PARPi
resistance and adverse effects such as bone marrow toxicity, fatigue, and gastrointestinal
toxicity [28,29].

In view of the emerging role of PARP-1 as a therapeutic target in CRC and the limi-
tations observed for established PARPi, we aimed to identify PARPi with novel scaffolds
and lower toxicity, in order to test their activity in MSI and MSS CRC cell lines without or
with DDR defects. By in silico analysis, a set of 12 possible PARP inhibitors was identified
and tested with a recombinant PARP-1 enzyme activity assay. The four most potent com-
pounds were then used in an immunofluorescence-based PARP-1 activity assay applying
human CRC cells. After identifying the two most potent inhibitors, their potential to cause
PARP-1 trapping and their cytotoxicity was investigated in CRC cells proficient or deficient
for PARP-1, BRCA2, and ATR and compared to human colonic epithelial cells (HCEC).
Furthermore, the putative synergism with the chemotherapeutics IT, OXA, and 5-FU was
investigated in CRC cell models with and without the DDR defects.

2. Material and Methods
2.1. Test Compounds

Synthesis of test compounds X17613, X17618, X17620, and X17621, and analysis by ESI
mass spectrometry and NMR spectroscopy were conducted as described in SI material and
methods. 'H and ">*C-NMR spectra are shown in Supplementary Figures S1-S8. The test
compounds X17608, X17610, X17611, X17616, X4739, X5157, X9563, and X12750 were kindly
provided by ComPlat (KIT, Karlsruhe, Germany).

2.2. Molecular Docking

The virtual screening was calculated and analyzed using Schrodinger release 2020-4
(Schrodinger, LLC, New York, NY, USA, 2021). All protein structures (RCSB PDB: 4PJT [30],
7AAC, 7AAD [31]) were prepared using the Protein Preparation Wizard [32] by adding
hydrogen atoms, assigning OPLS3e force field parameters [33], and replacing missing
side chains or loops with Prime [34], followed by H-bond assignment optimization and
restraint minimization. Before molecular docking, all compounds of the ComPlat library
were prepared with LigPrep to predict possible protonation states and configurations. The
hydrogen bonds to either G863 or S904 were set as constraints for Glide grid generation.
Next, molecular docking with flexible ligands and rigid protein conformation was per-
formed with Glide SP scoring [35]. Finally, the binding poses were visually inspected and
re-scored with Glide XP to obtain the binding free energy values [36].

2.3. PARP Inhibitor Assay

Twelve compounds were screened regarding their ability to inhibit PARP-1 enzyme
activity in vitro. Therefore, we utilized a chemiluminescence-based PARP-1 assay kit (BPS
Bioscience, San Diego, CA, USA) and performed two independent experiments according
to the manufacturer’s instructions. Briefly, non-transparent 96-well plates were coated
with histones overnight. Substances were tested in duplicates, applying concentrations
of 0.001, 0.01, 0.1, 1, 10, and 100 uM. Olaparib and veliparib in concentrations of 5 and
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50 nM served as positive controls. After adding activated DNA and biotinylated NAD?, the
ADP-ribosylation reaction was initiated by the addition of PARP-1 enzyme and incubated
atRT for 1 h. Quantification of biotinylated PAR was conducted by using Streptavidin-HRP
and subsequent ECL-based detection of chemiluminescence, applying a Spark® multiplate
reader (Tecan, Crailsheim, Germany). The lowest applied concentration was set to 100%
and ICs values were calculated by nonlinear regression using GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA).

2.4. Cell Culture and Treatments

Genetically engineered HCT116 PARP-1*/* and HCT116 PARP-1~/~ were generated
in 2017 by CRISPR-based targeting as described elsewhere [15]. Wildtype HCT116 cells
were obtained from the Core Cell Center (John Hopkins University, Baltimore, MD, USA)
in 2012, while HCT116 BRCA2~/~ cells were kindly provided by Dr. Carlos Caldas in
2017 (University of Cambridge, Cambridge, UK) [37]. Parental DLD-1 ATR*/* and DLD-
1 ATR¥S cells were generated by Dr. Fred Bunz (John Hopkins University, Baltimore,
USA) [38] and obtained in 2018. Caco-2 cells were obtained from CLS Cell Lines Service
(Eppelheim, Germany) in 2012. Non-transformed human colonic epithelial cells (HCEC;
1CT) were established by Dr. Jerry W. Shay (UT Southwestern Medical Center, Dallas,
TX, USA) [39] and kindly provided in 2015. Cells lines were re-authenticated by p53,
PARP-1, ATR, and BRCA2 immunoblotting, by their characteristic differential response to
genotoxic agents and their typical cell morphology. HCT116, HCT116 BRCA2~/~, DLD-1
ATR*/* and DLD-1 ATR/S cells were maintained in DMEM, whereas HCT116 PARP-1*/+
and HCT116 PARP-1~/~ cells were maintained in RPMI1640 containing 10% FCS and
1% penicillin/streptomycin in a humidified atmosphere at 37 °C and 5% CO,. Caco-2
cells were cultured in MEM with 10% FCS, 1% penicillin/streptomycin, and nonessential
amino acids. HCECs were grown in a nitrogen incubator with reduced oxygen levels
(7% O3) and 5% CO; at 37 °C in DMEM GlutaMax/Medium 199 (4:1) with supplements as
reported previously [40]. The media and supplements were obtained from PAN-Biotech
(Aidenbach, Germany) and Thermo Fisher Scientific (Darmstadt, Germany). Cell culture
was frequently tested for contamination with mycoplasma by PCR using the Venor® GeM
Classic kit (Minerva Biolabs, Berlin, Germany) and immunofluorescence microscopy with
nuclear staining. The PARP inhibitors olaparib and veliparib were from MedChemExpress
and bought at Hycultec (Beutelsbach, Germany). The PARP inhibitors as well as the test
compounds were dissolved in DMSO as 10 mM stock solution and used in cell culture
experiments in a final concentration range from 0 to 50 uM. DMSO, in a concentration
equivalent to the highest inhibitor concentration used, served as a negative control (0 uM).
Cells were exposed for 1 h for the quantification of PARP-1 trapping or 2 h for assessing
the inhibitory potential by confocal fluorescence microscopy. PARP activity was either
induced by methyl methanesulfonate (MMS) cotreatment (1 mM) for 1 h (PARP trapping)
or by treatment with H,O, (1 mM) for 5 min subsequent to inhibitor incubation. The
chemotherapeutic drugs 5-FU, IT, and OXA (all from MedChemExpress and purchased
at Hycultec, Beutelsbach, Germany) were dissolved in water or DMSO as 75 mM, 34 mM,
and 10 mM stock solution, respectively, and used as indicated. If the PARPi treatment was
conducted in combination with cytostatic drugs for 24 h (yH2AX Western blot analysis) or
72 h (cytotoxicity testing), the PARPi was added 2 h prior.

2.5. Cytotoxicity Testing of PARP Inhibitors

To assess the cytotoxicity of newly developed PARP inhibitors, cells were cultivated in
translucent 96-well plates overnight and treated with PARP inhibitors or cytostatic drugs
for 72 h. For the assessment of synergistic activity, cells were pretreated with the inhibitors
for 2 h, before the inhibitor or cytostatic drug was added. Cell viability was assessed by
the resazurin reduction assay (RRA) as described previously [41], and fluorescence was
measured using a Spark® Multi-well reader (Tecan, Crailsheim, Germany). ICs, values
were calculated using GraphPad Prism 9.0 software (GraphPad Software Inc., Boston, MA,
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USA). To this end, concentrations were transformed into the log scale, plotted against the
cell viability and the curve was fitted by nonlinear regression with variable slope, providing
the ICsq values.

2.6. PAR Immunofluorescence Analysis

The activity of potential PARP inhibitors was tested in a cell model using
immunofluorescence-based detection of PAR essentially as reported previously [15].
HCT116 cells were seeded in Ibidi 12-well chamber slides and cultivated until they
reached 70% confluence. Induction of PARylation was achieved by adding 1 mM H,0, in
PBS/1 mM MgCl, for 5 min at 37 °C. Cells were washed with PBS/1 mM MgCl, and fixed
by adding 4% PFA at RT. After 20 min, cells were washed with PBS/100 mM glycine for
1 min and permeabilized with PBS/0.3% Triton X-100 for 3 min. Blocking of the cells was
conducted by adding PBS/0.05% Tween containing 5% powdered milk for 1 h at RT. Im-
munofluorescence staining of PAR was performed by either adding a PAR antibody clone
10H or pan-ADP-ribose binding reagent (Sigma-Aldrich, Saint Louis, MO, USA) diluted
1:300 in PBS/0.05% Tween containing 5% powdered milk overnight at 4 °C. Cells were
washed and an Alexa488-coupled secondary antibody was added for 1 h at RT. The slides
were mounted with VectaShield containing DAPI and analyzed by confocal microscopy
using a Zeiss Axio Observer 7 microscope (Oberkochen, Germany) equipped with a
63x oil objective (Plan-Apochromat 63 x /1.40 DIC M27) and a LSM900 confocal laser
scanner (Zeiss, Oberkochen, Germany). Images were analyzed using Zeiss Zen software
version 3.4 and Image] v1.53t (NIH, Bethesda, MD, USA). Briefly, nuclei were identified
based on the DAPI signal and marked as regions of interest (ROI). Subsequently, the mean
PAR signal in the identified ROI was quantified in each image and exported for further
analysis. For the individual experiments, the mean PAR intensity was averaged for each
treatment group and the control was set to 100%. Only images with a minimum of 4 cells
were included in the analysis and at least 5 images were assessed per treatment group. The
experiments were conducted in at least 3 biological replicates. To derive IC5, concentrations,
relative PAR levels of the experiments were transferred to GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA) for a nonlinear regression analysis applying a
three-parameter model.

2.7. Chromatin Retention Assay and Western Blot Analysis

Quantification of chromatin-trapped PARP-1 was performed as described elsewhere [42].
Briefly, HCT116 cells were harvested, and pellets were lysed in buffer containing 150 mM
KCl, 2.5 mM MgCl,, 50 mM HEPES pH 7.8, 5 mM EDTA pH 8, 3 mM dithiothreitol (DTT),
10% glycerol, 0.5% Triton X-100, and freshly added protease inhibitor cocktail (Roche)
for 15 min on ice. The chromatin-bound protein fraction was isolated by centrifugation
at4 °C for 15 min and 16.000x g. After transferring the soluble fraction, the chromatin-
containing pellet was washed twice in lysis buffer and sonicated for 3 min. The soluble
and chromatin fractions were mixed with self-made 5x Laemmli buffer (200 mM TRIS
pH 6.8, 40% glycerol, 8% SDS, 4 % f-mercaptoethanol, 0.08% Bromphenol Blue) and
incubated at 95 °C for 10 min. Samples were then separated by SDS-PAGE followed by
Western blot analysis essentially as described previously [43]. For the analysis of YH2AX,
cells were directly harvested in 1x Laemmli buffer, incubated at 95 °C for 5 min, and
subjected to SDS-PAGE and subsequent Western blot analysis [44]. The following primary
antibodies were used: anti-PARP-1 (#GTX112864, Genetex, Irvine, CA, USA), anti-Histone
H3 (#GTX122148, Genetex), anti-heat shock protein (Hsp90) /8 (#sc-13119, Santa Cruz
Biotechnology, Heidelberg, Germany), anti-y-H2AX (#ab81299, Abcam, Cambridge, UK).
The following secondary antibodies were used: anti-rabbit IgG-HRP (#7074, Cell Signaling
Technology, Danvers, MA, USA) and m-IgGk binding protein-HRP (#sc-516102, Santa Cruz
Biotechnology). The proteins of interest were detected using a c300 chemiluminescence
imager (Azure Biosystems, Dublin, CA, USA). Densitometric image analysis was conducted
by applying the software AzureSpot version 2.0.062 (Azure Biosystems, USA). The signal
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intensity (e.g., PARP-1 or YH2AX) of each lane was quantified and subsequently normalized
to the respective loading control as indicated in the figure legends, which was analyzed
in each experiment. Finally, the normalized signal intensity of each treatment group was
expressed relative to the negative control and transferred to GraphPad Prism 9.0 Software
(GraphPad Software Inc., Boston, MA, USA) for statistical analysis (see Section 2.8).

2.8. Statistics

Experiments were performed independently at least three times, except otherwise
stated. Results from representative experiments are depicted. Values underwent Grubbs’
test to exclude outliers and are displayed as mean +/— standard error of the mean (SEM)
using the GraphPad Prism 9.0 Software (GraphPad Software Inc., Boston, MA, USA). Statis-
tical analysis was performed using a two-sided Student’s t-test and statistical significance
was defined as p < 0.05.

3. Results
3.1. Identification of Putative PARPi Using Molecular Docking Studies

We devised a focused library of 3 ,4-bifunctionalized and -bridged indoles that fill an
underrepresented chemical space within the vast number of reported indole derivatives
as privileged scaffolds in drug discovery. From in silico screening of this focused in-
house library within the whole ComPlat archive with more than 18,000 molecules, four
compounds were identified with similar docking scores and binding poses compared to the
well-established PARP inhibitors veliparib and olaparib (Figure 1(A1,A2)). In silico analysis
revealed that the most active compound, X17613 with the carboxylic acid hydrazide motif,
forms key interactions with G863, S904, and Y907 (Figure 1(A3)), while hydrogen bonding
to the carbonyl oxygen atom of G863 is not mandatory. The derivatives X17618, X17620,
and X17621, nevertheless, suggested PARP-1 binding affinity in silico, albeit lower, while
alkylation of the amide of, e.g., X17611 would lead to a clash with the backbone carbonyl
oxygen atom of G863 (Appendix A, Figure A1(A1)). Furthermore, a binding mode allowing
hydrogen bonding to G863 or S904 could be identified for almost no compound substituted
at this position. Hence, for compound X17610, we obtained a completely different binding
mode, where the indole NH could interact with D766, and the hydrogen bond to $904
is formed via the morpholine oxygen atom (Appendix A, Figure A1(A2)). Therefore,
we tested this compound despite a shallow scoring value to evaluate the possibility of
other binding modes. Although X17608 is structurally similar to veliparib, the docking
score is significantly reduced due to an intramolecular clash in a similar binding mode
(Appendix A, Figure A1(A3)). All chiral compounds were tested as racemates, and no
favored binding modes for the individual enantiomers could be identified by molecular
docking (Figure 1(A4-A9)). To sum up, in silico studies revealed X17613 as the compound
with the highest PARP-1 binding affinity, followed by the derivatives X17618, X17620, and
X17621 (for chemical structures see Figure 1B and Appendix A, Figure A1B).

3.2. Activity Screening of PARP Inhibitors

After the molecular docking studies, twelve selected compounds were tested with
regard to their potential to inhibit PARP-1 in a chemiluminescent PARP-1 screening assay kit.
Five test compounds led to a concentration-dependent decrease in PARylation catalyzed by
PARP-1, whereas the other seven compounds had no or only little effect on PARP-1 activity
(Figure 2A and Appendix A, Figure A2B). The calculated ICs values varied between 41
nM for the most potent compound X17613 and 9.2 uM for the compound X17616 with
the lowest inhibitory potency. In general, these ICs) values are higher than the inhibitory
activity observed for the positive controls olaparib and veliparib (Appendix A, Figure A2A),
which are in the low nM range (1.6 nM and 4 nM, respectively). Applied in a concentration
of 5 nM, olaparib and veliparib reduced PARP-1 activity to approximately 25% and 50% of
the negative control, respectively. The most potent compounds X17613, X17618, X17620,
and X17621 were selected for further testing in a cell-based screening of PARP-1 activity
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(see below). Overall, the determined ICs values of the tested compounds correlated well
with the Glide XP scoring values of the determined docking poses from virtual screening
(Figure 1A, and Appendix A, Figure A1A).

Veliparib Olaparib X17613

S enantiomers

R enantiomers

Veliparib Olaparib
o}

N
HN™ S N
o] Na\éo % FK//\"“ (o]
we w3 () )

X17618 & X17620 X17621

a, A i
| =

\
0 NH o Y I

Figure 1. (A) Binding modes of veliparib (1), PDB: 7AAC), olaparib ((2), PDB: 7AAD), and selected
compounds from virtual screening ((3-9), PDB: 4PJT) to PARP-1. The binding to either G863 or
§904, as also found for veliparib, was used as a constraint in docking. All active compounds are
able to form this bond and adopt a similar binding mode. Through the indole NH, there is an
interaction with E988 by a bridging water molecule. No preference between the binding modes of the
S-(4-6) or R-enantiomers (7-9) is observed, while the scoring values also differ only slightly. (B)
Chemical structure of the most active compounds X17613, X17618, X17620, and X17621, according to
in vitro screening and the two established PARPi veliparib and olaparib.
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Figure 2. (A) Concentration-response curves of four potential PARP-1 inhibitors with the highest
activity in the PARP-1 screening assay kit. All concentrations were tested in duplicates. ICsy values
were derived using a nonlinear regression model in GraphPad Prism 9 (1 = 2). (B) Investigation of
PARP inhibition by X17613, X17618, X17620, and X17621 in HCT116 cells. Cells were challenged with
1 mM H;0; for 5 min and pretreated or not with the indicated compounds for 2 h. PAR synthesis was
identified by confocal IF microscopy using the PAR 10H antibody. The signal intensity of five images
per concentration was evaluated by Image] (7 > 3). (C) Representative confocal microscopy images
at 100 x magnification after PAR staining in HCT116 cells treated with the indicated concentrations of
X17613 for 2 h with or without subsequent PARP activation by HyO; treatment for 5 min. Scale bar:
100 um. (D) Confocal microscopy images at 630 x magnification after pan-PAR staining in HCT116
cells treated according to (C). Scale bar: 20 um. Data are presented as mean +/— SEM. * p < 0.01,
** p < 0.01; t-test.
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3.3. Effect of Selected Test Compounds on PAR Formation in HCT116 Cells

Further assessment of the PARPi activity of the four most potent compounds X17613,
X17618, X17620, and X17621 was conducted in HCT116 CRC cells (Figure 2B). The inhibitory
potential of the compounds on H,O,-induced PAR formation was measured by PAR anti-
body staining and subsequent analysis by confocal fluorescence microscopy (Figures 2C
and A3A). A significant decrease in the PAR signal was observed for the inhibitors X17613,
X17618, and X17621 already at a concentration of 100 nM. In contrast to that, the compound
X17620 showed no effect on PAR formation in the cell-based assay even at a concentration
of 10 uM (Figure 2B). Unlike the inhibitors X17613 and X17618, the compound X17621 did
not entirely inhibit PAR formation at the highest concentration. As a positive control, 10 nM
olaparib was included, which completely blocked PAR formation (Figure 2B,C). Since the
applied 10H PAR-Antibody detects PAR in a chain length-dependent manner with preferen-
tial binding to PAR polymers consisting of more than 20 monomers [45], we also conducted
immunostaining with the pan-ADP-ribose binding reagent using the same protocol. Fluo-
rescence microscopy revealed comparable results to the 10H clone PAR antibody (Figure 2D
and Appendix A, Figure A3B). Taken together, the three compounds X17613, X17618, and
X17621 showed a similar potency for cellular PARP inhibition following DNA damage
induction by HyO, with ICs values between 5 and 35 nM (Figure 2B and Appendix A,
Figure A3C). In contrast to the PARPi studies with recombinant PARP-1 enzyme, X17620
was not active in the cell model and, thus, was excluded from further testing.

3.4. PARP-1 Trapping and Cytotoxicity of PARP Inhibitors

In the next step, we focused on X17613 and X17618 with the highest in vitro and in
cellulo PARPi activity and analyzed their potential to cause PARP-1 trapping. To this end,
chromatin isolation was performed in MSI HCT116 cells after PARP activation by exposure
to the alkylating agent MMS for 1 h with or without an inhibitor. The results showed
that only olaparib caused a substantial increase in chromatin-bound PARP-1 (Figure 3A).
No enrichment of PARP-1 in the chromatin fraction was observed after treatment with
X17613 or X17618, indicating that PARP-1 trapping is not induced by these inhibitors at
the used concentrations. The same set of experiments was repeated in MSS Caco-2 cells,
revealing comparable results. Olaparib caused strong PARP-1 trapping, whereas no effects
were detected after treatment with X17613 and X17618 (Figure 3B). Since the ability of
PARP; to trap PARP-1 is associated with their cytotoxic potential and side effects in vivo,
we assessed the viability in HCT116 cells depending on PARP-1. Prior to that experiment,
Western blot analysis was used to validate the lack of PARP-1 protein expression in HCT116
PARP-1-/ cells, while HCT116 PARP-1*/* control cells displayed PARP-1 expression as
expected (Appendix A, Figure A4A). Neither X17613 nor X17618 decreased cell viability
in HCT116 cells, irrespective of the PARP-1 status (Figure 3C). Veliparib displayed only
mild cytotoxicity at the highest test concentration. In contrast to that, olaparib decreased
viability in HCT116 cells in a concentration-dependent manner, which was much more
pronounced in cells expressing PARP-1 (Figure 3C). Moreover, the effects of the established
and novel PARPi on the viability of MSS Caco-2 cells were determined. X17618 had no
impact on cell viability at all, while veliparib and X17613 showed little cytotoxicity at the
highest test concentration (Figure 3D). In line with the findings in HCT116 cells, olaparib
treatment resulted in a concentration-dependent reduction in Caco-2 viability (Figure 3D).
Finally, we evaluated the cytotoxic potential of PARPi in human colonic epithelial cells
(HCEC), which were established from human healthy colon biopsies. While olaparib caused
a moderate decline in viability at the highest concentration, the other PARPi (veliparib,
X17613, and X17618) had no effect on HCEC (Appendix A, Figure A4B) Taken together, the
novel PARPi X17613 and X17618 did not trap PARP-1 and, similar to veliparib, induced
no cytotoxicity in two different CRC cell models (MSI and MSS) and HCEC (Table 1).
Olaparib in turn caused substantial PARP-1 trapping and was cytotoxic in CRC cells in a
PARP-1-dependent manner.
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Figure 3. (A,B) Analysis of PARP-1 trapping in HCT116 and Caco-2 cells. Immunoblot detection of
PARP-1 after pre-treatment with X17613, X17618, and olaparib followed by MMS exposure for 1 h
and chromatin isolation. The cytosolic marker Hsp90 and the chromatin marker Histone H3 served
as respective loading controls. Representative Western blot images and densitometric evaluation
are shown (1 = 3). Data are shown as mean + SEM. (C) Cell viability determined by the resazurin
reduction assay (RRA) in HCT116 PARP-1~ /= and HCT116 PARP-1*/* cells after PARPi treatment for
72 h. A nonlinear regression curve fit was conducted using GraphPad Prism 9 (n > 3). (D) Viability
in Caco-2 cells after exposure to PARPi as indicated. (n = 3). All data are shown as mean +/— SEM.
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Table 1. IC5j-values [uM] of established PARP inhibitors (olaparib and veliparib), two PARP inhibitor
candidates (X17613 and X17618) and chemotherapeutic drugs in CRC cells with or without DDR defects.
“- indicates that ICs; values could not be determined due to insufficient or lack of cytotoxicity.

X17613 X17618 Olaparib Veliparib IT 5-FU OXA
HCT116 WT - - 8.40 - 1.28 0.50 1.19
HCT116 BRCA2~/ 7 - 0.46 7.45 0.16 0.34 0.25
HCT116 PARP1*/* # & 11.21 2 0.93 0.24 0.71
HCT116 PARP1/ - = = - 0.35 0.15 0.28
DLD-1 WT - - 5.88 - 419 0.35 8.77
DLD-1 ATR%® - - 1.9 - 299 0.22 9.08
Caco-2 = - = = 66.52 = 11.18
HCEC - - - - 295 26.23 40.71

3.5. Cytotoxicity of PARPi Depending on the Cellular BRCA2 and ATR Status

To investigate the impact of the cellular DDR on the cytotoxicity of PARP inhibitors,
we used genetically engineered CRC cell models proficient or deficient for BRCA2 and ATR,
respectively. Cell models were re-authenticated using Western blot analysis, which confirmed
a lack of BRCA2 and ATR protein expression in the respective knockout model (Appendix A,
Figure A4). Cytotoxicity testing revealed no impact of X17613 and X17618 on viability in
HCT116 WT cells, whereas both compounds decreased viability in HCT116 BRCA2~/~ cells
by about 25% at the highest test concentration of 50 uM (Figure 4A). High cytotoxicity in the
low micromolar concentration range was observed in HCT116 BRCA2 /- cells incubated
with olaparib or veliparib. The determined ICsy values in BRCA2-deficient HCT116 cells
were 18-times lower for olaparib and 5-times lower for veliparib in comparison to HCT116
WT cells (Table 1). Further experiments in DLD-1 WT and DLD-1 ATR®/S cells showed no
effects of X17613 and X17618, irrespective of the ATR status (Figure 4B). Veliparib caused a
concentration-dependent decrease in viability in both cell models, but concentration-response
data did not allow for deriving ICs values. Olaparib showed the strongest cytotoxic effects of
all tested PARPi, which was affected by the ATR status. DLD-1 ATR®/S cells displayed a 3-fold
higher sensitivity for olaparib than DLD-1 WT cells, as revealed by the respective ICs, values
(Table 1). In summary, BRCA2 deficiency potentiated the sensitivity of CRC cells towards all
tested PARPi (Olaparib » veliparib > X17613 ~ X17618), while ATR deficiency only increased
sensitivity towards olaparib.
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Figure 4. (A) Toxicity of PARPi in HCT116 cells depending on BRCA2 status. HCT116 WT and
HCT116 BRCA2~/~ cells were incubated with PARPi for 72 h and viability was assessed using the
resazurin reduction assay (RRA). Nonlinear regression curve fit was conducted using GraphPad
Prism 9 (n > 3). (B) Toxicity of PARPi in DLD-1 cells depending on ATR status. DLD-1 WT and
DLD-1 ATR®/S cells were incubated with PARPi for 72 h and viability was assessed using the RRA.
Nonlinear regression curve fit was conducted using GraphPad Prism 9 (n > 3). Data are depicted as
mean +/— SEM.
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3.6. Combination of PARPi and Clinically Relevant Chemotherapeutic Drugs in CRC Cells

To investigate a putative synergism with anticancer drugs, ICs) values of IT, 5-FU, and
OXA were first determined in all cell models (Appendix A, Figure A5). In HCT116 cells,
the toxicity of IT and OXA were dependent on the molecular subtype. In comparison to
HCT116 WT cells, HCT116 BRCA2~/~ was revealed to be more sensitive with an ICs; value
8-times lower for IT and 5-times lower for OXA, while no such difference was observed
for 5-FU (Appendix A, Figure A5A and Table 1). The PARP-1 status also impacted the
sensitivity of HCT116 cells to IT and OXA with 2.5-3-fold higher sensitivity in PARP-1-/~
cells, while the cytotoxicity of 5-FU was less affected (Appendix A, Figure A5B and Table 1).
Experiments in DLD-1 cells showed little influence of ATR on cytotoxicity, as reflected by a
1.4-times lower ICs) value for IT and a 1.6-times lower ICsq value for 5-FU in DLD-1 ATRS/S
cells (Appendix A, Figure A5C and Table 1). The cytotoxic effects of OXA were independent
of ATR. In Caco-2 cells, the cytotoxicity of the anticancer drugs was generally lower than in
HCT116 or DLD-1 cells (Figure A5D and Table 1). Furthermore, nonmalignant HCEC were
tested, which displayed similar sensitivity for IT but lower cytotoxicity for 5-FU and OXA
than the CRC cell lines (Appendix A, Figure AS5E).

Subsequently, combined treatment of PARPi and DNA damage-inducing anticancer
drugs was performed. We observed a significant decrease in cell viability compared to
mono-treatment with cytostatics for olaparib and veliparib in HCT116 PARP-1*/*, whereas
in HCT116 PARP1~/~ olaparib and veliparib did not sensitize to the anticancer drugs
(Figure 5A). The novel compounds X17613 and X17618 did not affect the cytotoxicity of the
anticancer drugs (Figure 5B and Appendix A, Figure A6A). In Caco-2, both olaparib and
veliparib moderately increased the cytotoxicity of IT, which was, however, not statistically
significant (Figure 5C).
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Figure 5. (A) Viability in HCT116 PARP-17/~ and HCT116 PARP-1*/* cells after treatment with
PARPi olaparib or veliparib in combination with chemotherapeutic drugs irinotecan (IT, 0.5 uM),
5-fluorouracil (5-FU, 0.25 uM), and oxaliplatin (OXA, 0.5 uM) for 72 h (n > 3). (B) Viability in HCT116
PARP-1-/~ and HCT116 PARP-1*/* cells after treatment with PARPi X17613 in combination with
chemotherapeutic drugs for 72 h. Data (n > 3) are given as mean +/— SEM. (C,D) Viability in Caco-2
cells after treatment with PARPi in combination with chemotherapeutic drugs irinotecan (IT, 10 uM),
5-fluorouracil (5-FU, 5 uM), and oxaliplatin (OXA, 1 uM). Data (n = 3) are shown as mean +/— SEM.
ns: p>0.05,* p <0.01,** p < 0.01, ** p < 0.001, *** p < 0.0001; t-test.
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No effects were observed for the combination treatment with the cytostatic drugs 5-FU
and OXA. In line with the findings in HCT116 cells, no sensitization towards the anticancer
drugs was detected upon incubation with X17613 and X17618 (Figure 5D). Collectively,
these results showed an increased sensitivity of CRC cells (HCT116 > Caco-2) towards IT
after treatment with olaparib and veliparib, while X17613 and X17618 had no synergistic
effect. Furthermore, our data highlighted the relevance of PARP-1 expression for the
cytotoxicity of both IT and OXA.

3.7. Impact of BRCA2 and ATR on the Potential Synergism of PARPi and Chemotherapeutics

Finally, we studied how the DDR status (BRCA2 and ATR) affects the therapeutic
efficacy of a combination regimen consisting of PARPi and chemotherapeutics. Olaparib
synergized with IT and OXA in a BRCA2-dependent manner (Figure 6A). Veliparib also
increased the sensitivity to IT and OXA in a BRCA2-deficient background, which was gen-
erally not as strong as for olaparib. For the novel compounds, an additional cytotoxic effect
was observed for the combination treatment with IT in HCT116 BRCA2~/~ cells but not
with the other anticancer drugs (Figures 6B and A6B). Consistently, bright field microscopy
revealed morphological changes such as cell rounding and detachment in BRCA2-deficient
HCT116 cells treated with X17613 and IT, indicative of cell death (Figure 6C).
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Figure 6. (A) Viability in HCT116 WT and HCT116 BRCA2 /= cells after treatment with PARPi
olaparib or veliparib in combination with chemotherapeutic drugs (IT, 0.25 uM), 5-fluorouracil (5-
FU, 0.1 uM), and oxaliplatin (OXA, 0.25 uM) for 72 h (n > 3). (B) Viability in HCT116 WT and
HCT116 BRCA2/~ cells after treatment with PARPi X17613 in combination with chemotherapeutic
drugs (IT, 0.25 uM), 5-fluorouracil (5-FU, 0.1 uM), and oxaliplatin (OXA, 0.25 uM) for 72 h (n > 3).
(C) Representative brightfield microscopic images at 20X magnification of HCT116 WT and HCT116
BRCA2~/~ cells after treatment with X17613 (50 uM), IT (0.25 uM), or a combination of both for 24
h. (D,E) YH2AX formation in HCT116 WT and BRCA2/~ cells after treatment as described in (C).
Representative Western blot images and densitometric evaluation are shown (1 = 4). Hsp90 served as
loading control. All data are given as mean + SEM. ns: p > 0.05, * p < 0.01, * p < 0.01; t-test.
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In order to investigate whether this effect is attributable to an increased DSB for-
mation, we performed Western blot analysis of phosphorylated H2AX (YH2AX) as a
well-established DSB marker [46]. To this end, HCT116 WT and BRCA2-deficient cells were
pretreated with X17613 for 2 h and subsequently co-treated with IT for an additional 24 h.
No significant increase in YH2AX was observed in HCT116 WT cells upon treatment with
X17613 alone (Figure 6D,E). The genotoxic drug IT led to a significant induction of YH2AX
as compared to the control. However, no significant further increase was detected after
co-treatment as compared to IT mono-treatment. It should be noted that IT caused slightly
higher YH2AX levels in BRCA2~/~ cells, which were further augmented in the presence
of X17613 (Figure 6D,E), and that similar results were obtained for X17618 (Appendix A,
Figure A6C). Further experiments in DLD-1 WT and DLD-1 ATR¥* cells revealed little im-
pact of the ATR status on the sensitivity of CRC cells towards a combination of PARPi and
chemotherapeutic drugs (Appendix A, Figure A7A B). Taken together, these findings pro-
vided evidence that PARPi (olaparib > veliparib > X17613 > X17618) and chemotherapeutic
drugs (IT > OXA) synergize in a BRCA2-dependent manner in CRC cells.

4. Discussion

Our work addresses the role of PARP-1 as a target for chemotherapeutic intervention in
both MSI and MSS CRC by applying novel PARP inhibitors to overcome PARPi resistance
and reduce cytotoxicity-mediated adverse effects. Therefore, we analyzed an array of
indole-based compounds by in silico screening regarding their ability to inhibit PARP-1
activity in a molecular docking model and used the compounds for in vitro testing by
applying a cell-free assay based on recombinant PARP-1. The four substances with the
lowest IC5q value and, thus, highest PARPi activity in vitro, X17613, X17618, X17620, and
X17621, were also identified in silico to have the highest binding affinity to the active
center of PARP-1. Interestingly, the compound, X17613, with the highest inhibitory activity
contains a cyclic carboxylic acid hydrazide motif (i.e., a dihydrodiazepinone, [cd]-fused
to indole). Among PARPi developed so far, a similar core structure can only be found
in pamiparib, which is currently tested clinically for the treatment of brain tumors, since
improved penetration across the blood-brain barrier was demonstrated [47]. Compared
to X17613, olaparib and veliparib share key interactions with the amino acid residues
G863, S904, and Y907 but contain an additional side chain that interacts with Y896 and
D766, presumably leading to a higher potency. Further chemical modification of the lead
compound X17613 might, thus, result in higher inhibitory activity. In a recent study, the
side chain modification of veliparib was shown to drastically increase its PARP trapping
activity due to allosteric retention, independent of enzymatic inhibition [48]. However, one
should keep in mind that this will very likely also cause higher toxicity in healthy tissue,
since the capability for PARP trapping closely correlates with PARPi toxicity [49].

Applying a CRC cell-based assay, the inhibitory activity of the four compounds was
assessed by PAR staining and confocal microscopy. We detected a marked inhibition of
H,0,-dependent PAR generation by X17613 and X17618, albeit at higher concentrations as
compared to the positive control olaparib. The reduced activity of X17620 in the cell-based
assay, despite potent inhibition of recombinant PARP-1, could be attributable to an efficient
cellular efflux. Certain PARPi (e.g., olaparib) are known substrates for P-glycoprotein,
which is an efflux transporter responsible for the resistance of cancers to numerous drugs,
whereas other PARPi (e.g., veliparib) are not excreted [50].

We then assessed the ability of the novel PARPi to cause PARP-1 trapping in HCT116
and Caco-2 cells, which represent CRC cell models with MSI and MSS, respectively [51].
While olaparib induced substantial PARP-1 trapping, X17613 and X17618 showed no
effects in both CRC cell models. Zandarashvili and colleagues dissected the molecular
mechanisms that determine PARPi-dependent trapping of PARP-1 [48]. Catalytic inhibition
of PARP-1 prevents automodification-dependent release, and, therefore, depends on the
ICsg of the PARPi. Simultaneously, PARPi can influence PARP-1 allostery, which either
promotes the release or retention of the enzyme, depending on its structure [48]. Veliparib
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was shown to have an allosteric pro-release effect, which olaparib is lacking [48]. It is
conceivable that X17613 and X17618 also display an allosteric pro-release effect, which
together with their lower PARPi activity compared to olaparib might explain the observed
lack of PARP-1 trapping.

Interestingly, monotreatment with the compounds X17613 and X17618 as well as
veliparib failed to induce cytotoxicity in HCT116 PARP-1*/* and PARP-1-/~ cells. These
three compounds were also not cytotoxic in nonmalignant HCEC. Only olaparib led to a
decrease in viability in HCT116 PARP-1*/* cells, and to a lesser degree also in HCT116
PARP-1-/~ cells, indicating the importance of PARP-1 trapping for cytotoxicity in cells
without genetic susceptibility. It should be mentioned that mutations of PARP-1, which
impair its DNA binding affinity and, thus, reduce cytotoxic PARP trapping, were observed
in tumors with acquired PARPi-resistance, underlining the role of PARP trapping in a
clinical setting [52]. As mentioned above, olaparib also decreased the viability in PARP-1
deficient HCT116 cells. This is likely attributable to the effects of olaparib on other PARPs,
particularly PARP-2, which is inhibited with similar potency as PARP-1 (ICs5p 56 nM vs.
13 nM) [53] and is trapped on DNA by olaparib via an allosteric pro-retention effect [54].
Furthermore, this could be explained by potential off-target effects of PARPi. Rucaparib
and niraparib were, for example, shown to modulate cellular kinases in vitro at higher
nanomolar concentrations [53,55].

In HCT116 BRCA2 /= cells, which were used as a model for synthetic lethality
by PARPi, the low cytotoxicity of X17613 and X17618, despite PARP-1 inhibition, might
be caused by an insufficient inhibitor potency. While olaparib and veliparib restrained
recombinant PARP-1 activity in low nM concentrations, a significant reduction in HCT116
BRCA2 /- cell viability by these two PARPi could only be observed at around 100-fold
higher concentrations. Since inhibition of recombinant PARP-1 by X17613 and X17618
occurs with 10-100-fold less potency as compared to olaparib and veliparib, equally higher
doses should be necessary to induce cytotoxicity and might, therefore, not have been
detected in our assays.

Nevertheless, the inhibitor X17613 led to a significant reduction in viability in HCT116
BRCA2/~ cells in combination with the established cytostatic drug IT. These results show
that the occurrence of HR deficiency renders CRC cells susceptible towards dual inhibition
of TOP-1 and PARP-1, also in the absence of PARP-1 trapping. BRCA2 mutations in CRC are
rare, occurring with a prevalence of around 1% [56], but were shown to be associated with
an early onset of the disease [9]. Inhibition of PARP-1 could improve CRC chemotherapy
beyond defects of BRCA1/2, leading to synergistic cytotoxicity in tumor cells. This was
illustrated by siRNA-mediated knockdown of the HR-mediator RAD51 in colon cancer
cells, which potentiated the cytotoxicity of olaparib monotreatment and in combination
with SN38 [57]. Our study revealed a marked decrease in CRC cell viability due to co-
treatment with olaparib or veliparib and the DNA-damaging agent IT. These results are in
accordance with an earlier study conducted in human prostate cancer and glioblastoma
cells, revealing synergistic effects of both PARPi with the TOP-1 inhibitor camptothecin [58].
The synergism between PARPi and TOP-1 inhibitors was further demonstrated using a
HCT116 xenograft model, in which a combination regimen of IT and rucaparib strongly
reduced tumor growth in vivo [59]. Furthermore, combinations of PARPi with inhibitors of
ATR could provide a therapeutic approach for the treatment of tumors with or without HR
deficiencies in the future, as shown in ovarian cancer models [60)].

Interestingly, a comparison of HCT116 PARP-1~/~ and PARP-1*/* revealed a higher
cytotoxicity of the agents IT and OXA in the absence of PARP-1, highlighting its pivotal role
in DNA repair and replication stress response. Consistent with this finding, we could detect
a synergistic activity of olaparib with IT and OXA, but not with 5-FU in HCT116 PARP-1*/*
cells. These effects were generally also observed in DLD-1 cells, whereas in Caco-2 cells
PARPi had little impact on the cytotoxic activity of the anticancer drugs. Applying different
cancer cell lines, Murai et al. observed that enzymatic PARP inhibition is sufficient for
synergistic effects by combination therapy with TOP-1 Inhibitors (see above), while PARP
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trapping is necessary for alkylating agents such as temozolomide [58]. We were able to
confirm these results for CRC cells, showing that veliparib, which lacks PARP trapping
activity, fails to induce cytotoxicity in combination with OXA, in contrast to olaparib. While
inhibitor-induced PARP trapping is the main contributor to cytotoxicity in a monotherapy
regimen, these observations imply that enzymatic inhibition is sufficient for the synergis-
tic effect in combination with IT. This could allow for the application of better-tolerated
PARPi in a combination treatment regimen. Hopkins et al. revealed PARP-1 trapping to
be the primary mechanism of PARPi cytotoxicity towards healthy bone marrow cells [49].
This side effect was also found to limit the efficacy of olaparib for CRC treatment in a
clinical study by further amplification of the adverse effects of chemotherapeutic drugs
in a combination regimen [23]. It might, therefore, be worth considering the application
of PARPi with attenuated PARP trapping activity in combination with TOP-1 inhibitors
to reduce dose-limiting toxicity (DLT). This is an important clinical aspect since TOP-1
inhibitors, like IT, also cause myelosuppression as DLT. Genetic variants of the phase II gene
UDP-glucuronosyltransferase 1A1 (UGT1A1) were clearly linked to severe myelosuppression
and neutropenia [61]. Diarrhea represents the other most common DLT in response to IT
administration. This can occur rapidly within the first hours or in a delayed manner after
24 h, representing a very serious and potentially life-threatening situation [62]. Indeed,
the combination of PARPi with the TOP-1 inhibitors IT and topotecan for the treatment
of patients with solid tumors was illustrated as challenging due to the severe myelosup-
pression and diarrhea. However, our new PARPi compounds with little cytotoxicity due to
the lack of PARP trapping might be a promising alternative for the combination therapy
with TOP-1 inhibitors. Furthermore, it was proposed to switch the combination therapy
regimen to a gapped schedule, which avoids the overlapping toxicity of PARPi and TOP-1
inhibitors in normal healthy tissue such as bone marrow [62]. Another possibility in this
regard might be the use of indenoisoquinolines, which are TOP-1 inhibitors structurally
unrelated to camptothecin and irinotecan [63]. DLD-1 cells with BRCA2 deficiency were
hypersensitive towards these compounds, which further synergized with olaparib in vitro
and in vivo [63].

Moreover, PARPi and other DDR inhibitors such as ATRi have also great potential
as radiosensitizers, which is of particular interest for the treatment of rectal cancer [64].
Radiotherapy represents an important treatment modality for rectal cancer, typically per-
formed in combination with chemotherapy in a peri- or postoperative setting depending
on the tumor and nodes stages [65]. Using cell culture models and an in vivo xenograft
mouse model, olaparib was shown to sensitize CRC cells (i.e., HCT116 and SW480) towards
radiotherapy in a XRCC2-dependent manner [66]. Furthermore, the PARPi talazoparib
synergized with radiotherapy in CRC cells with both wild-type BRAF (i.e., DLD-1) and
mutant BRAF (i.e., RKO), while olaparib had lower synergistic effects [67]. In addition to
those preclinical studies, a phase 1b clinical study was conducted in patients with locally
advanced rectal cancer. This investigated the safety and tolerability of veliparib in com-
bination with chemoradiotherapy (CRT), consisting of the orally available 5-FU prodrug
capecitabine and fractionated radiotherapy [68]. Interestingly, the results provided first
evidence that veliparib could potentiate the antitumor activity of CRT [68]. It is, therefore,
tempting to speculate that our novel identified PARPi X17613 and X17618 may also sensi-
tize CRC cells towards radiotherapy or radiotherapy combined with IT, which warrants
future preclinical studies. There are completed clinical studies showing a lack of PARPi
efficacy, in which CRC patients were not stratified according to their PARP-1 expression
beforehand [23,69]. Routine assessment of PARP-1 expression in CRC biopsies is, therefore,
strongly recommended to identify patients who might benefit from PARPi combination
therapy, while patients with low PARP-1 expression might be suitable for application of
other DDR inhibitors, with ATR [70] and RAD51 [71] as promising targets. More recently, a
composite biomarker approach has been described to predict responses to ATR inhibitors.
This is based upon the detection of basal pSer33-RPA32 levels, RAD51 foci, ATM, and
RADS51C expression in formalin-fixed paraffin-embedded colorectal tumor samples or
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derived preclinical models [72]. It is obvious to complement this set of biomarkers by
PARP-1 expression in order to select the tailored cancer therapy regimen.

5. Conclusions

In summary, our study identified novel PARPi lead structures with potent PARP-1
inhibitory activity in CRC cells but low cytotoxicity in wildtype CRC cells and no adverse
effects on normal HCEC due to lack of PARP trapping. The most promising compound,
X17613, synergized with the anticancer drug and TOP-1 inhibitor IT in a BRCA2-dependent
manner, which can be transferred to other settings with HRD. In support of this view, a
very recent study provided evidence that PARP inhibition, rather than PARP trapping, is
sufficient for killing cancer cells with HRD [73].
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Figure Al. (A) Binding modes of selected compounds from virtual screening ((1-4), PDB: 4P]T)
to PARP-1. The binding to either G863 or S904 was used as a constraint in docking. All active
compounds are able to form this bond and adopt a similar binding mode (compare Figure 1A). The
three compounds X17611, X17610, and X17608 (1-3) serve as a verification of the binding mode
since the constraints can only be fulfilled with significant losses in the binding free energy due to
unfavorable inter- and intramolecular interactions. X17616 (4) is similar to X17618 (Figure 1A), but
cannot form a potential hydrogen bond due to the lack of the amide function. (B) Chemical structure
of the compounds X17611, X17610, X17608 and X17616.
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Figure A2. (A,B) Concentration response curve of established PARP inhibitors veliparib and olaparib
(A) and eight potential PARP inhibitors (B) with low or no activity in the PARP-1 screening assay kit.
All concentrations were tested in duplicates. IC5) values were derived using a nonlinear regression
model in GraphPad Prism 9 (1 = 2).
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Figure A3. (A) Concentration-response curves of 4 potential PARP-1 inhibitors (X17613, X17618,
X17620 and X17621) assessed in HCT116 cells as described in Figure 2B (n = 3). IC5; values were
derived using a nonlinear regression model in GraphPad Prism 9. (B) Representative confocal
microscopy images at 100x magnification after PAR staining in HCT116 cells treated with the
indicated concentrations of X17618 for 2 h with or without subsequent PARP induction by H,O,
treatment for 5 min. Scale bar: 100 um. (C) Confocal microscopy images at 630 x magnification after

pan-PAR staining in HCT116 treated as described in B. Scale bar: 20 um.
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Figure A4. (A) Western Blot analysis of PARP-1, BRCA2 and ATR expression in HCT116 WT, HCT116
BRCA2~/~, HCT116 PARP-1*/*, HCT116 PARP-1~/~, DLD-1 WT and DLD-1 ATR/~ cells. HSP90
served as loading control. (B) Toxicity of PARPi in human colonic epithelial cells (HCEC). Cells were
incubated with PARPi for 72 h and viability was assessed using the RRA. Nonlinear regression curve
fit was conducted using GraphPad Prism 9 (n > 3).
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Figure A5. Cell viability of (A) HCT116 WT and HCT116 BRCA2~/~, (B) HCT116 PARP-1*/*
and HCT116 PARP-1-/~, (C) DLD-1 WT and DLD-1 ATR®/S, (D) Caco-2 cells and (E) HCEC after
monotreatment with cytostatic drugs IT, 5-FU and OXA for 72 h. Nonlinear regression curve fit was
conducted using GraphPad Prism 9 (n > 3).
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Figure A6. (A) Viability of HCT116 PARP-1"/~ and HCT116 PARP-1*/* cells after treatment with
PARPi X17618 in combination with chemotherapeutic drugs irinotecan (IT, 0.5 uM), 5-fluorouracil
(5-FU, 0.25 uM) and oxaliplatin (OXA, 0.5 uM) for 72 h (7 > 3) (B) Viability of HCT116 WT and
HCT116 BRCA2/~ cells after treatment with PARPi X17618 in combination with chemotherapeutic
drugs irinotecan (IT, 0.25 uM), 5-fluorouracil (5-FU, 0.1 uM) and oxaliplatin (OXA, 0.25 uM) for
72 h (n > 3). (C) YH2AX formation in HCT116 WT and BRCA2/~ cells after treatment with X17618
(50 uM), IT (0.25 uM) or a combination of both for 24 h. Representative Western blot images and
densitometric evaluation are shown (1 = 4). All data are presented as mean +/— SEM. ns: p > 0.05,
*p <0.01, ¥ p <0.01, ** p <0.001, *** p < 0.0001; t-test.
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Figure A7. (A) Viability of DLD-1 WT and DLD-1 ATR® cells after treatment with PARPi olaparib
or veliparib in combination with chemotherapeutic drugs (IT, 2.5 uM), 5-fluorouracil (5-FU, 0.1 uM)
and oxaliplatin (OXA, 5 uM) for 72 h (n > 3). (B) Viability of DLD-1 WT and DLD-1 ATRS/* cells after
treatment with PARPi X17613 and X17618 in combination with chemotherapeutic drugs (IT, 2.5 uM),
5-fluorouracil (5-FU, 0.1 uM) and oxaliplatin (OXA, 5 uM) for 72 h (n > 3). Data are shown as mean
+/—SEM.*p <0.01, ** p < 0.01, *** p < 0.001, *** p < 0.0001; t-test.
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SUPPORTING INFORMATION - MATERIAL AND METHODS
Synthesis of test compounds

Synthesis of test compound 4 (X17613, s. scheme 1) was conducted as described be-
low. The reaction sequence started with the acylation of the starting material methyl 1H-
indole-4-carboxylate (1) by treatment with oxalyl chloride in the cold to achieve acylation
of the indole heterocycle in the 3-position. The resulting 3-(2-chloro-2-oxo-acetyl)oxy-in-
dole derivative 2 was then subjected to hydrolysis of the acyl chloride motif by addition
of water (in THF) to yield the free 2-oxoacetic acid 3at ambient temperature. Due to the
almost quantitative character of most reactions in this cascade and the high reactivity of
key intermediates, isolation and analytical characterization of these intermediates was
omitted, as reported for similar structural motifs [1,2]. During the final step, cyclization of
3 to 4 was achieved by means of reacting the substrate 3 with aqueous hydrazine hydrate
solution in the presence of acetic acid. Following this procedure, compound 4 (X17613)
could be isolated as a yellow amorphous solid with a yield of 76% over three steps (S.

Scheme S1).
0.0 o_oo_ 0._00 Hn o
e
L%l e L s
\ a 0 (6} [ OH
A\ i\ m
N N N
H H H ﬁ
1 2 3 4

Scheme S1. Synthesis of compound 4. Reagents and conditions: (a) oxalyl chloride, DEE, 0-20 °C,
12 h; (b) H20, THF, 20 °C, 2 h; (c) N2Hs x H20, CH3COOH, MeOH, 20 °C, 18 h, 76% (over three
steps).

Compounds 10a-c (X17618, X17620, X17621) were synthesized from their respective
carboxylic acid and amine precursors via HATU/DIPEA-assisted amide coupling reac-
tions. The corresponding 1,3,4,5-tetrahydrobenzo[cd]indole-derived carboxylic acid 9
was prepared by adapting a procedure from Boshagen et al. (s. Scheme S2) [3]. Thus, the
starting material 2-methylindole (5) was reacted withmaleic acid to yield the intermediate
succinic acid derivative 6, which was dehydrated in the next step using prop-1-en-2-yl
acetate and p-toluenesulfonic acid as the catalyst. Due to the ability of prop-1-en-2-yl ace-
tate to act as an acetylating agent, the N-atom of the indole nucleus was acetylated as a
side reaction, which did, however, not pose any problems regarding the following steps.
Formation of the tricyclic carboxylic acid 8 was achieved via intramolecular Friedel-Crafts
acylation using dry aluminum chloride in 1,2-dichloroethane with excellent yields. Re-
moval of the accidentally introduced N-acetyl group of 8 proceeded smoothly by alkaline
hydrolysis, followed by precipitation of the carboxylic acid 9. With the key intermediate 9
thus prepared, derivatization to amides like 10 by reacting it with various amines proved
to be fairly straightforward. Standard amidecoupling reagents HATU and DIPEA in DMF
were utilized to achieve this goal. The reaction times could be shortened significantly by
reacting the mixture in a microwave reactor at elevated temperatures (18 h at 20°C vs. 10
min at 140°C and microwave irradiation).
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Scheme S2. Synthesis of compounds 10a-c. Reagents and conditions: (a) maleic acid, 120 °C, 1 h,
83%; (b) prop-1-en-2-yl acetate, TsOH, 20-120 °C, 61%; () AlCls, DCE, 50 °C, 94%; (d) NaOH, H20,
75 °C, 87%; (e) RINHR2, HATU, DIPEA, DMF, 140 °C, 10 min, p-wave irradiation, 35-56%.

Experimental Section
General Remarks

All starting materials, reagents, and solvents were commercially available and pur-
chased from Sigma-Aldrich, VWR, abcr, or Carl Roth. Unless otherwise stated, starting
materials were used as provided. Melting points were determined using a BUCHI Melting
Point M-565 device. Analytical thin-layer chromatography was performed using silica gel
60 F254 aluminum plates supplied by Merck; visualization was accomplished with UV
light. Microwave-assisted syntheses were carried out in a Monowave 400 reactor manu-
factured by Anton Paar in suitable glass vessels while monitoring and controlling the tem-
perature with the integrated infrared sensor. Preparative column chromatography was
carried out with an Interchim puriFlash XS 520Plus system and the corresponding 25 g
silica gel cartridges available from Interchim (30-SI-HP). NMR analysis was run on a
Bruker Avance III instrument at 400 MHz ('H) and 101 MHz (**C), using DMSO-d6 as the
solvent. Chemical shifts are given in relation to the internal standard tetramethylsilane
and reported as parts per million (ppm). MIR analyses were performed on an ALPHA-
FT-IR device from Bruker Optics equipped with a diamond ATR accessory unit. High-
resolution (HR) accurate mass (AM)-MS analyses were performed either on a Bruker
MAXIS LC-QTOEF-MS or a Bruker compact LC-qQTOF-MS run with ESI ionization.

Synthesis
1. -Ox0-2,6-dihydro-1H-[1,2]diazepinol4,5,6-cdlindole-4-carboxylic acid (4) (X17613)

H
N~N O

o \_//<
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N
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Synthetic procedure modified from Ferraris et al. and Webber et al. [1,2]. To a round-
bottom flask were added methyl 1H-indole-4-carboxylate (1, 3.50 g, 20.00 mmol, 1.00 eq)
and 100 mL diethyl ether. To the suspension, oxalyl chloride (3.05 g, 2.06 mL, 24.00 mmol,
1.20 eq) was added dropwise via an addition funnel. After stirring at 20 °C for 12 h, the
solvent was evaporated, and the residue resuspended in 75 mL of tetrahydrofuran,
followed by the addition of water (1.80 mL, 1.80 g, 100.00 mmol, 5.00 eq). After stirring
at 20 °C for 2 h, the solvent was evaporated. The residue was resuspended in methanol
(12 mL) and glacial acetic acid (1.72 mL, 1.80 g, 30.00 mmol, 1.50 eq) and an aqueous
solution of hydrazine hydrate (3.8 mL, equals 3.00 g of hydrazine hydrate, 60.00
mmol, 2.00 eq) were added. The mixture was stirred at 20 °C for 18 h. The precipitate was
separated via vacuum filtration, washed multiple times with water, and dried under re-
duced pressure, yielding 4 as a yellow amorphous solid (3.50 g, 76%).

Ri = 0.62 (15% acetic acid and 15% water in n-butanol); mp: 226.8°C; 'H-NMR (400
MHz, DMSO-ds): d (ppm) =7.05-7.16 (m, 1H), 7.41-7.61 (m, 2H), 7.89 (s, 1H), 10.00 (s, 1H),
11.89 (s, 1H); BC-NMR (101 MHz, DMSO-d6): d (ppm) =110.9, 116.1, 120.5, 121.9, 123.4,
127.2,128.1, 128.6, 135.9, 165.2, 167.9; IR (ATR): V= 3222 (m, VN-H), 3098 (m, vo-H), 1669 (s,
vc-0); ESIFHRAM-MS (m/z): caled.for [C11H7N30s + HJ+ 230.0560, found 230.0559.

Additional information on the chemical synthesis is available via the Chemotion re-
pository: https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-DRRJDSUMVP-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Additional information on the analysis of the target compound is available via the
Chemotion repository:https://dx.doi.org/10.14272/DRRIDSUMVPRFOC-UHFFFAOYSA-
N.2

N,2-Dimethyl-5-0x0-1,3,4,5-tetrahydrobenzo[cdlindole-3-carboxamide (10a) (X17618)

O -

To a G10 microwave reaction vial were added 9 (114 mg, 0.50 mmol, 1.00 eq), methyl-
amine hydrochloride (34 mg, 0.50 mmol, 1.00 eq), HATU (380 mg, 1.00 mmol, 2.00 eq),
DIPEA (610 uL, 452 mg, 3.50 mmol, 7.00 eq), and dry DMF (4.0 mL). The vial was flushed
with argon and the mixture was heated in a microwave reactor at 140 °C for 10 min. It was
poured into water and extracted multiple times with ethyl acetate. The combined organic
phases were washed with diluted hydrochloric acid (1IM) and saturated aqueous sodium
chloride solution. The product was isolated via column chromatography using an n-hex-
ane/ethyl acetate gradient, yielding an amorphous yellow solid (35 mg, 35%).

Ri=0.27 (50% ethyl acetate in n-hexane); mp: 248.3°C (decomp.); '"H-NMR (400 MHz,
DMSO-ds): d (ppm) = 2.39 (s, 3H), 2.56 (d, ] = 4.6 Hz, 3H), 2.73 (dd, ] = 16.0 Hz, ] =3.9 Hz,
1H), 2.85 (dd, /=16.0 Hz, | = 6.6 Hz, 1H), 4.04 (dd, ] = 6.6 Hz, | = 3.9 Hz, 1H), 7.07-7.12
(m, 1H), 7.28 (dd, ] =7.4 Hz, ] =0.6 Hz, 1H), 7.45 (dd, ] = 7.9 Hz, ] = 0.6 Hz, 1H), 7.97 (d, ] =
4.6 Hz, 1H), 11.07 (s, 1H); 3C-NMR (101 MHz, DMSO-d6): d (ppm) = 11.6, 25.6, 39.5, 42.3,
105.1, 113.7, 114.9, 120.6, 124.0, 132.8, 132.8, 134.0, 172.9, 196.0; IR (ATR): V= 3317 (m, V-
H), 2916 (w, vcn), 1640 (s, ve-o0); ESI- HRAM-MS (m/z): caled. for [CosHosN4Os + HJ*
([2M+H]*) 485.2183, found 485.2201.

Additional information on the chemical synthesis is available via the Chemotion re-
pository:

https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-QJYPGCPJNL-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
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Additional information on the analysis of the target compound is available via the
Chemotion repository: https://dx.doi.org/10.14272/Q]YPGCPINLNOJT-UHFFFAOYSA-
N.1

N-(Furan-2-ylmethyl)-2-methyl-5-0xo0-1,3,4,5-tetrahydrobenzo[cdlindole-3-carbox-
amide (10b)(X17620)

To a G10 microwave reaction vial were added 9 (172 mg, 0.75 mmol, 1.00 eq), furfu-
rylamine (66 uL,73 mg, 0.75 mmol, 1.00 eq), HATU (570 mg, 1.50 mmol, 2.00 eq), DIPEA
(653 L, 485 mg, 3.75 mmol, 5.00 eq), and dry DMF (4.0 mL). The vial was flushed with
argon and the mixture was heated in a microwave reactor at 140 °C for 10 min. It was
poured into water and extracted multiple times with ethyl acetate. The combined organic
phases were washed with diluted hydrochloric acid (1M) and saturated aqueous sodium
chloride solution. The product was isolated via column chromatography using an n-hex-
ane/ethyl acetate gradient, yielding an amorphous yellow solid (130 mg, 56%).

Ri=0.53 (50% ethyl acetate in n-hexane); mp: 193.4 °C; 'H-NMR (400 MHz, DMSO-
de): ® (ppm) =2.35 (s, 3H), 2.72 (dd, ] =16.0 Hz, ] = 3.7 Hz, 1H), 2.88 (dd, = 16.0 Hz, | = 6.7
Hz, 1H), 4.13 (dd,] = 6.7 Hz, ] = 3.7 Hz, 1H), 4.20 (dd, ] = 15.6 Hz, ] = 5.8 Hz, 1H), 4.26 (dd,
]=15.6 Hz, |=4.7 Hz,1H), 6.18 (dd, ] =3.2 Hz, ] = 0.7 Hz, 1H), 6.38 (dd, ] =3.2 Hz, ] = 1.9
Hz, 1H), 7.10 (t, ] = 7.6 Hz, 1H), 7.28 (dd, ] = 7.3 Hz, ] = 0.5 Hz, 1H), 7.45 (dd, ] =73 Hz, ] =
0.5 Hz, 1H), 7.57 (dd, ] = 1.8 Hz, ] = 0.8 Hz, 1H), 8.55 (t, ] = 5.6 Hz, 1H), 11.06 (s, 1H); °C-
NMR (101 MHz, DMSO-d6): d (ppm)=11.5, 35.5,39.4, 42.1,104.9, 106.7, 110.4, 113.7, 114.9,
120.6, 123.9, 132.8, 132.9, 134.0, 142.1, 152.1, 172.4, 195.9; IR (ATR): v’= 3307 (m, vx-1),
1630 (s, vc-0); ESI-HRAM-MS (m/z): caled. for [CisHisN2Os; + HJ* 331.1053, found
331.1053.

Additional information on the chemical synthesis is available via the Chemotion re-
pository:

https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-QIROZZVNYL-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Additional information on the analysis of the target compound is available via the
Chemotion repository:https://dx.doi.org/10.14272/QIROZZVNYLUVGF-UHFFFAOYSA-
N.1

2. -Methyl-3-(morpholine-4-carbonyl)-3,4-dihydrobenzo[cdlindol-5(1H)-one (10c)
(X17621)

>

To a G10 microwave reaction vial were added 9 (172 mg, 0.75 mmol, 1.00 eq), mor-
pholine (65 uL, 0.75 mmol, 1.00 eq), HATU (570 mg, 1.00 mmol, 2.00 eq), DIPEA (653
uL, 485 mg, 3.75 mmol, 5.00 eq), and dry DMF (4.0 mL). The vial was flushed with argon
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and the mixture was heated in a microwave reactor at 140 °C for 10 min. It was poured
into water and extracted multiple times with ethyl acetate. The combined organic phases
were washed with diluted hydrochloric acid (IN) and saturated aqueous sodium chloride
solution. The product was isolated via column chromatography using an n-hexane/ethyl
acetate gradient, yielding an amorphous orange solid (83 mg, 37%).

R¢ = 0.61 (50% ethyl acetate in n-hexane); mp: >300 °C; 'H-NMR (400 MHz, DMSO-
de): ® (ppm)=2.37 (s, 3H), 2.69 (dd, ] = 15.8 Hz, | = 42 Hz, 1H), 2.83 (dd, ] = 158 Hz, | =
6.2 Hz, 1H), 3.22-3.59 (m, 8H), 4.77 (dd, ] = 5.9 Hz, | =4.2 Hz, 1H), 7.10 (t, ] = 7.6 Hz, 1H),
7.26-7.31 (m, 1H), 7.44 (d, | = 7.6 Hz, 1H), 11.06 (s, 1H); *C-NMR (101 MHz, DMSO-dé6): d
(ppm) =12.2, 34.4, 42.7, 46.3, 66.3, 105.3, 113.7, 114.9, 120.6, 124.2, 132.2, 132.9, 134.0, 171.7,
195.9; IR (ATR): v’= 3238 (m, VN-H), 2856 (W, vcn), 1661 (s, vc-0); ESI-FHRAM-MS (m/z):
caled. for [Ci7H1sN203 + HJ* 321.1204, found 321.1204.

Additional information on the chemical synthesis is available via the Chemotion re-
pository:

https:/dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AHZDMNVTLQ-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Additional information on the analysis of the target compound is available via the
Chemotion repository: https://dx.doi.org/10.14272/AHZDMNVTLOOTLN-
UHFFFAOYSA-N.1
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Figure S2. “C-NMR spectrum of compound 1-ox0-2,6-dihydro-1H-[1,2]diazepino[4,5,6-cd]indole-4-carboxylic acid (4) (X17613).
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Figure S3. '"H-NMR spectrum of N,2-dimethyl-5-oxo-1,3,4,5-tetrahydrobenzo[cd]indole-3-carboxamide (10a)(X17618).
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Figure S4. PC-NMR spectrum of N,2-dimethyl-5-oxo-1,3,4,5-tetrahydrobenzo|[cd]indole-3-carboxamide (10a)(X17618).
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Figure S5. '"H-NMR spectrum of N-(furan-2-ylmethyl)-2-methyl-5-0x0-1,3,4,5-tetrahydrobenzo[cd]indole-3- carboxamide (10b)

(X17620).
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Figure S6. “C-NMR spectrum of N-(furan-2-ylmethyl)-2-methyl-5-0x0-1,3,4,5-tetrahydrobenzo[cd]indole-3- carboxamide (10b)
(X17620).
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Figure S7. '"H-NMR spectrum of 2-methyl-3-(morpholine-4-carbonyl)-3,4-dihydrobenzo[cd]indol-5(1H)-one(10c) (X17621).
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Figure S8. “C-NMR spectrum of TH-NMR spectrum of 2-methyl-3-(morpholine-4-carbonyl)-3,4-dihydrobenzo[cd]indol-5(1H)-one
(10c) (X17621).
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Figure S9. Uncropped Western blot images of HCT116 cells shown in Figure 3A (¥1) and two independent repetitions (#2 and #3).
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Figure S$10. Uncropped Western blot images of Caco-2 cells shown in Figure 3B (¥1) and two independent repetitions (#2 and #3).
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Figure S11. Uncropped Western blot images of HCT116 WT and BRCA27/~ cells shown in Figure 6C (#1) and three independent
repetitions (¥2-4).
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Figure S12. Uncropped Western blot images of HCT116 WT, HCT116 BRCAZ'/', HCT1 16—PARP1+/+, HCT1 16—PARP»1'/', DLD-1 WT,
and DLD1 ATRS/S cells shown in Figure A5.
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Figure S13. Uncropped Western blot images of HCT116 WT and BRCA2-/- cells shown in Figure A6C (#1) and three independent
repetitions (#2-4).
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4. Summary of Results

4.1. Publication I: The Mitochondrial Disruptor Devimistat (CPI-613)
Synergizes with Genotoxic Anticancer Drugs in Colorectal Cancer

Therapy in a Bim-Dependent Manner

In publication I, the antitumorigenic activity of the metabolic inhibitor devimistat was
investigated in vitro, applying CRC cell lines as well as murine primary intestinal
organoids and tumor organoids, and in vivo utilizing a xenograft tumor model. First,
cytotoxicity was assessed in a panel of 11 MSS and MSI CRC cell lines with varying
mutational subtypes as well as non-malignant human colon epithelial cells (HCEC) to
derive ICso values as an indicator of sensitivity. In contrast to its mother compound a-
lipoic acid, only minor differences regarding sensitivity could be detected for devimistat
depending on the molecular subtype and p53 status as ICso values varied between
164 uM and 211 pM. Non-malignant HCEC cells showed the lowest sensitivity with an
ICso value of 286 uM, indicating a cancer cell specific mode of action. In the next step,
cytotoxicity of devimistat in murine primary organoids and tumor organoids was
compared to further investigate a potential cancer cell specificity in a 3D cell culture
model. At the highest tested concentration of 300 uM, a dose dependent decrease of
tumor organoid viability to 20% of the control and an increase of dead cells were
observed, as shown by MTS cell viability assay and Hoechst 33342/PI costaining. No
decrease of cell viability or induction of cytotoxicity occurred in non-malignant intestinal
primary organoids, as the viability remained above 90% at 300 uM and the proportion of

Pl-positive cells remained unchanged.

Since devimistat inhibits the TCA cycle enzymes PDH and KGDH, mitochondrial
integrity, metabolic capacity and induction of ROS were investigated in HCT116 and
HT29 cells. Applying a Seahorse™ XF metabolic analyzer, the OCR was quantified and
a significant inhibition of the basal, ATP-coupled and maximal respiration rate was
observed in response to devimistat concentrations of 150 uM and 200 uM. In parallel,
vital mitochondria were stained using MitoTracker® Orange and a reduced signal and
altered morphology were observed by confocal microscopy after treatment with 200 pM
devimistat. Additionally, 2',7'-Dichlorofluorescein diacetate (H.DCFDA) staining and
subsequent analysis by flow cytometry revealed significant induction of ROS after
treatment with 150 uM and 300 UM devimistat for 2 h in HCT116 cells.

YH2AX was quantified by In Cell western analysis to identify whether devimistat
treatment results in the formation of DNA damage. Additionally, the alkaline Comet assay

was applied to assess DNA strand breaks. Neither an induction of yH2AX nor an
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increase in tail moment could be identified at concentrations of up to 250 puM.
Subsequently, the formamidopyrimidine DNA glycosylase (Fpg)-modified alkaline Comet
assay was utilized to assess whether the devimistat-dependent formation of ROS results
in oxidative DNA lesions. The addition of Fpg led to a moderate but not significant
induction of tail moment at a devimistat concentration of 200 uM, indicating a non-

genotoxic mechanism of action for the metabolic inhibitor.

In the next step, the activity of devimistat in combination with established
chemotherapeutic drugs IT and 5-FU was investigated by performing Chou-Talalay
analysis and subsequent Combenefit modelling of ATP-based cytotoxicity data after
mono- and cotreatment of HCT116 and HT29 cells. Synergistic cancer cell killing by
devimistat with IT and 5-FU was detected in both cell lines and 200 uM devimistat in
combination with 10 yM 5-FU or 20 uM IT were identified as the most active.
Subsequently, the underlying mechanisms of the observed synergism were further
investigated by applying gPCR analysis of a panel of cell death markers as well as
western blot analysis. An increased cell death induction due to downregulation of anti-
apoptotic proteins and accumulation of the proapoptotic protein Bim were identified as a
key actor for the synergy. As further demonstrated by siRNA-mediated genetic
knockdown experiments, the additional cytotoxicity induced by devimistat cotreatment

diminished in the absence of Bim.

Finally, devimistat (25 mg/kg BW) was applied in combination with IT (40 mg/kg BW) in
a xenograft mouse model, using human HCT116 and HT29 cells. Compared to IT-
monotreatment, cotreatment with devimistat led to a significantly prolonged survival and
reduced tumor growth, demonstrating an increased therapeutic efficacy. In agreement
with the in vitro results, a significant induction of Bim protein levels and a prevention of
IT-induced p53 accumulation were detected in xenograft tumor lysates of the

cotreatment groups.

In summary, the mitochondrial metabolism was identified as a crucial target of devimistat
in CRC cells, resulting in cancer specific cell death induction independent of genetic or
epigenetic alterations. Our study demonstrated in vitro and in vivo synergy of devimistat
with established antineoplastic drugs dependent on the pro-apoptotic protein Bim,

rendering it a potential candidate for future CRC treatment regimen.
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4.2. Publication II: Natural Merosesquiterpenes Activate the DNA Damage
Response via DNA Strand Break Formation and Trigger Apoptotic Cell
Death in p53-Wild-Type and Mutant Colorectal Cancer

In publication Il, the antitumor activity of a panel of 11 merosesquiterpenes isolated from
marine sponges was investigated in the three CRC cell lines HCT116, RKO and HT29
to evaluate their potential applicability as novel anticancer agents. Three compounds
with pronounced cytotoxic activity were identified, namely ilimaquinone (IQ)
smenospongine (SM) and dactylospontriol (DS), with ICso values of 27 uM, 8 uM and
19 uM in HCT116 cells. SP and IQ in concentrations of 25 uM and 50 UM, respectively,
led to DNA strand break formation, detected by the alkaline Comet assay and
IF-microscopy after yH2AX staining. In accordance, upregulation of the DDR was
observed, including phosphorylation of the checkpoint kinase Chk1, accumulation of p21
in HT29 cells and additional accumulation of p53 in HCT116 cells. As measured by using
flow cytometry and the fluorescence probe H.DCFDA after 24 h, SP and IQ led to a 2-fold
and 4-fold induction of ROS, respectively.

Subsequently, cell cycle progression was analyzed and a pronounced induction of the
sub-G; population was detected after treatment with DS and SP for 48 h, indicative of
apoptotic cell death. Necrotic and apoptotic induction of cell death were observed by
Annexin-V/PI staining and flow cytometry in HT29 and HCT116 cells after treatment with
IQ and SP, comparable to the effects of the positive control 5-FU. In parallel, western
blot analysis revealed upregulation of proapoptotic Bim, cleaved caspase-3 and cleaved
caspase-9 as markers of the mitochondrial apoptosis pathway. By applying
HCT116 p53™ cells, it could be shown that this pathway was attenuated but remained
active in the absence of p53. Interestingly, total cell death rate analyzed by Annexin-V/PI
staining was comparable in both HCT116 WT and p53” cells. Additionally, gPCR
analysis was performed to assess the expression of proteins involved in the intrinsic and
extrinsic apoptosis pathway and detected accumulation of p21 in HCT116 p53™ cells.
Finally, the cytotoxicity of SP and 1Q was assessed in murine tumor organoids and a
significant reduction of cell viability to below 40% of the control as well as pronounced

induction of Pl uptake were detected in response to merosesquiterpene treatment.

Our study revealed p53-dependent and -independent induction of apoptotic and necrotic
cell death in CRC cells and murine CRC tumor organoids via induction of ROS and DNA
damage. Additional research will be necessary to further elucidate the underlying
mechanism of DNA damage induction and confirm the relevance of these findings in

Vivo.
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4.3. Publication Ill: Targeting PARP-1 and DNA Damage Response Defects
in Colorectal Cancer Chemotherapy with Established and Novel PARP
Inhibitors

Publication 11l focused on the role of DNA repair enzyme PARP-1 in colorectal cancer as
a target for chemotherapeutic intervention by applying novel PARP-1 inhibitors. First, a
library of novel 3,4-bifunctionalized and -bridged indole compounds was screened
regarding the ability to inhibit PARP-1 in silico. The compounds with the highest
calculated binding affinities were applied in an in vitro assay kit to quantify the potential
to inhibit recombinant PARP-1 in a cell free system by deriving ICso values for enzymatic
inhibition. The four compounds with the highest activity, referred to as X17613, X17618,
X17620 and X17621, showed ICsp values ranging between 41 nM and 2.84 uM.

Subsequently, these compounds were applied in a CRC cell based in vitro assay to
measure inhibition of HOz-induced PAR generation by applying confocal
immunofluorescence microscopy. Since a marked inhibition of PARylation due to
treatment with X17613 and X17618 could be detected in HCT116 cells in concentrations
of 0.1 uM and higher, the cytotoxicity was assessed in a monotreatment setup and in
combination with established CRC chemotherapeutics IT, 5-FU and OXA. To this end,
HCT116 PARP-1** and HCT116 PARP-1" cells were applied to assess the role of
PARP-1 for PARPI cytotoxicity. Additionally, the MSS cell line Caco-2 was used and the
sensitivities of HCT116 BRCA2” with HCT116 WT cells as well as DLD-1 ATR® with
DLD-1 WT cells as models for HR deficiency were compared. In parallel, the cytotoxicity
of the established PARP-1 inhibitors olaparib and veliparib was identified in all mentioned

cell models.

Among the cell lines tested, cytotoxicity of X17613 and X17618 as monotreatment was
detected in the highest concentration of 50 uM in HCT116 BRCA2" cells, with a
reduction of cell viability to around 75% of the control. In comparison, olaparib caused a
dose dependent decrease of cell viability in all tested cell lines with ICso values varying
between 0.5 uM and 11.2 uM. Olaparib showed higher cytotoxicity in HCT116 PARP-1**
cells compared to HCT116 PARP-1" cells, indicating the significance of PARP trapping,
while no such difference could be detected for veliparib. HCT116 BRCA2™ cells showed
a considerably higher sensitivity to both olaparib and veliparib monotreatment compared
to HCT116 WT cells, with viability values below 30% of the control at the highest
concentration of 50 uM. The same could be observed for DLD-1 ATR®* cells compared
to DLD-1 WT cells, albeit to a lesser extent. Subsequently, the combination treatment
with IT, 5-FU and OXA was investigated to identify potential synergism with PARP

inhibitors. A significant decrease was only observed after cotreatment with 50 uM
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X17613 and 0.25 pM IT in HCT116 BRCA2™" cells, with a reduction from 90% to
approximately 60% viability. In the next step, the role of DNA damage induction for the
activity of X17613 and X17618 was investigated and therefore yH2AX was quantified by
western blot analysis in HCT116 BRCA2” and HCT116 WT cells but no further increase
of IT-induced yH2AX levels due to X17613 or X17618 cotreatment was measured. To
clarify the role of PARP trapping, chromatin isolation after treatment with the alkylating
agent methyl methane sulfonate (MMS) and cotreatment with X17613, X17618 or
olaparib was performed. Pronounced trapping of PARP-1 with a 2.5-fold induction of
chromatin-bound PARP-1 was detected due to olaparib treatment but not due to
treatment with X17613 and X17618.

In summary, the novel compound X17613 was identified as a potent inhibitor of PARP-1
that does not induce PARP trapping. An increased cytotoxicity of IT in combination with
X17613 was detected in HCT116 BRCA2" cells, rendering it a potential lead structure
for the development of future PARP inhibitors. Our results indicate that novel PARPI
without PARP trapping potential could be applied in combination with TOP1 inhibitors for
the treatment of HR-deficient CRC tumors.
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5. Summarizing Discussion

Despite ongoing advances in the development of new therapeutic approaches, the
5-year survival rate for metastatic CRC is still low. As detailed in Chapter 1.1.2., the
current therapeutic array of pharmacological approaches is primarily comprised of
genotoxic agents, growth factor inhibitors and biologicals. This work aimed to assess
three different novel approaches for the treatment of CRC with a focus on the
pharmacological mechanisms, the impact of molecular CRC subtypes and the

combination with established chemotherapy.

First, the therapeutic potential of devimistat was analyzed, a first-in-class drug that
targets the TCA cycle, thereby inducing metabolic inhibition and selective cell death of
cancer cells. The role of the mitochondria as a target of devimistat, the mechanism of
cytotoxicity and the selectivity for malignant cells were elucidated. The synergism with
established CRC therapeutics was investigated with a focus on proapoptotic protein Bim
in vitro and in vivo. Second, the potential of merosesquiterpenes was investigated, a
group of bioactive chemical compounds found in marine sponges that revealed to be
cytotoxic in several cancer cell lines. Our study aimed to evaluate the applicability of
selected compounds as cytostatic agents to provide new options in future chemotherapy.
The cytotoxicity of a panel of 11 merosesquiterpenes was analyzed, considering the
impact of different molecular subtypes with a focus on the tumor suppressor p53.
Furthermore, the underlying mechanism of cell death induction was investigated,
emphasizing the role of DNA damage induction. Third, the inhibition of PARP was
examined as an approach which is already applied in the treatment of several tumor
entities and of potential benefit in the chemotherapy of CRC. An in silico and in vitro
screening of 12 novel chemical structures was conducted to identify candidates for the
development of new PARP inhibitors. The impact of DNA repair deficiencies in CRC cells
on the activity of PARPi applied as monotreatment or in combination with established

cytostatic drugs was assessed.

5.1. Publication I: The Mitochondrial Disruptor Devimistat (CPI-613)
Synergizes with Genotoxic Anticancer Drugs in Colorectal Cancer

Therapy in a Bim-Dependent Manner

The prognosis of advanced and metastatic CRC is still grim, despite the application of
subtype-specific treatment regimen that combine genotoxic and cytostatic agents as well
as targeted therapy based on monoclonal antibodies and small molecule inhibitors.

Driven by a better understanding of the underlying biological pathways and molecular
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mechanisms, the altered metabolism of tumor cells has emerged as a potential target in
various cancer entities. Devimistat, a non-redox active derivative of a-lipoic acid, which
is thoroughly discussed in Chapter 1.2.4., represents a clinically applied metabolic
inhibitor in cancer treatment and currently has approval by the FDA as an orphan drug
for the therapy of peripheral T cell lymphoma, soft tissue clear cell sarcoma and biliary

tract cancer.

Our first study focused on the potential of devimistat in the treatment of CRC, either as
a standalone drug or in combination with established chemotherapy. Devimistat targets
the altered metabolism of CRC cells by inhibition of the mitochondrial enzymes PDH and
KGDH. Our study addressed several features of devimistat, which could indicate a
potential benefit of its application in CRC chemotherapy: ) The mechanism of action with
a focus on the mitochondria as a cellular target. 1l) The selectivity for malignant cells and
the role of molecular alterations in cancer cells for devimistat sensitivity. 1lI) The
mechanism of cell death induction and the potential to induce DNA damage. IV) The
synergy of devimistat with genotoxic chemotherapeutic drugs IT and 5-FU in vitro and in
vivo. In the following chapter, these aspects are detailed and discussed in the context of

existing literature.

5.1.1. Devimistat targets the mitochondria of CRC cells

Being a non-redox active derivative of the cofactor a-lipoic acid, devimistat impairs the
mitochondrial function of cancer cells, as investigated by several publications (Stuart et
al., 2014; Zachar et al.,, 2011). Applying the SeaHorse™ XF analyzer and using a
MitoStress Test Kit, our study demonstrated that devimistat dose-dependently impairs
basal, ATP-dependent and maximal mitochondrial respiration capacity in CRC cells
(Arnold et al., 2022). While a concentration of 100 uM had no effect compared to the
control, 150 yM and 250 uM led to a significant reduction of all three parameters after
treatment for a duration of 24 h. In accordance, MitoTracker™ staining revealed
reduction of intact mitochondria and structural alterations at a concentration of 200 uM
for 24 h. These observations were preceded by reduced MMP (300 uM) and increased

levels of ROS (150 uM), observed after short term treatment for 1 h and 2 h, respectively.

The results are in accordance with published observations. Inhibition of KGDH by
devimistat was found to result in a ROS-burst dependent on the enzymatic E3-subunit in
H460 lung cancer cells after prolonged incubation for 16 h (Stuart et al., 2014). Applying
transmission electron microscopy, morphological alterations of mitochondria and a
reduction of cristae junctions were observed, following a devimistat treatment for 45 min

at 200 uM in pancreatic cancer cells (Gao et al., 2020). Prolonged treatment for 7 days
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resulted in an attenuation of the MMP, whereas the total number of mitochondria
remained unchanged in porcine fibroblasts (Mordhorst et al., 2019). Pardee et al.
revealed a decrease of the mitochondrial OCR as an indicator of TCA cycle impairment
in response to devimistat treatment in leukemia cells (Pardee et al., 2018b). In response
to devimistat-induced TCA cycle inhibition, concentration of intermediates malate,
fumarate, succinate and citrate diminished while anaplerotic inputs alanine, aspartate
and glutamine accumulated (Stuart et al., 2014). Our results confirmed the devimistat-
dependent induction of ROS and mitochondrial dysfunction for CRC cells and detailed
for the first time impairment of basal, ATP-dependent and maximal mitochondrial
respiration capacity (Arnold et al., 2022). In summary, devimistat targets the altered

tumor metabolism as an important factor of malignancy in CRC.

5.1.2. Devimistat induces selective cell death in CRC cells and organoids

Devimistat led to the induction of cell death in a set of various established and patient-
derived CRC cell lines. As oncogenes and tumor suppressors regulate several aspects
of the tumor cell metabolism, different tumor cells rely on glycolysis, OXPHOS or
glutaminolysis to varying degrees, which might therefore affect sensitivity to devimistat.
The applied cell lines covered a diverse set of mutational subtypes regarding their p53,
MSI, BRAF and KRAS status. Cytotoxicity of devimistat was not influenced by the p53
status, as revealed by isogenic p53-wild type and -deficient HCT116 cells. Mutations of
the p53 pathway are common in colorectal tumors, resulting in resistance towards
frequently applied anticancer drugs (Stiewe and Haran, 2018). In addition, activity of wild
type p53 prevents metabolic alterations in CRC by downregulation of aerobic glycolysis
and maintaining OXPHOS, as described in Chapter 1.2., which constitutes an integral

aspect of its tumor-suppressor function (Li et al., 2012).

In contrast to 5-FU and IT, devimistat induced cell death in proliferating and non-
proliferating cells, indicating a cell cycle independent mode of action. In accordance,
several studies described that cell cycle phase, mutations of tumor suppressors (p53)
and oncogenes (KRAS) did not affect cytotoxicity of devimistat (Pardee et al., 2018b;
Zachar et al., 2011). In contrast to its mother compound LA and despite the described
molecular diversity, the cytotoxicity of devimistat was uniform across the tested tumor
cell line panel with an average I1Cso value of 175 pM. Accordingly, cytotoxicity screening
by Zachar et al. in a diverse set of cell lines originating from multiple malignancies
identified 1Cso values between 100 uM and 250 uM, while in another study by Gao et al.
median ICso value calculated in pancreatic cancer cell lines was 200 puM (Zachar et al.,
2011).
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A cancer cell specific activity of devimistat was revealed by comparing cytotoxicity in
non-malignant HCEC cells and several colorectal cancer cell lines. Furthermore, primary
murine intestinal organoids were applied for cytotoxicity assessment in comparison to
murine tumor organoids and no decline in cell viability was observed, even at high
devimistat concentrations of 300 uM, adding further proof to a tumor selective activity.
While our study as well as preceding research articles identified selectivity in 2D cell line
models, 3D cultured intestinal organoids can provide a closer representation of the in
vivo situation. A comprehensive study by Grabinger and colleagues identified a 10-30
times higher sensitivity of murine intestinal organoids to 5-FU compared to the cell lines
Caco-2 and MC38 as surrogates for non-malignant intestinal epithelium, thereby
showing a higher correlation to the in vivo effects observed in mice (Grabinger et al.,
2014).

Noteworthy, the protocol applied for crypt organoid isolation and cultivation resembles
the one used in our study. Transcriptome analysis of ex vivo cultured intestinal primary
organoids in comparison to in vivo intestinal tissue revealed changes in the expression
of genes related to immune response and lipid metabolism, associated with the lack of
cell-extrinsic immune communication and in vitro culturing conditions. Nevertheless,
general intrinsic transcriptional programs, including compartment-related features are
well preserved ex vivo, indicating applicability for our purpose (Lu et al.,, 2021).
Furthermore, the application of patient-derived organoids could help to elucidate the
significance of specific genetic and epigenetic alterations for the therapeutic efficacy of

devimistat.

A tumor specific activity of devimistat has been described in preceding publications, but
not much is known about the underlying mechanisms. Stuart et al. identified a redox-
dependent autoregulation process of KGDH in cancer cell lines, which is disturbed by a
devimistat-induced ROS burst (Stuart et al., 2014). In tumor cells, redox blockage at the
dihydrolipoyl S-succinyltransferase (E2) subunit of KGDH and glutathionylation at lipoate
residues result in down-modulation of KGDH activity by devimistat, while no such effect
was observed in non-malignant cells (Stuart et al., 2014). In addition, devimistat targets
carbon entry into the TCA cycle by activating the enzyme PDK, which downregulates
PDH activity by lipoate-responsive phosphorylation of its E1a subunit as further detailed
in Chapter 1.2.4.1. Isoforms PDK1 and PDK3 are upregulated in tumors due to activation
of the HIF1la pathway (Lu et al., 2008; McFate et al., 2008), resulting in an altered
response of PDH towards devimistat in tumor cells (Zachar et al., 2011). Methylation-
dependent induction of PDK4 has been observed in CRC and inhibition led to
downregulation of cell migration and invasion as well as induction of apoptosis (Leclerc
et al., 2017).
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In addition to specific alterations described for the enzymes PDH and KGDH, which
render cancer cells sensitive towards devimistat treatment, general alterations of the
tumor metabolism also contribute to the effects of mitochondrial disruption.
Nevertheless, further research regarding the metabolic foundation is necessary to fully
understand the underlying molecular mechanisms. In vitro metabolome analysis of
malignant and non-malignant cells could be a promising tool to elucidate quantitative

changes of the complex metabolic networks in response to devimistat treatment.

5.1.3. Synergism of devimistat with genotoxic chemotherapeutics

Combination treatment is frequently conducted in CRC therapy and typically involves
genotoxic and cytostatic drugs as well as specific growth factor receptor inhibitors (Morris
et al., 2023). Benefits include enhanced therapeutic efficacy and reduced side effects,
often achieved by the possibility to reduce the necessary single drug doses. In addition,
the combination of different drugs covers the heterogenicity of tumor cell types,
circumvents the development of resistances and impairs metastasis formation
(Giantonio et al., 2007; Vogel et al., 2017).

Based on the distinct mode of action of the metabolic inhibitor devimistat in comparison
to established cytostatic drugs IT and 5-FU, their potential to induce synergistic
cytotoxicity was further investigated in cancer cell lines. Chou-Talalay analysis and
Combenefit analysis were performed based on cytotoxicity data as an approach to
guantify the synergism of devimistat with 5-FU and IT in HCT116 and HT29 cells and
identify dose combinations with the highest cytotoxic efficacy.

An enhanced induction of apoptotic cell death was identified as the underlying
mechanism and further detailed by qPCR and western blot analysis of the corresponding
pathways: Devimistat cotreatment resulted in downregulation of the antiapoptotic
proteins Bclx. and survivin. Upregulation of survivin has been identified during colorectal
carcinogenesis and increased with worsening tumor grade (Hernandez et al., 2011).
Survivin was shown to antagonize the cytotoxic activity of IT in CRC cells, underlining its
biological significance in chemotherapy-induced cell death and application of novel small
molecule inhibitors targeting survivin was shown to sensitize p53-mutant CRC to IT
(Rauch et al., 2018; Steigerwald et al., 2018). Contrasting the antiapoptotic proteins Bcl-2
and Mcl, Bclx. expression was directly linked to the chemotherapy outcome in CRC
patients and revealed to be crucial as an oncogenic driver in the adenoma-to-carcinoma

sequence (Ramesh et al., 2021; Scherr et al., 2016).

As described in our study, devimistat synergized with chemotherapeutic drugs IT and

5-FU in a Bim-dependent manner, resulting in a decrease of tumor cell viability and tumor
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growth rate in vitro and in vivo. Interestingly, no increase of Bim gene expression was
observed but instead a strong accumulation of Bim protein could be detected, which
indicates the involvement of a post-translational mechanism. Jun-kinase (JNK) has been
described to prevent Bim degradation, resulting in accumulation of Bim and subsequent
Bax-dependent apoptosis (Lei and Davis, 2003). In response to cellular stressors, JNK
phosphorylates the dynein light chain 1 (DLC) binding motif of the Bim_. and Bimg.
isoforms, inducing sequestration of their latent forms from dynein motor complexes (Lei
and Davis, 2003). Brockmann et al. observed JNK-mediated Bim phosphorylation and
subsequent stabilization after treatment with thiazolomides in CRC cell lines, which
resulted in sensitization to chemotherapeutic drug cisplatin (Brockmann et al., 2015).
Since Bim protein levels were analyzed by western blot analysis of whole cell lysates in
our study, it is debatable if a release of Bim from cytoskeleton-associated dynein

complexes would result in an increase of detectable Bim protein levels.

Proteasomal degradation of Bimg. induced by ERK1/2-dependent phosphorylation is
another possible pathway that alters Bim protein levels independent of gene transcription
(Ley et al.,, 2003) and the significance of ERK1/2-mediated phosphorylation of
Ser-55/65/73 for Bim degradation has been elucidated in vivo (Hubner et al., 2008). The
downregulation of Bim levels due to hyperactivated ERK1/2 signaling was shown to be
associated with a phenomenon termed oncogene addiction in lung cancer. Application
of ERK1/2 inhibitors resulted in increased cell death, underlining the role of Bim as a
mediator between survival signaling networks and the mitochondrion-dependent
apoptotic program (Bean et al., 2013). In a subset of CRC cells, the overexpression of
COX2 induced elevated levels of PGE2, which led to activation of the RAF-MEK-ERK1/2
pathway, promoting Bim phosphorylation and thereby its proteasomal degradation to
avoid apoptosis (Greenhough et al., 2010). In accordance, for BRAF-V600E-mutated
CRC cell lines, addiction to ERK1/2 signaling was described to repress Bim-dependent
apoptosis and growth factor independent survival (Wickenden et al., 2008). Mutations of
BRAF-V600E, as an early event in the serrated pathway of tumorigenesis, can be found
in 15% of sporadic CRC tumors and are frequently associated with the CpG island
methylator phenotype and microsatellite instability (Bond and Whitehall, 2018). As
accumulation of Bim was identified as a critical step in the antitumor activity of devimistat
in our study, additional research regarding the role of ERK1/2 and JNK could further

elucidate the mechanism of cell death induction.

In a recent study Sun and colleagues observed that regorafenib, a multi-kinase inhibitor
that is frequently applied in the third-line therapy of CRC, induces intrinsic apoptosis via
Bim. Mechanistically, following regorafenib treatment, expression of PI3K is

downregulated, leading to AKT-dephosphorylation and translocation of FOXO3a from
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the nucleus to the cytosol, which results in upregulated Bim expression and thus
mitochondrial apoptosis (Sun et al., 2023). A similar mechanism of AKT inhibition,
leading to nuclear translocation of FOXO3a and thereby induction of Bim and
subsequent cell death has also been described for CRC cells after treatment with
selenite (Luo et al., 2013) and for hepatocellular carcinoma after treatment with idelalisib
(Yue and Sun, 2018). Analysis of the clinical prognostic impact of Bim, Puma (p53
upregulated modulator of apoptosis) and Noxa expression in human CRC patients
revealed that Bim expression was significantly associated with a higher overall survival
and longer disease-free survival adjusted for tumor stage, histologic grade, age, and
treatment, underlining its function as a tumor suppressor (Sinicrope et al., 2008). These
observations underline the significance of our findings regarding the role of Bim for the

synergy of devimistat and IT.

In addition to the accumulation of Bim, metabolic inhibition by devimistat is also likely to
directly interfere with DDR induced by IT treatment. Several studies have shown an
upregulation of oxidative metabolism as a result of DNA damage to provide energy for
DDR pathways (Sobanski et al., 2021). In parallel, the DDR kinase ATM was found to
activate the PPP by inducing glucose-6-phosphate dehydrogenase (G6PD) via
phosphorylation of HSP (heat shock protein) 27 in the presence of DSBs, thereby
stimulating production of NADPH to fuel DNA repair (Cosentino et al., 2011). In breast
cancer cells, upregulation of MYC and MCL1 was observed as a mechanism of
chemotherapy resistance that promoted mitochondrial OXPHOS and enrichment of
CSCs, mediated by transcription factor HIF1a (Lee et al., 2017). By interfering with
cellular metabolic pathways due to a dual inhibition of PDH and KGDH, devimistat might
impair energy dependent DNA repair pathways, resulting in an increase of cell death.
Interestingly, no upregulation of p53 was observed due to combined treatment with

devimistat and IT, but instead a pronounced downregulation occurred.

A potential mechanism could be an intracellular accumulation of aKG, which has been
shown to inhibit DNA repair pathways and resolution of DNA double-strand breaks
(DSBs) due to an epigenetic mechanism (Efimova et al., 2016). Marx and colleagues
recently described a pronounced upregulation of the metabolism in CRC cells induced
by IT treatment, characterized by enhanced glycolysis, oxygen consumption rate (OCR)
and mitochondrial electron transport chain activation (Marx et al., 2022). Interestingly,
these effects were more pronounced in p53 WT cells. However, no differences in the
sensitivity of p53-proficient and -deficient HCT116 cells regarding IT treatment could be
detected in combination with devimistat (Arnold et al., 2022), underlining that the

relevance of p53 for the activity of devimistat is yet to be understood.
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Cotreatment of CRC cells with devimistat in combination with IT or 5-FU resulted in a
pronounced downregulation of the expression of several cyclins, including cyclin B1,
cyclin H1 and cyclin D1/2, suggesting an impaired cell cycle progression. While
progression from the G; to S-phase is regulated by cyclin D1 and D2, cyclin B1 enables
the G2/M transition and cyclin H1 is part of the CDK-activating kinase which promotes
cell cycle progression by CDK4 and CDK6 activation (Roskoski, 2019b; Sava et al.,
2020). These observations indicate impairment of cell cycle progression, induced by
additional treatment with devimistat, providing an additional antiproliferative effect
beyond cell death induction. In accordance with our findings, Lee et al. observed
downregulated expression of multiple cell cycle regulating genes when investigating the
effects of devimistat in pancreatic cancer cells, including CCNB1, CCND3 and CCNE1
(Lee et al., 2014).

As an approach to verify our results in vivo, a mouse xenograft model utilizing MSI
(HCT116) and MSS (HT29) CRC cell lines was applied to assess the efficacy of
devimistat as monotreatment and in combination with IT. A pronounced antitumor activity
of devimistat monotreatment was observed, indicated by prolonged survival and reduced
tumor growth rate as well as additional improvement in the combination treatment groups
of both CRC xenografts. These findings confirm the results of several studies that applied
mouse xenograft models of lung, ovarian and pancreatic cancer to assess
antitumorigenic activity of devimistat in a preclinical setting at a comparable dose level
of 25 mg/kg BW (Bellio et al., 2019; Lee et al., 2014; Zachar et al., 2011).

Remarkably, our study is the first to reveal synergistic activity of devimistat with an
established chemotherapeutic drug in vivo, despite ongoing efforts to integrate
devimistat as a building block in the chemotherapy of solid tumors in various clinical trials
(Rocha Lima et al., 2019; Philip et al., 2019). In accordance with our in vitro findings, a
pronounced upregulation of Bim protein level in response to devimistat treatment and a
significant increase after cotreatment with IT in xenograft tumor lysates were observed.
These findings underline the in vivo relevance of the proapoptotic protein Bim for the
antitumorigenic activity of devimistat. Interestingly, Park et al. observed enhanced
activation of Bim in tumor lysates of murine xenograft models after treatment with the
DNA damage inducing drug doxorubicin in combination with the antimitochondrial agent
gamitrinib, mediated through activation of JNK (H.-K. Park et al., 2014). Since the two
drugs mechanistically resemble the agents used in our study, a comparable mode of
action might be responsible for the synergistic activity. Despite a higher antitumorigenic
activity, no increase of toxicity of the combined treatment regimen in vivo was observed.
This indicates that the combination of IT and devimistat did not result in unexpected

adversities or aggravated adverse side effects occurring in the single treatment
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regimens. Correspondingly, it has been reported that the combination of antitumorigenic
drugs covering disparate cellular targets can provide increased therapeutic efficacy

without risking additional adverse effects (Al-Lazikani et al., 2012).
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Figure 11: Mechanistic overview summarizing the synergism of devimistat with anticancer
drugs IT and 5-FU in colorectal cancer cells. Devimistat induces inhibition of the mitochondrial
enzymes PDH and KGDH, thereby promoting ROS formation and subsequently attenuating
oxidative phosphorylation and mitochondrial membrane potential (AWm). The DNA damage
triggered by IT and 5-FU causes accumulation of p53, p21-dependent cell cycle arrest and
apoptotic cell death. In addition, expression of proapoptotic BH3-only proteins Bax and Puma as
well as of the antiapoptotic Bcl-2 protein Bclx. is induced. Synergistic cell death is caused by
combined treatment with accumulation of Bim as a key factor, as demonstrated by genetic
knockdown. Furthermore, reduced expression of antiapoptotic proteins (Bclx. and survivin) as
well as cell cycle regulators (cyclin B1, D2 and H) was observed. (Created with BioRender)

Our studies elucidated the potential benefit of devimistat in combination with established
chemotherapeutic drugs IT and 5-FU in CRC therapy while at the same time shedding
light on possible limitations and resistance mechanisms. Devimistat induced synergistic
activity in combination with the DNA damage inducing drugs IT and 5-FU in a Bim-
dependent manner. Although this mechanism could increase the clinical efficacy of CRC
chemotherapy, additional studies are necessary to exclude the possibility that non-
malignant cells are also harmed, leading to a higher incidence of adverse side effects.
While devimistat itself already exerts a dual mechanism of action by inhibiting PDH and
KGDH, two important enzymes of the TCA cycle, application of additional metabolic
inhibitors is discussed to further restrict energy and nutrient supply of tumors (Bingham
and Zachar, 2023).
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Four general pharmacological aspects of devimistat were identfied to evaluate its
potential as a building block in CRC chemotherapy: 1) Devimistat targets mitochondria
and impairs mitochondrial function Il) Devimistat induces cell death irrespective of the
mutational subtype with a higher activity in malignant cells compared to non-malignant
cells. IIl) Devimistat induces apoptotic and necrotic cell death without exerting genotoxic
activity 1V) Devimistat synergizes with genotoxic chemotherapeutics 5-FU and IT in vitro
and in vivo. In essence, our findings confirmed mitochondrial disruption as a main
mechanism of action for devimistat in CRC that results in cancer cell specific cell death
induction, independent of the molecular subtype. Detailed insight into the mitochondrial
apoptosis pathway as the underlying mechanism of cell death induction was provided
and the pro-apoptotic protein Bim was identified as a key actor for the synergy of

devimistat with IT and 5-FU in vitro and in vivo.

5.2. Publication II: Natural Merosesquiterpenes Activate the DNA Damage
Response via DNA Strand Break Formation and Trigger Apoptotic Cell
Death in p53-Wild-Type and Mutant Colorectal Cancer

While various targeted therapy approaches have been successfully applied for CRC
therapy in recent years, including monoclonal antibodies and small molecule inhibitors,
genotoxic cytostatic drugs still represent the foundation of most treatment regimens.
Merosesquiterpenes are secondary metabolites produced by marine sponges that
exhibit a variety of bioactive properties, as detailed in Chapter 1.1.3. In a variety of cancer
cell lines, cytotoxic and antiproliferative effects have been reported in response to
different merosesquiterpenes, indicating therapeutic potential. With the objective to
identify novel substances with cytostatic antitumor activity, the cytotoxicity of 11 different
merosesquiterpenes isolated from marine sponges was compared in three CRC cell lines
(Jiso et al., 2021a).

5.2.1. Cell death induction by merosesquiterpenes in CRC cells

Among the 11 tested merosesquiterpenes, SP, 1Q and DS revealed to be the most
promising compounds, indicated by ICso values in the low pM range among the three
tested cell lines. Comparing the activity of the tested compounds, structural determinants
of cytotoxicity could be identified: Among the 20-amino and N-alkyl rearranged drimane
sesquiterpenes, an unsubstituted amino-group (SP) was correlated with a high
cytotoxicity, while substitutions with alkyls or aromatic side chains reduced activity.
Correspondingly, the 20-methoxy rearranged drimane sesquiterpene 1Q showed a

higher cytotoxicity than its oxohexyl-substituted derivative quintaquinone.
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Our study revealed a pronounced induction of apoptotic and necrotic cell death by
merosesquiterpenes IQ and SP in CRC cell lines and murine tumor organoids. Formation
of DNA strand breaks, as shown by the alkaline Comet assay and yH2AX formation, led
to activation of the DDR, with phosphorylation of Chkl and accumulation of p53. In
summary, these direct genotoxicity markers and the distinct cellular response illustrate
that merosesquiterpenes induce DNA damage in vitro. A potential mechanism involved
in the genotoxicity and cytotoxicity of merosesquiterpenes is the generation of ROS due
to redox cycling mediated by their hydroquinone structure. In support of this hypothesis,
induction of mitochondrial ROS by IQ was observed in lung cancer cells (Kwak et al.,
2020) and a general increase of cellular ROS has been detected in colon cancer cells
(Do et al., 2014). In human oral squamous carcinoma cells, 1Q-dependent induction of
ROS was partially rescued by pretreatment with antioxidants N-acetylcysteine (NAC)
and GSH (Lin et al., 2020).

The enzyme NAD(P)H-quinone oxidoreductase 1 (NQO1), which catalyzes the
detoxification of quinones to hydroquinones, might further facilitate ROS production by
merosesquiterpenes. Generation of reactive hydroquinones, which undergo redox
cycling, can lead to generation of electrophilic species and production of ROS.
Accordingly, inhibition of NQOL in prostate cancer cells abrogated the cytotoxic effects
of IQ (Jiso et al., 2021b). Interestingly, overexpression of NQOL1 has been observed in
various types of cancer including CRC and is exploited using chemotherapeutic drugs
that are metabolically activated by the enzyme, including mitomycin C (Oh and Park,
2015). In accordance, mytomycin C, a chemotherapeutic agent with a heterocyclic
guinone structure showed increased antitumor activity in an in vivo model of colon cancer
after dietary induction of NQOL1 (Begleiter et al., 2004). Since no data about the activity
of merosesquiterpenes in non-malignant cells is available, these observations can
provide indication of a tumor specific cytotoxicity of IQ and SP. Additional research using
human colon epithelial cells (HCEC) and murine primary organoids as a surrogate for
healthy tissue could identify a potential specificity of merosesquiterpenes for malignant
cells. Induction of DNA damage and activation of the DDR by merosesquiterpenes 1Q
and SP occurred in low concentrations that did not increase H.DCFDA signal, suggesting
a mechanism beyond ROS production. Possible hypotheses might be an interaction with
enzymes involved in the repair or maintenance of the DNA as well as direct interaction
with DNA. Cleavage of plasmid-DNA by the active hydroquinone species of IQ has
recently been demonstrated in vitro, indicating the involvement of a direct mechanism
(Jiso et al., 2021b). In accordance, open chain merosesquiterpene 3-farnesyl-2-hydroxy-
5-methoxyquinone showed no cytotoxic activity despite exhibiting a hydroquinone

structure capable of redox cycling.
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While low concentrations of merosesquiterpenes SP and DS induced significant G2/M
arrest after treatment for 48 h in HCT116 and HT29 cells, high concentrations led to a
pronounced increase of the sub G: population. Correspondingly, western blot analysis
revealed phosphorylation of the kinase Chkl, a key regulator of the S-phase, the G2/M-
transition and part of the DDR (Li et al., 2012; Zhang and Hunter, 2014). Single stranded
DNA recruits replication protein A (RPA), which together with ATRIP and TOPBP1
subsequently activates ATR and Chk1 to inhibit progression of the cell cycle, allowing
for DNA repair or induction of apoptosis (Gupta et al., 2022).

In parallel, upregulation of p21, a CDK inhibitor that prevents G1/S and G>/M transition,
was observed, thereby inducing cell cycle arrest in response to DNA damage (Li et al.,
2012). Despite being a direct transcriptional target of p53, accumulation of p21 occurred
also in its absence, as demonstrated in p53-mutant HT29 and p53-deficient HCT116
cells, indicating a p53-independent mechanism. The zinc finger protein ZNF84 has
recently been described as a critical mediator of p21 expression upon genotoxic stress
in the absence of p53, as observed in p53-deficient HCT116 cells (Strzeszewska-
Potyrata et al., 2021). As a critical regulator of CDKN1A gene expression, knockdown of
ZNF84 lowered the genotoxic burden caused by doxorubicin (Strzeszewska-Potyrata et
al., 2021). In addition, other p53-independent mechanisms have been described,
including direct transcriptional induction by the variant BRCAla, which underlines the
complex role of p21 for cell cycle regulation, apoptosis and senescence (Karimian et al.,
2016).

5.2.2. The Role of p53 for the cell death induction by merosesquiterpenes

In response to higher concentrations of SP and DS, a pronounced upregulation of the
sub-G: population was measured after only 24 h, indicating induction of the apoptotic
cell death pathway. Quantification of caspase-3 and caspase-9 cleavage as well as
proapoptotic Bim by western blot analysis further supported this observation. The cell
death mechanism after treatment with SP was subsequently investigated via Annexin-
V/PI costaining and flow cytometry analysis. A similar total cell death rate was observed,
but a significantly higher proportion of apoptotic cells in HCT116 WT cells compared to
higher proportion of necrotic cells in HCT116 p53™ cells. In accordance, the induction of
caspase-3 cleavage was substantially stronger in the presence of WT p53, underlining
the role of p53 for the intrinsic mitochondrial apoptosis pathway. Gene expression
analysis of pro- and antiapoptotic genes revealed mitochondrial apoptosis as a major
cell death pathway induced by merosesquiterpenes, which was clearly dependent on WT
p53 status but also occurred in p53-mutant HT29 cells. Nevertheless, induction of pro-

apoptotic BH-3 only protein Bim revealed to be comparably strong in both, HCT116 WT
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and p537 cells indicating a role for p53-independent cell death induction by
merosesquiterpenes. Bim antagonizes antiapoptotic Bcl-2 proteins and functions as a
direct activator of the pro-apoptotic effector proteins Bax and Bak, which induce pore-
formation and thereby MOMP, resulting in cytochrome C release and apoptosis (Sionov
et al., 2015).

As the intracellular equilibrium of pro- and antiapoptotic members of the Bcl-2 family
needs to be finely tuned, regulation of intracellular Bim levels occurs on the
transcriptional, translational and post-translational level. Downregulation of Bim has
been described in approximately 40% of human colorectal carcinomas in vivo and is
associated with worsened therapy outcome, rendering it a potential target in cancer
therapy (Greenhough et al., 2010). A recent study by Wang et al. identified Bim as a
mediator of cell death independent of p53 in the presence of severe DNA damage stress
in models of prostate cancer, glioblastoma, and osteosarcoma (Wang et al., 2022). This
finding is of particular interest, since mutations of p53 are frequently observed in sporadic
CRC and have been linked to worse clinical outcome and therapy resistance (Goh et al.,
1995; Olivier et al., 2010).

In addition to the described cellular effects, endoplasmic reticulum (ER) stress might
depict another component of the cytotoxicity induced by merosesquiterpenes. With an
integral role in the quality control of the cellular protein homeostasis, the ER activates an
adaptive stress response when unfolded or misfolded proteins accumulate, referred to
as unfolded protein response (UPR), which leads to rectifiable or persistent ER stress
(Chen et al., 2023). When prolonged and unresolved ER stress occurs, the URP can
trigger proapoptotic signaling, including activation of JNK, upregulation of C/EBP
homologous protein (CHOP) and mitochondrial apoptosis (Hetz et al., 2020). As
demonstrated in HCT116 cells, IQ treatment led to ROS-dependent induction of CHOP,
which was mediated by ERK and MAPK signaling (Do et al., 2014). In line with this
observation, upregulated expression and nuclear translocation of CHOP (also denoted
as DNA damage inducible gene 153 or GADD153) have been observed in response to
IQ treatment in the prostate cancer cell line PC-3, leading to G cell cycle arrest and
apoptosis (Lu et al., 2007). CHOP is activated by ER stress and DNA damage and has
been described to promote the mitochondrial apoptosis pathway via upregulation of the

BH3-only proteins Bim and Puma (Yang et al., 2017).
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Figure 12: Mechanistic model of the merosesquiterpene-induced cell death pathway.
Initially, merosesquiterpenes trigger simultaneous generation of ROS and the formation of DNA
strand breaks, culminating in the induction of the DDR as demonstrated by phosphorylation of
H2AX and Chkl as well as p53-dependent and -independent accumulation of p21. In
consequence, cell cycle arrest is induced by p21 and phosphorylated Chkl. At the same time,
activation of WT p53 initiates the mitochondrial apoptosis pathway, characterized by upregulation
of Bim and Bax as well as subsequent cleavage of caspase-9 and caspase-3. Remarkably,
accumulation of Bim and induction of apoptotic cell death also occur in isogenic p53 knockout
and p53-mutated cells, implying the involvement of additional cellular stress response
mechanisms. (Created with BioRender)

Finally, the antitumorigenic potential of merosesquiterpenes SP and IQ was
demonstrated in tumor organoids derived from APC-deficient mice, as shown by distinct
morphological alterations, uptake of Pl and reduced conversion of MTS. Organoids
derived from colorectal tumor tissue can provide a better representation of the cellular
diversity and tumor-specific drug responses ex vivo as compared to regular cell lines in
2D culture (Bode et al., 2019). Mutations or deficiencies of the tumor suppressor gene
APC are the leading causes for overactivation of the Wnt signaling pathway, a key
characteristic of sporadic and hereditary CRC (Markowitz and Bertagnolli, 2009). As part
of the so-called destruction complex, APC induces degradation of the transcriptional
coactivator B-catenin, a key component of the Wnt signaling pathway, by targeting it for
ubiquitination and subsequent proteasomal digestion (Zhang and Shay, 2017). In
multiple myeloma cells, 1Q has been shown to attenuate the Wnt signaling pathway and
downregulate B-catenin accumulation, leading to reduced expression of the proteins
cyclin D1 and c-MYC (S. Park et al., 2014). Correspondingly, merosesquiterpenes might
interfere with the deregulated Wnt signaling of CRC cells, thereby providing an additional

mechanism of anti-tumorigenicity.
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Based on the observed effects, a mouse xenograft model could elucidate the in vivo
antitumor activity of the tested merosesquiterpenes as a next step. The availability of
data regarding the in vivo bioactivity of the merosesquiterpenes IQ, DS and SP is limited.
Applying a rat in vivo model, a recently published study investigated the
pharmacokinetics of IQ and its stereo-isomer epi-IQ following intravenous and oral
administration (Son et al., 2019). An area under the curve (AUC) of 3.39 yg h/mL was
determined after administration of a single oral dose of 10 mg/kg BW, which corresponds
to an oral bioavailability of 46%. As a maximum plasma concentration 0.94 pg/mL 1Q
was observed, which converts to 3.4 uM, and the half-life ti» of the compound was
identified at 1.2 h. Subsequent experiments performing i.v. injection of 2 mg/kg BW 1Q
determined an AUC of 1.46 pug h/mL. Under the assumption that an injection of 20 mg/kg
BW 1Q results in proportionately higher plasma concentrations, therapeutic

concentrations necessary for antitumor activity might be reached in vivo.

Further studies regarding the pharmacokinetics of merosesquiterpenes will be necessary
to assess that hypothesis, especially for SP and DS, given that these compounds
showed the highest potency in vitro. To date, no data regarding the in vivo activity of 1Q,
DS and SP is published but structurally related synthetic merosesquiterpenes exhibiting
a similar quinone backbone have been tested in a breast cancer mouse xenograft model
(Carrasco et al., 2014). Oral doses of 5, 10 and 15 mg/kg BW led to significant reduction
of xenograft growth in C57BL/6 mice after 42 days, but no dose dependency was
detected. In general, good tolerance to the compound was reported with no signs of
toxicity, including absence of hair loss and diarrhea. Detailed information about the in
vivo safety profile of 1Q, DS and SP will be necessary to evaluate their applicability for
cancer treatment and calculate their therapeutic index, which is the ratio between

efficacy and toxicity.

In summary, our study demonstrated pronounced cytotoxicity of the merosesquiterpenes
IQ, SP and DS in CRC cell lines with mutant, deficient and wild type TP53. Formation of
DNA strand breaks and activation of the DNA damage response as well as subsequent
cell cycle arrest and activation of the mitochondrial apoptosis pathway were identified as
underlying mechanisms. Finally, our results were confirmed applying murine intestinal
tumor organoids. In summary, merosesquiterpenes are promising lead candidates for
the development of novel cytostatic drugs in CRC therapy. As a next step, application of
IQ, SP and DS in a murine CRC model could provide information about their therapeutic

efficacy and the in vivo relevance of the observed mechanisms.
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5.3. Publication Ill: Targeting PARP-1 and DNA Damage Response
Defects in Colorectal Cancer Chemotherapy with Established and
Novel PARP Inhibitors

Components of the DNA damage response are frequently altered in cancer, either due
to mutations or epigenetic downregulation (Arai et al., 2021). As a result, genomic
instability occurs as a common feature of tumors and a driver of malignancy, allowing for
uncontrolled proliferation, dedifferentiation and metastasis, but also leading to
susceptibility to treatments which induce DNA damage, including radiotherapy and
various chemotherapeutic drugs (Walther et al., 2008). For more than a decade, PARPI
have been applied in the treatment of ovarian and breast cancer, which frequently exhibit
hereditary deficiencies of the HR factors BRCA1 and BRCA2 (Lord and Ashworth, 2008).
The mechanism of inhibitor-induced PARP-1 trapping was elucidated more recently,
resulting in new applications beyond the concept of synthetic lethality (Murai et al., 2012;
Xue et al., 2022). Several studies suggested PARP-1 as a promising target in CRC
subtypes with defective DNA repair (Arena et al., 2020; Durinikova et al., 2022; Mauri et
al., 2020) and novel approaches could allow for the functional assessment of the DNA
repair capacity in tumor specimen (Lee et al., 2023). Furthermore, application of PARPI
has been shown to improve the efficacy of DNA damage inducing chemotherapeutic
agents in HR-proficient types of cancer (D.-S. Kim et al., 2021). The synergy with
established cytostatic drugs was identified as a possible opportunity to exploit
vulnerabilities of CRC due to mutations or epigenetic downregulation of HR mediators
(Abu-Sanad et al., 2015; Augustine et al., 2019; Wang et al., 2017).

In order to extend previous work regarding the dual role of PARP-1 in CRC initiation and
progression (Dérsam et al., 2018), our study focused on PARP-1 as a potential target in
CRC chemotherapy. Therefore, an in silico screening of novel indole compounds
regarding the potential to inhibit PARP-1 was performed. Subsequently, the 12 most
active compounds identified were applied in an in vitro cell free assay to quantify
enzymatic inhibition of PARP-1-dependent PARylation. The four compounds with the
lowest ICso values were applied for a cell-based screening to assess inhibition of
PARylation in CRC cells. Cytotoxicity testing of the two most active compounds as well
as the clinically applied PARPI olaparib and veliparib as monotreatment or in combination
with chemotherapeutic drugs IT, OXA or 5-FU was performed in isogenic CRC cell line
pairs to evaluate the significance of defective PARP-1, BRCA2 and ATR. Finally, the
ability of the two novel PARPI to induce trapping of PARP-1 was tested in MSI HCT116
cells and MSS Caco-2 cells and the induction of DNA double-strand breaks was
measured by yH2AX quantification in wild type and BRCA2-deficient HCT116 cells.
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5.3.1. Identification of novel PARP inhibitors for CRC treatment by in silico and

in vitro testing

Proceeding from their first successful integration in the therapy of breast, ovarian and
prostate cancer, the repertoire of PARPI gets constantly refined (Mateo et al., 2019).
Currently, several novel PARPi are developed to exhibit desirable properties for certain
applications including penetration of the blood-brain barrier for the treatment of brain
tumors or increased PARP trapping capacity and are tested in non-clinical and clinical
trials (Wang et al.,, 2020; Xiong et al., 2020). An in silico screening of a library of
3,4-bifunctionalized and -bridged indoles was performed to identify lead structures for
novel PARPi and identified 12 compounds with a potentially high PARP-1 binding affinity.
Four of those compounds, referred to as X17613, X17618, X17620 and X17621, were
identified in vitro to induce pronounced enzymatic inhibition of recombinant PARP-1 in a
cell free assay with 1Cso values ranging between 41 nM and 2.84 uM. In comparison, an
ICso value of 5 nM for enzymatic inhibition of PARP-1 has been described for olaparib
and veliparib (Oplustil O’Connor et al., 2016), demonstrating a comparable activity of our
most active compound X17613. Intriguingly, X17613 contains a cyclic carboxylic acid
hydrazide (i.e., dihydro-azepindolone), a structural motif found in the novel PARPI
pamiparib that showed improved blood-brain barrier penetration and is applied in first
clinical studies for the treatment of brain tumors (Xiong et al., 2020). In silico modelling
revealed that X17613 interacts with G863-, S904-, and Y907-residues of PARP-1 in a
similar manner as described for olaparib and veliparib, but lacks interaction with Y896

and D766, resulting in a lower binding affinity and therefore lower potency.

Applying chromatin isolation experiments, X17613 and X17618 were demonstrated to
lack the ability to induce PARP-1 trapping in the cell lines HCT116 and Caco-2 and
correspondingly show limited cytotoxicity as a monotreatment. The ability of PARPI to
induce chromatin trapping of PARP-1 is an integral factor for the induction of cytotoxicity
in cancer cells in the absence of synthetic lethality (Murai et al., 2014). In accordance,
higher cytotoxicity of olaparib was observed in HCT116, Caco-2 and DLD-1 WT cell lines
compared to veliparib. Olaparib has been described to induce pronounced PARP-1
trapping, while veliparib does so to a much lesser extent (Hopkins et al., 2015). Additional
modification of the lead structure of X17613 could further refine its inhibitory capacity
and improve its PARP trapping activity due to allosteric retention, as previously
demonstrated for veliparib (Zandarashvili et al., 2020). Nevertheless, it is important to
note, that PARP-trapping is also the main driver for the side effects of PARPi (Hopkins
et al., 2019, 2015). Furthermore, certain combination-treatment regimen might benefit

from the application of PARPI with low PARP-trapping activity to minimize side effects.
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5.3.2.  Role of PARP-1 expression for activity of PARPi monotreatment

Remarkably, the novel compounds X17613 and X17618 as well as veliparib induced no
decrease of cell viability in HCT116 PARP-1** and PARP-1" cells. In contrast, olaparib
revealed to be cytotoxic in both isogenic cell lines, albeit to a lesser extent in HCT116
PARP-1" cells, underlining the significance of PARP-1 trapping for the activity of PARPI
in cells lacking genetic susceptibility. Acquired resistance to PARPI in a clinical setting is
frequently attributed to mutations which enable a reduced DNA binding affinity of
PARP-1, underlining the significance of PARP trapping for the efficacy of PARPI
monotherapy (Pettitt et al., 2018). Sufficient PARP-1 expression is necessary to exert
the cytotoxic activity of PARP-1 trapping induced by PARPI, resulting in insensitivity in
the absence of PARP-1 as first demonstrated in a PARP-1-deficient in vitro model (Murai
et al., 2012). As outlined in Chapter 1.3.2.3., several clinical studies, which revealed
insufficient efficacy of PARPI in CRC, did not assess PARP-1 status beforehand to
stratify accordingly (Gorbunova et al., 2019; Leichman et al., 2016). Applying routine
guantification of PARP-1 expression in CRC tumor biopsies could help to identify patients
which benefit from an addition of PARPi to chemotherapy regimen in the future. To date,
several publications have assessed the PARP-1 status in CRC patients. A high
concentration of nuclear PARP-1 was detected by immunohistochemistry in 63.3% of
tumor specimen in a set of 60 CRC patients (Abdelrahman et al., 2020). PARP-1 mRNA
overexpression was identified in 70.3% of 91 CRC tumors and correlated with disease
progression (Nosho et al., 2006). In parallel, Bianchi et al. showed that high PARPI
expression and PARylation activity are associated with the in vivo response of patient-
derived xenografts to olaparib treatment, independent of HR deficiencies (Bianchi et al.,
2019). These results indicate that the assessment of PARP-1 expression might be crucial
in the patient selection for clinical studies regarding the application of PARPi for CRC
treatment. Patients with tumors that lack PARP-1 expression and are therefore not
eligible for PARPI therapy might benefit from inhibitors of the HR DNA repair pathway,
as further discussed in Chapter 5.3.3.

A recently published study analyzed PARP-1 and p53 in a set of 201 CRC patients and
linked low expression to reduced overall and disease free survival in the presence of
mutated p53, while this difference was not statistically significant for the subset of tumors
expressing WT p53 (Puentes-Pardo et al., 2023). Since low PARP-1 expression has
been linked to high genomic instability in non-malignant and cancer cells, this
observation might reflect the detrimental consequences of this molecular subtype in CRC
(Bieche et al., 1996; Birkle, 2001). In line with this hypothesis, significant upregulation
of PARP-1 expression was shown in MSI-high CRC tumor specimen compared with MSS

counterparts (Jarrar et al., 2019). Contrasting the MSI subtype, which generally predicts
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good clinical outcome in CRC, the genomic instability observed in MSS tumors is
associated with a worsened prognosis, as shown by a meta-analysis of 10,126 CRC
patients (Walther et al., 2008). Low PARP-1 expression has been linked to poor
prognosis in other cancer entities, including pancreatic, breast and gastric cancer, but
the underlying mechanism has not been elucidated so far (Aiad et al., 2015; Klauschen
et al.,, 2012; Park et al., 2022). Further research will be necessary to identify if a
mechanistical link exists between PARP-1 expression and prognosis or if the
observations are a consequence of the described correlation of PARP-1 expression and

genomic instability.

5.3.3. Cytotoxicity of PARPi as monotreatment and in combination with

chemotherapeutic drugs in CRC

Despite pronounced inhibition of PARP-1-dependent PARylation in HCT116 cells at
concentrations of 0.1 pM and higher, X17613 and X1718 monotreatment did not induce
cytotoxicity in the tested cell lines. Only in HCT116 BRCA2” cells, a decrease of cell
viability to approximately 75% of the control was observed in response to 50 uM X17613,
indicating a weak but specific cytotoxic activity. An explanation for the low cytotoxicity
observed despite pronounced inhibition of PARP-1 could be an insufficient concentration
of X17613. While olaparib inhibited PARP-1 in concentrations of the low nanomolar
range, cytotoxicity was only observed in concentrations nearly 10,000-fold higher. If the
same applies to X17613, a top concentration of 50 UM might have been too low. In
addition, X17613 and X17618 might be potential substrates of active transporters that
facilitate cellular efflux of the compounds, thereby lowering intracellular concentration.
P-glycoprotein, an efflux transporter that enables tumor resistance to chemotherapeutic
drugs, has been shown to excrete olaparib, whereas veliparib and paliparib are not

translocated (Lawlor et al., 2014).

Pharmacokinetic studies of olaparib after therapeutic administration of an oral dose of
400 mg twice a day revealed a steady state plasma concentration of 5.7-9.1 pg/ml which
corresponds to 13.1-21.0 uM (Bruin et al., 2022). In our study, ICso values for the
cytotoxicity of olaparib varied between 0.5 uM and 11.2 uM in the tested cell lines,
depending on the genetic deficiencies, demonstrating that pharmacologically active
concentrations for CRC therapy are reached in patients. Interestingly, olaparib was
demonstrated to induce cytotoxicity in HCT116 PARP-1" cells despite the absence of its
main cellular target. This observation implies that the interaction with other cellular
components contributes to the cytotoxicity of olaparib. PARP-2, PARP-3, PARP-4 as well
as tankyrase 1 and 2 have been described as the most sensitive targets beyond PARP-

1 with ICso values in the low micromolar range (Antolin et al., 2020). Furthermore, off-
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target inhibition of other cellular kinases, including DYRK1A, PIM3, H6PD, DCK and
CDK16, was described for clinically applied PARPI and is associated with potential side
effects (Antolin and Mestres, 2014; Knezevic et al., 2016).

Furthermore, the potential of X17613, X17618 and olaparib to induce PARP trapping
was assessed as an important determinant of PARPI cytotoxicity by applying HCT116
and Caco-2 cells as models for MSI and MSS CRC, respectively. Pronounced PARP-1
trapping was observed due to olaparib treatment in both CRC models but no effects for
the two novel inhibitors. The mechanism of PARPiI-induced trapping of PARP-1 is
determined by two separate mechanisms. The automodification of PARP-1, which is
necessary for its release, is prevented by its catalytic inhibition and thereby dependent
on the ICs value of the PARPIi (Pommier et al., 2016). In parallel, PARPi may induce
allosteric alteration of PARP-1, thereby either promoting its retention or release (Kanev
et al., 2024; Zandarashvili et al., 2020). While veliparib and olaparib have a comparable
ICso for the enzymatic inhibition of PARP-1, veliparib was observed to exert an allosteric
pro-release effect which olaparib is lacking, resulting in markedly different
monotreatment cytotoxicity in cells without genetic susceptibility. Correspondingly,
X17613 and X17618 might also have an allosteric pro-release activity, which, combined

with a lower inhibitory activity, result in a lack of PARP-1 trapping.

As described above, cytotoxic PARP trapping has been identified as a driver of the
antitumor efficacy for PARPi monotherapy (Pommier et al., 2016). Simultaneously,
trapping of PARP-1 was found to be a main contributor to off-target activity, which is
associated with severe side effects (Hopkins et al., 2019, 2015). The application in
combined therapy regimen with certain chemotherapeutic drugs could allow for the
usage of PARPI with a low PARP trapping potential, as described in several studies:
While synergistic effects with chemotherapeutic drug temozolomide required PARP
trapping activity (Murai et al., 2016), enzymatic inhibition is sufficient for combination
treatment with TOP1 inhibitors, including IT and its active metabolite SN-38 (Abu-Sanad
et al., 2015; Augustine et al., 2019; Genther Williams et al., 2015). Our study was able
to confirm this observation in vitro. While veliparib induced no further decrease of cell
viability in combination with OXA, it enhanced the cytotoxicity of IT to a degree that is
comparable to olaparib. Several phase | and Il clinical studies regarding the efficacy of
PARPi for the treatment of CRC either as monotreatment or in combination with
established therapy regimen are currently carried out or have already been finished
(Table 3). Combination therapy has been described to result in dose limiting side effects,
regularly involving hematological conditions. In particular, cytotoxic PARP-1 trapping by
olaparib has been identified as an amplifier of the adverse effects induced by cytostatic

drugs in the combination treatment of CRC, resulting in a limited overall therapeutic
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efficacy (Leichman et al., 2016). Therefore, a potential approach to avoid dose limiting
side effects in combination therapy regimen could be the application of PARPI lacking

PARP trapping activity.

A recently published study by Petropoulos and colleagues demonstrated that in an HR-
deficiency setting enzymatic inhibition without PARP-1 trapping is sufficient to induce
synthetic lethality in tumor cells (Petropoulos et al., 2024). Applying a HR-deficiency
model of the CRC cell line DLD-1, induction of synthetic lethality by four different PARPI
revealed a high correlation with enzymatic PARP-1 inhibition but no correlation with
PARP-1 trapping potential (Petropoulos et al., 2024). Several studies demonstrated that
trapping of PARP-1 is a direct consequence of its enzymatic inhibition, which leads to
the concurrent attenuation of its auto-modification and the reduced binding of DDR
mediators, thereby attenuating its release and promoting its rebinding (Gopal et al., 2024;
Pommier et al., 2016). Recent work revealed an additional allosteric mechanism, which
affects PARP trapping and can be achieved by distinct structural modifications (Kanev
et al., 2024; Zandarashvili et al., 2020). This might allow for the development of PARP
inhibitors that exert strong enzymatic inhibition of PARP-1 and low PARP trapping activity
for application in combination with TOPL1 inhibitors to amplify chemotherapeutic efficacy

while minimizing potential side effects.

Furthermore, new diagnostic approaches could provide the basis for an application in
the treatment of tumors not targeted by PARPi so far. By conducting fluorescence
imaging, Lee et al. realized real-time identification of functional HR deficiency in tumor
specimen, providing a potential tool to identify patients who could benefit from PARPI
treatment (Lee et al., 2023). Interestingly, a higher susceptibility of HR-deficient CRC
cells compared to ovarian or triple negative breast cancer cells was revealed, underlining
the potential of PARPi in CRC chemotherapy (Lee et al., 2023). While PARPI are
currently used in the treatment of cancers with defects of DNA repair leading to synthetic
lethality, development of novel inhibitors of DDR pathways might provide potential
options for combination therapy of tumors without genetic susceptibility in the future. In
2017, The United States FDA approved application of PARPI niraparib for the treatment
of recurrent gynecologic cancers with sensitivity to platinum-based chemotherapy,
independent of HR status (Sisay and Edessa, 2017). Inhibitors of ATR are currently
tested clinically and first phase | trials in combination with PARPi are carried out.
Simultaneously, an increasing number of genetic markers is identified that help to identify
sensitivity of tumors towards ATRiI/PARPi combination treatment and could thereby

guide clinical application in the future (Zimmermann et al., 2022).

186



Summarizing Discussion

The development of PARPI resistances in tumors might provide an additional field of
application for ATRI, as revealed by several studies applying in vitro tumor models (Kim
et al., 2020; Murai et al., 2016; Yazinski et al., 2017). Resistance mechanisms towards
PARPI that can be overcome by ATRI treatment differ between tumor types. In small lung
cancer cells, inactivation of SLFN11, a protein that induces permanent replication
inhibition, was associated with resistance towards PARPi talazoparib. Since cells
deficient in functional SLFN11 protein rely on ATR activation for their survival during
PARPI treatment, application of ATRi could negate this resistance mechanism (Murai et
al., 2016). Remarkably, sensitivity towards TOP1 inhibitor IT was also associated with
SLFN11 status in CRC (Tian et al., 2014). In ovarian cancer, increased activity of the
ATR-Chk1 axis is observed in tumors with acquired PARPI resistance and associated
with ATRI sensitivity (Kim et al., 2020). ATR was found to facilitate BRCA1-independent
loading of RAD51 on stalled replication forks and DNA double-strand breaks, resulting
in reduced sensitivity to PARPi in BRCA1-deficient ovarian cancer cells. Targeting ATR
dependence by applying ATRi was found to overcome PARPI resistance (Yazinski et al.,
2017). Furthermore, coapplication of the ATRI ceralasertib significantly improved the
efficacy of PARPI olaparib in an in vivo mouse model applying ATM-deficient, patient-
derived xenografts (Lloyd et al., 2020). Analyzing a panel of 112 CRC cell lines,
Durinikova and colleagues identified the basal levels of phospho-RPA32 and RAD51 foci
as well as the expression of ATM and RAD51C as critical predictors for the response to
ATR inhibitors (Durinikova et al., 2022).

5.3.4. Combining devimistat and PARPI in CRC treatment

Despite the involvement of PARP-1 in several metabolic processes, little is known about
combinational treatment of PARPi and metabolic inhibitors. PARP-1 represents a major
NAD*-consuming enzyme, modulating the intracellular energy supply and inducing a
metabolic shift from glycolysis to oxidative phosphorylation in the presence of DNA
damage (Murata et al., 2019). Contrasting these results in the absence of DNA damage,
deletion or inhibition of PARP-1 was shown to increase intracellular NAD* content and
thereby SIRT1 activity in vivo, resulting in upregulated oxidative metabolism (Bai et al.,
2011). Interestingly, Andrabi and colleagues revealed PAR-dependent inhibition of the
enzyme HK that was associated with downregulation of glycolysis, independent of
cellular NAD* levels. Simultaneously, PARP-dependent reduction of mitochondrial
function, including mitochondrial OCR and reserve respiratory capacity, have been

observed, occurring before cellular NAD" levels are depleted (Andrabi et al., 2014).

Defects of HR in cancer cells have been associated with an upregulation of oxidative

metabolism to provide ATP and NAD* for PARP-dependent DNA repair (Lahiguera et

187



Summarizing Discussion

al., 2020). At the same time, deletions of mitochondrial DNA (mtDNA), which frequently
occur in different types of cancer, are linked to a downregulation of BRCA2 due to the
activation of AKT, resulting in chromosomal instability and an increase in DNA double-
strand breaks (Arbini et al., 2013). This non-hereditary BRCA2 deficiency leads to
sensitivity towards PARPI, suggesting novel routes of synthetic lethality, which could be
achieved by pharmacologically targeting the mitochondria of tumor cells. Our study
demonstrated downregulation of mitochondrial activity and alterations of mitochondrial
structure due to devimistat treatment (Arnold et al., 2022). Mitochondrial inhibition with
metformin or rotenone combined with a supply of pyruvate led to resistance against
olaparib due to upregulation of glycolysis (Lahiguera et al., 2020). In response to the
PARPI olaparib, upregulation of the stem cell markers CD133 and CD117 was observed
in ovarian cancer cells, resulting in an increase of tumarigenicity and induction of CSC.
Intriguingly, pretreatment with devimistat was found to inhibit the PARPi-induced
formation of CSC in ovarian cancer, presumably by targeting CSC dependency on
oxidative phosphorylation (Bellio et al., 2019). In summary, these results suggest a
potential synergistic activity of PARPI with metabolic inhibition by devimistat in CRC. So
far, no in vitro or in vivo studies regarding the effects of a combination treatment with
PARPi and devimistat have been published, indicating a potential area for further

research.
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6. Conclusion and Outlook

6.1. Conclusion

The following research was focused on three potential vulnerabilities that were identified
in CRC: the altered metabolism of tumor cells, the induction of DNA damage dependent
cell death and deregulated DNA repair mechanisms which can be exploited to induce
synthetic lethality. Several aspects of these novel therapeutic approaches were
elucidated, including identification of new lead structures, synergy with established
chemotherapeutic drugs and the effects of common CRC mutations on sensitivity, as a

guidance for a potential future application in CRC therapy.

The first area of focus was the metabolic inhibition by the mitochondrial inhibitor
devimistat. Our publication elucidated the significance of mitochondria as a target of
devimistat in CRC. The known mode of action of devimistat, based on the disruption of
cellular energy metabolism, was confirmed in the context of CRC by measurement of
mitochondrial membrane potential, oxygen consumption rate, ROS production and
mitochondrial integrity. Subsequently, devimistat demonstrated to induce apoptotic and
necrotic cell death in an array of CRC cancer cell lines with diverse molecular subtypes
and revealed to lack genotoxic activity. The pathways involved on the gene and protein
level were further detailed and a tumor cell specific mechanism was revealed, as shown
by lower sensitivity of non-malignant cells and primary organoids. A synergistic activity
of devimistat with established chemotherapeutic drugs IT and 5-FU was demonstrated,
the most active concentrations for a combined treatment were calculated and the
proapoptotic protein Bim was identified as a key factor for the combination effects.
Application of a xenograft mouse model confirmed the results in vivo and showed
prolonged survival and reduced tumor growth rate, demonstrating that devimistat could
improve therapy outcome of CRC treatment in combination with conventional cytostatic
drugs in the future. Currently, first phase | and Il clinical trials for the application in CRC
treatment are conducted and results are anticipated soon. Additional data regarding the
metabolic effects of devimistat in non-malignant and malignant cells will be important for
the further understanding of its tumor cell specificity and the mechanism responsible for

Bim accumulation.

In the second step, the applicability of marine sponge toxins as novel lead structures for
chemotherapeutic drugs was investigated. Three promising compounds were identified
in a panel of 11 merosesquiterpenes, namely ilimaquinone, dactylospontriol and
smenospongine, which caused cell death in three CRC cell lines with different molecular

subtypes. The induction of DNA damage by ROS-dependent and -independent
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mechanisms and the subsequent activation of apoptotic cell death were revealed as the
corresponding modes of action. The role of p53 for the activity of merosesquiterpenes
was further detailed by applying isogenic p53 wild-type and knockout cell lines as well
as a pb53-mutant cell line, since this tumor suppressor is frequently altered in CRC.
Merosesquiterpenes could therefore provide lead structures for novel cytostatic drugs,
which might help to circumnavigate the development of resistances and provide an
improved therapeutic outcome. Further work regarding the specificity for malignant cells
as well as the mechanism of DNA damage induction will be necessary to further advance

the application of merosesquiterpenes.

Finally, the role of the DNA repair protein PARP-1 in CRC was examined. The in silico
and in vitro screening of a library of 3,4-bifunctionalized and -bridged indole compounds
revealed a novel candidate for PARP inhibitor development, referred to as X17613,
which showed marked inhibition of PARP-dependent PARylation in nanomolar
concentrations. The compound X17613 does not induce PARP trapping in MSS and MSI
CRC cell lines, as demonstrated by chromatin isolation and subsequent PARP-1 western
blot analysis, and correspondingly showed limited cytotoxicity as single treatment.
Nevertheless, X17613 led to a reduced viability in combination with the TOP1 inhibitor
IT in HCT116 BRCA™ cells as a model for HR deficiency. Subsequently, the potential
synergy of established PARP inhibitors olaparib and veliparib with cytostatic drugs IT,
5-FU and OXA was quantified in genetically altered CRC cell lines, deficient in DNA
repair proteins: A further reduction of cell viability was detected due to cotreatment of
olaparib with IT and OXA as well as veliparib with IT, underlining the potential of PARPI
for combination treatment of CRC. Our results indicate that the application of PARPi with
limited PARP trapping capacity, including veliparib and the novel compound X17613, in
combination with TOPL1 inhibitors could provide an option to improve therapeutic efficacy
without aggravating potential side effects. Further research regarding the role of DDR
alterations in CRC for PARPI sensitivity can help to identify patient subpopulations which
benefit from the coapplication of PARPi and provide information about meaningful

combination regimen with established antineoplastic drugs.

In summary, this work contributed to the future application of novel therapeutic
approaches in the treatment of CRC by providing information on the underlying molecular
mechanisms to better understand possible synergisms and molecular determinants of

sensitivity.
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6.2. Outlook: Metabolic Inhibition by Devimistat Modulates Intracellular

Signaling Pathways Associated with Metastasis and Metabolism

The ability of tumor cells to migrate and invade surrounding tissue is frequently increased
as part of the malignant progression of CRC and enables development of metastases.
To date, no targeted approach is available to impair these processes, rendering tumor
metastasis a main driver of CRC mortality (Dillekas et al., 2019). Migration and invasion
are highly energy-dependent processes, which are often fueled by specific metabolic
alterations, including upregulation of glycolysis and OXPHOS. At the same time, several
metabolic intermediates interfere with cellular signaling pathways that modulate
migration and invasion of tumor cells (Wei et al., 2020).

In first experiments, the effects of devimistat on epithelial-to-mesenchymal transition
(EMT), migration and invasion of CRC cells were investigated, as these mechanisms are
fundamental for tumor metastasis. In preceding experiments, a wound healing assay has
been applied to demonstrate the anti-migratory effects of devimistat in HCT116 and
HT29 cells (Neitzel, 2021). Further experiments confirmed these observations for the
CRC cell line RKO, underlining the attenuation tumor cell migration due to the metabolic
inhibition by devimistat (Fig. 13A). Furthermore, HROC cell line pairs, which are short-
term cultures derived from the primary tumor and the corresponding metastasis of the
same patient, were applied to compare their sensitivities to devimistat, IT and 5-FU
(Fig.13B). Since various metabolic alterations have been described to occur during the
metastatic process (Wei et al., 2020), potential changes in the sensitivity against
devimistat-induced cytotoxicity were quantified. While the metastasis-derived cells
showed a slightly higher sensitivity to devimistat in the HROC147 and HROC300 cell line
pairs, indicated by a lower ICso value, the HROC348-Met cells revealed to be less
sensitive compared to HROC348 cells (Fig. 13B). Overall, no marked differences could

be identified, demonstrating a sufficient activity of devimistat in metastasis-derived cells.

In the next step, the role of TGF-B-dependent EMT for the effects of devimistat on the
migration and invasion of CRC cells was investigated. Preceding experiments had
revealed a downregulation of the mesenchymal marker N-cadherin, while E-cadherin
expression as an epithelial marker remained unchanged in response to devimistat
(Neitzel, 2021). To further detail the underlying mechanisms, the effects of devimistat on
TGF-B-dependent Smad2 signaling were investigated. Pretreatment of HCT116 and
HT29 cells with devimistat for 8 h led to a dose dependent downregulation of the
phosphorylation and nuclear translocation of Smad2 induced by short duration TGF-8
exposure, which was measured by immunofluorescence and western blot analysis after

cell fractionation (Fig. 14A).
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Figure 13: Devimistat attenuates the migration of tumor cells and is equally active in
primary tumor- and metastasis-derived cell lines. (A) RKO cells were applied in a wound
healing assay and treated with increasing concentrations of devimistat (DS) over a period of 24 h
in medium with reduced FCS content. 5-FU in a concentration of 5 uM served as a control for a
representative antineoplastic drug. Representative microscopic images at the beginning of the
experiment and after 24Data presented are mean + SEM (n=3). ns: p>0.05, * p<0.05, ** p<0.01,
*** 1n<0.001, **** p<0.0001; t-test

In accordance with these findings, expression of the transcription factor ZEB1, a
transcriptional target of the Smad2 complex, revealed to be downregulated in response
to devimistat pretreatment (Fig. 14B). In tumor cells, nuclear pSmad2 functions as a
master regulator of EMT, inducing the expression of other transcription factors including
ZEB1, Snail and Slug, which subsequently modulate phenotypic alterations leading to
EMT. Expression of the downstream target ZEB1 was detected after prolonged TGF-3
treatment as well as impairment of its expression in response to devimistat treatment,

confirming the functionality of Smad2 signaling in HCT116 and HT29 cells.
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Figure 14: Devimistat downregulates the nuclear translocation of pSmad2 and the
expression of EMT transcription factor ZEB1. (A) HCT116 cells were treated with devimistat
in increasing concentrations for 8 h before TGF-B (20 ng/ml) was added for 30 min. After fixation,
pSmad2 and nuclei were stained and microscopic images were acquired (Scale bar: 30. The
pSmad?2 intensity in nuclei and cytoplasm was quantified using ImageJ. Pretreatment with
devimistat significantly (p<0.05) attenuated the nuclear translocation and accumulation of
pSmad2 induced by TGF-B. (B) HCT116 cells were treated with devimistat in increasing
concentrations for 8 h before TGF- (20 ng/ml) was added for 24 h. The nucleic and cytoplasmic
fractions of the cells were derived and expression levels of ZEB1 and Snail were quantified by
western blot analysis. Devimistat pretreatment significantly (p>0.05) reduced the nuclear
translocation and accumulation of ZEB1 induced by TGF-B. (C) Western blot analysis of pSmad2,
Slug and N-Cadherin in HCT116 xenograft tumor lysates. Data presented are mean + SEM (n=3).
ns: p>0.05, * p<0.05; t-test.
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Since TGF-B signaling exerts tumor-suppressive functions in early stages of CRC
development, the corresponding pathway is frequently subject to various mutations
which attenuate the proapoptotic activity while EMT-inducing functionality is maintained.
This transformation can result in a tumor-promoting activity of TGF-f signaling in
advanced CRC, rendering this pathway a possible target for therapy. Expression of EMT
markers N-cadherin, E-cadherin, Snail, Slug and pSmad2 was investigated in HCT116
and HT29 xenograft tumor lysates. IT monotreatment induced expression of EMT
markers while cotreatment with devimistat led to a consistent but non-significant
decrease of the IT-dependent induction, indicating activity on EMT-related pathways in
vivo (Fig. 14C).

So far, the effects of devimistat on tumor cell migration and invasion have not been
subject to scientific studies. Interestingly, the prevention of breast-cancer associated
lung metastases in an orthotopic mouse model has been reported due to treatment with
KGDH inhibitor S-2-[(2,6-dichlorobenzoyl) amino] succinic acid (AA6). Mechanistically,
metabolic inhibition by AA6 induced accumulation of aKG, leading to upregulated activity
of the KG-dependent epigenetic enzymes TETs and subsequent repression of ZEB1
expression (Atlante et al., 2018). Accordingly, aKG has been shown to reduce low-
glutamine-induced stemness and attenuated Wnt-hyperactivation in CRC by inducing
DNA hypomethylation (Tran et al., 2020). A comparable mechanism of interference with
the cellular signaling by TCA cycle intermediates might apply in the case of devimistat.
Stuart et al. described significant downregulation of the metabolites fumarate, succinate,
citrate and malate as well as accumulation of glutamine, aspartate and alanine in
response to devimistat treatment for 2 h (240 yM), although aKG levels were too low for
detection (Stuart et al., 2014). Intriguingly, fumarate accumulation has been described
to induce EMT in renal cancer by downregulating TET-dependent demethylation of anti-
metastatic mMRNA miRNA200 which inhibits expression of the pro-metastatic
transcription factors ZEB1 and Snail, as outlined in Figure 6 (Sciacovelli et al., 2016). In
summary, our research showed for the first time that novel TCA cycle inhibitor devimistat
inhibits migration and invasion of CRC cells and modulates the TGF-f signaling pathway
in vitro and in vivo. Additional experiments will be necessary to further elucidate how the
metabolic inhibition by devimistat attenuates TGF-@ signaling and to clarify the relevance

of TCA cycle intermediates for the cellular effects of devimistat.

In the next step, proteomics analysis was applied to acquire a comprehensive
understanding of the signaling pathways which are altered in response to devimistat
treatment providing a potential basis for future research. For this reason, HCT116 cells
were treated with devimistat in concentrations of 100 uM and 200 pM for 24 h and the

cellular proteins were isolated and purified. Subsequently, mass spectrometry was
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conducted in the laboratory of Dr. Markus Raschle at the RPTU Kaiserslautern to
guantitatively profile the corresponding changes of cellular protein levels on the global
level in response to devimistat. High content proteomics analysis and subsequent gene
set enrichment analysis revealed several deregulated pathways in response to treatment
with devimistat. In general, proteomics analysis revealed three major cellular responses
in the CRC cell line HCT116 to devimistat treatment for 24 h: Reprogramming of
metabolic pathways, downregulation of DNA damage repair and attenuation of cell cycle

progression.

As revealed by proteomics-based analysis of treatment-induced changes in cellular
protein levels, the CRC cell line HCT116 adapts to prolonged TCA cycle inhibition by
devimistat with several alterations of its cellular metabolism. Gene set enrichment
analysis and subsequent pathway analysis revealed significant upregulation of catabolic
pathways including fatty acid catabolism and amino acid catabolism, presumably
facilitating survival of the CRC cell line. A deregulation of monocarboxylic acid metabolic
processes was observed, marked by a pronounced increase of the expression of acetyl-
CoA synthetase short-chain family member 2 (ACSS2) and the adjacent enzymes
phosphoenolpyruvate carboxykinase 2 (PCK2) and pyruvate carboxylase (PC). Under
nutrient deprived conditions, ACSS2 utilizes acetate to catalyze the synthesis of acetyl-
CoA in an ATP-dependent manner, thereby supplying tumor growth. Upregulated
expression under metabolic stress, in particular hypoxia and low-serum culture
conditions, was observed to be dependent on HIF1la and SREBP2 signaling (Schug et
al., 2015). Induction of ACSS2 expression was reported as a major mechanism of
devimistat resistance in AML cell lines, while application of an ACSS2 inhibitor
significantly restored sensitivity (Anderson et al., 2023). Upregulation of PCK2 was
observed as another adaptive response to the metabolic inhibition by devimistat. The
enzyme PCK2 catalyzes the production of phosphoenolpyruvate (PEP) from glutamine
under glucose-deprived conditions to fuel biosynthetic pathways normally supplied by
glucose (Vincent et al., 2015).

Induction of the enzyme PC was identified as an additional response of the tumor cells
to treatment with devimistat. By catalyzing the irreversible carboxylation of pyruvate to
oxaloacetate, PC replenishes the TCA cycle with this anaplerotic reaction, thereby
allowing for tumor cells to grow under low-glutamine conditions (Cheng et al., 2011). In
response to PDH inhibition by devimistat, PC might enable the utilization of pyruvate in
the TCA cycle by providing an alternative point of entry, thereby promoting tumor cell

survival.
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Figure 15: Gene set enrichment and differential expression analysis based on proteomic
changes in response to devimistat treatment. (A) Colorectal cancer cells (HCT116) were
treated for 24 h with devimistat in a concentration of 200 uM following an LC/MS-based proteome
analysis. Gene set enrichment analysis was conducted using WebGestalt (WEB-based Gene Set
Analysis Toolkit) based on the WikiPathways cancer functional database. Weighted set cover
was applied for redundancy removal and a minimum number of 5 and maximum number of 5000
analytes per category were used while 1000 permutations were conducted. (B) Differential
expression analysis of the same dataset for genes involved in DNA double-strand break repair

and small molecule metabolic process.
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The upregulated expression of these three enzymes, ACSS2, PCK2 and PC, likely
counterbalances the effects of devimistat to a certain degree, representing a possible
resistance mechanism. Additional studies will be necessary to evaluate the clinical
relevance of these findings as well as the possibility for an additional pharmacological
intervention. While the plasticity of the tumor metabolism has been studied thoroughly
(Bergers and Fendt, 2021), little is known about metabolic adaptions to small molecule

inhibitors in a clinical setting.

These findings could help to identify possible resistance mechanisms, which occur in
CRC cells in response to metabolic inhibition by devimistat and might therefore explain
the limited efficacy of devimistat monotreatment in clinical trials (Pardee et al., 2018a).
Bingham and Zachar have recently outlined how alterations in the lipid catabolism occur
after therapeutic intervention in carcinoma cells, thereby enabling treatment resistance
(Bingham and Zachar, 2023). Upregulation of lipid catabolism by peroxisomal fatty acid
B-oxidation in response to devimistat has been described as a potential adaptive
mechanism of carcinoma cells to circumnavigate energy depletion (Rivas et al., 2022).
Intriguingly, an upregulation of enzymes critical for peroxisomal fatty acid B-oxidation
was observed in response to devimistat treatment: The peroxisomal acetyl-CoA oxidase
1 (ACOX1), peroxisomal targeting signal 1 receptor (PTS1R) encoded by the gene PEX5
and propionyl-CoA carboxylase (PCCA) showed a significant increase in response to
200 pM devimistat. ACOX1 catalyzes the rate-limiting oxidization of acyl-CoA to enoyl-
CoA during peroxisomal fatty acid 3-oxidation with a preference for long or very long
straight-chain fatty acids (Q. Zhang et al., 2023). A recent study reported low expression
of ACOX1 in human CRC tumor tissue and described reduction of patient-derived
xenograft growth following ACOX1 overexpression, indicating a tumor suppressor
function. Mechanistically, ACOX1 reduces intracellular levels of palmitic acid, which acts
as an oncometabolite by inducing stabilization of 3-catenin to promote CRC progression
(Q. Zhang et al., 2023). The PTS1R recognizes and transports peroxisomal matrix
proteins in the cytosol, thereby playing a central role in peroxisome biogenesis in
response to different stressors (Wang and Subramani, 2017). PCCA catalyzes the
carboxylation of propionyl-CoA, produced in the catabolism of cholesterol, valine, odd
chain fatty acids, methionine, isoleucine and threonine, to methylmalonyl-CoA. This
anaplerotic reaction replenishes the TCA cycle, as methylmalonyl-CoA is ultimately
transformed to succinyl-CoA (Wongkittichote et al., 2017). In addition, a pronounced
downregulation of phospholipase C (PLCG1) was observed, an enzyme that catalyzes
the cleavage of phosphatidylinositol 4,5-bisphosphate to produce diacylglycerol (DAG)
and inositol triphosphate (IP3) as second messengers, thereby playing a key role in cell

migration and invasion.
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In addition to alterations of metabolic pathways, the gene set enrichment analysis
revealed pronounced downregulation of the pathway responsible for the regulation of
mitotic division, cell cycle progression and DNA repair. Among the key proteins
downregulated, Cyclin B1 (CCNB1), the serine/threonine-protein kinase polo-like kinase
1 (PLK1) and CDK2 were found, which is in good accordance with our previous results,
revealing inhibition of cell cycle progression and downregulation of CCNB1 on gene
expression level (Arnold et al., 2022), as well as results published by other groups (Lee
et al., 2014). The complex interplay of cellular metabolism and cell cycle regulation was
recently detailed by Diehl et al (Diehl et al., 2023). Fueling the high cellular energy
demand during G»/M progression, CCNB1 activates mitochondrial respiration by
phosphorylating respiratory chain complex 1 (Wang et al., 2014). At the same time,
inhibition of mitochondrial ATP synthesis by the inhibitor oligomycin attenuates CCNB1

expression at non-cytotoxic concentrations (Xiong et al., 2012).

Devimistat led to a downregulation of the DNA damage response and the ATM signaling
pathway. Key proteins, which showed a pronounced downregulation, are the DNA
topoisomerase |l binding protein (TOPBP) 1, Chkl, Chk2 and Rad51C. As one of five
RAD51 paralogs, the Rad51C protein is required for an efficient DSB repair by
homologous recombination (HR) and its depletion significantly attenuates HR frequency
(Chun et al.,, 2013). The expression of RAD51 is associated with chemoresistance
against DNA damage inducing antineoplastic drugs (Hoppe et al., 2021; Ohba et al.,
2014) and has thus been discussed as a potential biomarker for DNA repair capacity in
solid malignancies (Gachechiladze et al., 2017). Furthermore, a significant decrease of
checkpoint kinase Chkl and Chk2 protein levels were observed in response to
devimistat. Overexpression of Chk1 is associated with resistance against DNA damage
inducing drugs in AML, which was abrogated by ATR inhibition (David et al., 2016).
Accordingly, Chkl inhibitor rabusertib sensitized CRC organoids against genotoxic
stress, underlining the significance of Chkl for the chemoresistance of solid tumors
(Franco et al., 2021). In parallel, activation of Chk2 is a critical step in the development
of oxaliplatin-resistance in CRC, as demonstrated by IHC-based analysis of patient-
derived tumor biopsies. Application of the Chk2 inhibitor BML-277 or genetic knockdown
of Chk2 reversed oxaliplatin-resistance in CRC cells, underlining the potential of Chk2
as a target in combination with genotoxic chemotherapeutics (Hsieh et al., 2022). In
summary, the synergistic activity of devimistat with IT and 5-FU, which was observed in
our recently published study (Arnold et al., 2022), could to a certain extent be associated
with the downregulation of proteins involved in the DNA damage response, including
RAD51C, Chk1, Chk2.
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Finally, devimistat induced upregulated protein levels of SIRT6, a histone deacetylase
that regulates aerobic glycolysis in cancer cells and was thus denoted as a potential
tumor suppressor in CRC (Sebastian et al., 2012). Mechanistically, SIRT6 attenuates
HIF1a signaling by deacetylating Histone 3K9 (H3K9) at HIF1a target gene promoters,
resulting in reduced glucose uptake and downregulated expression of glycolytic genes
(Zhong et al., 2010). In addition, SIRT6 was observed to bind and deacetylate nuclear
pyruvate kinase PKM2, a glycolytic enzyme with non-metabolic oncogenic functions
(Bhardwaj and Das, 2016). SIRT6 was observed to be downregulated in CRC tumor
specimen and expression positively correlated with patient survival which was attributed
to the induction of Bax-dependent mitochondrial apoptosis pathway by SIRT6 (Zhang et
al., 2019). In response to palmitic acid treatment, induction of fatty acid B-oxidation was
revealed to be mediated by SIRT6 in colon cancer cells, leading to upregulated
expression of corresponding genes (Gao et al., 2019). Liu et al. reported inhibition of cell
proliferation and Go/G; cell cycle arrest mediated by repression of CDC25A in colorectal
CSCs after reintroducing SIRT6 expression (Liu et al., 2018). In summary, upregulated
SIRT6 expression is linked to a favorable outcome with regards to metabolism and cell

cycle progression in CRC.

In summary, cellular processes related to cell division and DNA damage repair showed
a significant downregulation, indicating concordance with our previous results.
Synergism of devimistat and cytostatic anticancer drugs IT and 5-FU was accompanied
by reduced levels of p53, indicative of an impaired DDR (Arnold et al., 2022; Neitzel,
2021). Additionally, devimistat monotreatment led to downregulated expression of
cyclins and cyclin-dependent kinases as well as cell cycle arrest. Therefore, proteomics
analysis in HCT116 cells further supports our hypothesis of devimistat as a building block
in CRC therapy in combination with established treatment regimen based on cytostatic
drugs. By attenuating DNA damage response and DNA repair mechanisms, which are
upregulated in proliferating CRC cells, devimistat amplifies the cytotoxicity of IT and
5-FU. These first results provided a detailed insight into the diverse changes of cellular
signaling which are induced by devimistat on the proteome level. Additional experiments
could confirm these observations in additional CRC cell lines and apply this method to

further analyze the synergy of devimistat with genotoxic anticancer drugs.
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