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Abstract

Abstract

The structural integrity of nucleobases in DNA dramatically impacts cell viability, and
chemical alteration via DNA adduct formation endangers genomic integrity. Exogenous and
endogenous alkylating agents react with nucleophilic positions of DNA nucleobases to form
DNA adducts. Alkylation of the O%-position of guanine results in altered capacity of the
nucleobase for hydrogen bonding, and thereby disturbs DNA replication and genomic
stability. Several cellular repair mechanisms exist to prevent genotoxic effects, but if left
unrepaired, DNA adduct formation is considered a molecular initiating event in cancer
development. N-nitroso compounds (NOCSs) are known (carboxy)methylating agents inducing
O°®-carboxymethyldeoxguanosine (O%-CMdG) and O8-methyldeoxyguanosine (O8-MedG).
Both exogenous sources and endogenous formation contribute to human exposure to NOCs,
associated with colorectal cancer. The work described inhere addresses O°-guanine adduct
formation by NOCs and linking the biological impact of carboxymethylated and methylated
O°®-guanine with the persistence of specific forms of DNA damage.

In Chapter 1, current knowledge of NOC-induced DNA adduct formation and its
association with colon cancer is summarized. The focus is herby O®-CMdG and O°®-MedG
occurrence and biological consequences. Further, a general introduction into DNA damage
formation and cellular DNA damage response is provided. Finally, detection methods for
DNA adducts in biological samples are discussed.

In Chapter 2, the use of L-azaserine as a model compound to study NOC exposure is
highlighted. The chemical mechanism of L-azaserine-induced O°-CMdG formation was
evaluated. Results indicated that hydrolysis of L-azaserine to L-serine is promoted by acid,
and under physiological pH-conditions, L-azaserine is stable. Evidence for the formation of
an 0%-Ser-CMdG intermediate in azaserine-induced O-CMdG formation was demonstrated
for the first time. Further, a nano-liquid chromatography high resolution tandem mass
spectrometry (nanoLC-hrMS2) method was developed to assess the persistence of O%-CMdG
and O8-MedG in cells upon exposure to L-azaserine. Dose- and time-dependent formation of
adducts were established, further characterizing L-azaserine induced O®-CMdG and O®-MedG
formation. Results are anticipated to not only help future study design using L-azaserine to
study NOC exposure but also shed light on NOC-induced DNA adduct formation in a
biological matrix.

In Chapter 3, the impact of the two repair mechanisms, nucleotide excision repair (NER)
and O%-methylguanine DNA methyltransferase (MGMT), on 0O8-CMdG-induced mutagenicity
was assessed. Exposure of cells to L-azaserine resulted in decreased cell viability, increased
mutagenicity and persistence of O®-CMdG adduct levels in MGMT-inhibited cells, thereby
suggesting MGMT to be involved in mitigating biological consequences upon exposure to
carboxymethylating agents. Further, sensitivity towards L-azaserine exposure was also
demonstrated in NER-deficient cells. However, preliminary results assessing activity of NER
on O°-CMdG were contradictory. Persistence of O°-CMdG adduct levels was more
pronounced in MGMT-inhibited and NER-deficient cells compared to cells lacking activity in
only one repair pathway, thereby suggesting that the interplay between NER and MGMT is
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important for efficient cellular O%-CMdG damage response. Future studies investigating the
contribution of NER and MGMT to O8-CMdG repair are suggested.

In Chapter 4, the involvement of the repair enzyme MGMT in O%-CMdG removal is
demonstrated. Upon exposure to L-azaserine, cell viability, genotoxicity, and O5-MedG and
0°-CMdG adduct levels were assessed in MGMT-deficient and MGMT-inhibited HCEC cells
and compared to Wild type (WT) and MGMT-proficient cells, respectively. As quantified by
nanoLC-hrMS?, 05-MedG and O8-CMdG adduct levels persisted in MGMT-deficient and
MGMT-inhibited HCEC cells. Further, MGMT-deficient cells revealed decreased cell
viability and increased genotoxicity after exposure to L-azaserine compared to WT. Thus, the
data support the hypothesis that highly active MGMT in colon epithelial cells confers
protection against colorectal carcinogenesis initiated by exposure to methylating and
carboxymethylating agents such as NOCs that are present in the diet.

In Chapter 5, dose-response relationships were established for O5-MeG adduct levels in
various biological systems after exposure to increasing concentrations of methylating agents.
Different analytical approaches were compared with regard to their sensitivity and specificity
for the quantification of O°®-MedG. A highly sensitive LC-MS/MS approach revealed
improved sensitivity and specificity in 0%-MeG quantification compared to the antibody-
based methods immuno-slot blot and immunofluorescence microscopy, thereby allowing for
better distinction at low adduct levels. Applying the LC-MS/MS approach, O8-MeG adducts
could be detected in peripheral blood mononuclear cells exposed to clinically relevant doses
of the methylating anticancer drug temozolomide (TMZ). Further, a genotoxic threshold for
0°-MeG adduct levels was established by applying the LC-MS/MS approach to colonic and
hepatic genomic DNA extracted from mice challenged with increasing concentrations of a
methylating agent. Interestingly, MGMT-deficient mice revealed a linear dose response,
supporting the current mechanistic understanding of the impact of cellular repair status on
DNA adduct levels and the onset of carcinogenesis. The data further highlights the usage of
LC-MS in DNA adduct quantification for biomonitoring approaches to assess therapeutic
efficacy of alkylating agents but also to assess exposure to methylating agents.

In Chapter 6, the key findings of the thesis work are summarized and critically evaluated.
Future studies are described to further improve the current understanding of NOC-induced
DNA adduct formation and biological consequences. Results from these studies are
anticipated to address an important gap in genotoxic risk assessment of NOC exposure.

The work presented in Appendix I-111 is additional findings concerning factors that impact
chemotherapy drug function. Appendix | summarizes available clinical data of well-studied
examples of foods and herbal supplements that lower bioavailability of chemotherapy drugs,
thereby suggesting that concomitant use should be avoided. Also, pre-clinical evidence for the
anti-cancer activity of an herbal supplement is presented and critically discussed. Appendix Il
provides a broader perspective on clinical herb-drug interactions. Pharmacologically active
compounds in foods and herbal supplements are presented and their impact on drug-
metabolizing enzymes or transporters discussed with regard to altered drug-bioavailability.
Results from clinical studies, combining the use of a single chemotherapy agent with a single
herbal supplement and include pharmacokinetic monitoring, are presented. While pre-clinical
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data suggest beneficial effects, clinical studies mostly reveal that concomitant use of herbal
supplements with chemotherapy drugs results in lowered drug-bioavailability, thereby most
likely reducing efficacy. To address the complexity of herb-drug interactions, it was
suggested to monitor metabolic biomarkers in clinical studies and to screen for genetic
polymorphisms of drug-metabolizing enzyme. Further, databases summarizing herb-drug
interactions are anticipated to become a useful tool to guide decision making in clinical
practice.

In Appendix Il1, the underlying mechanism for drug synergy in resistant cases of early T-
cell precursor acute lymphoblastic leukemia (ETP-ALL) patient derived xenografts (PDXs) is
elucidated. In vivo and in vitro results confirm synergistic effect of the alkylating agent and
clinical pro-drug PR-104A with the antimetabolite clofarabine. The working hypothesis is that
clofarabine inhibits the repair of PR-104A-derived interstrand crosslinks (ICLs) and the
increased persistence of ICLs results in improved PR-104A activity. Assessing PR-104A
derived DNA adducts in PDXs by mass spectrometry suggested candidate structures that
persist under sensitive conditions, but the experimental variance associated with addressing
individual adducts was high, thereby not allowing for a significant conclusion. Therefore,
ICLs were assessed by the alkaline comet assay. Combinatorial treatment resulted in
increased DNA damage and delayed ICL repair Kinetics in resistant PDXs, further
highlighting the potential of clofarabine to preserve PR-104A-induced DNA ICLs as basis for
drug synergy. Future studies elucidating the mechanism for clofarabine-mediated suppression
of ICL repair are suggested.
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Zusammenfassung

Die Zellviabilitat wird massgeblich von der strukturellen Integritat der Nukleobasen der
DNA beeinflusst und jede chemische Modifizierung der DNA zu einem sogenannten DNA-
Addukt stellt eine Gefahr flir die genomische Stabilitat dar. Exogene und endogene
alkylierende Substanzen reagieren mit nukleophilen Positionen der DNA Nukleobasen und
bilden DNA-Addukte. Die Alkylierung der O%-Position von Guanin verandert das Vermagen
dieser Nukleobase, Wasserstoffbriicken auszubilden, und beeintrachtigt damit die DNA-
Replikation und die genomische Stabilitdt. Es existieren verschiedene zellulére
Reparaturmechanismen, um genotoxischen Effekten vorzubeugen. Auf molekularer Ebene
gelten nicht reparierte DNA-Addukte als initiierendes Ereignis in der Krebsentstehung. N-
Nitroso-Verbindungen sind bekannt als (carboxy)methylierende Verbindungen und
induzieren O°-Carboxymethyldesoxyguanosin (0°-CMdG) und O°-Methyldesoxyguanosin
(O®-MedG). Darmkrebs steht in Verbindung mit der Exposition von Menschen mit N-Nitroso-
Verbindungen, welche sowohl exogenen als auch endogenen Ursprungs sein kénnen. Die
vorliegende Arbeit befasst sich mit der Bildung von O°-CMdG durch N-Nitroso-
Verbindungen und verbindet die biologischen Konsequenzen von carboxymethyliertem und
methyliertem O%-Guanin mit der Persistenz von bestimmten Formen von DNA-Schaden.

In Kapitel 1 wird das gegenwartige Wissen ber die DNA-Adduktbildung durch N-
Nitroso-Verbindungen und deren Assoziierung mit Darmkrebs zusammengefasst. Der Fokus
liegt hierbei auf dem Vorkommen von O°-CMdG und O°-MedG und deren biologischen
Konsequenzen. Des Weiteren wird in diesem Kapitel eine allgemeine Einflihrung in die
DNA-Schadensbildung und die zellulire DNA-Schadensantwort augefiihrt. Zum Schluss
werden noch Detektionsmethoden fir DNA-Addukte in biologischen Proben erldutert.

In Kapitel 2 wird die Eignung von L-Azaserin als Musterverbindung, um die Exposition
von N-Nitroso-Verbindungen zu studieren, hervorgehoben. Hierfur wurde der chemische
Mechanismus der L-Azaserin-induzierten O5-CMdG-Bildung untersucht. Die Ergebnisse
lassen darauf schliessen, dass die Hydrolyse von L-Azaserin zu L-Serin sdurekatalysiert ist
und dass L-Azaserin unter physiologischen pH-Bedingungen stabil ist. Es wurde zum ersten
Mal ein Of-Ser-CMdG Intermediat in der von Azaserin induzierten O®-CMdG Bildung
nachgewiesen. Ausserdem wurde eine Methode, die auf der Kopplung der Nano-
Flussigkeitschromatographie mit der hochauflésenden Tandem-Massenspektrometrie
(nanoLC-hrMS?) basiert, entwickelt, um die Persistenz von 08-CMdG und 08-MedG nach der
Exponierung von Zellen mit Azaserin bestimmen zu kénnen. Es wurde eine konzentrations-
und zeitabhéngige Bildung von Addukten bestimmt, welche die durch L-Azaserin induzierte
Bildung von O°%-CMdG und O°®-MedG niher charakterisieren. Es wird angenommen, dass die
Ergebnisse die zukinftige Planung von Studien hinsichtlich der Exponierung mit N-Nitroso-
Verbindungen erleichtern und die Bildung von DNA-Addukten durch N-Nitroso-
Verbindungen in der biologischen Matrix erklaren.

In Kapitel 3 wird der Einfluss zweier Reparaturmechanismen, namentlich Nukleotid-
exzision Reparatur (NER) und O%-Methylguanin-DNA-Methyltransferase (MGMT), auf die
von 08-CMdG induzierte Mutagenitat bestimmt. Die Exponierung von Zellen, welche in ihrer
MGMT-Aktivitat inhibiert waren, mit L-Azaserin resultierte in einer verminderten
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Zellviabilitat, einer gesteigerten Mutagenitit und anhaltenden O%-CMdG-Adduktleveln. Diese
Ergebnisse legen nahe, dass MGMT darin involviert ist, biologische Konsequenzen, welche
sich aus einer Exponierung von carboxymethylierenden Substanzen ergeben, abzumildern.
NER-defiziente Zellen waren ebenfalls sensitiv gegeniiber einer Exponierung mit
carboxymethylierenden Substanzen. Jedoch waren vorlaufige Ergebnisse zur NER-AKktivitat
an O5-CMdG widerspriichlich. Verglichen mit Zellen, welche lediglich in einem
Reparaturmechanismus defizient waren, war die Persistenz von O°-CMdG-Adduktleveln in
MGMT-inhibierten und NER-defizienten Zellen starker ausgepréagt. Diese Ergebnisse deuten
an, dass das Zusammenspiel von NER und MGMT fiir eine effiziente O°®-CMdG
Schadensantwort wichtig ist. Es werden zukunftige Studien diskutiert, die den Beitrag von
NER und MGMT zur O®-CMdG-Reparatur untersuchen.

In Kapitel 4 wird aufgezeigt, dass MGMT an der Beseitigung von O®-CMdG involviert ist.
Nach Exponierung mit L-Azaserin, wurden die Zellviabilitat, die Genotoxizitat und die
Adduktlevel an 0°%-MedG und O°-CMdG in MGMT-defizienten und MGMT-inhibierten
Darmepithelzellen bestimmt und mit den entsprechenden Daten in Wildtypzellen mit MGMT-
Aktivitat verglichen. Wie mit der nanoLC-hrMS? bestimmt wurde, sind die O5-MedG- und die
0°%-CMdG-Adduktlevel in MGMT-defizienten und MGMT-inhibierten Zellen persistent. Des
Weiteren wiesen MGMT-defiziente Zellen im Vergleich zu Wildtypzellen eine verminderte
Zellviabilitat und eine gesteigerte Genotoxizitat nach der Exponierung mit L-Azaserin auf.
Demnach unterstiitzen die Ergebnisse die Hypothese, dass eine hochaktive MGMT in
Darmepithelzellen diesen Schutz gegeniiber Darmkrebsentstehung verleiht, welche von
methylierenden und carboxymethylierenden Substanzen, darunter N-Nitroso-Verbindungen,
welche auch in der Erndhrung présent sind, initiiert wird.

In Kapitel 5 wurden Dosis-Wirkungs-Beziehungen fir 0%-MeG-Adduktlevel in
verschiedenen biologischen Systemen nach deren Exponierung mit einer ansteigenden
Konzentration von methylierenden Verbindungen nachgewiesen. Verschiedene analytische
Methoden wurden hierbei hinsichtlich ihrer Sensitivitit und Spezifizitdt fir die
Quantifizierung von O8-MeG verglichen. Im Vergleich mit den Antikorper-basierten
Methoden Immuno-Slot Blot und Immunofluoreszenz-Mikroskopie zeigte ein hoch sensitiver
LC-MS/MS-Ansatz verbesserte Sensitivitat und Spezifizitat fur die Quantifizierung von Q°-
MeG auf und ermoglichte damit eine bessere Unterscheidung von niedrigen Addukleveln. Mit
der Verwendung dieses LC-MS/MS-Ansatzes konnten O°-MeG-Addukte in peripheren
mononukledren Zellen, welche mit Kklinisch relevanten Dosen des methyliererenden
Antikrebsmittels Temozolomide (TMZ) exponiert wurden, nachgewiesen werden. Die LC-
MS/MS-Methode wurde auch fir die Analyse von Darm- und Leber-DNA von Mausen
angewendet, nachdem diese mit verschiedenen Konzentrationen einer methylierenden
Substanz behandelt wurden, wobei ein genotoxischer Schwellenwert fiir O8-MeG-Addukelvel
etabliert wurde. Interessanter Weise wiesen Méause, welche defizient in MGMT waren, eine
lineare Dosis-Wirkungs-Beziehung auf, was das derzeitige Verstdndnis vom Einfluss des
zelluléren Reparaturstatus auf DNA-Adduktlevel und auf den Beginn der Krebsentstehung
beflirwortet. Die Daten unterstreichen auch den Einsatz von LC-MS in der DNA-
Adduktquantifizierung in Biomonitoring-Ansédtzen zur Bestimmung der therapeutischen
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Wirksamkeit von alkylierenden Verbindungen und zur Bestimmung der Exponierung mit
methylierenenden Verbindungen.

In Kapitel 6 werden die wesentlichen Ergebnisse dieser Arbeit zusammengefasst und
kritisch evaluiert. Es werden zukinftige Studien beschrieben, welche das derzeitige
Verstandnis der DNA-Adduktbildung durch N-Nitroso-Verbindungen, aber auch die
biologischen Konsequenzen dieser Addukte weiter verbessern kénnen. Es wird angenommen,
dass die Ergebnisse dieser Studien einen wichtigen Beitrag zur genotoxischen
Risikobewertung der Exponierung mit N-Nitroso-Verbindungen leisten.

Die Arbeiten in Appendix I-1l1 befassen sich mit zusatzlichen Ergebnissen beziglich
einiger Faktoren, welche die Wirkung von Chemotherapeutika beeinflussen. In Appendix |
werden verfugbare klinische Daten zu gut erforschten Beispielen an Lebensmitteln und
pflanzlichen Nahrungserganzungsmitteln,  welche  die Bioverfugbarkeit ~ von
Chemotherapeutika vermindern, zusammengefasst. Die Daten legen nahe, dass die
gleichzeitige Einnahme vermieden werden sollte. Zusétzlich werden préklinische Hinweise
auf eine Antikrebsaktivitdt eines pflanzlichen Nahrungsergdnzungsmittels dargelegt und
kritisch diskutiert. In Appendix Il werden Kklinische Daten zur Wechselwirkung zwischen
pflanzlichen Nahrungserganzungsmitteln und Chemotherapeutika ~ umfassender
zusammengefasst. Pharmakologisch aktive Bestandteile in Lebensmitteln und pflanzlichen
Nahrungserganzungsmitteln werden aufgezeigt und deren Einfluss auf Enzyme, welche fir
die Metabolisierung und die Aufnahme von Medikamenten verantwortlich sind, diskutiert um
darauf aufbauend die verdnderte Bioverfigbarkeit der Chemotherapeutika zu erkléren.
Ergebnisse von klinischen Studien werden présentiert, welche die Einnahme eines
Chemotherapeutikums mit der Einnahme eines einzigen pflanzlichen Nahrungs-
erganzungsmittel kombinieren und pharmakokinetische Parameter (berwachen. Wéhrend
préklinische Daten forderliche Effekte durch die gleichzeitige Einnahme von pflanzlichen
Nahrungserganzungsmitteln vermuten lassen, zeigen Kklinische Studien groRtenteils eine
verminderte Bioverfugbarkeit von Chemotherapeutika auf, welche vermutlich wiederum
deren Wirksamkeit beeintrachtigt. Um die Komplexitat dieser Wechselwirkung praziser zu
verstehen, wurde vorgeschlagen, metabolische Biomarker in Kklinischen Studien zu
uberwachen und genetische Polymorphismen in metabolisierenden Enzymen zu erfassen. Des
Weiteren wird davon ausgegangen, dass Datenbanken, welche relevante Wechselwirkungen
zwischen pflanzlichen Nahrungsergdnzungsmitteln und Chemotherapeutika erfassen,
wesentlich zur Entscheidungsfindung in der klinischen Praxis beitragen werden.

In Appendix Il wird der Mechanismus untersucht, welcher die synergistische Wirkung
zweier Chemotherapeutika in resistenten Féllen der akuten lymphoblastischen Leuk&mie in
Patienten-abgeleiteten Xenografts (PDX) bestimmt. In vivo und in vitro Ergebnisse bestétigen
einen synergistischen Effekt zwischen dem alkylierenden Agenz PR-104A und dem
Antimetaboliten Clofarabin Es wird davon ausgegangen, dass Clofarabin die Reparatur von
DNA-Interstrand-Crosslinks (ICLs), welche von PR-104A induziert werden, inhibiert und
somit Uber persistente ICL-Level die Aktivitdt von PR-104A verbessert. Die Untersuchung
von PR-104A-induzierten DNA-Addukten in PDX ergab potentielle Kandidaten, welche unter
sensitiven Bedingungen persistent sind, jedoch war die experimentelle Varianz zu grof3 und
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erlaubte keine signifikanten Schliisse. Deshalb wurden ICLs mit dem alkalischen Comet
Assay erfasst. Die Kombination der zwei Chemotherapeutika in resistenten PDXs fuhrte zu
erhohten DNA-Schdaden und verzogerte ICL-Reparaturkinetiken. Die Ergebnisse
unterstreichen das Vermdégen von Clofarabin, die Reparatur von PR-104A-induzierten ICLs
zu verhindern, und kénnen somit die ermittelte synergistische Wirkung erklaren. Es werden
weitere Studien vorgeschlagen, welche die Unterdrickung der ICL-Reparatur durch
Clofarabin untersuchen.
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Chapter 1: Introduction

1.1 DNA damage in carcinogenesis

1.1.1 DNA as storage of genetic information

Deoxyribonucleic acid (DNA) is essential to living organisms as it represents the storage
of genetic information that is copied and passed to the next generation during reproduction.
While first isolated in 1869, the importance of DNA as the carrier of genetic information was
only revealed 75 years later.2 A milestone in DNA research was the discovery of its double
helical structure in 1953,% which was followed by elucidating the mechanisms of replication
and translation of the genetic sequence into proteins.* The DNA molecule consists of the four
nucleobases that are covalently bound to deoxyribose to form nucleosides (Figure 1). The
nucleosides are then covalently linked to a polynucleotide chain via the phosphate groups on
the 3’0OH and 5’OH of the deoxyribose. Two complementary polynucleotide chains are paired
anti-parallel, meaning the 5°0OH end of one strand is paired with the 3’OH end of its
complementary strand, to form the DNA double helix. The helix is connected via hydrogen
bonding of the four nucleobases, comprised of the two purine bases adenine and guanine, and
the two pyrimidine bases thymine and cytosine. Each purine base pairs only with its
complementary pyrimidine base on the other strand, meaning adenine pairs with thymine via
two hydrogen bonds and guanine pairs with cytosine via three hydrogen bonds (Figure 1).
The specific base paring is crucial for the double helical structure of DNA and enables
carrying and copying of the genetic information.*® The genetic information is stored in the
order, or sequence, of the nucleobases along each strand. During transcription, this
information is translated into ribonucleic acids (RNA), and subsequent into proteins. Hereby,
a sequence of three bases encodes for a specific amino acid.®’ Further, the genetic
information is passed-on to progeny cells via replication, a process during which DNA is
duplicated and divided into daughter cells. Essential for the transfer of genetic information is
that the DNA double helix is copied correctly. DNA polymerases are responsible for the
correct insertion of nucleobases into the new strand during replication.® While DNA
polymerases generally exhibit high fidelity in undamaged DNA, increased misincorporation
rates are seen in damaged DNA contributing to replication errors.® An insertion of a wrong
base can have crucial consequences and lead to cancer and inflammation or cell death. In this
chapter, sources and types of DNA damage will be presented and the subsequent
consequences discussed.
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Figure 1. DNA building block and nucleobase pairing. Nucleotides are covalently linked
via phosphate groups to a polynucleotide chain. Two complementary polynucleotide chains
are paired anti-parallel via specific hydrogen bondings of the four nucleobases.

1.1.2 Sources and types of DNA damage

DNA is a reactive molecule and highly susceptible to chemical modifications induced by
endogenous and exogenous sources.®® Endogenous DNA damage can arise from replication
errors, spontaneous base deamination and abasic sites.!! In addition, under oxidative stress,
endogenously formed reactive oxygen species (ROS) can cause approximately 100 different
oxidative base lesions and 2-deoxyribose modifications.® 1* Further, ROS can attack the DNA
backbone and oxidize lipid molecules that subsequently react with DNA. Besides oxygen,
other small reactive molecules can cause endogenous DNA damage, e.g. S-
adenosylmethionine (SAM), a co-substrate in enzymatic methyl transfer. As a methyl donor,
it is involved in regulating gene expression via methylation but it can also methylate DNA
non-enzymatically.!! Endogenous single strand breaks (SSBs) resulting from oxidative
damage (e.g. 2300 ROS-induced SSBs per cell per hour and 20,000 oxidative base damage
per cell per day) and base hydrolysis (e.g. 10,000 depurinations per day per cell) occur at high
frequency. ° *? 1 During replication, SSBs can be converted to double strand breaks (DSBs)
which occur less frequently but represent a serious threat to genomic stability

Exogenous sources of DNA damage are ultraviolet (UV) radiation, ionizing radiation (IR)
and reactive chemicals that covalently bind to a chemical moiety to form DNA-adducts.® Such
alkylating agents are polycyclic aromatic hydrocarbons (PAH) and heterocyclic aromatic
amines (HAA), N-nitroso compounds (NOCs) and mycotoxins that can be found in cigarette
smoke, fuel and polluted air and food. Furthermore, some anticancer drugs rely on exogenous
DNA adduct formation to fight cancer.’®* Some of those chemicals require metabolic
activation via enzymes, e.g. in the liver or from bacterial sources'**®, while others can
directly attack DNA. This behavior can be reflected in the adduct type and the location where
it occurs in the organism. Other forms of exogenous induced DNA damage include base
dimerization, alkylated and oxidated lesions, SSBs and DSBs. UV light, mainly occurring
from sunlight, primarily damages the DNA by causing pyrimidine dimers, which are covalent
linkages between two adjacent pyrimidines.® IR derived from environmental sources or
medical devices can damage the DNA directly by inducing SSBs and in case of neighboring
multiple damages sites, DSBs. In addition, IR can damage the DNA indirectly via
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intracellular generated ROS. While ROS damages DNA via free radicals or reactive
intermediates from lipid peroxidation, DNA adducts are mainly formed via alkylation of
nucleophilic sites of the DNA bases by electrophilic alkylating agents.® Therefore, oxidative
and alkylated DNA damage occur at different sites of the DNA nucleoside.’* ROS damages
DNA mainly carbons in the DNA bases or the 2-deoxyribose moiety. Purine bases (guanine,
adenine) are oxidized at C* C® and C® and pyrimidine (cytosine, thymine) bases mostly at C®
and C® (Figure 1). DNA adducts induced by reactive electrophiles, arising from ROS-oxidized
polyunsaturated fatty acids or alkylating agents, can be formed on different ring and exocyclic
nitrogen and oxygen atoms. The most nucleophilic and therefore reactive positions are the N3
and the N7 of adenine and guanine, respectively. Next to nucleophilicity, steric factors also
influence DNA adduct formation, e.g. the N’ of guanine is exposed in the major groove of the
DNA double helix and therefore is more accessible compared to positions in the minor
groove, resulting in higher levels of N’-alkylated guanine.!* Some chemicals can react with
two nucleophilic sites to form endocyclic adducts or in case of anticancer drugs, inter- and
intrastrand crosslinks.'® The chemical stability between DNA adducts differ, e.g. linkage on
the N’ position creates a labile glycosidic linkage and results in the loss of the adducted base
and formation of an apurinic site.’* Unrepaired DNA damage can interfere with DNA
transcription and replication and result in inhibition of cell division, cell death and genomic
instability."-18

1.1.3 Consequences of DNA adducts

Unrepaired lesions can be a serious threat to genomic stability during replication.® 12
Most of the DNA adducts induced by alkylating agents, including genotoxic anticancer
agents, PAHs and HAAs, are direct steric hindrances to DNA polymerases and affect their
progression. The stalling of the polymerase initiates DNA damage response (DDR) including
cell cycle arrest and DNA repair. The main DNA repair pathways are non-homologous end
joining (NHEJ) and homologous recombination (HR) for DSBs; base excision repair (BER)
for simple base modifications; nucleotide excision repair (NER) for bulky adducts and
interstrand-crosslinks (ICLs); and NHEJ, NER and HR for single strand breaks (SSBs).!° If
the repair capacity of the cell is exceeded, most DNA base damage arising from oxidation and
alkylation can trigger cell death.?’ However, prolonged polymerase stalling during replication
can result in a collapse of the replication fork and subsequent to DSBs and genomic
instability. As a damage tolerance mechanism, bypass of pre-toxic lesions by specific
polymerases in translesion synthesis (TLS) prevents replication fork collapse. Polymerases
involved in TLS exhibit lower fidelity, thereby resulting in higher misincorporation and
mutagenicity rates. Some DNA adducts are already tolerated by normal replicative DNA
polymerases but with a higher risk of misincorporation, e.g. for the oxidative damage 8-oxo-
guanine, DNA polymerases tend to favor the incorporation of adenine instead of cytosine.®
Insertion of the wrong base can still be repaired via mismatch repair (MMR). If not repaired,
the misincorporation gets fixed during the next replication step in a mutation with loss of the
genetic information.?%2! In fact, a single-base substitution might be enough to disrupt the 3-
nucleobase-code for an amino acid with subsequent loss of activity of the encoding protein.®”
The accumulation of mutations in specific genes that control cell cycle progression are linked
with excessive cell proliferation and subsequent can initiate carcinogenesis.?? Proto-
oncogenes code for proteins that stimulate cell division but when mutated, can drive abnormal
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cell proliferation. Tumor suppressor genes prevent inappropriate growth and an inactivating
mutation can induce excessive cell proliferation.?

The proto-oncogene Kirsten RAS (KRAS) encodes for a membrane protein involved in the
regulation of multiple signal transduction pathways and thereby promoting cell cycle
progression.?* Activating point mutations in the proto-oncogene KRAS are found in many
types of cancer, which include pancreatic cancer (> 80 % of cases), colon cancer (50 % of
cases), lung cancer (10-30% of cases) and breast cancer (5-12.5 % of cases). The most two
common mutations found in KRAS are GC to TA transversion and GC to AT transition
mutations and they match the two most common mutations found in colorectal cancer.?>2¢ A
carboxymethylating agent, inducing O8-carboxymethylguanine (O®-CMG, Figure 2) and O°-
methylguanine (O%-MeG, Figure 2) was found to induce a similar mutation pattern to that
found in colorectal cancer patients, with almost similar levels of GC to AT transition and GC
to TA transversion mutations in the p53 gene.? In vitro studies with DNA TLS polymerases
and oligonucleotides containing O5-CMG confirmed that bypass of adduct by TLS results in
misincorporation of an adenine or thymine.?’ Further, GC to AT transition mutations are well
known to be induced by O®-substituted guanine adducts.?® After alkylation, the O®-oxygen of
guanine cannot longer be involved in hydrogen bonding, thereby explaining mutagenicity.?®
The mutation frequency is hereby decreasing with increasing alky length, probably as larger
alky groups are able to block replication fork more efficiently thereby inducing DDR.% Of-
MeG is a poor substrate for excision repair and can be readily bypassed.®° It is believed that
methylation at the O°-position of guanine confers the greatest mutagenic and carcinogenic
potential 3> DNA polymerases tend to insert cytosine and thymine with similar efficiency
opposite O°-MeG, resulting in GC to AT transition mutations.?® 32 While alkylation of the N'-
position of guanine occurs more frequently (up to 70%), it seems to not be biologically
relevant as no correlation between the extent of formation, mutagenicity and tumor frequency
could be established.?® *3 Alkylation at the O%-position of guanine is minor, but based on the
mutagenicity data presented, O8-CMG and O®-MeG seem to be highly biological relevant and
therefore alkylating agents that can induce both of them, such as NOCs, represent a threat to
genetic stability.3+%7

OH CH
O/\l_r o~ 3

NSy © N~ "N
¢ ¢
N N/’I\NH2 N N/’I\NH2
R R
0°-CMG 0°-MeG

Figure 2. Chemical structure of O%-carboxymethylguanine (0%-CMG) and O8-methylguanine
(O°-MeG).
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1.1.4 Ob-alkyguanine adducts from N-nitroso compounds

NOCs can be found in tobacco smoke, pharmaceuticals, cosmetics®® and in dietary sources,
with especially high concentrations in cured meat, smoked meat and fish, cheese and beer.%®
Next to exogenous sources, NOCs can be formed in vivo from nitrate and nitrite via acid
catalyzed or bacterial nitrosation and via nitric oxide formation during inflammation?.
Endogenous formation accounts for approximately 75% of the total NOCs exposure.®® NOCs
consist of a nitroso group (-N=0) being bound to a nitrogen atom and are comprised by
nitrosamines (RiINNOR:) and nitrosamides (RiICONNOR?). They are generally formed by the
reaction of nitrites with secondary amines and N-alkyamides (Figure 3).4° The first step of
nitrosation involves the acidification of nitrite to form nitrous acid (HNO2) and the following
spontaneous decomposition to the nitrosating agents (as donor of NO™) N2O3 and N2O4 leads
to the nitrosation of amines (Figure 3).**2 Nitrosamides are preferably formed via the
protonated nitrous acid.*® The acidification needed for activation indicates that this reaction
most likely takes place in the stomach. Sources of gastric nitrite are ingested nitrite from
nitrite-preserved food (~20%) but the majority arises from the reduction of ingested or
endogenous nitrate (~80%). The main dietary source of nitrate are vegetables and cured meat,
and the main endogenous source is the L-arginine-NO pathways where NO is produced in
excess by NO synthases as signaling molecule during inflammatory reactions and
infections.*> 42 Ingested nitrate can be reduced by bacterial denitrification, a process that
reduces nitrate to ammonium via nitrite.*? Bacterial denitrification via NO can also contribute
to nitrite formation in an achlorhydric stomach.*® Ascorbic acid and cysteine can inhibit
bacterial nitrosation at neutral pH and might also inhibit NOCs formation from vegetables.*?
43 Nitrosamines require metabolic activation by Cytochrome P450 enzymes (CYP450),
mainly CYP2EL, to become alkylating agents. The mechanism is not fully understood but it is
proposed that enzymatically formed alpha-hydroxynitrosamine spontaneously decomposes to
yield alkylating agents via monoalkynitrosamine and alkydiazonium ion (Figure 3).3
Nitrosamides do not rely on enzymatic activation but can decompose spontaneously to similar
alkylating species via chemical reactions.*? The alky moiety on the instable alkydiazonium
ion determines the alky length on the DNA adduct formed (Figure 3). NOCs form about 11
different methylated DNA base adducts (Figure 3), among 75 % are N3-methyladenine and
N’-methylguanine, 6-10 % are O%-methylguanine and to a lower extent O*-methylthymine.
Nitrosated glycine and bile acid derivatives result in carboxymethylated and methylated DNA
bases.® 3637 43 Up to now, carboxymethylated guanine (N7, O°), adenine (N3, N°), cytosine
(N%), thymine (O* and N®) have been identified after NOC exposure, but only 0O5-CMdG, O°-
CMdT and N3-CMdT were found to be mutagenic.**-** Compared to other alkylating agents,
NOCs produce a higher proportion of O®-alkylated damage correlating with the carcinogenic
activity.33 3
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Figure 3. Endogenous formation of N-nitroso compounds and subsequent induction of
DNA adducts. Nitrite and nitrate can be reduced to nitrosating agents that form nitrosamine
and nitrosamides with secondary amines and N-alkylamides, respectively. While nitrosamines
require metabolic activation by CYP enzymes, nitrosamides decompose spontaneously to
form the reactive alkydiazonium ion that alkylates DNA nucleobases.

The relevance of NOC compounds and formation of O5-CMdG and O°-MedG is indicated
from several molecular epidemiology studies. Endogenous NOC-formation via nitrosation of
amino acids catalyzed by heme iron in red meat seems to substantially increase the risk for
colorectal cancer development.* Indeed, O®-CMG adducts could be detected in human blood
samples after high red meat consumption,®” in individual in vitro gastrointestinal digestion
samples of different meat types*® and in colonic exfoliated cells from human feces, with
levels being elevated after high red meat diet compared to a vegetarian one.*’” Also, O5-CMG
and O%-MeG adducts have been found in blood and tissue samples from colorectal cancer
patients further highlighting the potential of NOC-induced adduct formation as an initiating
step in colorectal cancer development.*®->° However, many molecular factors, such as related
to the DDR, that influence the biological burden of these adducts or modulate individual
cancer risk to etiological exposures remain unclear.

1.1.5 Repair of O8-alkylguanine DNA adducts

The protein O°-alkylguanine-DNA alkytransferase (O%-AGT) is encoded by the gene O°-
methylguanine-DNA methyltransferase (MGMT). Often termed MGMT, it is a unique DNA
repair enzyme for the direct reversal of OS-alkylated guanine adducts, highlighting the
evolutionary importance for their repair. O®-AGT removes alkylating damage from guanine
by transferring the alky group to a cysteine residue, most likely via attack of the thiolate anion
on the alkyl group. It is thought that adjacent amino acids of O®-AGT are important for
stabilizing the thiolate anion (histidine, lysine) and the DNA double helix (arginine) while the
O%-alkylated guanine is flipped out into the binding pocket.5:%? The alkylated protein is
inactive and is ubiquitinated and degraded, highlighting the importance of intrinsic basal Q8-
AGT levels in response to Of-alkyguanine damage. While in bacteria, O%-AGT protein
expression is found to be dramatically increased after exposure to alkylating agents, the data
on human O8-AGT protein expression is less clear, with levels most likely being dependent
on tissue and individuals.>? Further, some human tumor cells do not show significant O5-AGT
activity. O%-AGT preferably acts on O®-methylguanine in double stranded DNA, but larger
alky groups like ethyl, n-butyl and isopropyl can also be removed.>® The reaction rate
decreases hereby with increasing alky length,>* though, larger groups are better substrates for
BER,% 5% and also NER was found to be involved in repair of O8-alkyguanine-adducts.3% 56
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One exception is O®-Benzylguanine (O%-BG) that seems to be a good substrate for O%-AGT
too and is often used as inhibitor of O%-AGT in cellular repair studies, but up to now this
adduct was not detected in vivo. In the case of unrepaired O%-MeG, thymine misincoporation
might take place during replication.?® 3> The mispair is recognized by MMR but as MMR
itself is not able to repair the damaged guanine this can result in futile cycles of MMR with
DSBs, cell death and genotoxicity as consequences.®® °" Taken together, in concert with
functional MMR, BER, and NER, MGMT has overlapping roles in protecting the genome
form mutagenic and carcinogenic DNA lesions. While it is known that O®-AGT repairs O°-
MeG, its activity on O®-CMG is not clear. In oligodeoxyribonucleotides containing O%-CMG,
transfer of the carboxylgroup to cysteine in the active center of OS-AGT could be
demonstrated by mass spectrometry (MS).%® Data from ctDNA reacted with a nitroso
compound revealed no transfer of the radiolabeled caboxymethylated group to OS-AGT,
indicating that O®-AGT does not act on O%®-CMG.*® Further, cytotoxicity studies in repair
deficient cells exposed to a carboxymethylating agent, suggest NER to be involved in O°-
CMG repair rather than O%-AGT.®

1.1.6 DNA adducts as biomarkers

In anticancer therapy, alkylating agents inducing a high DNA damage level are used to
trigger apoptosis in rapidly dividing cells. It is thought that the high damage level will initiate
DDR and result in apoptosis. Treatment resistance is linked with DNA damage repair, thereby
reducing the DNA damage level. Indeed, in pre-clinical studies a positive correlation between
drug-induced DNA adduct levels and response in cell lines, but also patient-derived
xenografts and blood samples could be established for anticancer drugs targeting the DNA
structure.®! Further research linking drug-derived DNA adducts with drug-response in clinical
settings is needed to establish biomarker-based personalized therapy strategies in anticancer
therapy. Overall, these data highlights the importance of DNA adducts formation on
biological consequences. While in anticancer therapy cell death is wanted, formation of DNA
adducts is also thought to be the initial step in cancer development. When DNA adducts are
not repaired correctly alterations in the DNA sequence might occur during replication.
Mutations that alter the expression or function of cell cycle regulating proteins can initiate
lead to massive progression of cancer. Therefore, DNA adducts have the potential to be used
as biomarkers to study exposure to genotoxic chemicals. But personal carcinogenic risk
assessment on the basis of DNA adducts is difficult due to the various DNA adducts formed
by one chemical, the multi-stage process of carcinogenesis and inter-individual variations in
level of damage formation and removal. Further, the discussion on a genotoxic threshold for
DNA adducts is still ongoing.’

Despite these difficulties, there are two specific examples of chemicals, where exposure,
induced-DNA adducts and mutation spectra can explain the development of cancer: aflatoxin
B1, a fungal toxicant known to induce liver cancer®? and aristolochic acid, used in traditional
Chinese medicinal herb therapy and known to induce kidney cancer.**> 8, Both examples
provide a fundamental mechanistic understanding of cancer development via chemical-
induced DNA damage. However, the relationship between other exogenous DNA damaging
chemicals and cancer development has not been elucidated despite the multitude of
epidemiological evidence suggesting the chemical’s involvement. One example is NOCs in
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colorectal cancer. While red meat consumption is known to increase the risk for developing
colorectal cancer,% the underlying mechanism is not yet defined but NOC-induced DNA
adducts formation is widely discussed.® 43 45 47. 8 The research of this thesis will help to
understand formation and biological consequences of NOC-induced DNA adducts.

1.2 DNA adduct detection

The quantification and characterization of DNA adducts is of high importance to provide
mechanistic information on the toxicological mode of action and for the risk assessment of
human exposure to genotoxic chemicals.’™ ® Next to DNA adduct measurements in
biomonitoring studies on exposure to environmental and dietary chemicals, the quantification
of DNA adducts is also a valuable tool to assess the efficacy of anti-cancer agents in
chemotherapy when DNA binding is the underlying mechanism of action.®* The ability to
biomonitor many DNA adducts enables strategies for minimizing the risk of cancer and for
patient stratification in personalized anti-cancer therapy.®® 8% 67 A major analytical challenge
is that DNA adducts occur at a level of 0.1-1 adduct/10® unmodified nucleotides, therefore
highly sensitive methodologies are needed. As human are exposed to numerous
environmental and dietary genotoxins, specificity of the methodology is warranted. Further, in
addition to exogenous sources, the same DNA adduct can be formed endogenously, and levels
of exogenously vs endogenously formed DNA adducts do vary between individuals and type
of DNA adduct.!* 1 % Distinguishing between exogenously and endogenously formed DNA
adducts and thereby determining their impact on human health remains challenging.
Generally, the total measurement of DNA adducts is considered an adequate indicator of
genotoxicity, even when only some of these adducts are mutagenic.®® The most common
methods in DNA adduct analysis make us of antibody-based detection, radiolabeling or
detection by m/z in a mass spectrometer (MS), often coupled with separation by liquid
chromatography (LC).

1.2.1 Immunological Methods

Immunological methods for DNA adduct analysis rely on antibodies to detect and semi-
quantify DNA adducts in fixed tissue samples (immunohistochemistry) and in extracted DNA
using immunoassays, e.g the competitive enzyme-linked immunosorbent assay (ELISA) or
the immuno slot blot technique.®® % The sensitivity is depending of the affinity of the
antibody to the DNA adduct and is usually around 1 adduct/10® nucleotides.®® This overall
sensitivity in immunological methods is achieved by the amplification of the signal in the last
detection step via biotinylated secondary antibodies in combination with a colorimetric,
fluorescent or chemiluminescent detection. DNA adducts induced by aflatoxins, PAHs, UV
light and oxidative stress as well as cisplatin and carboplatin could be detected in human
samples by immunological methods.®® While the throughput and costs for the assays are
favourable, the development of the antibodies is time and cost intensive. Two types of
antigens are used to generate animal-derived antibodies: carcinogen-modified DNA or
synthesized DNA adduct attached to a larger protein.’* ® Often antibodies exhibit cross-
reactivity, therefore reducing the selectivity of the assays. Another limitation of the assays is
the high amount of DNA needed (~200 pg). Nonetheless, antibody based strategies are of
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significant current interest as a basis of localization of DNA damage to regions in the genome
on the basis of coupled sequencing methods.”®"*

1.2.2 Radiolabeling

Radiolabeling as a strategy for DNA adduct analysis is usually done by administering a
14C-radiolabeled compound to experimental animals or in vitro incubation of a C
radiolabeled compound with purified DNA and, if needed, a metabolic activation system.!8
DNA is extracted and labeled adducts are detected by liquid scintillation counting to quantify
the total amount of radioactivity which is then compared to untreated control DNA.%® Higher
sensitivity is achieved by further processing the DNA prior to radioactivity measurement via
enzymatic digestion and chromatographic separation. Critical for the detection of DNA
adducts via radiolabeling is that the labeled part of the compound remains during metabolic
activation and adduct formation. As the DNA structure does not need to be known ahead,
radiolabeling has a great power in elucidating whether a compound forms DNA adducts.*®
The approach reveals high sensitivity as DNA adduct levels as low as 1 adduct/10°
nucleosides have been detected. Limitations are lack of specificity, as the chemical structure
is not elucidated, and poor resolving capacity for distinguishing between different adducts. Also,
selectivity is limited due to false positive results from background signals and insufficient DNA
clean-up.®® Furthermore, the synthesis of radiolabeled compounds is labor intensive, costly,
and goes along with handling and disposal of radiohazards.

An alternative detection method for radiolabeled DNA adducts is accelerator mass
spectrometry (AMS).®® Here, DNA is converted to graphite and the #C/*C isotope ratio
measured via a specific set-up of two mass spectrometers equipped with a linking accelerator
and a detector that identifies isotopes by their characteristic pattern of energy loss. High
sensitivity with a detection limit of less than 1-10 adducts/10*? nucleotides can be achieved by
using a relatively small sample size (1-1000 pg DNA) and low chemical and radioisotope
doses.*® These features enable studies to be performed safely in humans, using relevant (drug)
doses, while generating little radioactive waste.®® DNA adducts induced by the [**C] labeled
anticancer drug tamoxifen could be detected in human colon samples.”> AMS does not
provide any structural information and can provide false positive results in genomic DNA,
arising from metabolic DNA incorporation in case of degrading compounds, or contamination
by RNA and protein adducts.5®

Another methodology that employs radiolabeling is *?P Postlabelling. Postlabeling refers to
the radiolabeling of the adduct after its formation and therefore the methodology is applicable
to human biomonitoring.* DNA adducts following exposure to tobacco, the anticancer drug
mitomycin C, the mycotoxin ochratoxin A, PAHs could be detected via 3?P postlabeling.®
The methodology relies on the labeling of the 5’-position of adducts by polynucleotide
kinase-mediated transfer of 3?P-orthophosphate from [y-*2P] ATP and is usually comprised of
four steps.’® 3 First, the DNA is extracted and enzymatically digested to nucleoside 3'-
monophosphates. In the second step, the DNA adduct is enriched by solid phase extraction
(SPE), immunoaffinity chromatography, high-pressure liquid chromatography (HPLC) or
further enzymatic digestion. Then the *?P-postlaeling of the DNA adduct occurs resulting in
5°-32p-3"-bisphosphate adducts that are resolved by multidimensional thin layer
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chromatography (TLC), HPLC or polyacrylamide gel electrophoresis (PAGE) and adduct
levels are determined through quantification of radioactive decay by autoradiography or
electronic imaging. The 32P-postlabeling assay is a valuable tool in screening biological
samples for DNA adducts. Only minimal DNA amount is required (1-10 pg), while achieving
high sensitivity.®® Limits of detection of up to 1 adduct/10*° nucleotides was reported, but
sensitivity also depends on the selectivity of the enrichment method for the specific adduct
and is usually better for aromatic adducts. Selectivity is further limited as the assay can
provide false-negative results due to loss of adducts but also false-positive adducts due to
postlabeling of endogenously formed adducts. In summary, radiolabeling is a good strategy to
assess the covalent binding of a compound to DNA but further studies to characterize type of
DNA adduct may be necessary.

1.2.3 Mass Spectrometry

Currently, the most effective technique for characterizing and quantifying DNA adducts in
human samples is liquid chromatography- electrospray ionization coupled with high
resolution or triple quadrupole tandem mass spectrometry (LC-ESI-hrMS", LC-ESI-QqQ-
MS/MS). 1415 17, 67 74 Mass spectrometer (MS) provides the highest level of structural
identification, detecting DNA adducts on the basis of their molecular parent mass and, in case
of tandem MS, fragment masses. When coupled with a chromatographic system to separate
adducts and undamaged nucleosides, e.g. gas chromatography (GC) and liquid
chromatography (LC), it offers ultimate chemical specificity.®® % Routinely, adducts are
measured in the base or 2-deoxynucleoside form, but 2-deoxynucleotides and
oligonucleotides can also be measured. Preparation of samples for LC-MS analysis involved
DNA extraction followed by enzymatic digestion and sample enrichment via SPE, HPLC or
immunoaffinity prior to analysis. Currently the principle method is LC coupled with
electrospray ionization followed by mass analysis. For quantification the use of an internal
labeled standard is needed, that is added to the sample prior preparation and accounts for
samples losses and matrix effects. Synthesis of a labelled adduct can be cost and time
intensive.

By measuring only targeted masses, a detection limit of 1 adduct/10® nucleotides can be
achieved while using 1-100 pg DNA. Screening for unknown DNA adducts is limited due to
insufficient sensitivity for detecting DNA adducts in human samples. Nanoflow
chromatography coupled with ESI can improve the sensitivity due to improved ionization and
diminution of ion suppression compared to normal flow.** 17 Further, the application of the
high resolution mass analyzer orbitrap has shown to improve sensitivity and selectivity
compared to ion trap and triple quadrupole. Limit of detection of 1 adduct/10* nucleotides
was achieved, sufficient to detect the Benzoapyren-induced N2-dG adduct in human lung
cancer samples.”™ Therefore, it is anticipated that high resolution LC-MS" analyzers will be
mostly contributing to assess global DNA damage in the field of DNA adductomics.® Current
approaches allow for the characterization of also unknown DNA adducts based on using
common features of DNA adducts, e.g. neutral loss of deoxyribose upon collision induced
fragmentation (CID). Data-dependent data acquisition (DDA) of top N ions or via targeted
inclusion list or data-independent acquisition (DIA) with post-acquisition evaluation of DNA
adduct features have been applied.** Summarizing, LC-ESI-tandem mass spectrometry is a
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powerful tool for detecting unknown and known DNA adducts and the field of DNA
adductomics will further benefit from improved technology.*® 67 76

1.3 Overview of thesis work

The aim of the work presented in this thesis was to characterize formation and biological
consequences of DNA adducts, mainly focusing on O8-CMdG and O®-MedG in the context of
NOC exposure as a risk factor in colorectal cancer development. Elucidating chemical
mechanism of NOC-induced O®-CMdG formation will help to identify strategies preventing
from its formation. Knowledge of cellular responses to DNA damage is crucial for evaluating
chemical hazards and enables biomarker-based risk stratification. It was possible to address
formation and consequences of DNA adducts in biological samples by application of highly
sensitive and specific mass spectrometry-based approaches.

In Chapter 1, a general introduction into DNA damage formation and cellular DNA
damage response is provided. Of particular focus are the two pro-mutagenic DNA adducts O°-
carboxymethyldeoxguanosine (O5-CMdG) and OS8-methyldeoxyguanosine (O%-MedG).
Current knowledge on induction, repair and biological consequences is summarized,
highlighting the correlation to NOC exposure and colon cancer risk. Further, methods for
DNA adduct detection in biological samples are discussed, demonstrating the high potential
of LC-MS/MS based strategies to characterize and quantify DNA adducts.

In Chapter 2, the chemical mechanism of O%-CMdG formation by azaserine, as a model
compound for NOCs, was elucidated and the intermediate O°-Ser-CMdG was characterized
for the first time. Further, acidic-promoted hydrolysis of azaserine to L-serine could be
demonstrated as a second possible pathway for azaserine-induced O%-CMdG formation. A
high-resolution tandem mass spectrometry (hrMS?) approach for the concomitant
quantification of O.-CMdG and 0%-MedG was developed to characterize adduct formation by
azaserine in human colon epithelial cells (HCEC), as a model for human healthy colon tissue.
Dose-dependent adduct formation was detected after short time exposure to azaserine, and
time-dependent analysis revealed maximal adduct levels after 48 h followed by a steady state
up to 120 h. Knowledge of L-azaserine-induced adduct formation has important implications
regarding O%-CMdG formation and subsequent biological consequences.

In Chapter 3, the contribution of cellular repair pathways, namely NER and MGMT, to O°-
CMdG persistence in cells and their contribution to the rise of DNA mutations was tested.
Results demonstrated that the chemical inhibition of MGMT sensitises cells to the
carboxymethylating agent azaserine by reducing cell viability and increasing the rate of DNA
mutations. Measuring the level of O5-CMdG via hrMS2 in azaserine-treated cells with
varying MGMT capacity demonstrated that levels persisted in MGMT-inhibited cells,
supporting the hypothesis that the increased mutagenicity might be due to lack of repair of
0°%-CMdG. Further, when MGMT was inhibited in NER deficient and respective WT cells,
higher CMG levels were found compared to WT. However, additional studies on NER
activation by O5-CMdG failed to confirm its direct function in repair, suggesting a need for
future studies to clarify a potentially more complex cross-talk between these pathways.
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In Chapter 4, the activity of MGMT on O5-CMdG was further explored in the specific
context of human colorectal cells. Therefore, cytotoxicity, genotoxicity and O®-CMdG and
0°%-MedG adduct levels were assessed in HCEC cells with reduced MGMT activity after
exposure to the carboxymethylating agent azaserine. Cells lackihng MGMT were more
susceptible to azaserine toxicity and DNA damage. Thus, O°-MedG and O°-CMdG
persistence in cells lacking MGMT activity could be demonstrated, though fold increase in
adduct levels compared to MGMT-proficient cells was higher for O°-MedG. The results
suggest that MGMT indeed contributes to O®-CMdG repair in human colon cells, but less
effectively than for O®-MedG.

In Chapter 5, currently available techniques to detect and quantify O%-MeG adducts in
cells and murine tissues were compared after exposure to methylating agents, with a focus on
their sensitivity and specificity. Immunofluorescence (IF) microscopy allowed for time- and
dose-dependent detection of O®-MeG in cells and the immuno-slot-blot (ISB) assay for dose-
dependent O®-MeG formation in genomic DNA isolated from cells and tissues. While both
methods are semi-quantitative, an ultra-high pressure liquid chromatography-MS/MS
(UHPLC-MS/MS) method allowed for absolute quantification of O>MeG adduct levels in
human cells and murine tissue samples (liver and colon). UPLC-MS/MS measurements and
hockey-stick dose response modeling revealed a non-linear formation of hepatic and colonic
0°%-MeG adducts in WT, whereas linear O%-MeG formation without a threshold was observed
in MGMT-deficient mice. Collectively, the UPLC-MS/MS analysis is highly sensitive and
specific for O-MeG, thereby allowing for the first time for the determination of a genotoxic
threshold upon exposure to O%-methylating agents caused by the repair enzyme MGMT.

The work presented in Appendix I-111 is additional findings concerning factors that impact
chemotherapy drug function. In Appendix | and Il, a basis for clinical evidence of food and
herb-drug interactions are reviewed. Finally, in Appendix Ill, drug-induced DNA adducts
were for the first time assessed in patient-derived xenografts to provide a mechanistic
understanding for in vivo drug synergy for anticancer drugs in resistant cases.
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Chapter 2: Chemical mechanism of O8-carboxymethyldeoxy-
guanosine formation from azaserine and abundance in cells
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2.1 Abstract

N-nitroso compounds (NOCs) are genotoxic carcinogens that form pro-mutagenic O°-
alkylguanine DNA adducts. In particular, the O°®-alkylguanine adducts O°-
carboxymethyldeoxyguanosine (0®-CMdG) and O°-methyldeoxyguanosine (0%-MedG) have
been detected at elevated levels in blood and tissue samples from colorectal cancer patients
and from healthy volunteers after consuming red meat. The diazo compound L-azaserine is an
active decomposition product of corresponding NOCs and induces O5-CMdG and O°®-MedG
in cells. Despite the use of L-azaserine as a chemical probe in cellular studies concerning
DNA damage since 1977, there remain gaps in knowledge concerning the chemical basis of
DNA adduct formation by L-azaserine. To characterize O®-CMdG formation by L-azaserine,
we carried out a combination of cell-free and cell-based stability and reactivity studies
supported by liquid chromatography tandem mass spectrometry for the simultaneous
quantification of O8-CMdG and O%-MedG. We found that L-azaserine is hydrolytically stable
under physiological and alkaline conditions but undergoes acid-catalyzed hydrolysis. We
gained, for the first time, evidence that L-azaserine therefore can react directly with
deoxyguanosine to form an 05-Ser-CMdG intermediate, and that this intermediate
spontaneously decomposes to form O5-CMdG. Finally, we characterized the formation of O°-
CMdG and 0%-MedG in a human cell line exposed to L-azaserine, and found maximal O°-
CMdG adduct levels after 48 h. The findings of this work elucidate the chemical basis of how
azaserine gives rise to DNA damage and support its use as a chemical probe for NOC
exposure in carcinogenesis research, particularly concerning the identification of pathways
and factors that promote adduct formation.

2.2 Introduction

The structural integrity of nucleobases in DNA is essential for the correct functioning of
cellular processes. The reaction of DNA with electrophilic exogenous and endogenous
chemicals can result in chemical adduction products, namely DNA adducts, that can trigger
processes of  mutagenesis and  carcinogenesis. The DNA  adducts  O°-
carboxymethyldeoxyguanosine (O%-CMdG) and O®-methyldeoxyguanosine (0°-MedG) are
pro-mutagenic lesions of current interest in the context of colon carcinogenesis associated
with meat consumption.!® Both adducts were found to be elevated in blood and tissue
samples from colorectal cancer patients.®® Further, O®-CMdG was detected in colonic
exfoliated cells from human feces,* and in human blood samples from individuals on high
red meat diets.!* The association with meat, particularly red, was confirmed in other studies
where O%-CMdG was detected at a higher levels in tissues from volunteers with a high red
meat diet compared to a vegetarian one®? and in studies where digestion of red and white meat
was modelled in vitro.®**> The formation of O®-CMdG and O°-MedG was also observed after
exposure of DNA to N-nitroso compounds (NOCs),t! 1617 which are present in red and cured
meat'® or can be derived from nitrogenous dietary precursors via nitrite-mediated nitrosation
of secondary amines that occurs largely endogenously.'® If unrepaired, the high miscoding
potential of O%-MedG to pair with thymine results in GC = AT transition mutations upon
replication.*® For O8-CMdG, the misincorporation of thymine, and to a smaller extent of
adenine, could be demonstrated,?®-? therefore providing a mechanistic basis for the GC> AT
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transition and GC - TA transversion mutations found in the p53 gene after treatment with a
carboxymethylating agent and replication in yeast.?? Interestingly, these are also the two most
common mutations found in colorectal cancer.?22®

Carboxymethlyating agents, such as compounds derived from N-carboxmethyl-NOCs and
other chemical probes,?* promote the formation of O®-CMdG and to less extent O®-MedG.Y’
11,25 For example, L-azaserine and potassium diazoacetate (KDA; Figure 1) are commonly
used to generate O5-CMdG and O8-MedG.% 10 7. 2627 |n previous studies, KDA induced
higher absolute levels of OS5-CMdG and O5-MedG than L-azaserine, but the
carboxymethyl:methyl ratio is lower for KDA.*®*" The average level of O%-CMdG and O°-
MedG adducts after exposure to KDA was similar in cells and naked DNA, suggesting that no
enzymatic activation is required for KDA. However, the high activity of KDA limits its usage
as model carboxymethylating agent and no reproducible results were obtained in cells.*
Moreover, it is difficult to determine KDA concentration, due to its high instability and fast
conversion during characterization. Hence, a nominal concentration is normally assumed
based on quantitative production from alkaline hydrolysis of ethyldiazoacetate,'® 28 but a true
yield to our knowledge has never been determined. Based on technical limitations in the use
of KDA, L-azaserine seems to be a preferred chemical for inducing O®-CMdG and 0%-MedG,
and exposure of cells to L-azaserine resulted in reproducible adduct levels.?’

L-azaserine was discovered in 1954 as the active component of a crude filtrate from a
culture of Streptomyces bacteria with antibiotic activity and potent anti-tumour activity in
rodents.?® It was positive in the Ames test and induced adenocarcinoma in rats® via the
formation of DNA damage.®! The formation of O%-CMdG by azaserine was demonstrated by
reaction with ctDNA and exposure in cells.®: 27 1617 2627 Degpite the clear and long-standing
understanding that azaserine gives rise to O5-CMdG, details concerning the mechanism of this
reaction remain limited.

It has been hypothesized that L-azaserine gives rise to carboxymethyl adducts by
conversion to diazoacetate, which can carboxymethylate DNA. Two potential mechanisms for
the conversion of azaserine in diazoacetate have been suggested: enzymatic 3-elimination of
L-azaserine to diazoacetate and pyruvate, or spontaneous hydrolysis to yield diazoacetate and
L-serine (Figure 2 B-C). Evidence for enzymatic B-elimination of L-azaserine was established
using enzymatic extracts from mouse liver and a stoichiometric relationship could be
demonstrated for L-azaserine disappearance and glycolic acid, ammonia and pyruvate
formation with the last two being the hydrolysis products of the B-elimination intermediate 2-
aminoacrylate.®> The responsible enzyme was presumed to be in the class of
dehydrogenases.®® Decomposition of azaserine to pyruvate and ammonia was also
demonstrated in bicarbonate buffer, but only in the presence of pyridoxal ion as an enzymatic
co-factor. A pyridoxal ion-catalyzed B-elimination of L-azaserine via a Schiff base was
suggested, resulting in diazoacetate and aminoacrylate that subsequent hydrolyses to pyruvate
and ammonia.3* However, the observation that O5-CMdG and O5-MedG form from azaserine
and ctDNA in the absence of enzymes suggested an additional, non-enzymatic mechanism of
L-azaserine breakdown that could yield DNA adducts. This mechanism has been proposed to
involve spontaneous hydrolysis to yield serine and diazoacetate (Figure 2 B).Y
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The objective of this study was to elucidate the chemical mechanism of O®-CMdG
formation by L-azaserine and establish a chemical basis for its use to address the
corresponding DNA damage in cells. Thus, we evaluated the stability of L-azaserine under
varying pH conditions. We characterized in detail the basis of O®-CMdG formation from the
direct reaction of L-azaserine with guanosine. Finally, we quantified the formation of O°-
CMdG and 0%-MedG by L-azaserine in human colon epithelial cells (HCEC) on the basis of
dose and time by establishing a mass spectrometry approach for the simultaneous and
sensitive quantification of O®-CMdG and O%-MedG. The findings suggest a new direct
reaction mechanism between L-azaserine and dG that gives rise to a O°®-Ser-CMdG
intermediate, which undergoes rapid spontaneous hydrolysis to form O®-CMdG. Further, the
characterization of adduct formation in cells as a function of L-azaserine dose and time of
exposure supports the use of L-azaserine as a chemical probe in future studies addressing
biological consequences of O°-CMdG.
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Figure 1. Chemical structure of L-azaserine and KDA.
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Figure 2. Proposed mechanisms for L-azaserine-induced O%-CMdG formation. A.
nucleophilic attack of dG on L-azaserine result in an 0%-Ser-CMdG intermediate followed by
hydrolysis of L-serine to yield O5-CMdG. B. L-azaserine decomposes spontaneously to L-
serine and diazoacetate which subsequently carboxymethylates dG on OF. C. Enzymatic p-
elimination of L-azaserine results in pyruvate and diazoacetate that subsequent forms O°S-
CMdG.
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2.3 Experimental Procedure

Materials. HCEC-1CT cell lines were kindly provided by Prof J.W. Shay (University of
Texas, USA),* and all media and buffers for cell culture were purchased from Invitrogen
(Carlsbad, California). KDA was synthesized via alkaline hydrolysis of ethyldiazoacetate as
previously described and neutral solutions for further usage obtained by neutralizing with 0.1
M HCL 17 22 | -azaserine was purchased from abcam (Cambridge, UK) and purity
confirmed by *H NMR. Ethyldiazoacetate was obtained from Pfaltz & Bauer Inc (Waterbury,
Connecticut), deoxygunaosine (dG) from fluorochem (Hadfield, UK), and labeled °Ns-dG
from Cambridge Isotope Laboratories Inc, (Tewskbury, Massachusetts) and were used
without further purification. N>-MedG standard was purchased from Carbosynth (Compton,
UK). If not stated otherwise, all chemicals were purchased from Sigma Aldrich (Buchs,
Switzerland) and used without further purification. MilliQ water was received from Millipore
SynergyUV device (MilliporeSigma, Merck-Group, Burlington, Massachusetts). Mobile
phases for liquid chromatography (LC) were obtained from Sigma-Aldrich (Buchs,
Switzerland) and mobile phases for liquid chromatography coupled with mass spectrometry
(LC-MS) were purchased from Biosolve Chimie (Dieuze, France).

NMR analysis was performed on a Bruker Biospin 400 MHz NMR instrument (Bruker,
Billerica, Massachusetts), and chemical shifts are reported in parts per million (ppm, )
relative to the chemical shift of the respective solvent. NMR solvents were purchased from
Sigma Aldrich (Buchs, Switzerland). NMR files were evaluated by Mnova vs 11 (Mestrelab
Research, Santiago de Compostela, Spain).

Data were analysed and plotted using GraphPad Prism, Version 8 (GraphPad Software
Inc., San Diego, California). Applied statistical tests are specified for each data set in the
figure caption.

Preparation of standards for mass spectrometry. O°®-CMdG was prepared by the copper
carbene-based method described by Geigle et al.*® In short, 2.5 mg (9.35 pmol) dG was
allowed to react with 10.7 mg (93.5 umol) ethyldiazoacetate in the presence of 300 pg (1.87
umol) CuSOs. O°-CMdG was obtained by alkaline hydrolysis followed by purification by
reversed phase high pressure liquid chromatography (HPLC) on a LunaC18 column, 4.6 x
250 mm, particle size 5 um (Phenomenex, Torrance, California) by using 0.1 % HOAC,
mobile phase A, and acetonitrile (ACN), mobile phase B. Chromatographic separation was
achieved by starting with an isocratic hold at 100 % 0.1 % HOAc for 10 min, followed by a
gradient to 16% ACN in 45 min. Injection volume was 20 pl. The product (RT 41.3 min, A =
280, 250 nm) was obtained in 40 % yield as a white powder and stored at -20°C until further
analysis. HRMS (ESI) calculated for C12H15NsOe: [M+H]" m/z 326.1101, found 326.1095,
MS? calculated for C7H7NsO3: [M+H-Gua]* m/z 210.0628, found 210.0617. *H NMR (Figure
S2) matched published data.'® Ns-O5-CMdG was prepared by the same protocol using 2.5
mg (9.35 pmol) dG °Ns-dG as starting material yielding 1 mg (40 % yield) of a white powder
of Ns-0°%-CMdG. HRMS (ESI) calculated for C1,H15°NsQs: [M+H]" m/z 331.0952, found
331.0944, MS? calculated for C7H7°NsOs: [M+H-Gua]* m/z 215.0479, found 215.0469
[M+H-Gua]".
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0°%-MedG was synthesized by the method reported by Reza et al.*” In short, 0.57 g (2
mmol) dG was allowed to react in 10 mL pyridine with 4.3 g (79.6 mmol) sodium methoxide
in 300 mL MeOH. The product was purified by reverse phase HPLC on a LunaC18 column
10 x 250 mm, particle size 5 um (Phenomenenx, Torrance, California) with a 15 min hold at
5 % acetonitrile (ACN) in MilliQ H20 followed by gradient to 35 % ACN MilliQ H0 in 10
min at a flow rate of 2 mL/min. Injection volume was 200 pl. Product (RT 20.7 min, A=260
nm) was obtained in a 60 % yield as a light yellow powder. HRMS (ESI) was calculated for
C11H15NsO4: [M+H]* m/z 282.1202, found 282.1197, MS? as calculated for CsH7NsO: [M+H-
Gua]* m/z 166.0729, found 166.0715. *H NMR (Figure S3) matched the published data.3” Ds-
0°-MedG was synthesized accordingly with 0.19 g (0.67 mmol) dG and 1.51 g (26.5 mmol)
Dz-sodium methoxide in 100 mL MeOD (both Armar chemicals, Switzerland). Product was
purified by reversed phase liquid chromatography as described for unlabeled O®-MedG and
obtained as a light-yellow powder in 60% vyield. HRMS (ESI) was calculated for
C11H12D3Ns04: [M+H]" m/z 285.1391, found 285.1383, MS? was calculated for CgHsD3NsO:
[M+H-Gua]® m/z 169.0918, found 169.0904. We did not observe any D/H exchange by
analyzing a 100 nM D3-O°-MedG standard solution by nanoLC-ESI-HRMS? and following
the intensity in the extracted ion chromatograms (XICs) for D3-O®-MedG (m/z 285.1383
[M+H]") and 08-MedG (m/z 282.1197 [M+H]*, not detectable (nd)) over time of the analysis.

Cell culture of HCEC cells and L-azaserine exposure. Cells were maintained as
monolayers in 10-cm dishes in a humidified, 5% CO> atmosphere at 37 °C. Media consisted
of 80% DMEM and 20% M199 Earle’s salt medium, supplemented with 2% Hyclone fetal
bovine serum (Hyclone Laboratories Inc, San Angelo, Texas), 25 ng/L epidermal growth
factor, 1 pg/L hydrocortisone, 10 pg/L insulin, 2 pg/L transferrin, 50 pg/L gentamycin, 0.9
ng/L sodium selenite. Cells were regularly confirmed to be mycoplasma free using the
MycoAlert Kit (Lonza, Basel, Switzerland).®® L-azaserine stock solutions were prepared in
MilliQ water. O®-Benzylguanine (0%-BG) stock solutions were prepared in dimethylsulfoxide
(DMSO) and final concentration of DMSO was 0.1%. To assess cell viability, cells were
seeded in 96-well plates at a density of 1 x 10* and exposed to increasing L-azaserine
concentrations (0, 1, 10, 50, 250, 750, 1000, 2500 uM) for 120 h. Cells were exposed to
TritonX (Sigma Aldrich, Buchs, Switzerland) as positive control for cytotoxicity. Cell
survival was measured using CellTiterGlo assay (Promega, Madison, Wisconsin) following
the manufacturer’s instructions.®® Luminescence values of technical triplicates were averaged
and the value for number of viable cells after exposure was normalized to that of negative
control cells (assigned as 100% viability, Figure S7).

For DNA adduct analysis, cells were seeded in 10-cm dished at a density of 2 x 10°. Cells
were exposed to 0, 125, 250, 500 and 1000 uM L-azaserine for 4 h to evaluate dose-response
relationship and with 500 uM L-azaserine for 0.5, 4, 10, 24, 48, 72, 96 and 120 h to determine
the time-dependent O5-CMdG and O°®-MedG formation. After chemical exposure, cells were
harvested by removing medium, washing with phosphate-buffered saline (PBS) and
incubating with trypsin for 6 min at 37 °C. Cells were collected in 10 mL PBS, centrifuged
and PBS removed while the cell pellet was stored at -20 °C for subsequent DNA extraction.
Cell viability, dose response and time course studies were each performed three independent
times.
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DNA isolation and sample preparation for adduct analysis by mass spectrometry.
DNA was isolated from cell pellets using the QIAamp® DNA Mini Kit (©OQIAGEN,
Switzerland). In short, cell pellets were re-suspended in 200 pl PBS and 200 pl Lysis Buffer,
20 pl Proteinase K and 10 pl RNase A was added and cells were incubated for 20 min at 56
°C, 1400 rpm on a ThermoShaker. Afterwards, 20 pl of EtOH was added and the
homogenous solution was applied to a spin column and centrifugation was performed for 1
min at 6000 g. The flow through was discarded and the column washed with 500 ul Buffer
AW1 (1 min, 6000 g) followed by 500 pl Buffer AW2 (3 min, 16900 g). For DNA-elution,
DNA was incubated twice with 100 pl pre-heated (70 °C) MilliQ for 5 min on the column at
room temperature, followed by centrifugation for 1 min at 6000 g. DNA was quantified by
Quantus™ Fluorometer (Promega, Switzerland) and samples were concentrated in a Thermo
Scientific™ Savant™ Universal SpeedVac™ Vakuumsystem (Fisher Scientific, Hampton,
New Hampshire) and stored at -20 °C until further analysis.

Extracted DNA was further processed by enzymatic digestion using 2.5 U/ug DNA
benzonase, 3 mU/ug DNA phosphodiesterase | and 2 U/ug DNA alkaline phosphatase. A
master mix was prepared containing enzymes in tris-Buffer, 10 mM, with 2 mM MgCl>
adjusted to pH 7.7 with 0.1 M HCI and 100 fmol D3-05-MedG and 200 fmol **Ns-05-CMdG
per sample were added. Internal standards were added to account for loses during sample
preparation and ionization. 50 pul of master mix were added per sample and DNA was
digested for 6 h at 37 °C, 250 rpm on a ThermoShaker. CtDNA (20 pg) and a blank sample
containing only master mix was used as control for DNA digestion and background signal.
Enzymes were removed by molecular weight filtration with a cutoff of 30 kDA (VWR,
Radnor, Pennsylvania) and an aliquot (60 ul) was removed for dG-quantification by high
performance liquid chromatography. Samples were concentrated to dryness in a Thermo
Scientific™ Savant™ Universal SpeedVac™ Vacuum system (Fisher Scientific, Hampton,
New Hampshire) and either stored at -20 °C or directly re-suspended in 200 pl MSwater +
0.1% FA and further processed by solid phase extraction on a C18 cartridge, Sep-Pak Vac 1cc
(50 mg) (Waters, Milford, Massachusetts) using MS grade CH3OH, CH3OH+FA and H20.
Cartridges were washed with 2 x 1 mL CH3OH and 1 mL CH3OH + 0.1% FA followed by
2x 1 mL H20 +0.1% FA. The samples were loaded on the cartridge, washed with 2 x 1 mL
H20 + 0.1% FA and 1 mL 3% CHsOH, and eluted with 2 x 500 pL of 80 % CH3OH in H20.
The eluted fractions were dried under vacuum and dissolved in 10 uL. H20 for subsequent MS
analysis.

dG quantification by liquid chromatography. Quantitation of dG was carried out on an
Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara, California) with a UV
detector set at A=254 nm. A C18 Kinetex, 2.1 x 150 mm, particle size 2.6 pm column was
used, (Phenomenex, Torrance, California). The solvent gradient was linear, 3% ACN in
MilliQ H20 to 15 % ACN in MilliQ H20 over the course of 6 min with a flow rate of 0.2
mL/min. The injection volume was 20 uL. The retention time for nucleosides was the
following: dC 3.5 min, dG 8.4 min, dT 9.2 min, dA 10.6 min. A calibration curve for dG was
prepared by triplicate quantification of standards of increasing concentration (0.1, 1, 10, 25,
50 and 100 pM dG). The amount of dG was then used to calculate the total number of
nucleotides based on the assumption that the GC content is 40.9% in human DNA.*°
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Nano liquid chromatography high resolution mass spectrometry method for
simultaneous quantification of 08-CMdG and 0%-MedG. Simultaneous quantification of
0%-CMdG and 0S5-MedG was achieved on an Orbitrap Fusion™ Lumos™
(Thermo Scientific, Waltham, Massachusetts) equipped with a nano electrospray ionization
source and a nanoAcquity UPLC M-class system (Waters, Milford, Massachusetts). Liquid
chromatography was performed with an Acquity UPLC M-Class Symmetry C18 Trap column
(100 A, 5 um, 180 um x 20 mm, 2D) and an Acquity UPLC M-Class HSS T3 column (100 A,
1.8 um, 75 pum x 250 mm) at a column temperature of 40 °C. The sample loop volume was 5
pl, with an injection volume of 2 ul. Mobile phase A and B consist of mass spectrometry
grade H20O with 0.1% FA and mass spectrometry grade ACN with 0.1% formic acid,
respectively (Biosolve, Chimie, Dieuze, France). The chromatographic method included
trapping for 0.5 min at 99.5% A at a flow rate of 15 pl/min. The solvent gradient was 1 min
3% B, followed by a linear gradient from 3% to 45% B over 19 min, at a flow rate of 0.3
pl/min. Nano electrospray ionization was used in positive mode. The spray voltage was 2.2
kV and the temperature of the heated capillary was set to 270 °C. Mass spectrometry-based
detection was performed on an Orbitrap Fusion™ Lumos™ (Thermo Scientific, Waltham,
Massachusetts) in PRM HCD OT mode with the following settings: The RF lens was set to
35%. Resolution of the orbitrap was set to 120 K in MS! mode with a scan range from 160-
400 m/z and 1 microscan. AGC target was set to 4*10° with a maximum injection time of
100 ms. Targeted inclusion list was comprised of O°-CMdG with m/z 326.1096 [M+H]",
heavy °Ns-O8-CMdG with m/z 331.0946 [M+H]*, O%-MedG with m/z 282.1995 [M+H]*, and
heavy D3-O°%-MedG with m/z 285.1384 [M+H]*. The mass tolerance was set to * 25 ppm.
Isolation for MS? was performed in the quadrupole with an isolation window of 1.6 m/z and
the first mass set to 140 m/z. HCD was used for fragmentation with a collision energy of 25%.
Fragments were detected in the orbitrap with a resolution of 60 K. The AGC target was set to
5*10% with a maximum injection time of 118 ms. Instrument sensitivity was checked before
each analysis and after every 10" samples by comparing intensity and retention time of a 1
nM calibration standard for O5-CMdG and O°®-MedG as well as a standard iRT peptide
solution containing 11 peptides (m/z range from 487.2511-776.9920). For quantification,
neutral loss of deoxyribose was targeted in extracted ion chromatograms (XICs) using O°-
CMG m/z 210.0622 [M+H-Gua]*, heavy °N5-0°%-CMG m/z 215.0472 [M+H-Gua]*, 05-MeG
m/z 166.0722 [M+H-Gua]", and heavy Ds-05-MeG m/z 169.0911 [M+H-Gua]* with a mass
tolerance of + 10 ppm. XICs in MS! were used for verification. Calibration standards
containing 0.5, 1, 5, 10, 25, 50 and 100 nM of O5-CMdG and O%-MedG standards undergoing
sample preparation served for quantification. The number of lesions were divided by the
amount of 107 nucleotides to express final DNA lesion levels.

pH stability of L-azaserine. L-azaserine (25 mM) was dissolved in 500 pl of diverse
0.1 M buffer solutions at pH ranging from pH 2 to 11: pH 2 glycine-HCI buffer, pH 7.2
sodium phosphate buffer, pH 8.5 carbonate buffer, and pH 10.5 tris-buffer. To follow the
acid-catalyzed decomposition of L-azaserine, solutions of L-azaserine (25 mM) in 0.1 M
buffer solutions (980 ul) in the pH range 2 to 5.8 were prepared: pH 2, 2.4 and 3.4 with
glycine-HCI, and pH 5.8 with sodium phosphate. Solutions were analyzed by reversed phase
HPLC on an Agilent 1200 (Agilent Technologies, Santa Clara, California) equipped with a
diode array detector that was set to monitor A=254 nm (L-azaserine) and 210 nm (serine,
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pyruvate). The starting concentration of L-azaserine was chosen to allow for detection of
0.5% and quantification of 2% hydrolysis to L-serine (LOQ 0.5 mM L-serine).
Chromatographic separation was achieved on a LunaC18 column, 4.6 x 250 mm, particle size
5 pum (Phenomenex, Torrance, California) by using MilliQ H20O, mobile phase A, and ACN,
mobile phase B, starting with an isocratic hold at 100% A for 5 min, followed by a 10 min
linear gradient to 40%, 10 min wash at 80% ACN and 10 min re-equilibration at 100% at a
flow rate of 1 mL/min. Each sample (pH 2-11) was analyzed every 3 h for a total of 120 h.
The analytical method was shortened for samples at pH 2-5.8 to the following: isocratic hold
at 100% A was set for 6.0 min, followed by 3 min wash with 80% ACN and 5 min re-
equilibration at 100% at a flow rate of 1 mL/min. Samples at pH 2 and pH 2.4 were analyzed
every 15 min for 8 h and samples at pH 3.4 and 5.8 were analyzed every hour for 90 h or 120
h, respectively. L-serine eluted at retention time 2.6 min, pyruvate at 2.9 min and L-azaserine
at 3.8 min. Injection volume was 10 pl. A calibration curve for L-azaserine and L-serine from
0.5, 1, 6, 12, 25 and 50 mM was prepared and analyzed before and after analysis. Data from

hydrolysis of L-azaserine was modeled as a pseudo first order reactions (Fig. 3B eq. 1-2) and
In[40]
In[A]

(Fig. 3B eg. 3) where [AOQ]=starting concentration of L-azaserine (mM),

corresponding half-life (t12) was calculated with the following equations:

= kt, tip =

In2

kobs

[A]=concentration of L-azaserine at t (mM), kobs=slope (1/h), tio= half-life (h). The ratio
| S

KK— was calculated via the equation Kops= — [Hz0] [H*] (Fig. 3B eq. 4).

Reaction of dG with L-azaserine. 5 puM dG in 500 pl MilliQ or tris-buffer (10 mM)
containing 2 mM MgCI2, at pH 7, 8, 9, and 10.6 was combined with 5 mM L-azaserine or
KDA as control respectively and the reaction mixture was stirred for 0.5, 1, 2, 3 and 24 h at
37 °C, 250 rpm. After the indicated time, 200 fmol of *®*Ns-O®-CMdG and 100 fmol of D3-O°-
MedG were added to the reaction mixture as internal standards, and samples were
concentrated to dryness and isolated by SPE as described in here for quantification of O°-
CMdG and 0%-MedG. All samples were analyzed by nanoLC-ESI- HRMS? as described
above with the following changes: Trapping time was set to 0.1 min. Resolution was set to 60
K for the orbitrap mass analyzer in MS?* with a mass range from 68-444 m/z and 1 microscan.
AGC target was set to 4 x 10° with a maximum injection time of 100 ms. Target inclusion list
was expanded to include potential O8-Ser-CMdG intermediate and fragmentation products
with 05-Ser-CMdG m/z 413.1421 [M+H]*, 0O%-Ser-CMG m/z 297.0947 [M+H]* from ion
source fragmentation, L-azaserine m/z 174.0515 [M+H]™ serine m/z 106.0504 [M+H]*, dG
m/z 268.1046 [M+H]*. The mass tolerance was set to * 50 ppm. Isolation for MS? was
performed in the quadrupole with an isolation window of 1.6 m/z and the first mass set to 50
m/z. HCD was used for fragmentation with a collision energy of 25%. Fragments were
detected in the orbitrap with a resolution of 50 K. The AGC target was set to 5 x 10* with a
maximum injection time of 86 ms. Fragmentation of a O%-Ser-CMdG was targeted in MS?
XICs with neutral loss of dR, 05-Ser-CMG m/z 297.0947 [M+H-dR]", and serine fragment,*"
43 with m/z 251.0893 [M+H-(dR+H20+CO)]*. Mass tolerance for all XICs was + 10 ppm.

Preparation of 0%-Ser-CMdG. 4 mM dG was dissolved in 1200 pl 0.1 M sodium
phosphate buffer at pH 7.2. 25 mM L-azaserine was added and the mixture allowed to react at
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22 °C for 120 h while being continuously analyzed by reversed phase HPLC on an Agilent
1200 (Agilent Technologies, Santa Clara, California) equipped with a diode array detector
that was set to monitor A=254 (L-azaserine, dG, G, 0%-CMdG, 0°%-Ser-CMdG), 210 (L-
Serine) and 280 (O5-CMdG, 05-Ser-CMdG) nm. Chromatographic separation was achieved
on a LunaC18 column, 4.6 x 250 mm, particle size 5 um (Phenomenex, Torrance, California)
by using milliQ, mobile phase A, and ACN, mobile phase B, starting with an isocratic hold at
100% A for 5 min, followed by a gradient to 45 % ACN in 45 min at a flow rate of 1 mL/min.
Injection volume was 10 ul. All eluting peaks were identified by m/z on a Velos Linear lon
Trap (Thermo Scientific, Waltham, Massachusetts) and in case of L-azaserine, dG, guanine
and L-serine with co-elution of respective standards and corresponding DAD spectrum. Initial
chromatogram (t =5 min) revealed two peaks, that could be identified as L-azaserine (RT 3.9
min, m/z 174) and dG (RT 16.8 min, m/z 268). Other main peaks (Area > 100 mAU) detected
were identified as L-serine (RT 2.8 min, m/z 106), and guanine (RT 11.4 min, m/z 152). A
peak at retention time 7.9 min revealed m/z of 297 matching the calculated mass for Ser-G,
while the peak of interest eluted at retention time of 18.2 min with m/z of 413 as calculated
for Of-Ser-CMdG (Figure S4 A). The peak eluting at 18.7 min was collected over 200 runs
and concentrated to dryness. HRMS was calculated for C1sH20NsOs: [M+H]* m/z 413.1421,
found 413.1411 (Figure S4 B), and MS? was calculated for C10H12NeOs: [M+H-Gua]* m/z
297.0947, found 297.0938. Characterization by *H NMR in deuterium oxide confirmed
presence of O%-Ser-CMdG (Figure S4 C). *H NMR (400 MHz, Deuterium Oxide) & 8.14 (s,
1H, Ar-H), 6.38 (t, J = 8.2 Hz, 1H, 1°-H), 5.07 (s, 1H, NH>-CH), 4.83 — 4.81 (m, 2H, O-CH>-
COO0), 4.67 — 4.62 (m, 1H, 4°-H), 4.18 — 4.13 (m, 1H, 3°-H), 3.93 — 3.84 (m, 2H, O-CH;-
CNHy), 3.83 — 3.74 (m, 2H, 5°-H), 2.84 (dt, J = 14.7, 7.4 Hz, 1H, 2°-H), 2.57 — 2.46 (m, 1H,
2’-H).

Hydrolysis of O8-Ser-CMdG. 08-Ser-CMdG was dissolved in 0.1 M phosphate buffer at
pH 7.2 and the solution was analyzed by reversed phase HPLC analysis every h for a total of
30 h to address the stability of the isolated O8-Ser-CMdG intermediate and explore the
potential subsequent hydrolysis to O®-CMdG. Mobile phase A was 0.1 % HOAc (pH 4) to
prevent pH effects affecting O%-CMdG. Chromatographic separation was achieved starting
with a isocratic hold for 10 min at 100 % 0.1 % HOAc, followed by a gradient to 16% ACN
in 45 min. Diode array detector was set to monitor A= 280 nm (O°-CMdG, 0°-Ser-CMdG)
and is the specific maximum absorption wavelength for O8-CMdG. The two peaks visible
were collected and identified by their m/z on a Velos Linear lon Trap (Thermo Scientific,
Waltham, Massachusetts). The peak of interest eluted at retention time of 42.5 min (Figure S5
A) and was collected and concentrated for further characterization. *H NMR in deuterium
oxide matches with the O%-CMdG standard (Figure S5 C). HRMS (ESI) calculated for
C12H15N506: [M+H]" 326.1101, found 326.1094.

2.4 Results

Stability of L-azaserine at varying pH. The hydrolysis of L-azaserine to yield L-serine
and diazoacetate has been previously suggested as a basis for the formation of O®-CMdG
(Figure 2 B).1” However, this mechanism raises concern about the wide use of L-azaserine in
cell-based studies and whether the compound is stable under the experimental conditions of in
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vitro toxicological assays. Therefore, we sought to characterize the hydrolytic stability of L-
azaserine. Assessing the stability of azaserine at varying pHs, ranging from pH 2 to 11, by
measuring by HPLC the level of L-azaserine and of its hydrolysis product L-serine over the
course of five days, we observed that the compound was stable and no decomposition
products were observed between pH 5.8 and 10.5. On the other hand, at pH 2, L-azaserine
was completely hydrolyzed to L-Serine after 2 h (Figure S1). The acid-catalyzed hydrolysis
was modeled as a pseudo first order reaction (Figure 3B, eg. 1) and the half-life (ti2) was
calculated to be 0.4 hat pH 2, 0.7 hat pH 2.4 and 4.7 h at pH 3.4.

The mechanism of hydrolysis is proposed to involve protonation of the carbon bound to
both the diazo and carbonyl groups, thus promoting hydrolysis of the ester and release of L-
serine (Figure 3A). On the basis of the pH-dependence of the protonation/hydrolysis rates and
having derived the values of kons for each pH (Table 1), we could estimate the ratio Knydrolysis /
Ka to be 0.90 x 10* M? s (Figure 3B, eqg. 5). While the pKa of the protonated azaserine
(Figure 3A) could not be extracted, it could be estimated on the basis of similar diazo
compounds, such as diazomethane, which has a pKa of 10.** Approximating a similar pKa for
azaserine would suggest Knyarolysis for H*-azaserine to be 9 x 10° M s (Figure 3A). These
data emphasize the relative hydrolytic stability of L-azaserine under physiological conditions
and suggest against it being the initial step in the reaction of L-azaserine with DNA to give
rise to O°-CMdG.
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Figure 3. Acid-promoted hydrolysis of L-azaserine. (A) Proposed mechanism of acid-
catalyzed hydrolysis of L-azaserine to L-serine, which is governed by equations (1) and (2).

(B) Kinetic equation to derive the ratio of KK — is obtained (5).
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Table 1. Half-life (tu2) and kobs values at varying pHs.

pH [HY] 122 (s) Kobs® (s7)
2 0.01 1440 0.000481
2.4 0.003981 2520 0.000275

3.4 0.000398 16920 4.1-10
5.8 1.58 -10¢ nd nd

7.2 6.31-10® nd nd

8.5 3.16-107 nd nd

10.5 1.58 10 nd nd

% t12 values are derived via the eq. 3 (Fig. 3B); kobs values were derived via HPLC
measurements (Fig. S1); nd = not determined.

Evidence for O%-Ser-CMdG as the intermediate in the formation of O5-CMdG by L-
azaserine. Having established that L-azaserine does not undergo hydrolysis under
physiologically relevant conditions, we considered whether under those conditions L-
azaserine may directly react with dG. We hypothesized that an Of-Ser-CMdG intermediate
with m/z 413 could be formed to then hydrolyze and yield O5-CMdG (Figure 2, A). To gain
support for this mechanism, we first explored whether O°%-Ser-CMdG could be formed by
reacting dG for 0.5-24 h with an excess of L-azaserine in tris-buffer at pH in the range of 7 to
11. The reaction mixtures were analyzed for the presence of O8-Ser-CMdG, 0%-CMdG and
0°-MedG by nanoLC-ESI-HRMS? in PRM mode. We monitored mass transitions accounting
for neutral loss of deoxyribose followed by possible fragmentation of serine (Table 2).4%4
XICs of all reaction mixtures revealed the appearance of two peaks with the mass
corresponding to O%-Ser-CMdG at a retention time of 17.9 and 18.1 min (Figure 4, A). Their
mass-fragments were the same, consistent with being two positional isomers of Ser-CMdG.
Further, two peaks were detected with m/z corresponding to carboxymethylated dG with
retention times close to the potential Ser-CMdG isomers and one of them co-eluted with the
standard °Ns-O®-CMdG (18.35 min), thereby assigned as O°-CMdG. Similarly, two peaks
were detected with m/z corresponding to MedGs; one peak co-eluted with an N2-MedG
standard (18.01 min), while the second peak co-eluted with the standard for O%-MedG (18.75
min). In these experiments, Ser-CMdG and O®-CMdG formation appeared to be independent
from time and pH. As a control, we performed the same reaction with KDA, and no peaks
were detected corresponding to Ser-CMdG or fragments, but the same two peaks for each
carboxymethylation and methylation of dG as for the L-azaserine treated samples were
observed (Figure 4, B). None of the targeted m/z values were detected in control samples with
any of the single reagents. These results suggest that L-azaserine reacts directly with dG,
forming adducts that retain the serine moiety at the O8- and N2-positions.
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Table 2. Targeted m/z with proposed structures for O°-Ser-CMdG and transitions.

Compound® m/z Structure® RT KDA L- Control LC
MS" (min) azaserine RT 187
08-Ser- 413.1421 s 18.14 nd 413.1415 nd 413.1419
CMdG LY
Ms! (1L
08-Ser- 297.0947 Iy ™ o 18.14 nd 297.0941 nd 297.0937
CMG - (T
</u‘N/)\NH)
08-Ser- 251.0893 Djm 18.15 nd 251.0883 nd 251.0884
CMG - MS? LT
(H,0+CO) L,
05-CMdG 326.1096 oy 18.37 326.1096 326.1094 nd 326.1099
\.NO
MSl </: ‘N/)\NH
15Ns-08- 331.0952 18.37 331.0944  331.0944 331.0944 331.0944
CMdG MS!
08-MedG 282.1195 o Mt 18.84 282.1196 282.1187 nd 282.1195
MSl (:/: l.;NkNH
Ds-08- 285.1391 18.84 285.1383 285.1383 285.1383 285.1383
MedG MS!
NZ2-Ser- 413.1421 il 1791 nd 413.1418 nd nd
CMdG ¢ "
MSL f: | N/)\H/TO\/'\TOH
NZ2-Ser- 297.0947 i 1791 nd 297.0948 nd nd
CMG Py NH NH,
MS2 <u lN’J\ﬁ/j!/D\/HC\’/OH
NZ2-Ser- 251.0893 i 1789 nd 251.0882 nd nd
CMG - ) APy
(H.0+co) MS Y
N2-CMdG 326.1096 . i 18.03  326.1095 326.1095 nd nd
7 NH
MS? §: lNéj\H,ﬁOrOH
N2-MedG 282.1195 f‘i 18.00 282.1195 282.1197 nd nd
N NH
l\/lSl </N ‘N"/'L‘N’CHa

7
dR

30%-coordination is confirmed

by isotopically labeled O5-CMdG and O®-MedG standards. N-

coordination is confirmed by N>-MedG standard. °Structures and m/z of O%-CMdG and O°-
MedG as hydrolysis products are included. Detected structures are indicated for KDA, L-
azaserine and control samples from reaction mixture with dG and for the isolated compound
by reverse phase liquid chromatography (LC RT 18.7min). nd=not detectable.
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A. Reaction mixture azaserine + dG B. Reaction mixture KDA + dG C. LC-isolated peak with m/z 413 MS level m/z
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Figure 4. Representative chromatograms for the reaction of dG with L-azaserine or
KDA analyzed by nanoLC-ESI-HRMS?. A. and B. 5 uM dG was reacted with 5 mM L-
azaserine (A) or KDA (B) as control in 0.1 M tris-buffer, followed by SPE and nanoLC-ESI-
HRMS2. C. 4 mM dG was reacted with 25 mM L-azaserine in 0.1 M sodium phosphate buffer
and peak with m/z 413 isolated by LC, concentrated and analyzed by nanoLC-ESI-HRMS?.
XICs represent parent mass for O%-Ser-CMdG and two fragmentations, followed by O°-
CMdG, ©®N5-0°-CMdG as internal standard, O%-MedG and D3-0O°%-MedG as internal standard.
The sample represented in C was analyzed on a new column, explaining the shift in absolute
retention time while A between 0°-Ser-CMdG and O5-CMdG was equal.

Characterization of 0%-Ser-CMdG. Having gained preliminary mass spectrometric
evidence for the formation of the O%-Ser-CMdG intermediate in the reaction of dG with L-
azaserine, we further characterized this novel structure and confirmed its conversion to O°-
CMdG.Thus, Ser-CMdG observed from the reaction of dG with L-azaserine was observed by
HPLC analysis after 0.5 h, and was present, though at lower intensity, up to 120 h (18.7 min,
m/z of 413, Figure S4, A). The compound was isolated by HPLC and the *H NMR spectrum
was consistent with Ser-CMdG due to the presence of three characteristic peaks at 5.07 (s,
1H, NH2-CH), 4.83-4.81 (m, 2H, O-CH.-COOQO) and 3.93-3.84 ppm (m, 2H, O-CH,),
accounting for five additional Hs in addition to those present in dG (Figure S4, C). The
HRMS of the isolated peak revealed m/z 413.1411 (RT 17.56 min), corresponding to Ser-
CMdG (Figure 4 C). Despite isolation of the Ser-CMdG peak on HPLC, O5-CMdG and O°-
MedG were always detected in the sample as analyzed by nanoL.C-ESI-HRMS? (Figure 4 C),
but no N?-adducts. Thereby, we concluded that Ser-CMdG at RT 17.56 is O5-Ser-CMdG.

05-Ser-CMdG decomposes to 0-CMdG. Having established the formation of O8-Ser-
CMdG as a product of reaction between dG and the carboxymethylating agent L-azaserine,
we wanted to test whether the 0%-Ser-CMdG adduct can hydrolyze and yield O%-CMdG.
Therefore, we followed the stability of isolated O®-Ser-CMdG at pH 7.2 over 30 h by HPLC
with UV detection at A=280 nm. O®-CMdG was detected already in the first injection after
dissolving O°®-Ser-CMdG, and the corresponding peak (retention time 43 min) increased in
intensity by 78 % over the 30 h analyzed, while O°-Ser-CMdG (retention time 23 min)
decreased to 17 % of the initial area (Figure S5, A). O®-CMdG was characterized by HRMS
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and *H NMR (Figure S5 B, C) and nanoLC-ESI-HRMS? revealed one peak for
carboxymethylated dG co-eluting with the internal standard for O5-CMdG (Figure 5), and no
peak for methylated dG could be detected. We concluded that O%-Ser-CMdG represents an
intermediate in L-azaserine-induced Of-CMdG formation, thereby explaining adduct
formation by L-azaserine under physiological conditions.

MS level m/z
5 compound
100+
80 E7 MS 326.1096
60 .
20 [M+H]* 05-CMdG
28_ ‘ ([T
lDO_ 3310951
80+ E6 MS 331.0940
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Figure 5. NanoL C-ESI-HRMS? chromatogram for the decomposition product of O8-Ser-
CMdG. Decomposition product was isolated by reversed phase liquid chromatography and
identified as O8-CMdG by nanoLC-ESI-HRMS?. No methylated dG could be detected.

Quantification of O5-CMdG and 0O®-MedG in biological samples by nanoLC-ESI-
HRMS?, Having established that under neutral conditions direct alkylation of dG by L-
azaserine occurs to form 08-Ser-CMdG that spontaneously hydrolyzes to yield O5-CMdG, we
were interested in characterizing the time and dose profile of O®-CMdG adduct formation in
cells upon exposure to L-azaserine. Therefore, we established a nanoLC-ESI-HRMS? method
for the concomitant quantification of O5-CMdG and O5-MedG based on the stable isotope
dilution method that accounts for losses during sample preparation and ionization, and allows
for accurate quantification of the analyte (or unlabeled standard) based on the ratio of its
signal area to that of labeled internal standard (Figure S2 and S3). Parallel reaction
monitoring (PRM) was applied for the mass transitions corresponding to a neutral loss of
deoxyribose (dR) from the protonated analytes: O5-CMdG (precursor m/z 326.1095 [M+H]*,
MS? m/z 210.0617 [M+H-dR]*) and O®-MedG (precursor m/z 282.1197 [M+H]*, MS? m/z
166.0715 [M+H-dR]"), and from the isotopically labeled internal standards **Ns-O5-CMdG
(precursor m/z 331.0944 [M+H]", MS? m/z 215.0469 [M+H-dR]*) and Ds-0O%-MedG
(precursor m/z 285.1383 [M+H]*, m/z 169.0904 [M+H-dR]"). Specificity was guaranteed by
processing a blank sample for each analysis and selectivity by co-elution with internal
standards, accurate parent and fragment mass. Pure standards were used to determine the limit
of detection (LOD) and limit of quantification (LOQ) defined as the amount of analyte
generating a signal-to-noise ratio (S/N) of 3 or 10 in the XICs. LOD (S/N > 3) was 5 pM (10
amol) and 1 pM (2 amol) for O®-CMdG and O®-MedG, respectively, and LOQ (S/N > 10) was
0.01 nM (20 amol) for both adducts. We further assessed LOQ in matrix, intra- and interday
accuracy (expressed as % recovery) and precision (expressed as the relative standard
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deviation, RSD %) using quality control samples consisting of calf thymus DNA (ctDNA, 15
ug) or HCEC genomic DNA (15 pg) spiked with increasing amounts of O®-CMdG and O°-
MedG (0.01, 0.05, 0.1, 1.0, 10, 50 100 and 200 nM). LOQ in matrix was determined to be
0.05 nM (100 amol) for O®-CMdG and O®-MedG. Acceptable precision and accuracy was
achieved for the measurement of O®-CMdG and O®-MedG in ctDNA and HCEC genomic
DNA as matrix (Table 3) with a relative standard deviation (RSD) ranking from 1.7-25.6 %
(O®-CMdG) or 0.8-23.5 % (0°®-MedG) and recovering 83.7-113.4 % (O®-CMdG ) or 92.1-
122.6 % (O®-MedG) of the actual adduct level.

Table 3. Interday and intraday precision and accuracy for the nanoLC-ESI-HRMS?
method (S/N > 10).

[nM] | Inter/intraday 0%-CMdG 0°%-MedG
ctDNA HCEC ctDNA HCEC

RSD%? | Rec%® | RSD% | Rec% | RSD% | Rec% | RSD% | Rec%
0.05 | interday 8.9 83.7 |6.7 97.8 | 4.9 118.1 |23.5 110.4
0.1 | interday 2.6 106.8 | 12.0 |[113.4 |129 104.6 | 12.6 120.9
1.0 | interday 25.6 101.5 | 1.8 103.5 [9.8 122.6 |0.8 92.1
50 | interday 1.7 993 |49 999 |33 99.4 | 1.0 98.7
intraday 2.9 96.4 | 7.7 98.1 0.9 100.9 | 2.0 101.1

0.05, 0.1, 1.0 and 50 nM O%-CMdG and O°-MedG were spiked in ctDNA (15 ug) and isolated
DNA (15 pg) from unexposed HCEC cells followed by sample preparation and analysis as
described. *RSD=relative standard deviation; "Rec=recovery (accuracy)

Formation of O%-CMdG and 0°%MedG by L-azaserine in HCEC cells. The
establishment of a robust nanoLC-ESI-HRMS? approach for simultaneously quantifying O°-
CMdG and Of-MedG enabled the measurement of L-azaserine-induced adducts in cells in a
dose- and time-dependent manner. Immortalized but normal diploid human colonic epithelial
HCEC cells were employed as a model for adduct formation in healthy colon tissue.*® HCEC
cells express epithelial and stem cell markers and do not show mutations in genes known to
be involved in colon cancer progression (APC, KRAS, TP53).#* HCEC cells were exposed to
L-azaserine for 4 h, resulting in the formation of O%-CMdG and 0°-MedG. The level of both
adducts increased linearly with L-azaserine concentration (0-1000 uM) and in a dose-
dependent manner, with maximum adduct levels of 32.8 + 7.8 O®-CMdG and 4.3 + 0.9 O°-
MedG lesions/107 nucleotides (Figure 6). Formation of O%-CMdG was minor compared to Q8-

47




Chapter 2

MedG, as reported previously.*” 2" We also detected O5-CMdG in unexposed control samples
but at levels below LOQ, while 0O%®-MedG 0.7 + 1.3 lesions/10” nucleotides could be
quantified in unexposed control samples. Endogenous O5-CMdG was previously reported in
human colorectal cells (HCT-166) and in XPA-deficient human fibroblast cells, and O°-
MedG is very well known to be formed endogenously.?” 46 We were not able to detect the O°-
Ser-CMdG intermediate in cells, either because levels were below LOD, suggesting that the
intermediate is rapidly hydrolyzed to O8-CMdG, or because it is not formed in cells.
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Figure 6. Dose-dependent formation of O5-CMdG and 08-MedG in HCEC cells. Cells
were exposed for 4 h with 0, 125, 250, 500, or 1000 uM L-azaserine, and extracted DNA was
analyzed for O®-CMdG and 0%-MedG by nanoLC-ESI-HRMS2. Adduct levels are expressed
as lesions/10” nucleotides (mean + SD, n=3). P-values were calculated with one-way ANOVA
and Tukey’s multiple comparison’s test. Significance is shown in comparison to control,
*p<0.05, ***p<0.001.

Having established the dose-dependent formation of O8-CMdG and O%-MedG after 4 h
exposure to L-azaserine, we were interested in how levels of DNA adducts correlate with
exposure time and specifically after what time of exposure maximal adduct levels were
formed. Therefore, we exposed HCEC cells to 500 uM L-azaserine (EC40 after 120 h, Figure
S7) for various times (0.5, 4, 10, 24, 48, 72, 96, 120 h). After 0.5 h, adduct levels were below
the LOQ for O%-CMdG and O8-MedG. O®-CMdG levels increased during the first 48 h to a
maximum adduct level of 116 + 21 OS-CMdG lesions/10” nucleotides (Figure 7) and
plateaued after, displaying no changes in adduct level for the remaining three days. Also, O°-
MedG level was maximum after 48 h of exposure; however, we could not establish a time-
dependent relationship due to the overall low level of O®-MedG adducts formed in HCEC
exposed to 500 uM L-azaserine.
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Figure 7. Time-dependent formation of 0°-CMdG and 0%-MedG in HCEC cells. Cells
were exposed to 500 uM L-azaserine and DNA was extracted after 0.5, 4, 10, 24, 48, 72, 96
and 120 h and further analyzed for O°-CMdG and 0°-MedG levels by nanoLC-ESI-HRMS?.
Adduct levels are expressed as lesions/107 nucleotides (mean + SD, n=3). Statistical analysis
was performed using one-way ANOVA and Tukey’s multiple comparison’s test. (* p< 0.05)

2.5 Discussion

NOCs are well known carcinogens linked to diet and lifestyle. The formation of the pro-
mutagenic DNA adducts O®-CMdG and 08-MedG by NOCs is well established,? 10 16-17. 27
however, the understanding of the chemical mechanism of NOC-induced O5-CMdG
formation and factors that influence their biological consequences is limited. It has been
hypothesized that the release of diazoacetate from NOCs and analogs is responsible for the
carboxymethylation and methylation of DNA. However, if the reactive intermediate is the
same for various NOCs, such as N-(N-acetyl-L-prolyl)-N-nitrosoglycine (APNG) and N-
Nitrosoglycocholic acid (NOGC), and for the reactive intermediates L-azaserine and KDA, it
remains unclear why they all result in different ratios of O5-CMdG to 0°-MedG.""#’ Further,
the carboxymethylating decomposition products of N-nitroso bile acid conjugates have not
been recovered quantitatively.*® The lack of characterization of the metabolism of NOCs and
of reactive intermediates raises the question of what are the mechanisms of
carboxymethylation and methylation of DNA by NOCs, including the possibility of several
pathways and intermediates.

Hydrolysis of L-azaserine to L-serine and diazoacetate has been suggested earlier by
Harrison et al.!” and decomposition to diazoacetate as intermediate in O®-CMdG formation
has been demonstrated for N-nitroso-glycine under physiological conditions.!! However, in
this study, we demonstrated that the carboxymethylating agent L-azaserine undergoes
hydrolysis to L-serine only under acidic conditions, and that under physiologically relevant
conditions, L-azaserine is stable. The half-life of L-azaserine increased from 0.4 h at pH 2 to
4.7 h at pH 3.4 (Figure 3 and S1) as stability increased with increasing pH. The observations
of acid-promoted decompositions of L-azaserine are consistent with previous report of loss of
antibiotic activity and N> formation at pH 2 for L-azaserine.* Indeed, o-diazo compounds are
acid-labile, resulting in formation of reactive alkenium ions and loss of N».>° Acid-promoted
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decomposition was also demonstrated for diazopeptides and N-nitrosopeptides while under
physiological conditions they are stable.®>? Finally, under neutral conditions, diazoacetate
was demonstrated to be an intermediate of N-nitroso-glycine-induced O°-CMdG and O°-
MedG formation, potentially via formation of carboxymethyldiazonium ion and
diazomethane, whereas the decomposition of NOCs with more stabilized a-diazocarboxy-
groups,> e.g diazopeptides, has to our knowledge not been characterized under physiological
conditions.'! .

Based on the lack of evidence for the decomposition of L-azaserine at neutral pHs, we
tested whether a direct reaction of dG with L-azaserine occurs under physiological conditions,
thereby explaining O®-CMdG formation (Figure 2, A). After short (0.5 h) and long (24 h)
reaction time of dG with L-azaserine, we detected O°®-CMdG and O°-MedG, as well as N?-
CMdG and N?>-MedG. Next to carboxymethylated and methylated dG adducts in the reaction
mixture of dG and L-azaserine, we could also identify O5-Ser-CMdG and, at a lower level,
N2-Ser-CMdG, and their presence was further confirmed by targeted transitions (Figure 4).
Both O°-Ser-CMdG and N2-Ser-CMdG were absent in the reaction mixture with KDA, the
diazoacetate salt that was used as negative control. O%-Ser-CMdG as an intermediate was
further confirmed by monitoring the conversion of isolated O8-Ser-CMdG to O%-CMdG over
time under neutral conditions (Figure S5). The formation of Ser-CMdG from L-azaserine has
been previously mentioned as a possibility, but it was never investigated.!” °* Diazo
compounds with stabilizing electron withdrawing groups are a useful tool in the modification
and detection of biomolecules,>® as demonstrated by the use of ethyldiazoacetate in
carboxylation of dG.*® Next to the O°- position, N’, N3, N? and N* represent nucleophilic sites
in dG susceptible to modification by electrophilic reagents.>® N’-CMG and N’-MeG have
been detected after in vitro NOCs exposure, however, these readily depurinate.?> °* Further,
two methylated-dG adducts with modification other than at the O®position were detected
previously after exposure of ctDNA to KDA and one carboxymethylated-dG adduct other
than O° was present in colon tumor biopsy samples analyzed by a HRMS? approach for
establishing a diet-related DNA adduct database.®

Finally, we characterized the formation and persistence of adducts in cells, as a function of
L-azaserine dose and time of exposure. Therefore, we first developed and validated a
nanoLC-ESI-HRMS? method for simultaneously quantifying O°-CMdG and O°®-MedG in
biological samples based on a PRM approach. To our knowledge, this is the first HRMS
approach for the absolute quantification of 0®-MedG and O°-CMdG in biological samples
using stable isotope-labeled internal standards for accurate quantification of both adducts. A
few methods involving triple quadrupole or ion traps as mass analyzer exist for the detection
and quantification of O°-CM(d)G in biological samples,*® also in combination with O°-
Me(d)G.'"?” A HRMS methodology targeting O®-MeG and O°-CMG and other targeted and
untargeted DNA adducts was successfully applied to colon biopsy samples to establish a diet-
related DNA adducts database and to compare the DNA adduct profile from white vs red
meat in gastrointestinal digestion samples.® ' 0°-MedG was further one of the targeted
adducts in a reported adductomic approach for nitrosamine-induced DNA adducts.”’
Validation of our nanoLC-ESI-HRMS? approach revealed LOQs in matrix were in the low
amol range and comparable to LOQs previously reported for pure standards on nanoLC-ESI-
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MS3,*7 and improved compared to a HRMS method targeting four adducts biological matrix.®
Applying our methodology to HCEC cell exposed to L-azaserine, we found a linear response
between L-azaserine-dose and O°>-CMdG and O%-MedG adduct levels in HCEC cells (Figure
6). Both adducts were present in unexposed control samples, though not quantifiable for O°-
CMdG and below one 0°-MedG adduct/10” nucleotides. We measured maximal O%-CMdG
adduct levels in cells after 48 h of exposure, followed by a steady level up to 120 h (Figure 7).
The 0°-MedG profile showed a similar trend, but the adduct levels were too low for statistical
analysis. The low 0°-MedG levels observed are consistent with the more potent O°-CMdG
formation by L-azaserine.!®"!” Additionally, low levels of O%-MedG measured in cells might
be due to efficient repair of O°-MedG by OS-methylguanine DNA methyl transferase
(MGMT).>® In a previous study, a maximum N’-MeG adduct level was achieved also after 48
h exposure to NDMA, however, in a process requiring metabolic activation by CYP
enzymes.”’ Adduct levels were on the same order of magnitude as previously reported for
colorectal cancer cells exposed to L-azaserine,?” which was more potent in inducing O°-
CMdG.?” Endogenous O%-CMdG and O°-MedG formation has been reported previously and is
likely due to the endogenous formation of s-adenosylmethionine and NOCs,*”> -2 which
account for 45-75% of the total human NOC exposure.!®* Although we collected convincing
evidence for the intermediacy of O°-Ser-CMdG under biologically relevant conditions, we
could find no clear evidence for its presence in azaserine-exposed cell samples. In addition to
a chemical mechanism, in a biological system enzymes might also be involved in L-azaserine
decomposition followed by formation of O°-CMdG and O°-MedG (Figure 2 C).3?33

2.6 Conclusion

In this study, we characterized the chemical basis of L-azaserine-induced OS-CMdG
formation. We identified two mechanisms, occurring under acidic and physiological
conditions respectively, by which L-azaserine converts into reactive intermediates and
induces O-CMdG. Our findings have implications for endogenously formed NOCs that do
not breakdown to diazoacetate under physiological conditions but can form DNA adducts via
nucleophilic attack. We established a highly sensitive nanoLC-ESI-HRMS? methodology and
measured a linear-dose response relationship for O8-CMdG lesions in cells after exposure to
L-azaserine. The knowledge of L-azaserine-induced DNA adduct formation has important
implications to understand O5-CMdG formation and accumulation in cells, and to study its
biological consequences. Overall, this work provides fundamental chemical insight
concerning the basis of how azaserine gives rise to DNA damage and supports its use as a
chemical probe in NOC-induced carcinogenesis research, particularly concerning the
identification of factors that mitigate adverse effects of O®-CMdG.
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Figure S1. Acid-promoted hydrolysis of L-azaserine. Hydrolysis of L-azaserine to L-serine
at A pH 2, t10.=0.4 h B pH 2.4, t1=0.7 h. and C pH 3.4, t1,2=4.7 h. Hydrolysis of L-azaserine
was modeled as a reaction of pseudo first order and half-life (ti2) calculated with the

= kt, tip = % where [Ao]=starting concentration of L-azaserine

following equations:

In[40]
In[4]

(mM), [A]=concentration of L-azaserine at t (mM), k=slope (1/h), (n=3). D No hydrolysis of
L-azaserine L-serine was observed when pH was 5.8, 7.2, 8.5 and 10.5 over 120 h (n =2).
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Figure S2. 'H NMR (400 MHz, Deuterium Oxide) of O®-CMdG as standard for
quantification by nanoLC-ESI-HRMS?2. O8-CMdG: § 8.00 (s, 1H, Ar-H), 6.32 (t, J = 6.9
Hz, 1H, 1>-H), 4.87 — 4.83 (m, 2H, O-CH2), 4.63 (dt, ] = 6.5, 3.4 Hz, 1H, 4’-H), 4.14 (9, J =
3.8 Hz, 1H, 3°-H), 3.79 (qd, J = 12.5, 4.2 Hz, 2H, 5’-H), 2.80 (dt, J = 13.9, 6.8 Hz, 1H, 2’-H),

2.52 (ddd, J = 14.1, 6.4, 3.7 Hz, 1H, 2’-H).
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Figure S3. 'H NMR (400 MHz, Deuterium Oxide) of O®-MedG as standard for
quantification by nanoLC-ESI-HRMS?2. 0-MedG: § 8.02 (s, 1H, Ar-H), 6.30 (t, J = 6.9 Hz,
1H, 1°-H), 4.63 (dt, ] = 6.1, 3.1 Hz, 1H, 4°-H), 4.15 (g, J = 3.5 Hz, 1H, 3°-H), 4.05 (s, 3H, O-
CH3), 3.80 (qd, J = 12.6, 3.9 Hz, 2H, 5>-H), 2.80 (dt, J = 13.9, 6.8 Hz, 1H, 2’-H), 2.52 (ddd, J
=14.0, 6.2, 3.3 Hz, 1H, 2’-H).
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Figure S4. Characterization of 0%-Ser-CMdG. A. A representative liquid chromatography
chromatogram at A=210 nm of a dG azaserine reaction mixture in water after 102 h. The peak
at retention time of 18.7 min was collected for further characterization. B. NanoLC-ESI-
HRMS on an Orbitrap Fusion™ Lumos™ (Thermo Scientific, Waltham, Massachusetts)
characterization of the peak isolated by liquid chromatography. Most intense peak is m/z
413.1411 [M+H]" being identical to the calculated m/z for an O®-Ser-CMdG intermediate
(413.1421), second intense peak is 297.0938 [M+H]+, being identical to the calculated m/z of
a 08-Ser-CMG intermediate (297.0947) most likely from loss of deoxyribose during the
ionization process. C. 'H NMR of the isolated compound confirming the O°-Ser-CMdG
structure.

60



Chemical mechanism of O®-carboxymethyldeoxyguanosine formation and abundance in cells

A -
) i = s
o 3
f «:
=
™ &
%m
= © .
S w b s
5 z e i
2 o B % =
E = :
3w ] = K
2 w0 (=] g
® o S
o O, ;
b :
= 201150
» o /
§
8 \|
A e o 01201
g = = = = e Ll mom 2 Lo <aoste
20 2 =

retention time (min)

C  *H NMR (400 MHz, Deuterium Oxide) § 7.99 (s, 1H, Ar-H), 6.31 (t, J = 7.0 Hz, 1H, 1'-H), 4.85—4.81 (m, 2H, O-CH,), 4.62 (dt, J= 6.7, 3.9 Hz, 1H, 4'-H), 4.13 (g, J= 3.8 Hz,
1H, 3"-H), 3.79 (qd, / = 12.5, 4.1 Hz, 2H, 5'-H), 2.79 (dt, J = 13.9, 6.8 Hz, 1H, 2’-H), 2.51 (ddd, / = 14.9, 6.7, 3.8 Hz, 1H, 2'-H)

> w [
N%\ﬁj\w t3s0
. |
1300

250

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure S5. Characterization of the decomposition product of O8-Ser-CMdG. A. A
representative liquid chromatography chromatogram at A=280 nm of Of-Ser-CMdG after 30 h
in D20. O°%-Ser-CMdG (22.2 min) is not completely hydrolyzed. The peak at retention 41.3
min was collected for further characterization. B. NanoLC-ESI-HRMS characterization of the
peak isolated by liquid chromatography. Most intense peak is m/z 326.1094 [M+H]" being
identical to the calculated m/z for O®-CMdG (326.1101) C. *H NMR of the isolated
compound confirming the O%-CMdG structure.
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Figure S6. Validation results for the quantification of O%-CMdG and O8-MedG by
nanoLC-ESI-HRMSZ2. 0.01-200 nM 08-CMdG and O®-MedG were spiked in ctDNA (15 pg)
or isolated DNA (15 pug) from unexposed HCEC cells followed by sample preparation and
analysis as described. Results were plotted as measured ratio of analyte /internal standards
over expected ratio of analyte/internal standard. Reasonable linearity was achieved for the
analysis of 0®-CMdG and O°®-MedG in matrix.
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Figure S7. Viability of HCEC cells exposed to azaserine. Cell were exposed to 0, 1, 10, 50,
250, 750, 1000 and 2500 puM azaserine for 120 h and cell viability was determined by
CellTiterGlo. Cell viability is expressed in % to un-exposed control cells (100 %viability)
(mean £ SD, n=3). When exposed to 500 uM azaserine, concentration chosen for time-

dependent adduct level measurement (Figure 7), 40 % of cells were viable after 120 h. Data
were fitted in a nonlinear curve using the function [Inhibitor] vs response of GraphPad (R?

was 0.92). EC50 was calculated to be 220 pM.

63



Chapter 3

Chapter 3: A combination of direct reversion and excision repair
in cells reduces the mutagenic effects of DNA carboxymethylation

Manuscript in preparation

Claudia M.N. Aloisi, Nora A. Escher, Susanne M. Geisen, Hyun S. Kim, Jung E. Yeo,
Orlando D. Schérer, Shana J. Sturla*

Aloisi C.M.N. designed the studies, synthesized O®-CMG containing phosphoramidites
and oligonucleotides, produced circular DNA for NER assay, performed EMSA and carried
out cell-based studies and DNA extraction. Escher N.A. carried out cell-based studies, DNA
extraction, and produced circular DNA for NER assay. Geisen S.M. performed sample
preparation and mass spectrometry analysis of genomic DNA from exposed cells. Kim H.S.
and Yeo J.E. assisted in EMSA and performed NER assay. Aloisi C.M.N., Escher N.A. and
Geisen S.M. interpreted data. Aloisi C.M.N., Schérer O.D. and Sturla S.J. conceived the
research. Aloisi C.M.N., Geisen S.M., Schérer O.D. and Sturla S.J. wrote the manuscript.

64



MGMT and NER reduce mutagenic effects of DNA carboxymethylation

A combination of direct reversion and excision repair in cells
reduces the mutagenic effects of DNA carboxymethylation

Claudia M.N. Aloisi!, Nora A. Escher?, Susanne M. Geisen!, Hyun S. Kim?, Jung E. Yeo?,
Orlando D. Scharer?, Shana J. Sturlal*

!Laboratory of Toxicology, Institute of Food Nutrition and Health, Swiss Federal Institute of
Technology, 8092 Ziirich, Switzerland

2Ulsan National Institute of Science and Technology, Ulsan, Korea

“Correspondence to Prof. Shana J. Sturla, Email: sturlas@ethz.ch

65



Chapter 3

3.1 Abstract

O°%-alkylguanines are some of the most mutagenic forms of damage to genomic DNA and
are a molecular initiating event in chemical carcinogenesis. The occurrence of O°F-
carboxymethylguanine (O®-CMG) in particular has been linked to meat consumption and
hypothesized to contribute to the development of colorectal cancer. However, the cellular fate
of O8-CMG s poorly characterized and the literature on repair mechanisms that protect cells
from OS-CMG mutagenicity is contradictory. With the present work, we unravelled a
longstanding question in DNA repair concerning the identification of how cells target and
remove OS5-CMG. We found that cells deficient in either O°-methylguanine-DNA
methyltransferase enzyme or nucleotide excision repair machinery accumulate O°-CMG DNA
adducts and are, therefore, more sensitive to carboxymethylating agents, mutating at a higher
rate. The findings of this work advance our understanding of the relationship between O°-
CMG DNA damage, repair and DNA mutation.

3.2 Introduction

DNA is continuously damaged by endogenous cellular events and exogenous
environmental agents. In response to the DNA damage, a complex network of proteins is
activated to sense and repair the damage.! To overcome the blockage to replication, damage
can also be tolerated and bypasses at the expense of introducing mutations in the DNA,
increasing the likelihood of carcinogenesis when cancer driver genes are affected.

O°%-alkyl-guanines (O®-alkylGs) are mutagenic DNA adducts that have been linked to the
development of cancer.?* Q%-alkylGs are formed by exposure to endogenous and exogenous
alkylating agents such as N-nitroso compounds (NOCs)® and anticancer drugs such as
temozolomide that decompose into alkyl-diazonium cations.® Common exogenous sources of
NOCs and of their precursors to humans are drugs,’ tobacco smoke,’ red and processed meat.
NOCs precursors include nitrogenous dietary compounds that can be converted to NOCs
through nitrite-derived nitrosation,® a reaction favoured in the acidic gastric environment.°

Particularly relevant to dietary factors and digestion processes, O®-carboxymethylguanine
(O°-CMG) has been detected in human colorectal DNA,!! and its formation has been
associated with meat consumption.® 12 Therefore, O°-CMG has been hypothesized to be a
potential molecular initiating event in the development of colorectal cancer (CRC) linked to
diets high in meat.* O®-CMG DNA adduct is highly mutagenic and the mutational spectrum
induced by a carboxymethylating agent in the cancer-relevant gene p53 resembled the one
measured in CRC and stomach cancer tissues.!* Studies interrogating the fidelity of
replication past O5-CMG performed in vitro®>*" and in vivo in bacteria®® have shown that T
can be incorporated opposite O5-CMG instead of A, providing a basis for its mutagenicity and
a potential cause-effect relationship with carcinogenesis.

While the structural and mechanistic basis of O®-CMG mutagenicity has been investigated,
there is a lack of knowledge of how Of-CMG is eliminated from genomic DNA to alleviate
the rise of mutations, with only few studies hinting at a role of O°-methylguanine-DNA
methyltransferase (MGMT) and nucleotide excision repair (NER) in the repair or O5-CMG.*
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2L MGMT is an alkyl transferase that can directly remove the methyl group from O®-MeG
DNA.?2* The human MGMT gene shares homology with other species including rodents,
and analogously to humans, mice deficient in MGMT were hypersensitive to methylating
agents and showed increased tumorigenesis.?>? The level of MGMT was a reliable predictor
of sensitivity of human tumors to treatment with the alkylating agent temozolomide.? % In
contrast to repair by MGMT, which is mediated by a single enzyme, NER involves the
concerted function of several factors, and it is made of two sub-pathways, global genome
(GG) and transcription coupled (TC)-NER, which differ in the step of lesion recognition. GG-
NER is initiated by XPC-RAD23B that recognizes DNA duplex distorting lesions, and TC-
NER is initiated by the stalling of transcribing RNA polymerase with the help of CSB.

The carcinogen azaserine is used to form O5-CMG in cells and it was shown to induce
DNA mutations.®! Bacteria and yeast cells deficient in NER genes showed hypersensitivity
and increased mutation rate following azaserine exposure.32-3 Karran and colleagues exposed
human cell lines with DNA repair defects to azaserine and found that NER-deficient cells
were sensitive to the treatment.?! By contrast, deficiencies in other repair pathways including
MGMT did not influence cell survival,?® in line with previous observation that purified
bacterial MGMT were not able to remove the carboxymethyl- group from OS-CMG-
oligonucleotides.’® Given the well-established role of MGMT in repairing O%-MeG, the
activity of MGMT towards O®-CMG was readdressed in 2013, and O5-CMG was found to be
a competent substrate of the purified human MGMT.?® However, evidence that MGMT
repairs O°-CMG in cells was not established. Overall, studies addressing the cellular fate of
0°%-CMG DNA damage are critically missing or contradictory.

In this work, we aimed to resolve the relative contribution of NER and MGMT to O°-CMG
persistence and mutagenicity. We found that the carboxymethylating agent azaserine was
more toxic and significantly more mutagenic in cells depleted of MGMT or deficient in NER
proteins. The exposure to azaserine in repair-defective cells resulted in a higher number of O°-
CMG adducts, suggesting the accumulation of DNA adducts as a potential cause of DNA
mutations. Studies are ongoing to better characterize the involvement of NER proteins in the
repair of O®-CMG. With the present studies, we answer a longstanding question regarding the
role of repair pathways in the cellular accumulation of O%-CMG and how DNA repair
deficiencies contribute to the rise of DNA mutations, in a repair- and drug dose-dependent
manner.
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3.3 Results

Reduced MGMT function sensitizes cells to carboxymethylating agent azaserine

Given the lack of consensus in the literature concerning whether MGMT repairs
carboxymethylated DNA in cells, we aimed to test the cellular impact of MGMT-inhibition
on cellular phenotype induced by azaserine. Previously, cell survival in response to azaserine
has been employed to identify DNA repair pathways responsible to remove azaserine-induced
DNA damage, and particularly O%-CMG.?' However, azaserine toxicity can also result from
other activities of the drug in the cell, such as the inhibition of nucleotide synthesis.®
Therefore, we reinvestigated the contribution of MGMT repair to azaserine mutagenicity. We
employed the HPRT assay for the measurement of mutagenicity, which has been extensively
performed on rodent cells.3¢-% We therefore employed CHO cells in our studies, as they were
more suitable in our studies than human cells (not shown). To assess the contribution of
MGMT, we chemically depleted V79-4 cells of MGMT by treatment with O%-benzylguanine
(0%-BnG), a well-established MGMT-inhibitor.*> 4! In the absence of treatment with
additional agents, a dose of up to 60 uM of O®-BnG was not toxic (Fig. S1A), and this was
the maximal dose used in our studies in V79-4 cells. To confirm the activity on MGMT of O°-
BnG at the chosen concentration, we measured the level of O®-MeG lesions by mass
spectrometry upon treatment with the methylating agent MNNG, and compared to those
formed when cells were pre-treated with O®-BnG (Fig. S.2A).4

To measure the effect of influence of MGMT on azaserine cytotoxicity, we exposed V79-4
cells to azaserine (0-5 pM) and to O8-BnG (0, 40 uM) for 24 h and measured cell viability
after 2 days of incubation in drug-free media. We found that cell survival of V79-4 cells was
reduced when cells were exposed to O°-BnG in addition to azaserine (Fig. 1A, top). Cells
were counted directly after exposure and every 24 h for 3 days. By allowing cells to grow
after exposure to azaserine, the difference in cell number associated with MGMT -proficiency
was enhanced and better measurable. The resulting curve of cell growth was lower for cells
that were treated with both O°-BnG and azaserine, suggesting that MGMT-inhibition
effectively diminished the number of cells (Fig. 1A, bottom).

Having observed that MGMT-inhibition increased the sensitivity of V79-4 cells to
azaserine, we asked whether a similar phenotype could be observed in human cells. We
measured azaserine cytotoxicity upon MGMT-inhibition in HCEC cells, an immortalized but
normal diploid human colon epithelium cell line,** 4 a model for healthy colon tissue.*® We
exposed HCEC cells to azaserine (0-5 mM) and to O®-BnG (50 pM) for 24 h and measured
cell viability after 3 days of incubation in drug-free media. We found reduced in cells
depleted of MGMT by exposure to O5-BnG (Fig. 1 B, top). Similarly to what observed for
V79-4 cells, the number of was significantly reduced by MGMT-inhibition (Fig. 1 B,
bottom).
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Figure 1. Cell viability and cell proliferation upon exposure to azaserine. V79-4 (A),
HCEC (B) cells were pre-conditioned for 2 h with O%-BnG (40 uM for V79-5; 50 uM for
HCEC), followed by exposure to azaserine (0-5 uM for V79-4; 0-5 mM for HCEC) for 24 h.
Cell viability (top graphs) was measured by CellTiter-Glo assay, 2 or 3 days after 24 h-
exposure. To measure cell proliferation (bottom graphs), cells were counted immediately after
exposure (24 h) to azaserine (1 uM for V79-5 and 200 uM for HCEC; concentration indicated
by dashed arrow) and O°®-BnG, or after 1 day (48 h), 2 days (72 h) or 3 days (96 h). Data were
represented using GraphPad Prism 8. Cell viability data were fit in a nonlinear regression
curve, using a dose-response function; cell proliferation data were fit in an exponential curve,
using a growth equation. Error bars indicate standard deviation. Experiments were performed
in triplicates, each with three technical replicates. Two-way ANOVA with Sidak’s multiple
comparison test was performed to compare proliferation between +/- 0%-BnG at each time
point (*p<0.05, **p<0.01).

Reduced MGMT function enhances azaserine mutagenicity in cells

Having established the influence of MGMT on the sensitivity of cells to azaserine, we
anticipated a potentially more significant and relevant impact on mutagenicity due to the
cause-effect relationship of DNA adducts with mutation. We performed the HPRT
mutagenicity assay in V79-4 rodent cells exposed to azaserine and depleted of MGMT-
activity by exposure to O8-BnG. Ethyl methansulfonate (EMS) was employed as a positive
control (Fig. S3). Preliminary tests were performed to identify the concentration of azaserine
to test (Fig. S3) and the time of exposure. Final conditions consisted in 24 h-treatment, one
week-incubation to express mutations, and one week-incubation in selection media to select
mutants generated by the treatment.

We found that azaserine was mutagenic in VV79-4 cells, and that mutagenicity was dose-
dependent (Fig. 2A, black bars: 0; 0.5; 2 uM azaserine). O5-BnG instead was not mutagenic at
the tested concentrations (Fig.2B, black bars), but significantly increased azaserine
mutagenicity (Fig. 2B). The enhanced mutagenicity of azaserine upon MGMT-inhibition
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suggests that the depletion of MGMT could result in the accumulation and persistence of
azaserine-induced O8-CMG adducts, and give rise to mutations.
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Figure 2. Mutagenicity in V79-4 cells exposed to azaserine and O8-BnG. V79-4 cells were
exposed to O®-BnG (0, 20, 60 uM) followed by azaserine (0, 0.5, 2 uM). HPRT assay was
performed as described and mutant colonies were counted manually after two weeks. Data
were represented using GraphPad Prism 8. Graphs A and B represent the same data, with
significance values calculated by comparing to azaserine-unexposed (A) or to O8-BnG-
unexposed (B) samples. Statistical significance was obtained by performing two-way
ANOVA with a Tukey post hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
Significance is relative to unexposed control for each set of data.

Accumulation of 0%-CMdG adducts and mutations in V79-4 cells depend on
azaserine dose and on MGMT level

To test the hypothesis that the increase in mutagenicity observed upon MGMT-inhibition is
due to the persistence of O5-CMG adducts, levels in azaserine-exposed cells as a function of
0°-BnG exposure were measured by mass spectrometry. VV79-4 cells were exposed to O°-
BnG (60 uM) for 2 h and azaserine (0 or 2 uM) for 24 h; DNA was extracted from cells,
hydrolysed enzymatically and purified for mass spectrometry analysis. Unexposed samples
were prepared as controls and to define the background level of O®-CMdG. Although
azaserine can induce both O®-MeG and O°-CMG, it was previously reported that O®-MeG is
formed at around 10 or 20-fold lower level than O5-CMG, depending on the cell line.*
Furthermore, the phenotype (e.g. mutagenicity) induced by azaserine or by its analogue
diazoacetate is usually ascribed to O5-CMG, as it differs greatly from the phenotype of O°-
MeG or from the one induced by methylating agents.'* 2

The level of 05-CMdG adducts in azaserine-exposed cells increased with the dose of drug
and with the degree of MGMT-inhibition ((Fig. 3A), mirroring the levels of mutations
measured via HPRT assay (Fig. 2 and repeated in Fig. 3B). The positive correlation between
the level of lesions and mutations in the HPRT gene supports a potential causative role of
DNA mutations by O%-CMG. No adducts were detected in unexposed control cells,
suggesting that, in V79-4 cells, O5-CMG does not represent a prevalent DNA damage under
physiological conditions. In MGMT-proficient cells (Fig. 3A black bars; 0 pM 08-BnG),
exposure to 0.5 UM azaserine resulted in no detectable O%-CMdG adduct levels, while
exposure to 2 azaserine induced low levels of O8-CMdG (ca. 2-3 lesions per 107 nucleotides).
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Pre-conditioning with O%-BnG (Fig. 3A dark and light grey bars; 20 and 60 uM O®-BnG) and
the consequent competitive inhibition of MGMT resulted in a higher number of O5-CMdG
adducts, also quantifiable in cells exposed to 0.5 uM azaserine. Similarly to the rise of
mutations, the most significant increase in O%-CMdG levels compared to unexposed cells was
measured after cells with the highest level of MGMT-inhibition were exposed to the highest
azaserine concentration (2 pM). Decreased MGMT repair proficiency resulted in the
accumulation of O5-CMdG adducts, suggesting a pivotal role of MGMT in protecting cells
against O5-CMG mutagenicity.

Considered the putative involvement of MGMT in the clearance of O5-CMG, MGMT-
inhibition is expected to cause a stable persistence of O5-CMG over time. To assess the
cellular repair rate for O®-CMG and the impact of MGMT on time-dependent O%-CMG-
removal, we are planning to measure O%-CMdG adduct levels following exposure to azaserine
and including varying recovery time points. Adduct levels over time will be compared to
levels assessed in MGMT-inhibited cells.
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Figure 3. Level of O-CMdG lesions upon exposure to azaserine and O%-BnG. V79-4 cells
were pre-conditioned with O%-BnG (0, 20, 60 pM) for 2 h, followed by a 24 h-exposure to
azaserine (0, 0.5, 2 uM). DNA was extracted and samples processed for O®-CMdG-analysis
by nanoLC-ESI-hrMS? as described in Chapter 2. The number of adducts is normalized to
sample nucleotides content. Experiments were performed three times and mean values are
represented, with error bars indicating SEM. (A) Azaserine-induced mutagenicity in V79-4
(Fig. 2) is reported here for comparison (B). Statistical significance was obtained by
performing two-way ANOVA with a Tukey post hoc test ( **p<0.01, ***p<0.001,
****p<0.0001). Significance is relative to untreated control for each set of data

Overall, we found that the inhibition of MGMT sensitizes mammalian cells to
carboxymethylation, results in the accumulation of O8-CMdG and increases the rise of
mutations. Thereby, with the presented studies on MGMT-inhibition, we established that
MGMT has a significant impact on the cellular response to azaserine.

Considered the general lack of studies regarding the repair of O%-CMG in cell studies, and
that our findings on MGMT contradict a previous work where MGMT deficiency had no
significant impact on human cell sensitivity to azaserine,?* future effort should focus on
testing the role of other repair pathways in removing O%-CMG from the DNA. In particular,
NER is known to repair Of-alkylG DNA damage in lower organisms,®® 47-4° and was
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previously suggested to have a protective role in response to carboxymethylation in human
cells.?! Therefore, we were interested in confirming and further characterizing the role of
NER in response to azaserine and to O®-CMG DNA damage.

NER-deficiency sensitizes cells to azaserine

To test the impact of cellular deficiencies in NER repair on azaserine phenotype, we
compared the cell viability upon azaserine exposure in cells deficient in NER protein to wild
type (WT) with NER-activity. We employed CHO rodent cells: CHO UV20 (ERCC1-
deficient) cells and CHO UV20 cells transduced with a lentiviral vector expressing wild-type
hERCC1, therefore “WT” in the NER function. ERCCI1-XPF is an NER endonuclease,
responsible for the incision 5’ to the lesion, necessary for the excision of a short DNA strand
containing the lesion. We exposed CHO cells to increasing concentrations of azaserine (0-10
pUM) for 24 h and measured cell viability after 2 days of incubation in drug-free media. As
response to azaserine-exposure, cell survival was lower in CHO UV20 repair deficient cells,
when compared to CHO WT cells (Fig. 4A). Noteworthy, no significant difference between
CHO WT and CHO UV20 survival upon exposure to azaserine was recorded when measuring
cell viability directly after the 24 h-treatment (Fig. S3), suggesting that the time of
measurement is critical when investigating the impact of DNA damage and the role of cellular
repair pathways, as observed for other cells (Fig. 1, top graphs).

Combined NER-deficiency and MGMT-inhibition do not further sensitize cells to
azaserine

Having observed significant changes in cellular response to azaserine when MGMT or
NER are depleted separately, we were interested whether the simultaneous impairment of
both repair pathways could have an additive effect on increased cellular sensitivity to
azaserine. Therefore, we exposed CHO cells, WT and UV20, to increasing concentrations of
azaserine (0-10 uM) and to a sub-toxic (Fig. S1) dose of O%-BnG (20 uM). While CHO WT
cells were more sensitive to azaserine when also O®-BnG was included, viability of CHO
UV20 cells was independent from O5-BnG exposure (Fig. 4B). The observation that the
depletion of MGMT had no measurable effect on azaserine cytotoxicity in NER-deficient
cells might be due to experimental limitations (e.g. high variability of the signal), or to
saturation of azaserine toxic properties, or indicate no further dependence of azaserine toxicity
on repair proficiency. Further studies need to be conducted to establish more directly what is
the combined impact of NER and MGMT in response to azaserine and azaserine-induced
DNA damage.
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Figure 4. Cell viability upon exposure to azaserine and 0%-BnG. CHO WT and CHO
UV20 KO cells were treated for 24 h with increasing concentrations of azaserine (0-10 uM)
(A) or pre-conditioned with O%-BnG (20 puM) followed by azaserine exposure (B). Cell
viability was measured by CellTiter-Glo assay after two days. Data were represented using
GraphPad Prism 8. Cell viability data were fit in a nonlinear regression curve, using a dose-
response function. Error bars indicate standard deviation. Experiments were performed three
independent times, each with three technical replicates

NER-deficiency enhances azaserine-mutagenicity

Given the higher the sensitivity of NER-deficient CHO cells to azaserine toxicity, we
anticipated a potentially similar impact on mutagenicity. To test the contribution of NER in
azaserine mutagenicity, HPRT assay was performed in CHO WT and CHO UV20 cells
exposed to azaserine for 24 h. We found that azaserine was mutagenic in CHO cells at the
highest dose tested (2 uM), and that NER-deficient CHO cells were significantly more
mutated than the CHO WT cells upon exposure to azaserine (Fig. 5), despite the variability in
the level of mutants counted per dish that can be a limitation intrinsic of the HPRT assay.
Noteworthy, the mutagenic concentration of 2 uM azaserine corresponded to around 50%
viability in CHO cells (Fig. 4A). Instead, the sub-toxic dose of 0.75 pM of azaserine, which
causes only 10% reduction of viability in CHO cells (Fig. 4A), was not mutagenic.

Combined NER-deficiency and MGMT-inhibition significantly enhance
azaserine-induced mutagenicity

In this work, we established an increase of azaserine mutagenicity induced separately by
MGMT-inhibition and by NER-deficiency in cells, which is likely caused by the
accumulation of unrepaired DNA damage. Thus, we were interested to assess the combined
impact of the two pathways on azaserine mutagenicity. Therefore, we pre-conditioned CHO
cells, WT and UV20, with O®-BnG (20 uM) followed by azaserine exposure (0, 0.75, 2 uM)
for 24 h. We found that when MGMT was inhibited by O%-BnG, azaserine was generally
more mutagenic in CHO cells, inducing mutants also at the lower dose of 0.75 pM.
Remarkably, the increase induced in NER-deficient CHO UV20 cells was significantly higher
than the increase induced in CHO WT cells. Additionally, the difference between CHO UV20
and CHO WT hprt mutants is less than 3-fold when cells are exposed to 2 UM azaserine and
no O%-BnG (Fig. 5, black and dark grey bars), but it reaches a difference of almost 10-fold
when MGMT is inhibited (Fig. 5, light grey and white bars). Thus, we wondered whether

73



Chapter 3

MGMT and NER repair pathways could have a synergistic protective role towards azaserine-
induced mutagenicity.
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Figure 5. Mutagenicity in CHO WT (WT) and CHO UV20 KO (KO) cells exposed to
azaserine and 0%-BnG. CHO WT (NER +) and CHO UV20 KO (NER -) cells were pre-
conditioned with 20 uM 0O°-BnG (MGMT -) or 0 pM 0°%-BnG (MGMT +) and exposed to
increasing concentrations of azaserine (0, 0.75, 2 uM) for 24 h. HPRT assay way performed
as described and mutant colonies were counted manually after two weeks. Data were
represented using GraphPad Prism 8. Statistical significance was calculated by performing
two-way ANOVA with a Tukey post hoc test (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001). Significance is shown among selected bars.

Noteworthy, some albeit low mutagenicity was measured for the first time in the absence
of azaserine (negative control) when MGMT was inhibited in CHO NER deficient cells. Due
to the absence of any mutagen, we reasoned that mutations might have arisen from mutagenic
endogenous damage, from which the cell is left particularly unprotected when both NER and
MGMT repair pathways are absent or defective. Because neither MGMT nor NER separate
depletion was sufficient to give rise to mutations in CHO cells, we reasoned that either (1)
MGMT- or NER-dependent mutagenicity arising from endogenous damage is individually
below the limit of detection of the HPRT assay, or (2) that MGMT and NER might have a
synergistic role towards endogenous damage. Although the former hypothesis is likely,
especially given the low frequency of mutants observed in the untreated CHO UV20 KO +
0°%-BnG samples, more effort should be invested to interrogate a putative relationship
between MGMT and NER in DNA damage repair and specifically for the case of O5-CMG
adduct.

Accumulation of O5%-CMdG adducts in CHO cells is azaserine dose-dependent
and partially dependent on cellular repair capacity

To test the hypothesis that the increase in mutagenicity observed in NER-deficient cells
(Fig. 5) is due to the persistence of adducts, O°®-CMdG adduct levels in azaserine-exposed
cells were measured by mass spectrometry and evaluated with regard to NER and MGMT-
activity (Fig. 6 A-B). CHO cells were exposed to azaserine (0-5 uM) and co-exposed to O°-
BnG (0, 20 uM) for 24 h. Unexposed samples were prepared as controls and to define the
background level of O5-CMdG. For all drug conditions, we measured a consistently higher
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level of O5-CMdG adducts in KO CHO cells when compared to WT cells and independent of
MGMT activity; however, at the lowest concentration of azaserine (0.75 uM), the increase in
level adducts is only mild. Furthermore, the level of adducts is significantly different to
untreated cells. Indeed, differently from what was observed in V79-4 cells, both WT and KO
CHO cells presented detectable O®-CMdG in the absence of any drug treatment. Although
physiological levels of O®-CMdG have been previously reported elsewhere,> their presence
hinders the comparison among cells when exposed to low levels of azaserine. Therefore, we
included a higher dose to the ones tested in the HPRT assay, i.e 5 uM.
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Figure 6. O5-CMdG levels upon exposure to azaserine and 0%-BnG. CHO cells were pre-
conditioned with O8-BnG (0, 20 uM) and exposed for 24 h to increasing concentrations of
azaserine (0, 0.75, 2 uM). DNA was extracted and samples processed for O®-CMdG-analysis
by nanoLC-ESI-hrMS? as described in Chapter 2. The number of adducts is normalized to
sample nucleotides content. Experiments were performed two times. (A-B) Azaserine-
induced mutagenicity in CHO cells (Fig. 5) is reported here for comparison (C). Data were
represented using GraphPad Prism 8. Statistical significance was calculated by performing
two-way ANOVA with a Tukey post hoc test (*p<0.05, **p<0.01, ***p<0.001. Significance
is shown among selected bars

When exposed to 5 M of azaserine, the depletion of MGMT induced a 5-fold increase of
0°-CMdG adducts in WT CHO cells (Fig 6A light grey vs. black bar) and, remarkably, a 30-
fold increase in KO CHO cells (Fig 6A white vs. dark grey bar). When MGMT was functional
and cells were not co-exposed to O%-BnG, we did not measure a different level between NER
WT and KO cells (Fig 6A black vs. dark grey bar). However, when MGMT was depleted,
NER deficient cells presented 6 times more lesions than NER proficient cells (Fig 6A light
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grey vs. white bar). A similar outcome is also measured when cells were exposed to 2 uM
azaserine, where a difference in adduct level between NER WT and KO cells is only
measured when MGMT s inhibited. The apparently different degree of sensitivity of the
measurement of mutations vs. adducts is not surprising, as the HPRT assay is performed on
selected mutant cells. Indeed, despite the need of a higher azaserine concentration in CHO
cells when measuring O°-CMdG lesions compared to mutations (Fig. 6B vs. C), both
experiments similarly suggested that NER and MGMT pathways contribute to the repair of
0°-CMG in cells, potentially in a non-additive manner.

Functionality of NER proteins in O®-CMG DNA recognition and repair

Data collected from cell survival assays, mutagenicity and adduct level measurements in
this work suggest that NER and MGMT have a mutual influence in O5-CMG removal and
protection from toxic and, especially, mutagenic properties. Despite hinting at the same
conclusion, the outcome of mutagenicity assay and adduct accumulation in CHO cells
exposed to azaserine were not in agreement for the low concentrations of azaserine. These
discrepancies are likely due to the fact that adduct accumulation is a short-term phenotype,
while mutations represent a long-term effect to azaserine exposure. Therefore, a direct
comparison of conditions is not easily achieved. However, it motivated us to evaluate O°-
CMG removal on a biochemical level, especially with reference to the NER machinery. The
role of the isolated MGMT enzyme in reversing O%-CMG has been shown.'® 2° However, to
our knowledge, similar investigations have not been performed with NER proteins. Thus, we
performed biochemical assays with isolated NER proteins to assess whether the NER
complex has the potential to recognize and excise O®-CMG from a DNA strand.

To test the binding of purified XPC-RAD23B protein (damage recognition factor of global
genome NER) to O5-CMG DNA, we performed EMSA experiments. We synthesized a 24mer
oligonucleotide containing OS5-CMG and annealed it to a fluorescently labelled
complementary strand (Fig. S4). As negative and positive controls for binding, we prepared
respectively undamaged (G) dsDNA, and dsDNA containing a well-established NER target,
namely acetylaminofluorene (AAF).>! We incubated the different samples of dsDNA with
XPC-RAD23B at increasing concentrations, and we assessed the binding of the protein to the
dsDNA by resolving samples on a denaturing gel and imaging for the fluorescent DNA (Fig.
S4). When dsDNA was bound to XPC-RAD23B, a shift of signal towards the top of the gel is
recorded (as DNA bound to a protein runs slower through a gel). We found that dsDNA
containing O®-CMG bound to XPC-RAD23B at lower concentrations of the protein compared
to the undamaged DNA, and at slightly lower concentrations when compared to the positive
control AAF (Fig. 7). However, because XPC binds strongly to DNA even when not
containing NER targets, the difference in signal shift is mild. For this reason, when
performing EMSA analysis with XPC-RAD23B, unlabelled DNA is normally introduced as
competitor for binding.>! By engaging with XPC-RAD23B and subtracting it from binding to
other unmodified DNA, the presence of a competitor makes a difference in binding between
non-NER targets and potential NER targets more easily detectable. In future studies, we
propose to include a competitor when performing EMSA experiments.
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Figure 7. XPC-RAD23B binding to damaged and undamaged DNA. XPC-RAD23B at
increasing concentrations (0-40 nM) was incubated with Cy5-labeled DNA: undamaged DNA
(G, negative control) or DNA containing AAF adduct (positive control) or O%-CMG (here,
0ligo-08-CMG-12 was used). Reactions were resolved on a denaturing gel and the shift of
Cyb5-labeled DNA signal (upper bands in Fig. S4 C) from untreated samples (0 nM XPC-
RAD23B) was an indication of binding of the dsSDNA to XPC-RAD23B. Band intensity was
quantified on Image Lab software. The relative fraction of unbound DNA (lower bands, Fig.
S4 C) was normalized as follows: 100*[unbound DNA] / (Junbound DNA] + [bound DNA])
and plotted on GraphPad Prism 8. The resulting sigmoid curves was fit using the Hill equation
on GraphPad Prism 8 and Kq values (table) were obtained from the half-maximal binding
point.

To test the capability of the NER machinery to recognize, bind and excise a region of DNA
containing O8-CMG, we performed a cell-free NER assay, by using purified NER proteins or
cellular extracts, combined with DNA containing O®-CMG, and assessing the excision of a
short oligonucleotide containing O5-CMG via [0-32P] DNA end-labelling. We produced
circular dsDNA containing O%-CMG by extending 24mer O5-CMG oligonucleotides (both
0ligo-08-CMG-10 and oligo-O®-CMG-12 were used) annealed to a complementary region on
circular ssDNA, which was produced in XL1 blue E.Coli cells, infected with helper phage
R408. We used dsDNA containing a G-AAF adduct as positive control for NER excision.
Samples containing either G-AAF or O%-CMG were incubated with HelLa extracts, or with
NER proteins +/- XPA, pivotal for the proceeding of repair after damage recognition. We
found that under none of the tested conditions DNA containing O5-CMG was excised.
Instead, the positive control G-AAF was excised in all cases, except when XPA was not
present. (Fig. 8) Preliminary data obtained from the NER assay disagree with both EMSA and
cell-based studies, and suggest no involvement of the NER proteins in removing O®-CMG. In
future experiments, the NER assay will be repeated, and factors such as MGMT or others
proteins that might be crucial for NER activation or recognition will be included in the mix of
purified proteins. In the case of employing the HelLa extracts, western blot of MGMT and
other relevant factors should be performed to confirm their presence (the level of mRNA for
MGMT in HelLa cells is on a middle-high;52 however, the actual amount of translated
MGMT is not known). While being a powerful and robust tool to test the excision of damaged
DNA by NER, the NER assay is based on a cell-free system and is restricted to the factors
and conditions tested. Thus, more and more direct evidence of NER role in cells should be
collected.
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Figure 8. Interaction of O8-CMG in plasmid DNA with NER factors. Samples 1-2, 7-8
consisted of G-AAF; samples 3-4, 9-10 of oligo-O®-CMG-10 and samples 5-6, 11-12 of
0ligo-08-CMG-12. Samples 1-6 were incubated with HelLa extract for 45 min at 30°C;
samples 7-12 were incubated with NER proteins (except XPA for samples 7, 9 and 11) for 90
min at 30 °C. After incubation with either HelLa extract or NER proteins, all samples were
detected by annealing to a complementary oligonucleotide with a 5-GpGpGpG overhang,
which served as a template for end-labelling with [0-3?P]-dCTP with sequenase. The reaction
products were resolved on a denaturing polyacrylamide gel and imaged using a
Phosphorimager.
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3.4 Discussion and Future studies

Mechanisms of DNA damage repair are pivotal to ensure cellular stability, and their
disruption has been associated with adverse biological outcomes, particularly cell death,>3-°
rise of mutations at the DNA and cancer.>®® Thus, the contribution to mutagenesis and
carcinogenesis of DNA damage that can be replicated depends on the cellular capacity to
repair that damage. However, the identity and the cellular impact of the repair that targets
some mutagenic DNA adducts is not known or well-characterized, hindering our
understanding of how mutations arise and our ability to assess the increased risk associated
with the exposure to certain chemicals.

0°%-CMG is a mutagenic DNA adduct to which humans can be exposed upon red and
processed meat consumption,* 8 112 and that has been hypothesized to drive the development
of colorectal cancer.!®> However, it not yet clear what cellular pathways specialized in
repairing O®-CMG prevent from its accumulation and alleviate O®-CMG-induced
mutagenicity. Few studies have been carried out to address this question, and only one was
performed in human cells. Furthermore, results were contradictory, making our current
knowledge of O®-CMG repair elusive.

In the present study, we investigated how the phenotype of O%-CMG induced by the
carboxymethylating agent azaserine in cells is affected by NER and MGMT repair pathways,
for which contradictory evidences have been obtained regarding O%-CMG repair.?® 2t We
found that azaserine was significantly more toxic in mammalian cells depleted of MGMT. We
measured mutagenicity via a phenotypic assay and observed that azaserine was mutagenic in
rodent cells in a dose-dependent manner. In particular, mutagenicity was low at sub-toxic
concentrations but the number of induced mutants significantly increased when MGMT was
inhibited. Similarly, to confirm and further characterize NER repair of O°-CMG, we
employed cells with defined deficiencies in NER and measured cell viability and mutant
occurrence upon azaserine exposure. Impaired NER-capacity sensitized cells to both azaserine
toxicity and mutagenicity, hinting at a role of NER in removal of O®-CMG. However,
preliminary results from cell-free assays show that NER proteins were not proficient at
excising O8-CMG, although the NER lesion recognition factor XPC could bind to O%-CMG
more strongly than to undamaged DNA. We reasoned that some factors that are not NER but
needed for O%-CMG repair might have been missing in the experimental set-up of the NER
assay and that some more testing is required. Finally, when we measured mutagenicity in cells
depleted of both, MGMT and NER, we obtained an increased rate of mutants, significantly
higher than when MGMT and NER were depleted individually, and higher than their sum.
Although more concentrations of azaserine and O°-BnG need to be tested (experiments
ongoing) to define whether the combined effect of MGMT and NER depletion on
mutagenicity is simply additive and not synergistic, we reasoned that the increased
mutagenicity might derive from a cooperative or cross-dependent relationship between
MGMT and NER.

Previous work performed with yeast and bacterial alkyltransferase-like (ATL) proteins,
which are homologous of MGMT but lack of transferase activity,®* 474° showed how ATL
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proteins serve as signalling factors of O®-alkylG to the NER pathway, by binding to O°-
alkylGs and making the adducts easily detectable by NER. Although ATLs have not been
found in higher eukaryotes yet, studies on ATLs signalling function raises the questions of
whether alkyltransferases such as MGMT might have a similar role of cross-communication
between repair pathways in the presence of O®-CMG in higher organisms, in addition to its
transferase activity.

With the present work, we unravelled a longstanding question in DNA repair concerning
the identification of how cells remove O®-CMG and that that inadequate removal of this
adduct gives rise to mutations. Both NER and MGMT function to alleviate O%-CMG
detrimental consequences in cells, providing a clear resolution concerning previously
conflicting evidence. Our findings are also further consistent with results from a recent study
suggesting that MGMT and NER are the major cellular pathways proficient at repairing other
0°%-alkyG adducts.®® The major open question remaining concerns the mechanism for how
NER and MGMT target O%-CMG, in a potentially concerted manner, and whether other as yet
unidentified factors or repair pathways might be involved. These findings advance our
understanding of the relationship between O5-CMG DNA damage and mutation, paving the
way for the further study of mutagenicity and cancer etiology. The outcome of this research
expands fundamental knowledge of DNA repair, and for the risk assessment for drugs or
dietary products, especially to account for individuals with impaired repair due to genetic
conditions or drug treatment.

3.5 Material and Methods

Synthesis of 05-CMG phosphoramidite and oligonucleotide

Oligonucleotide sequences were (24mer) 5'- CTATTACCGXCYCCACATGTCAGC -3/;
where X, Y = G in unmodified oligo-G; X = 05-CMG, Y= G in O®-CMG-modified oligo-O°-
CMG-10; X=G, Y = 05-CMG in 08-CMG-modified oligo-08-CMG-12. Unmodified oligo-G
and its sequence-complementary oligonucleotide were purchased by IDT (lowa, USA). O°-
CMG-modified oligos were synthesized by solid-phase DNA synthesis on a Mermade 4 DNA
synthesizer (Bioautomation Corporation; Texas, USA) in trityl-on mode on a 1-pumol scale.
Universal Q SynBase™ CPG support columns and natural nucleotide phosphoramidites from
Link Technologies Ltd. (Lanarkshire, Scotland, UK) were used, and O%-CMG
phospharimidite was obtained as previously reported.’” Oligonucleotide deprotection was
carried out by treatment with 0.4 M NaOH (200 ul) at RT overnight, and with 33% aqueous
ammonium hydroxide (500 pl) at RT for 24 hours. Residual ammonium was let evaporate,
trytil-cleavage and oligonucleotide desalting were performed on reverse-phase C18 Sep-Pak
cartridges (Waters; Massachusetts, USA) following the manufacturer’s protocol and using 4
% trifluoracetic acid for trytil cleavage. The oligonucleotides were dried under reduced
pressure and purified by reverse phase HPLC using an Agilent eclipse XDB C-18 5 uM 4.6 x
150 mm column. The mobile phase consisted of 50 mM triethylammonium acetate (TEAA)
and acetonitrile (ACN). The flow rate was set to 1.0 ml/min with a mobile phase starting at
from 10-40% ACN over 25 min, increasing to 50% ACN from 25.1 to 29 min, and
equilibrated from 29.1-33 min at 10% ACN. Fractions corresponding to the desired
oligonucleotides were collected, lyophilized and re-suspended in DNAse/RNase free water.
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The DNA concentrations were measured by UV absorbance on Nanodrop spectrophotometer
(Thermofisher; Massachusetts, USA).

Electrophoretic Mobility Shift Assay (EMSA)

EMSA assay was performed on oligo-O%-CMG-10 and oligo-0O®-CMG-12, annealed with a
Cy5-labeled complementary strands and incubated with NER protein XPC-RAD23B (0 - 40
nM) as previously reported.® Oligo-G and oligo-AAF-12 (5'-
CTATTACCGXCYCCACATGTCAGC-3"; X= G, Y = AAF) were used respectively as
negative and positive control for binding. AAF-modified oligo was synthetized as previously
reported.>? The reaction mixtures were loaded onto a native 5% polyacrylamide gel pre-
equilibrated with 0.5x TBE buffer and run at 4 °C for 1 h at 20 mA. Gels were imaged using a
Typhoon 9400 Imager (Amersham Biosciences; Little Chalfont, UK). Band intensity was
quantified on Image Lab software (Bio-Rad; California, USA). The relative fraction of
unbound DNA was normalized as follows: 100*[unbound DNA] / (Junbound DNA]+[bound
DNA]) and plotted on GraphPad Prism 8.

08-CMG-single stranded circular DNA production and NER assay

Single stranded circular DNA was generated from p98 (with a Narl site engineered into
pBlusscript 11 SK+) as previously described.>* The oligonucleotides oligo-O8-CMG-10 and
0ligo-08-CMG-12 (100 pmol) were 5’-phosphorylated by incubation with 20 units of T4 PNK
and 2 mM ATP at 37 °C for 2 h. After annealing with 30 pmol of single-stranded p98, the
mixture was incubated with ANTPs (800 uM), T4 DNA polymerase (90 units), and T4 DNA
ligase (100 units) to generate the covalently closed circular DNA containing a single O%-CMG
adduct. The closed circular DNA was purified by cesium chloride/ethidium bromide density
gradient centrifugation, followed by consecutive butanol extractions to remove the ethidium
bromide, and finally concentrated on a Centricon YM-30 (Millipore, Massachusetts, USA).
The in vitro NER assay was performed as previously described,®™ & using either HeLa cell
extract (2 uL of 21 mg/ml), or NER purified proteins. The reaction products were visualized
using a Phosphorimager, Typhoon 9400 (Amersham Biosciences; Little Chalfont, UK). The
relative repair efficiency of each substrate was normalized to a nonspecific band and
quantified by the Image Quant TL program from Amersham Biosciences.

Cell strains and culture conditions

V79-4 cells were purchased from ATCC (Virginia, USA). HCEC-1CT cell lines were
kindly provided by Prof J.W. Shay (University of Texas, USA).*> 4 CHO UV20 (ERCCI1-
deficient) and CHO UV20 transduced with a lentiviral vector expressing wild-type hERCC1
were donated by Prof R. Kanaar (Erasmus Medical Center, Netherlands). HAP1 cells were
purchased from Horizon Discovery (Waterbeach, UK). All cells were maintained as
monolayers in 10-cm dishes in a humidified, 5% CO> atmosphere at 37 °C. All culture media
except the one for HCEC cells were supplemented with 10% FCS and 1% penicillin-
streptomycin and were: DMEM (V79-4, CHO cells), IMDM (HAPL1 cells). Media for HCEC
cells consisted in 80% DMEM and 20% M199 Earle, supplemented with 2% of Hyclone
serum, 25 ng/l epidermal growth factor, 1 g/l hydrocortisone, 10 pg/l insulin, 2 ug/l
transferrin, 50 pg/l gentamycin, 0.9 ng/l sodium selenite. All materials for cell culture were

purchased from Invitrogen (California, USA).
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Cytotoxicity assay

Cells were seeded in 96-well plates (2 x 10° per well for V79-4 cells, 3 x 10° per well for
CHO cells, 4 x 10° per well for HCEC cells, 10 x 10° per well for HAP1 cells) and exposed to
solutions of test compounds (compound and concentrations indicated in the relevant figures)
with final concentration of 0.1% of DMSO. Cells were exposed to TritonX (Sigma) for
positive control, and with 0.1% DMSO for negative control. After 24 h azaserine-exposure,
cells were washed and drug-free medium was added. Cell survival was measured after further
2 days using CellTiter-Glo assay (Promega; Wisconsin, USA) following the manufacturer’s
instructions.®* The days of post-incubation were selected upon measurement of cell
proliferation over 4 days in cells exposed to azaserine or to azaserine and O8-BnG. Each data
set was acquired in triplicate for each of three or more experiments and the averaged
luminescence values of the drug-treated cells were normalized to those of DMSO-treated cells
(assigned as 100% viability). Data were analysed and plotted using GraphPad Prism
(GraphPad Software Inc.; California, USA).

Mutagenicity (HPRT) assay

HPRT assay was performed on V79-4 and CHO cells with a protocol adapted from
elsewhere.%? Cells were seeded in 30-cm dishes (5 x 10° cells per dish). Pre-existing
hprt mutants were cleansed by incubating cells in medium supplemented with hypoxanthine,
aminopterin and thymidine (HAT). After three days, HAT medium was removed and replaced
by normal DMEM medium and left for 24h. Cells were reseeded in 10-cm dishes (10° cells
per dish) and one 10-cm dish was prepared for each condition to test. Cells were let attach
overnight. Cells were pre-conditioned for 2 h with O%-BnG (0 — 60 uM for V79-4, 0 — 20 uM
for CHO) following by exposure to azaserine (0 — 2 uM for V79-4, 0 — 1.25 uM for CHO) for
24 h. DMSO final concentration was 0.06%. Cells for positive control were exposed to 1.7 or
3.5 mM ethyl methane sulfonate (EMS). After time of exposure, culture medium was changed
with fresh drug-free DMEM medium. Cells were let grow for 7 days, and medium was
changed every three days. Per each condition, cells were reseeded in four 10-cm dishes (2 x
10° cells per dish) in selective medium containing 10 pg/ml of 6-thioguanine (6-TG), and in
two 6-cm dishes (300 cells per dish) in normal DMEM medium for plating efficiency (PE)
calculations. All cells were incubated for 14 days, and medium was changed every 4 days (for
the four selection dishes, fresh medium contained always 6-TG). After 14-days of hprt
mutants selection, cells were stained with 50 % Giemsa staining solution (v/v) in methanol.
Clones were counted manually and normalized to the PE in the case of CHO WT and KO, for
which PE was the most different. Data were analyzed and plotted on GraphPad Prism
(GraphPad Software Inc.; California, USA). Statistical significances of differences relative to
control were calculated using two-way ANOVA with a Tukey post hoc test (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).

Mass Spectrometric quantitation of 05-MedG and O5-CMdG

0°-MedG and O°-CMdG adduct levels were measured in DNA from cells pre-conditioned
with 08-BnG (0 or 60 pM for V79-4; 0 or 20 puM for CHO) for 2 h, followed by a 24 h-
exposure with azaserine (0 or 2 uM for both V79-4 and CHO cells). To confirm MGMT-
inhibition, O%-MedG adduct level were measured in cells exposed to MNNG (30 uM for V79-
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4 and CHO; 10 pM for HCEC) +/- 05%-BnG. DNA was extracted using QlAamp DNA Mini
Kit (Qiagen; Germany) following manufacturer’s instructions® and enzymatically hydrolyzed
in the presence of isotopically labelled internal standards, D3-O®-MedG and *Ns-05-CMdG
(100 fmol and 200 fmol respectively) as described in Chapter 2. Following further sample
clean-up by solid phase extraction, samples were analyzed by nanoLC-ESI-hrMS? as
described in Chapter 2. PRM scanning in positive ionization mode is performed based on the
following transitions for 0fMedG, D3-0°%-MedG and OS-CMdG, °Ns-0°-CMdG
respectively: m/z 282.1195 to 166.0722, m/z 285.1384 to 169.0911 and m/z 326.1096 to
210.0622, m/z 331.0946 to 215.0472. MS instrument control and data acquisition are
performed using Xcalibur (version 4.0, ThermoFisher Scientific).
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Figure S1. O%-BnG toxicity in HCEC, V79-4 and CHO cells. HCEC (A), V79-4 (B) and
CHO cells (C) were exposed for 24 h to increasing concentrations of O5-BnG. Cell viability
was measured by CellTiter-Glo. Data were represented using GraphPad Prism 8. Cell viability
data were fit in a nonlinear regression curve, using a dose-response function. Error bars
indicate standard deviation. Experiments in duplicates, each time in technical triplicates.
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Figure S2. Level of O%-MedG lesions upon exposure to MNNG and O8-BnG. HCEC (A),
V79-4 (B) and CHO cells (C) were exposed for 4 h to MNNG, after pre-conditioning with O°-
BnG. DNA was extracted from the cells and enzymatically hydrolysed to nucleosides, O°-
MedG was purified by solid phase extraction and detected by mass spectrometry. The number
of detected lesions is normalized to the overall nucleotides content. Experiments were
performed two independent times.
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Figure S3. Viability of CHO cells after 24 h exposure to azaserine. CHO WT and UV20
KO cells were exposed to increasing concentrations of azaserine (A). CHO WT cells * pre-
conditioning with 10 uM O®-BnG were exposed to increasing concentrations of azaserine (B).
Viability was measured directly after 24 h-exposure using CellTiter-Glo assay. Data from at
least three independent experiments, each performed in triplicates, were averaged and fit in a
nonlinear regression curve, using a dose-response function on GraphPad Prism 8. Error bars
indicate standard deviation
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Figure S4. Annealing of oligonucleotides and EMSA for binding of XPC-RAD23B to Q8-
CMG. To prepare dsDNA for EMSA, undamaged (G) and damaged (oligo-AAF-12, oligo-
0%-CMG-10 and o0ligo-O%-CMG-12) 24mer oligonucleotides were annealed to a
complementary Cy5-labeled 24mer strand, in a ratio 1:2 or 1:3 (A). Homogenous annealing
through the four samples was evaluated by imaging of samples run on a denaturing gel. (B-C)
Undamaged (G) and damaged (oligo-AAF-12 and oligo-0%-CMG-12) 24mer oligonucleotides
annealed to Cy5-labelled 24mer were incubated with increasing concentrations of XPC-
RAD23B protein. Reactions were resolved on a denaturing gel, and binding of the protein to
the dsDNA was evaluated by quantification of the intensity of the upper bands using
ImageLab software. Data obtained from gels in (C) are plotted in Fig. 4.
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4.1 Abstract

A diet rich in red and processed meat leads to an increased endogenous formation of
nitroso compounds (NOCs), which are able to alkylate the DNA of gastrointestinal tract cells,
resulting in the formation of pro-mutagenic DNA lesions. DNA adducts occurring at the O°-
position, such as O8-carboxymethylguanine (O%-CMG) and O8-methylguanine (O%-MeG), of
guanine are usually repaired by the enzyme O°f-methylguanine-DNA methyltransferase
(MGMT). Although well documented in the case of the O®-Med adduct, the ability of MGMT
to repair the O5-CMG adduct is currently open to debate. To address this question,
immortalized normal diploid human colon epithelial cells (HCECs) lacking MGMT activity
were established and exposed to the carboxymethylating agent azaserine. Subsequently, cell
viability was analyzed by means of the CellTiterGlo® assay, genotoxicity by the alkaline
comet assay and O°-CMG formation by high-resolution tandem mass spectrometry
(hrMS/MS). When compared to the wild type cell line, cell viability decreased and
genotoxicity notably increased in MGMT-deficient cells, and these cells were unable to repair
the azaserine-induced OS-CMG adducts. We further validate the results via chemical
inhibition of MGMT followed by nucleoside analysis with nano-LC-ESI-hrMS?, allowing for
detection of O®-CMG adducts in MGMT proficient cells. In conclusion, we show for the first
time that MGMT activity protects normal human colon epithelial cells against the cytotoxic
and genotoxic effects of a carboxymethylating agent and is indeed involved in the repair of
the pro-mutagenic DNA lesion O5-CMG in these cells.

Keywords: Colorectal cancer, DNA adducts, O%-carboxymethyldeoxyguanosine,
0°%-methylguanine DNA methyltransferase, DNA adduct repair

Abbreviations: HCECs, immortalized normal diploid human colon epithelial cells;
hrMS/MS, high-resolution tandem mass spectrometry; IARC, International Agency for
Research on Cancer; MGMT, OS8-methylguanine-DNA methyltransferase, NER, nuclear
excision repair; NOCs, nitroso compounds; 08-MedG, O°®-methyldeoxyguanosine; 05-CMdG,
O°%-carboxymethyldeoxyguaosine
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4.2 Introduction

Colorectal cancer (CRC) is one of the most frequent cancers worldwide, with genetic and
environmental factors (alcohol, tobacco and diet) contributing to the development of this
disease.! 22 In this context, the International Agency for Research on Cancer (IARC) recently
classified processed meat as a group 1 carcinogen and red meat as probably carcinogenic to
humans (group 2A).* The consumption of red meat is known to stimulate the formation of
nitroso compounds (NOCs) in the gut® and the amount of NOCs formed increases with the
amount of ingested red meaty.®’ It has been postulated that these NOCs can lead to the
alkylation of guanine at the O®-position, resulting in the formation of the pro-mutagenic DNA
lesions O%-methylguanine (0%-MeG) and OS-carboxymethylguanine (O5-CMG).2 In fact,
Lewin et al. showed that O5-CMG adducts were detectable in exfoliated cells present in
faeces of volunteers having consumed a high amount of red meat and that the amount of fecal
NOCs correlated positively with the percentage of cells staining positive for 08-CMG.8 At the
time, Lewin et al. hypothesized that O5-CMG adducts were not repaired, and that the
formation of these adducts, along with other related and potentially not repaired adducts,
could lead to gene mutations and, subsequently, to the development of CRC, i.e. a cascade of
molecular events that could explain the association of red meat consumption with the
development of CRC.

The enzyme O°-methylguanine-DNA methyltransferase (MGMT) repairs O°-MedG
adducts by transferring the methyl group from guanine to its active site. This reaction results
in the inactivation and subsequent degradation of MGMT.%° Shuker et al. reported that
MGMT present in extracts of the human lung fibroblast cell line MRC-5 did not remove O°-
CMdG adducts from DNA and postulated that this might be the only alkyl adduct type that is
not repaired by MGMT.!! Moreover, it was suggested that this adduct might only be repaired
by nucleotide excision repair (NER).'? In contrast, it was recently shown in a cell-free system
that O®-CMG-containing oligodeoxyribonucleotides effectively inactivate MGMT, thereby
indicating that this type of adduct can act as a substrate for this enzyme.:

It is well known that O5-CMdG adducts are pro-mutagenic DNA lesions, which lead to
both GC>AT transition and GC->TA transversion mutations in genes known to play a role in
the development of human CRC.**%6 The aim of the present study was therefore to investigate
whether MGMT is able to repair O5-CMG adducts in HCECs.!” Therefore, we evaluated
cytotoxicity, DNA adduct levels and DNA stand breaks in HCEC cells with and without
MGMT activity after treatment with the carboxymethylating agent azaserine. MGMT activity
was reduced via shRNA silencing and via chemical inhibition by the well-established
inhibitor O%-benzylguanine (0%-BG).!81® DNA adduct levels were detected by mass
spectrometry with two different approaches: nucleobase quantification of O%-MeG and O°-
CMG on an LTQ-Orbitrap for the adduct levels in cells with silenced MGMT and nucleoside
analysis for the quantification of OS-methyldeoxyguanosine (O®-MedG) and O°-
carboxymethyldeoxyguanosine (O8-CMdG) on an LUMOS instrument in cells with chemical
inhibition of MGMT. The implications of the results obtained herein are discussed in the
context of human CRC development.
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4.3 Material and methods

Materials

If not stated otherwise, all materials were purchased from Sigma Aldrich (Schnelldorf,
Germany). All solvents used for HPLC and MS analysis were > 99.9% purity.

Cell culture

HCEC cells (clone 1CT) were kindly provided by Prof. J. Shay (Department of Cell
Biology, Southwestern Medical Center, University of Texas, Dallas, USA).}" Cells were
cultured under hypoxic (i.e. for colon epithelial cells physiological) conditions (2% O2, 5%
CO;,, 37 °C) on Primaria® plates (Corning, Kaiserslautern, Germany) in DMEM GlutaMax
mixed 4:1 with 199 medium (Thermo Fisher Scientific, Darmstadt, Germany). Medium was
supplemented with 2% HyClone™ Cosmic Calf™ serum (GE Healthcare, Hamburg,
Germany) as well as the following growth supplements: 25 ng/ml human epidermal growth
factor, 1 pg/ml hydrocortisone, 10 pg/ml bovine pancreas insulin, 2 pg/ml transferrin, 5 nM
sodium selenite and 50 pg/ml gentamycin sulfate.

HT-29 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and culture medium consisted of DMEM (Biochrom, Berlin, Germany)
supplemented with 10% fetal bovine serum (Biochrom), 2 mM L-glutamine (Biochrom), 100
U/ml penicillin and 100 g/ml streptomycin (Biochrom). BALB/c-3T3 cells were kindly
provided by Dr. A. Poth (Dr. Knoell Consult, Mannheim, Germany) and cultured in
DMEM/Ham’s F-12 medium (Biochrom) supplemented with 5% FCS, 2 mM L-glutamine,
100 U/mL penicillin/100 g/mL streptomycin (all from Biochrom). HT-29 as well as BALB/c-
3T3 cells were cultivated in polystyrene flasks/dishes (TPP, Trasadingen, Switzerland) and
incubated at 37 °C, 95% relative humidity and 5% CO..

Azaserine exposure in MGMT™and WT cells

A 75 mM azaserine stock solution was prepared by dissolving azaserine (Santa Cruz
Biotechnology, Heidelberg, Germany) in sterilized distilled water. Subconfluent cells were
washed with preheated PBS and incubated with 75 uM azaserine in cell culture medium for 4
or 24 h. Unexposed cells served as background control. For DNA adduct quantification, the
cells were pelleted immediately after the azaserine treatment and stored at -80 °C until further
analysis.

Measurement of nucleobase adducts in MGMT and WT cells

DNA Extraction

DNA was extracted from azaserine-exposed HCEC WT and HCEC MGMT " cells by using
the DNA Isolation Kit for Cells and Tissues (Roche, Rotkreuz, Switzerland) according to the
instructions of the manufacturer. Then, DNA was dissolved in 0.1 M formic acid (500 pl, pH
2) and spiked with 2 pmol of isotope-labeled O®CDsG. Hydrolysis of DNA was achieved by
heating the samples at 80°C for 1 h. Upon hydrolysis, samples were cooled down to room
temperature and neutralized with 1 N NaOH. Samples were then filtered through a
Centrifree® Ultrafiltration Device (MW cut-off= 30,000; Merck Millipore, Dublin, Ireland).
An aliquot (20 pl) of each sample was used for the analysis of adenine by ultra performance
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liquid chromatoraphy (UPLC). A reaction mixture containing all the solutions except DNA
served as negative control. Samples were acidified with 0.1 N HCI (800 pl) and purified by
solid-phase extraction (SPE) on an OASIS MCX ion exchange cartridge (30 um particle size;
Waters, Milford, MA). After conditioning and equilibration of the cartridge with 1 ml
methanol (MeOH) and 1 ml 0.1 N HCI, samples were loaded on the cartridge, which was then
washed with 1 ml 0.1 N HCl and 1 ml MeOH, and finally eluted with 1 ml 5%
MeOH/ammonia solution. The eluted fractions were subsequently evaporated to dryness and
re-suspended in 5 pl of a 0.1% trifluoroacetic acid solution. All steps of the sample
preparation were performed in silanized glass vials.

DNA adduct measurement by hrMS/MS

Liquid chromatography separation was performed on a Dionex RSLCnano UPLC system
(Thermo Fisher Scientific, Dublin, CA) equipped with a 1 ul injection loop. One microliter of
each sample was injected onto a capillary column (75 pm ID, 20 cm length, 10 um orifice)
prepared by hand-packing a commercially available fused-silica emitter (New Objective,
Woburn, MA) with Hydro RP C18-bonded separation medium (Phenomenex, Torrance, CA).
The flow rate was set at 300 nl/min and 0% acetonitrile (ACN) for 3.5 min followed by
switching of the injection port to remove the injection loop from the flow path and a 13-min
linear gradient to 20% ACN. This step was followed by a 0.5 min gradient to 90% ACN with
an increased flow rate of 900 nl/min and a 1-min hold. The flow composition was then
returned to 0% ACN and the column was re-equilibrated for 7 min at 900 nl/min. The mass
spectrometric analysis was performed by nanoelectrospray ionization with an LTQ-Orbitrap
Elite mass spectrometer (Thermo Scientific, Waltham, MA). The source voltage was set to
2.2 kV. The capillary temperature was 350°C, and the S-Lens RF level was set to 50%.
Adducts were quantified by detection of O®-MeG at m/z 166.1 [M + H]* = m/z 134.0461 [M
- CH40 + HJ*, D3-0°%-MeG at m/z 169.1 = m/z 134.0461 [M - CHD3O + H]* and O5-CMG at
210.1 [M + H]* = m/z 152.0567 [G + H]* with accurate mass monitoring of the fragment ions
at 5 ppm mass accuracy utilizing the Orbitrap detector. Higher energy collisional dissociation
fragmentation with a collision energy of 60% was used for all events, 1.5 amu isolation
widths for O®-MeG and D3-0%-MeG, and a 3 amu isolation width for O®-CMG. Data was
collected using a resolution setting of 15,000 (at m/z 400) with an actual resolution of 25,000
(at m/z 134 and 152). Calibration curves were calculated from injections of solutions
containing increasing concentrations of 08-MeG or O®-CMG and a fixed concentration of D®-
0°-MeG, by assuming that any effect on quantitation due to recovery and ion suppression
when measuring O8-CMG adducts is accounted for by the deuterated O°-MeG internal
standard.

MGMT-inhibition and azaserine exposure in HCEC cells

A 100 mM azaserine stock solution was prepared by dissolving azaserine (Santa Cruz
Biotechnology, Heidelberg, Germany) in sterilized distilled water. HCEC WT cells were pre-
conditioned for 4 h with 50 uM Q8-BG to inhibit MGMT, while repair proficient WT cells
were pre-conditioned with 0.1% DMSO as control. Media was removed, and cells + MGMT
were exposed to 0, 50 or 100 uM azaserine for 24 or 48 h. 50 pM O®-BG were added to the
medium after 24 h of azaserine incubation to ensure MGMT-inhibition over long time
exposure. Absence of MGMT was confirmed by Western Blot. For DNA adduct
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quantification, the cells were pelleted immediately after the azaserine treatment and stored at -
80 °C until further analysis.

Measurement of nucleoside adducts in HCEC cells with and without MGMT-
inhibition

DNA was extracted from cell pellets using the DNA isolation kit for cells and tissue
(Roche, Rotkreuz, Switzlerand) according to the instructions of the manufacturer.?® Then,
DNA was further processed as described in Chapter 1. In short, internal standards were added
and DNA was enzymatically digested to nucleobases. DNA was quantified via
deoxyguanosine (dG) content by reversed phase liquid chromatography and samples were
further processed by solid phase extraction for nano-liquid chromatography electrospray
ionization high-resolution tandem mass spectrometry (nanoLC-ESI-hrMS?). O®-MedG and
0°-CMdG levels were expressed as lesions/107 nucleotides.

Data analysis

Data from at least three independent experiments were statistically analyzed, unless
otherwise indicated. Statistical evaluation was conducted using Prism v. 6.04 (GraphPad, La
Jolla, CA, USA) as specifically indicated in each figure and table caption, and p-values < 0.05
were considered statistically significant.

4.4 Results

Characterization of HCEC MGMT cells

The goal of this study was to determine whether MGMT acts on O%-CMG. The strategy
involved first creating a human colon epithelial cell line with silenced MGMT with the aim of
evaluating the persistence of DNA adducts in these cells. MISSION® small hairpin RNA
(shRNA) sequences against MGMT cloned into pLKO.1 containing a puromycin resistance
gene (puro vector) was used, to produce HCEC cells with a stable transduction of the MGMT
gene, termed HCEC MGMT". As analyzed by RT-gPCR, there was a 70% reduction of
MGMT expression and decreased MGMT activity to 0.55 fmol/mg protein, a ~230-fold lower
activity than that measured in the HCEC WT cells (Table 1). To determine whether the
transduction process or the MGMT deficiency as such led to any alterations in cell growth,
several growth-related parameters were analyzed. The population doubling time (PDL) was
only slightly increased (21.57 h [HCEC WT] vs. 24.34 h [HCEC MGMT]) (Figure 1A); no
decrease in cell-cell contact inhibition (Figure 1B) and no increase in anchorage-independent
growth were observed in HCEC cells following MGMT silencing (Figure 1C).
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Cell line MGMT expression? MGMT activity?
(%) (fmol/mg protein)

HCEC WT 1007 129+7

HCEC MGMT~ 305 0.55+0.38

Table 1. MGMT expression and activity analysis in HCEC WT and HCEC MGMT™
cells. 2Determined by RT-qgPCR with the following primers: GAPDH-up: 5’-
CATGAGAAGTATGACAACAG-3’, GAPDH-low: 5-ATGAGTCCTTCCACGATA-3’,
ACTB-up: 5’-TGGCATCCACGAAACTACC-3’, ACTB-low: 5’-
GTGTTGGCGTACAGGTCTT-3’, MGMT-up: 5’-AATCACTTCTCCGAATTTCAC-3’,
MGMT-low: 5’-CTCTTCACCATCCCGTTT-3.MGMT expression was normalized to the
expression of glyceraldehyde 3-phosphate dehydrogenase and B-actin and expressed in
relation to the unexposed control. Values represent the mean £ SD of duplicate experiments.
PMGMT activity determined as previously described.?!2?
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Figure 1. Characterization of the growth behavior of HCEC WT and HCEC MGMT"
cells. A: Determination of the population doubling level (PDL). Cells were plated in 6-well
plates at a density of 4 x 10* cells/well and counted by trypan blue exclusion test in a
Neubauer chamber every 24 h for 12 days with medium replacement every three days. The
PDL was calculated using the following formula for the evaluation performed three times,
each measured in triplicate: PDL = Tl—’}g—} (T = incubation time, Xe = cell number at the end
Mxe
of the incubation period, Xb = cell number at the beginning of the incubation period). B:
Determination of the saturation density after the cells reached confluence (day 8) as well as
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four days later (day 12). The saturation density of the cells was determined by seeding 1 x 10°
cells/well in 6-well plates and then counting their number after the cells had reached 100%
confluence (day 8) as well as four days later (day 12). Cell culture medium was replaced
every three days. C: Analysis of anchorage-independent growth using the GILA assay. The
“growth in low attachment” (GILA) assay 2* was used to measure the anchorage-independent
growth of the cells. Briefly, 1,000 cells/well were seeded in triplicate onto ultra low-
attachment plates (Corning, Kaiserslautern, Germany). After 24 and 120 h, cellular growth
was quantified by measuring the ATP levels in the permeabilized cells with the CellTiter-
Glo® luminescent assay (Promega, Mannheim, Germany) according to the instructions of the
manufacturer.?* BALB/c-3T3 and HT-29 cells served as negative and positive controls,
respectively. In all four cases each value represents the mean + SD of three independent
experiments. The statistical analysis was performed by using an unpaired t-test with Welch’s
correction (all cell lines compared to the positive control [HT-29 cells] as well as HCEC WT
cells tested against HCEC MGMT ™ cells). * p <0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001. RLU: relative luminescence units.

Increased cytotoxicity and genotoxicity in HCEC MGMT™ cells after prolonged
exposure to azaserine

Following the characterization of HCEC MGMT" cells, we were interested in whether
suppression of MGMT sensitizes cells towards exposure of azaserine as carboxymethylating
agent. Therefore, we assessed cytotoxicity and genotoxicity in HCEC WT and HCEC
MGMT" cells after short and long term azaserine exposure. A 4 h exposure with increasing
concentrations of azaserine did not lead to a decrease in cell viability in HCEC WT and
HCEC MGMT  cells (Figure 2). In contrast, a 24 h incubation led to a concentration
dependent decrease in cell viability in both cell lines, whereby the effect was significantly
more pronounced in the HCEC MGMT  cells compared to HCEC WT cells (Figure 2). The
extent of genotoxicity induced by azaserine in HCEC WT and HCEC MGMT™ cells was
measured by a modified alkaline comet assay. As shown in Figure 3, unexposed HCEC WT
and HCEC MGMT cells showed a similar basal level of DNA damage (0 h), while exposure
to azaserine led to a time-dependent increase of the tail intensity in HCEC MGMT " cells, but
not in HCEC WT cells.
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Figure 2. Viability of HCEC WT and HCEC MGMT" cells exposed to increasing
concentrations of azaserine for 4 or 24 h. The azaserine-induced cytotoxicity was
determined by using the CellTiter-Glo®-Luminescent Cell Viability assay (Promega)
according to the instructions of the manufacturer.?* Shown is the mean + SD of four
independent experiments. The statistical analysis was performed by using a two-way ANOVA
with Bonferroni’s multiple comparisons test (HCEC WT cells tested against HCEC MGMT™
cells); **: p< 0.01; ***: p< 0.001.
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Figure 3. DNA strand breaks in HCEC WT and HCEC MGMT™ cells after azaserine
exposure. DNA strand breaks and alkali-labile sites were analyzed after exposure of cells to
75 UM azaserine for 4 or 24 h using a slightly modified alkaline comet assay procedure
according to Singh et al.25 Briefly, after treatment the cells were detached and counted,
resuspended in pre-heated 0.7% low melt agarose (Promega) and applied to slides that were
precoated with agarose (1% regular melt agarose [Promega]). Thereafter, the cells were lysed
overnight at 4 °C. Subsequently, DNA unwinding was achieved by incubating the slides in an
electrophoresis buffer (300 mM NaOH, 2 mM EDTA, pH > 13) for 40 min, followed by an
electrophoresis for 25 min (1 V/cm, 290-300 mA, 4°C). Finally, the slides were neutralized in
PBS and DNA was stained with propidium iodide (15 pug/mL). DNA damage was quantified
by using an Axiovert 200M fluorescence microscope (Zeiss, Jena, Germany) and the Comet
Assay Il software (Version 3; Perceptive Instruments, Bury St Edmunds, UK). Fifty comets
per slide and five independent experiments per treatment were analyzed. The tail intensity of
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the comets (in %) is shown as the median of a minimum of five independent experiments.
Significant differences between the cell lines were analyzed by applying the Mann-Whitney
U-test (** p<0.01).

Elevated O%-MeG and O8-CMG levels in MGMT- cells after azaserine exposure

Having characterized cellular responses of colon epithelial cells to azaserine, we were
interested to test whether the increased sensitivity of the cells was related with a persistence
of azaserine-induced adduct levels. Thus, O%-MeG and O°%-CMG levels in HCEC WT and
HCEC MGMT cells were analyzed after exposure to azaserine by the hrMS/MS method for
simultaneous quantification of the base adducts on an LTQ-Orbitrap. The 0°%-MeG levels in
HCEC WT cells exposed to azaserine for 4 or 24 h were similar to those in unexposed HCEC
WT cells, while the O%-MeG level in HCEC MGMT" cells exposed to azaserine for 24 h
strongly increased (up to 6.3 fmoles O°-MeG/ug DNA; Figure 4A). No O%-CMG adducts
were detected in unexposed or azaserine-exposed HCEC WT cells, whereas the O°®-CMG
levels were strongly enhanced in HCEC MGMT " cells (up to 53.9 fmoles O5-CMG/ug DNA;
Figure 4B). Interestingly, elevated adduct levels were only visible after 24 h, but not after 4 h
azaserine-exposure. Thus, while MGMT is known to repair O%-MeG, elevated levels of O°-
CMG in MGMT-deficient cells suggest MGMT to be involved in the repair this alkylated dG
adduct as well.
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Figure 4. Quantification of 0%-MeG (A) and O®-CMG adducts (B) in HCEC WT and HCEC

MGMT" cells exposed to 75 uM azaserine for 4 or 24 h. The mean of two independent
experiments per treatment group is shown.
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Chemical inhibition of MGMT results in persistence of 0%-MedG and O%-CMdG
adducts in azaserine-exposed HCEC cells

The complete absence of O5-CMG levels in WT cells after exposure to azaserine was not
expected, therefore we wanted to address more closely the observations by using a potentially
more robust MGMT-depletion strategy, and also using a more sensitive analysis approach. To
overcome limitations of the nucleobase analysis used to evaluate MGMT" cells (Figure 4), we
established a nano-ESI-hrMS? methodology (described in Chapter 2) to analyze the
nucleoside forms of the adducts, i.e. O®-MedG and O-CMdG, in azaserine-exposed HCEC
cells pre-conditioned with O%-BG, a highly effective MGMT inhibitor.'®° By this approach,
0°%-MedG levels in azaserine-exposed HCEC cells were similar to unexposed control cells
with maximum adduct levels being 3.1 + 3.0 lesions/107 nucleotides (100 puM, 48 h; Figure
5). In HCEC cells pre-conditioned with O°®-BG, the level of O°-MedG increased with
azaserine concentration from 0 to 100 uM, from 0.6 + 0.5 to 7.4 + 0.5 lesions/10’ nucleotides
after 24 h, and from 0.2 + 0.3 to 25.8 + 10.8 lesions/10” nucleotides after 48 h. After treatment
with 100 pM azaserine, 0%-MedG levels were significantly higher in HCEC cells with
MGMT inhibition, with a maximum fold decrease in MGMT-proficient cells of 8.3 (100 uM,
48 h; adduct levels of 3.0 in MGMT-proficient vs 25.8 + 10.8 lesions/10” nucleotides in
MGMT-inhibited). Persistence of 0O°-MedG in MGMT-inhibited cells was expected as
MGMT is well known to be involved in the repair of this adduct.?>2® Thereby, results from
0°-MedG demonstrate that repair by MGMT can be reflected in elevated adduct levels after
long time azaserine-exposure of MGMT-inhibited cells.

We then addressed repair of O5-CMdG by MGMT, where preliminary results suggested
that MGMT acts on this adduct as well. O®-CMdG levels in HCEC cells were similar after
exposure to 50 and 100 pM azaserine for 24 or 48 h, and as anticipated, O5-CMdG levels
were higher than O°-MeG level. The maximum O8-CMdG levels were 54.7 + 31.5 lesions/10’
nucleotides (100 puM azaserine, 48 h). Furthermore, in HCEC cells pre-conditioned with the
MGMT inhibitor 05-BG, O5-CMdG adduct levels increased with increasing azaserine
concentration (55.5 + 19.0 vs 137.6 + 26.3 lesions/10" nucleotides after 24 h and 77.0 + 8.5 vs
131.4 + 13.3 lesions/107 nucleotides after 48 h), and were significantly higher in the presence
of the inhibitor. The maximum fold increase in O5-CMdG levels was 3.2 (100 pM azaserine,
24 h; adduct levels of 42.7 + 32.9 vs 137.6 + 26.3 lesions/10’ nucleotides). Summarizing, not
only 08-MedG but also O8-CMdG adducts persisted in MGMT-inhibited cells, but maximum
fold increase to MGMT-proficient cells was minor when compared to O%-MedG. Therefore,
the results demonstrate that MGMT is involved in the repair of O%-CMdG, but less effective
than for O®-MedG.
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Figure 5. Impact of MGMT inhibition on levels of 08-MedG adducts (A) and 08-CMdG
adducts (B) in HCEC cells. Cells were pre-conditioned for 4 h with 50 pM O°-BG or 0.1%
DMSO, followed by 24 or 48 h azaserine exposure (0, 50, 100 uM). Data are mean + SD of
three independent experiments per condition. P-values were calculated with two-way
ANOVA and Siadak’s multiple comparison test (**p <0.01, ***p < 0.001, ****p < <0.0001).
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4.5 Discussion

MGMT is known to repair the pro-mutagenic DNA lesion O°®-MeG but its activity on O°-
CMG is unknown, as results from previous studies concerning O5-CMG repair by MGMT
were not conclusive.®!! Therefore, the aim of this study was to address this open question by
directly evaluating the impact of MGMT activity on O®-CMG levels in cultured cells. We first
established a human colon epithelial cell line with reduced MGMT activity (HCEC MGMT)
via sShRNA silencing. Upon exposure to azaserine, MGMT-lacking cells showed decreased
cell viability, increased genotoxicity and were not able to repair azaserine-induced O%-CMG
adducts. For cells in which the suppression of MGMT function was achieved by shRNA
silencing, nucleobase adduct levels were measured by a hrMS/MS approach on an LTQ-
Orbitrap. O5-CMG levels strongly persisted in HCEC MGMT ™ cells after prolonged exposure
to azaserine, but no O®-CMG adduct levels could be detected in HCEC, presumably related to
technical limitations of the nucleobase approach, including poor chromatographic retention
and the inability to distinguish DNA from RNA adducts. To overcome these limitations, we
developed a nanoLC-ESI-hrMS? method for the quantification of nucleoside adducts. This
approach was also sufficiently sensitive to detect O5-CMdG in HCEC WT cells. In addition to
introducing a new analytical approach, we also tested chemical inhibition of MGMT with Q°-
BG to exclude the possibility that ShRNA silencing may spuriously influence the azaserine
uptake pathway in HCEC cells. Thus, as a positive control, HCEC cells pre-conditioned with
0°-BG were observed to retain up to 8.4-fold higher O5-MedG adduct levels compared to
control cells consisted with well-known MGMT-mediated adduct removal.?> Moreover, we
observed that O®-CMdG adduct levels in cells that were pre-conditioned to inhibit MGMT
function were also higher, but only up to 3.2-fold. The results suggest that MGMT indeed
contributes to O8-CMdG repair in cells, but less effectively than for O5-MedG.

These results are consistent with the finding that MGMT has a broad substrate specificity
for OS-alkyl adducts, but the reaction rate decreases for increasing alkyl lengths.?”-2 MGMT
removes alkylating damage from guanine by transferring the alky group to a cysteine residue,
most likely via attack of the thiolate anion on the alky group. O%-CMG can be negatively
charged under physiological conditions, which might be a steric hindrance for MGMT to bind
to the damage, thereby explaining reduced repair activity of MGMT on O8-CMdG. Also,
contributions of other pathways may not be excluded. For example, it was suggested that O°-
CMdG adducts could also be repaired by the nucleotide excision repair (NER) pathway as the
lymphoblastoid cell line GM2345, which is defective in NER, was hypersensitive to the toxic
effects of azaserine.!> On the other hand, the same cells with a DNA mismatch repair
deficiency remained unaffected. Involvement of NER in the repair of O%-CMG is further
highlighted by NER-defective E. coli UvrA mutants being sensitive towards azaserine.?
Taken together, results suggest that a dynamic combination of MGMT and NER, may be
involved in the repair of the O5-CMG adducts. The related bulky O®-alkyl-G adduct O8-[4-
0x0-4-(3-pyridyl)butyl]guanine has indeed been shown to be repaired by MGMT?® as well as
by NER.3! Thus, further research addressing the potential interplay of MGMT and NER in the
repair of O%-CMG is needed.
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Nevertheless, the effectiveness of MGMT in reducing O5-CMG levels may explain in part
its association with reduced colorectal cancer risk. For example, single MGMT
polymorphisms resulting in diminished repair activity may predispose humans to colorectal
cancer.323 Additionally, low MGMT activity or inactivation of MGMT by promotor
hypermethylation in colorectal tissue is associated with the high frequency of GC>AT
transition mutation in the proto-oncogene KRAS.**** Finally, reduced MGMT activity in
human colorectal adenomas leads to GC>AT transition mutations in KRAS in a population
exposed to methylating agents.®® In about 50 % of colorectal cancer patients, GC > TA
transversion and GC = AT transition mutations are found in KRAS.®” Further, GC > AT
transition and GC - TA transversion mutations were found to be the predominant mutations
in the p53 gene of colorectal cancer patients and a similar mutation spectra was induced by a
carboxymethylating agent.!* While O8-MeG is known to almost exclusively induce GC>AT
transition mutations,¥3° 05-CMG was found to result in misincorporation of adenine and
thymine during translesion synthesis (TLS), thereby providing fundamental evidence for O°-
CMG adducts being responsible for dominant GC -> AT transition and GC > TA
transversion mutations found in colorectal cancer.*®*! If one takes into account the results of
the present study and those in previous reports, MGMT seems to play a crucial role as a
potential tumor suppressor gene in protecting cancer driver genes from DNA base
methylation and carboxymethylation, thereby preventing the subsequent development of
colorectal cancer.

In conclusion, we demonstrated that MGMT depletion leads to decreased cell viability,
increased genotoxicity and increased O°®-CMG and O°-MeG adduct levels after azaserine
exposure. Persistence of O5-CMdG and O8-MedG adduct levels was further verified after
chemical inhibition of MGMT, providing evidence that MGMT is involved in the repair of
pro-mutagenic O%-CMG adducts. Further research is needed to elucidate if other repair
pathways contribute to the repair of O8-CMG.? Also, to link adduct levels with genotoxicity,
the comet assay will be performed in HCEC cells with chemical inhibition of MGMT,
conditions for which we could quantify O8-CMdG adduct levels in MGMT-proficient HCEC
cells. We will include methyl methansesulfonate (MMS) as a negative control and N-metyhl-
N-nitrosurea (MNU) as a positive control with higher induction of O°®-methylguanine®? to
confirm that increased genotoxicity is related to O%-alkylguanine adducts and not to the more
frequently induced N’-guanine adduct. Thus, the data presented here lend support to the
hypothesis that highly active MGMT in colon epithelial cells confers protection against
colorectal carcinogenesis initiated by exposure to methylating and carboxymethylating agents
such as NOCs that are present in the diet.?
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Abstract

N-nitroso compounds are alkylating agents, which are widespread in our diet and the environment. They induce DNA alkyla-
tion adducts such as O%-methylguanine {0°-MaG), which is repaired by O%-methylguanine- DNA methyltransferase (MGMT).
Persistent 0°-MeG lesions have detrimental biological consequences like mutagenicity and cytotoxicity. Due to its pivotal
ok in the etiology of cancer and in cytotoxic cancer therapy, it is important to detect and quantify O"-MeG in biological
specimens in a sensitive and accurate manner. Here, we used immunoclogical approaches and established an ultra performance
liguid chromatography—tandem mass spectrometry (UPLC-MS/MS) to monitor 0°-MeG adducts. First, colorectal cancer
(CRC) cells were treated with the methylating anticancer drug temozolomide (TMZ). Immunofluorescence microscopy and
an immuno-slot blot assay, both based on an adduct-specific antibody, allowed for the semi-guantitative, dose-dependzant
assessment of O%MeG in CRC cells. Using the highly sensitive and specific UPLC-MS/MS, TMZ-induced 0%-MeG adducts
were quantified in CRC cells and even in peripheral blood mononuckear cells exposed to clinically relevant TMZ doses.
Furthermore, all me thodologies were used to detect O%-MeG in wildtype (WT) and MGMT-deficient mice challenged with
the carcinogen azoxymethane. UPLC-MS/MS measurements and dose—esponse modeling revealed a non-linear formation
of hepatic and colonic 0%-MeG adducts in WT, whereas linear 0*-MeG formation without a threshold was observed in
MGMT-deficient mice. Collectively, the UPLC-MS/MS analysis is highly sensitive and specific for 0% MeG, thereby allow-
ing for the first time for the delermination of a genotoxic threshold upon exposure to @"-methylating agents. We envision
that this method will be instrumental w monitor the efficacy of methylating chemotherapy and to assess dietary exposures.

Keywords O-methylguanine - 0%methylguanine-DMNA methyltransferase (MGMT ) - Alkylating agents - Ultra
performance higuid chromatography—tandem mass spectrometry - Thresholds
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S-methylation of MGMT lkeads to its inactivation and con-
comitant degradation by the ubiguitin-proteasome pathway
(Xu-Welliver and Pegg 2002). Interestingly. a number of
compounds modulate the MGMT level and its transferase
activity. Antioxidants such as N-acetyl cysteine and the poly-
phenol curcumin were shown to increase MGMT activity
(Miture et al. 2007 ), whereas the disulfide compound and
dietary supplement a-lipoic acid (LA} was identified as a
natural MGMT inhibitor (Dirsam and Fahrer 2016; Gider
et al. 2015). Importantly, persistent 0%-MeG lesions have
detrimental biological conseguences including mutagenic-
ity and carcinogenicity (Kaina et al. 2007 ). Apart from that,
{*-MeG has also cytotoxic potential due to the downstream
generation of DNA double-strand breaks (DSBs) (Mojas
at al. 2007 ; Ochs and Kaina 2000; Quiros at al. 20100).

NOC-related compounds such as dimethy lhydrazine and
its metabolite azoxymethane (AOM) are frequently used in
rodents to initiate colon carcinogenesis through induction
of 0°-MeG and other alkylated DNA bases (Neufert et al.
2007). Alkylating agents also play an important role in can-
cer chemotherapy due to their induction of cytotoxic DSBs,
resulting mainly from subsequent replications over O0%MeG.
These methylating anticancer drugs include temozolomide
(TMZ) and dacarbazine (DTIC), which are both triazine
compounds used for the reatment of high-grade glioma and
malignant melanoma (Kaina et al. 20107,

Thus, understanding the basis of 0°-MeG formation
and how its repair is regulated are critical in broad biologi-
cal questions, ranging from fundamental mechanisms of
mutagenesis o crealing strateges o overcome clinical resist-
ance o cancer therapeutics. However, gaining a functional
and quantitative picture of how much O°-MeG is in genomic
DMNA from cells and tissues remains difficult. Immunological
assays for detection of J°-MeG have been developed that
are based upon a monoclonal antibody against the adduct
(Seiler et al. 1993). This 0°-MeG antibody has been used to
visualize the DNA lesion in fixed cultured cells and organs,
e.g., liver and colon, by immunofluorescence microscopy
(Fahrer et al. 2015; Seiler et al. 1993). In addition, the
antibody has been successfully employed for immuno-slot
blot (ISB) analysis of 0°-MeG lesions in genomic DMNA
extracted from cells and tissue (Fahmer et al. 2013; Mikhed
et al. 2016; Stephanou et al. 1996), and an ELISA-related
assay, in which single-stranded (ss) DNA fragments with
(r-MeG were captured by the antibody followed by the
detection of the ssDNA (Georgiadis et al. 201 1). Comple-
mentary o immunoassay strategies, DNA adducts have been
measured in diverse sample matrices by liguid chromatog-
raphy combined with tandzm mass spectrometry (LC-MS/
MS). This approach was successfully used to quantify 0%
MeG in lung and liver DMNA (= 50 pg) from rats chroni-
cally exposed to 10 ppm of the tobacco-specific nitrosamine
4-(methy Initrosamino - |- 3-pyridy1)-1-butanone (NNK),
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which worked with fresh-frozen and formalin-fized par-
affin-embedded tissue (Guo et al. 2016; Upadhyaya et al.
2009). By means of LC-MS/MS, the formation of 0%MaG
was also monitored in calf thymus DNA and genomic DNA
(100 pg) from colorectal cancer cells challenged in vitro
with potassium diazoacetate at mM doses (Vanden Bussche
et al. 2012).

Here, we performed a head-to-head comparison of these
methods and examined the scope of each method for measur-
ing O MeG adducts in both cells and tissues isolated from
amnimals exposed to the anticancer drug TME and the colono-
tropic carcinogen AOM. Our data illustrated that both immu-
nofluorescence {IF) and immuno-slot blot (1SB ) assay per-
mitted the time- and dose-dependent detection of 0™ MeG in
CRC cells in a semi-guantitative manner, but are limited in
sensitivity as illustraied in colon tissue exposed to low AOM
doses. The UPLC-MS/MS approach was demonstrated to be
highly sensitive and specific, allowing for the quantification
of 0“-MeG adducts in CRC cells and peripheral blood mon-
onuclear cells (PBMCs) at clinically relevant TMZ doses.
Furthermore, the dose—response curve of AOM-induced 0%
MeG formation was assessed by mass spectrometry in liver
and colon tissue of mice differing in their MGMT repair
status. Using hockey stick dose—response modeling, our data
revealed, for the first time, a genotoxic threshold for 0°-MeG
formation in vivo, resulting from MGMT repair activity.

Materials and methods
Materlal

All solutions were made with deionized water (18.2 M.,
resistivity ). 0" -methyl-d;-guanine (0°-Me-d3-G) was from
Toronto Research Chemicals (Toronto, Canada). 0% MaG,
ammonium hydroxide (ACS Reagent 28-30%), hydrochlo-
ric acid (ACS Reagent 37%), and acetic acid (HPL.C grade)
were purchased from Sigma-Aldrich (Buchs, Switzerland).
Guanine was obtained from Acros Organics (MNew Jersey.
USA) and Strata-X polymeric columns (30 pm) were from
Phenomenex (Torrance, USA ). Methanol (HPLC Gradient
Grade) was bought at VWER (Dietikon, Switzerland).

Cell culture

HCT1 16 colorectal cancer cells were kindly provided by Dr.
Bert Vogelstein {John Hopkins University, Baltimon, USA).
HCT116 cells were cultured in DMEM (Life Technologies,
Darmstadt, Germany) supplemented with 10% FCS and anti-
biotics (100 U/ml penicillin and 100 pg/ml. streptomycin).
PBMCs (peripheral blood mononuclear cellsh were isolated
from buffy coat by density centrifugation as described previ-
ously (Heylmann and Kaina 20 16). Buffy coat from human
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healthy donors was provided by the blood transfusion center
at University Medical Center, Mainz, Germany. Blood sam-
ples were layered on Histopague (Sigma-Aldrich, Deisen-
hofen, Germany ) and centrifuged at 2300 rpm for 35 min at
RT without the brake. PEMCs (lymphocytes. monocytes)
were collectad, transferred to a 50 ml tube and resuspended
in wash buffer (2 mM EDTA in PBS with 0.5% bovine
serum albumin). Cells were pelleied by centrifugation and
washed three times in wash buffer. Finally, cells wen resus-
pended in X-VIVO 15 medium (Lonza, Basel, Switzerland)
and transferred into six well plakes.

Animal experiments

Mgme-null (MGMT~"} mice on a C5TBL/6 background
were described previously (Bugni et al. 2009; Glassner
et al. 1999). Eight to 14 weeks old MGMT '~ and C37BL/6
wildtype (WT) mice were used. All mouse strains were
obtzined from the in-house animal breeding facility at Uni-
versity Medical Center, Mainz, Germany. Animal experi-
ments were approved by the government of Rhineland-
Palatinate and the Animal Care and Use Commitiee of the
University Medical Center, Mainz, Germany. All animal
studies were performed in agreement with the German fed-
eral law and the guidelines for the protection of animals.
Azoxymethane (AOM: Sigma, Deisenhofen, Germany) solu-
tion was prepared as described previously and administered
by intraperitoneal injection at doses up to 10 mg/kg body
weight (bw) (Fahrer et al. 2015). Animals were then sac-
rificed after 24 h. Colon and liver tissues were harvested,
carefully rinsed with ice-cold PBS and either snap-frozen
in liguid nitrogen or fixed in 4% neutral-buffered formalde-
hyde solution (Roti®-Histofix; Carl Roth, Karlsruhe, Ger-
miany ). For subsequent histological analysis, fixed tissue was
embeddzd in paraffin and stored at room temperatune await-
ing immunological analysis as detailed below.

Immunofluorescence detection of 0°-MeG adducts

HCT 116 cells (2 10° cells per well) were seeded onto cover
slips and allowed to adhere overnight. The medium was
meplaced by fresh medium and the cells were then pre-incu-
bated with the specific MGMT inhibitor 0°-benz ylguanine
(0™BG; 10 pM: Sigma-Aldrich, Deisenhofen, Germany)
for 2 h. Temozolomide (TMZ; kind gift of Dr. Geoffrey P.
Margison, Manchester, UK) was added (0 to 1000 ph) and
cells were incubated for another 2 h. Following aspiration of
the medium, cells were washed with pre-warmed phosphate-
buffered saline (FBS) and fixed with ice-cold methanol for
15 min at — 20 “C. After two washing steps with PBS, RNA
was digested with a mixture of RMase A (200 pg/ml) and
RMasa T (30 U/m1) for 10 min at 37 °C. Calls wara washad
with PBS followed by Proteinase K (20 pg/mil) digestion for

10 min at 37 °C. Cells then were washed with 0.2% glycine
in PBS for 10 min and cover slips were transferred into a
humid chamber. Unspecific binding sites were blocked with
5% BSA in PBS for 45 min at RT. Subseguently, the sam-
ples were incubated with a primary mouse antibody against
% MeG (diluied 1:2000 in 1% BSA in tris-boffered saline-
twezn 20 (TB 5-T); #30QX-5QMO003. 1, Axxora, Farmingdale,
USA) overnight at 4 °C. After several washing steps with
TBS-T and PBS, the samples were incubated with an appro-
priate secondary antibody (Goat-anti-Mouse-Alexa Fluor
488, diluted 1:400 in 1% BSA/PES, Life Technologies)
for 2 b at RT under light exclusion. After several washing
steps with TBS-T and PBS, the nuclei were counterstained
with TO-PRO-3 (diluted 1:100 in PBS, Life Technologies,
Darmstadt, Germany} for 15 min at RT. Finally, the cover
slips were coated with Vectashield® (Linaris, Dossenheim,
Germany ) medium and ransferred onto a microscope slide.
The samples were analyzed by confocal microscopy with
a Zeiss Axio ObserverZ| microscope equipped with a
LSM710 laser-scanning unit {Zeiss, Oberkochen, Germany ).
Images were acquired with ZEN software and processed
with Imagel] (NIH, USA). The mean 0°-MeG intensity per
nuclens was assessed with Image] (at least t2n sections with
1040 nuclei/treatment, > 3) and data were evaluated using
GraphPad Prism 7.0 software.

Isolation of genomic DMNA from cells and tissue

HCT116 cells (4% 10%) were seeded into 10 cm dishes and
arown overnight. Cells were then incubated in fresh medium
and 0°-BG was added as described above. After 2 h, cells
were treated with increasing doses of TMZ as indicated and
harvested. To extract the genomic DNA, cells wers resus-
pended in 300 pl Tris-EDTA buffer supple mented with
0.1% Triton X-100 and RMase A (30 pg/ml). After incuba-
tion for 1.5 h at BT, proteinase K (20 pg/ml) and 1% SDS
were added and incubated overnight at 48 °C. In the next
step, 700 1l phenolchloroformyisoamyl alcohol (Carl Roth,
Karlsruhe, Germany) was added. The samples were briefly
voriexed and centrifuged for 3 min at 20,000z The upper
aquecus layer was transferred into a new reaction tube and
extracted again with 700 pl phenolchlorofornyisoamyl alco-
hol. Following centrifugation, the upper agueous layer was
transferred to a new reaction tube and supplemented with
750 pl 90% ethanol and | M NH,OAc to precipitate the
DMA for | hat 4 °C. The samples were then centrifuged for
45 min at 20,000g and 4 °C. The supernatant was discarded
and the DNA pellets were washed with 1 ml 70% EtOH.
Following centrifugation at 20,000 and 4 *C for 15 min, the
supernztant was discarded and the remaining DNA pellets
were dissolved in 30-100 pl TE buffer. The samples were
gently vortexed and put on ice. Finally, the DNA content
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and purity were determined with a NanoDrop 2000 (Thermo
Scientific, Dreieich, Germany ).

PBMCs (6« 10°;, approximately 70% T-lymphocytes) in
2.5 ml X-Vivo |5 medium were exposed to increasing doses
of TMZ (50 to 1000 pM)) for 2 h at 37 °C. PBMCs were then
transferred into tubes, washed with PBS and centrifuged for
5 min at 300g. The supernatant was discarded and the pellets
were resuspended in PBS. The cell suspension was centri-
fuged at 600 for 3 min and pellets were processed to isolake
genomic DNA as described above.

Toisolatz penomic DMNA from mouse Gissue, snap-frozen
colon and liver (~20 mg) were homogenized with a pestle
and samples were processed as described above.

Immuno-slot blot assay (ISB) of 0°-MeG adducts

A previously established immuno-slot blot assay (Goder
et al. 2015) was used to determine °-MeG adduct levels
in genomic DNA extracted from TMZ-treated HCT 116
cells or AOM-treated animals. First, 300 ng DNA in TE
buffer was denatured by heating for 10 min at 99 "C. 50 pl
of 2 M ammonium acetate were then added and samples
were voriexed followed by their immediate vacuum aspi-
ration onto a positively charged nylon membrane (GE
Healthcare, Munich, Germany). The membrane was fixed
for 90 min at 90 °C and incubated for 60 min with blocking
buffer (5% dry milk in TBS-T). Subsequently. the membrane
wis incubated with a primary mouse antibody against 0
MeG (diluted 1:500 in 1% BSA in TBS-T) overnight at 4 “C.
After several washing steps with TBS-T, the membrane was
incubated with a secondary peroxidase-coupled antibody
(G--M-HRP, diluted 1:2000 in blocking buffer; Santa Cruz
Biotechnology, Heidelberg, Germany) for 1 h at RT. After
several washing steps with TBS-T, 0"-MeG adducts were
visualized by enhanced chemoluminescence detaction using
Western Lightning® Plus-ECL (Perkin Elmer, Rodgau, Ger-
mny ). Densitometric evaluation of blots was conducted by
Adobe Photoshop CS3 and analyzed by GraphPad Prism
7.0 software.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded (FFPE) colon and liver
tissues from AOM-treated mice were sectioned at 5 pm and
processed for immunohistochemistry as reported (Fahrer
et al. 2015). Tissue sections wene incubated at 60 °C for
30 min in a drying oven, then deparaffinized in xylene and
rinsed in graded ethanol solutions. Following several wash-
ing steps, the sections were immersed in pre-heated antigen
metrieval solution (DAKO, Hamburg, Germany ) for 30 min
in a steamer. The samples were allowed to cool for 15 min
at RT and washed several times in PBS. This process was
followed by a permeabilization step in 0.4% Triton X- 100 in
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PBS for 5 min at RT. Sections were then rinsed in PBS and
RNA digestion was performed for | h at 37 °C using both
RNase A (200 pg/ml) and RNase T (50 U/mi).

Afier alkaline unwinding of the DNA for 5 min, the sec-
tions were carefully washed in PBS and incubated with pep-
sin (60 pg'mil) 30 min at 37 °C. Thereafter, the sections wene
washed with PBS and incubated with proteinase K (20 pg/
ml} for 30 min at 37 “C. Following another washing step
with 0.2% glycine—PB S, the sections were incubated for 2 h
with blocking solution (DA KO, Hamburg, Germany ) at RT.
The sections were then weated with an 0*-MaG antibody
(1:100, diluted in 2% BSA in PBS) overnight at 4 "C. After
several washing sieps in PBS-0.1% Tween, the samples
were incubated with the appropriate secondary antibody
(G-o-M-Alexa 488, 1:500 diluted in 2% BSA in FES/0.2%
Triton X-100; Life Technologies, Darmstadt, Germany ) for
2 h at RT. The sections were then rinsed thoroughly with
PBS-0.1% Tween and a nuclear staining was performed
using TO-PRO-3 (1:108 in PBS) for 30 min at RT.Slides
were mounted with Vectashield® medium and analyzed by
confocal microscopy with a Zeiss Axio Observer.Z1 micro-
scope equipped with a LSM710 laser-scanning unit (Zeiss,
Oberkochen, Germany b. Images were processed with Image]
version 1.45 (NIH, USA).

LC-MS/MS analysis of 0°-MeG adducts

DNA hydrolysis

All DNA samples were measured on @ Nanodrop 1000
(Peglab, Rodgau, Germany). The total number of nucleo-
tides present was calculated based on the average base pair
miclecular weight of 630 g'mol. The number of guanine resi-
dues was calculated assuming 21% guanine in the mouse
genome, and 20.5% in the human genome (Ruvinsky and
Graves 20035). A minimum of 10 pg of DMNA was transfermed
to new Eppendorf DNA LoBind microcentrifuge tubes and
concentrated to dryness by vacuum centrifugation. Sam-
ples were resuspended and thoroughly vortexed in 300 pl
of a 0.1 M HCI solution spiked with 2 nM of the internal
standard (15), 0"-Me-d3-G. To release the purines from the
DMNA, each sample was heated for 2 h at 70 °C. Samples
were cooled at RT for at least 10 min followed by a 20 s
centrifugation pulse at 1000g. Each sample was neutralized
with 15 pL. of 15% aqueous ammonium hy droxide (NH,OH)
and vortexed.

Confirmation of DNA hydrolysis
30 pl. from each DNA sample was removed for HPLC analy-
si% o verify complete release of guanine. Quantification of

guanine was carried out on an Agikent Technologies 1200
Series HPLC (Santa Clara, CA) with a UV-visible detector.
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The method was adapted from Roy et al. (2013). To monitor
ahsorbance, the diode array detector was set to 270 nm and
the reference was set to 360 nm.

Chromatography was performed with a Luna CI8 Col-
umn {5 pm, 100 AL 4.6%250 mm) from Phenomenex (Tor-
rance, CA). Mobile phase A was water and mobile phase
B was methanol. The flow rate was | mL/min and the col-
umn Emperature was not controlled. 8 ul. of sample was
injected and separated as follows: 1% B for 3 min, 1-10%
B linear gradient for 7 min, a wash at #5% B for 3 min, and
re-aquilibration at 1% B for 7 min (20 min total run time).
Guanine eluted at a retention time of 8.7 min. Samples wem
analyzed in duplicate.

A calibration curve for guanine (2— 100 pM) was prepared
inad.] MHCL0.03% NHO0H solution. The amount of gua-
nine in each sample was calculated on the basis of guanine
peak area, slope of the calibration curve, and fraction of
the total volume injected. The percent recovery of guanine
was calculated using the guanine measured by HPLC com-
pared to the theoretical amount calculated from the Nan-
odrop measurement. All samples yielded between 20-120%
recovery of released guanine.

Adduct enrichment

Solid phase extraction (SPE) columns (Strata-X 33 pm,
30 mg/1 mL) were preconditioned with two 1 mL washes
with methanol, followed by three separate washes of | mL
water each. The entire remaining sample (485 pL) was
loaded onto a column for enrichment and purification. Each
column was then washed with 600 pL. waler, then 600 ul
of 3% methanol. Elution was performed by adding 600 pl.
of 60% methanol. The entire eluent was recovered and vac-
uum centrifuged to dryness in 250 pl conical glass HPLC
inserts. Samples were stored at — 20 °C. Immediately prior
to LC-MS/MS analysis, samples were thawed, reconstituied
in 20 pl water, and sonicated for 10 min.

LC-ESI-M5/M5

Samples were analyzed by LC-MS/MS using a nanoAcquity
UPLC system (Waters, Milford, CA) and Agilent tandem
quadrupole mass spectrometer (LCQ Vantage, Thermo
Scientific, Waltham, MA) with an electrospray ionization
source (ESI). Mass spactrometry ionization parameiers wan
optimized by tuning the instrument with 1 pM O™ MeG, 0"
d3-MeG. and G by direct injection. The ESI source was set
in positive jon mode with the following parameters: capil-
lary temperature, 270 °C; spray voltage, 3000 V; sheath gas
pressure, 25; i0n sweep gas pressumn, 0] aux gas prassure, 5;
Q2 CID gas pressure, 1.5 mTorr; collision gas, argon; scan
width, m/z 0.01: scan time, 0.1 s. Optimal collision energies
for ezch transition are in Table .

Table1 SRM transitions for 0%-Me(G and (F-d3-MeG identification
and quantification

Quantification (Qualification
S5RM iransi- Collision  SREM transi- Collision
tion Energy tion enargy
L) v
Guanine 152.1—=135.1 24 1521 —110.1 26
O0°-MaG l66.1—1490 1a leal—a7.1 30

0°-d3-MeG  169.1—1520 16 1691 —1070 26

Chromatography was performed with a Synergi 4 pm
Polar-RP column (Phenomenex 80 A 1503 0.5 mm). Mobile
phases were sonicated for 135 min prior to the run. Mobile
phase A was water with 0.05% acefic acid. phase B was
methanol, and the flow rate was 10 pl/min at the column
temperature was set to 40 °C. The autosampler was cooled to
4°C, a seal wash was performed every 30 min, and the injec-
tion volume was 1 pl.. Samples were separated as follows:
0% B for | min, 1-40% B gradient for 14 mun, 99% B for
5 min, and re-equilibrate for 15 min. The eluent was directed
to the M3 between 2 min and 14 min, otherwise the eluent
was diverted to the waste. 0°-MeG and 0°-d3-MeG eluted
at 9.8 min. The single raction monitoring (SR M) transitions
that were monitored are listed in Table 1. Xcalibur software
(Therma) was used for data acquisition and processing.

Calibration curves

A series of eight different O°-MeG standards of known con-
centration (0.5, 1, 2.5, 5. 10, 25, 40, 50 nM) was prepared.
A fresh 20 pL aliquot of each prepared standard was con-
centrated to dryness by vacuum centrifugation and resus-
pended in 500 pl. of 20.1 M HCI solution spiked with 2 nM
of the IS as ghove. Thermal acid hydrolysis and SPE were
performed in the same way as the DNA samples. Standards
wem reconstituted with 20 pl. water for LC-MS/MS anal-
ysis. Each calibrated standard was measured in triplicate.
Standards were prepared and analyzed immediately prior
to analysis. The peak area ratio was determined for each
standard by dividing the peak area of the standard by the
peak area of the 15. Data were fitted to a straight line by least
squares {ordinary) in GraphPad Prism 7.0.

Adduct quantification

Each sample was first injected once into the MS to ensure
they were within the linear range. For samples that were
higher than the standard curve, a 1:10 dilution was per-
formed in water. For samples where the (0"-MeG was lower
than the standard curve, the injection volumes was increasad
to 4 pL or was analyzed using a nanoAcquity UPLC M-class
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sysiem {Waters, Milford, CA) and tandem quadrupole mass
spectrometer (TS0 Quantiva, Thermo Scientific, Waltham,
MA) with an electrospray ionization source (ESI) using the
same ionization parameters and chromatography. Relative
standard deviation of the technical triplicates was less than
20%. The peak area ratio was determined for each sample
by dividing the peak area for " MeG by the peak area for
% d3-MeG. The amount of 0%-MeG in each sample was
calculated on the basis of the peak area ratio, the slope of
the calibration curve, and the fraction of the total volume
injected. Adduct levels are reporied as adducts per 107 total
nucleotides.

Statistics

Experiments were performed independently three times,
unless otherwise stated. Figumes show representative images.
Values are depicted as mean +standard errors of the mean
(SEM) using GraphFad Prism 7.0 Software. Statistical analy-
sis was performed using two-sided Student’s ¢ st and sta-
tistical significance was defined as p <0.03.

_CH,

A
# "J\ u,:H ?
-

L)
P
HM ™ GOy ha”

o

MTIC

u‘?;.-auu HE“\T/Z\(N
Sy \<‘

Hockey stick dose—response modeling

Dosz-response modeling was performed as deseribed (Lutz
and Lutz 2009) using R software {version 3.3.1) (R Devel-
opment Core Team 20013). The lower confidence interval of
the threshold dose is also reported. It should be noted that
confidence intervals of < O lacks statistical significance for
a threshold.

Results

In this study, levels of 0°-MeG resulting from exposure to
gither the anticancer drug TMZ or the colonotropic carcino-
oen AOM were evaluated in CRC cells and different murine
tissues (i.e., liver and colon) by a combination of qualitative
immunological assays and quantitative mass specirometry
iFig. la). AOM requires metabolic activation by the hepatic
enzyme CYP2EI to generate a reactive methylating agent
(Mewfert et al. 2007). TMZ, on the other hand. spontaneously
decomposes at neutral pH to deliver a methyl group (Zhang
et al. 2012). Both chemicals give rise to DNA reactive
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Fig. 1 Formation of 0" MeG DMA adducts and their snalysis by
qualitative and quantitative methods. a Formation of 0%-MeG DMA
adducts by alkylating agents. The anticancer drug temozolomide
({TMZ) decompose s spontane cusly to methy -{irazen- 1-y1) imidazole-
4carbewamide (MTIC) in agueous solutions at pH= 7 (top panel).
This instable intermediate gives rise to 5-aminoimidarole- 4- carbox-
amide (AIC) and dizzomethane, which then reacts with nucleophilic
centers in DMA, thereby forming 0% MeG DMA adducts. The colono-

&) springer

Alkaling unwinding =

Confocal IF microscopy
OF-Met antibody

tropic carcinogen axoxymethane (AQM), which is chemically related
with N-nitroso compounds. requires metaholic activation by hepatic
CYPZE] to methylazoxymethanol (MAM). Subsequently, this com-
pound undergoes decomposition to diszomethane as DMNA methy lat-
ing agent (hottom panel). MAM is also biliary excreted as glucuronic
acid conjugate and thereby reaches the colorectum, where it also gen-
erates diazomethane (not shown). b Anabysis of (0°-Me( in cells and
tissues. Please refer to the main text for further explanations
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methy Idiazonium ions that induce the minor lesion O%-MeG
among other DMNA methylation adducts. The workflow of
sample processing and subseguent andlysis is depicted in
Fig. 1b.

Time-dependent formation of 0°-MeG In cells
challenged with TMZ

First, we investigated the induction and persistence of 0"-
MeG in a time-dependent manner over 24 h. To this end.
HCT116 CRC cells were pre-incubated with 0%-BG for
2 hto inactivate MGMT and then challengad with TMZ
fior up to 24 h. Confocal IF microscopy showed a time-
dependent formation of 0°-MeG with a peak after 4 h.
which persisted up to 14 h after exposure to TME (Fig. 2a,
b). After 24 h, the O"-MeG level declined, presumably
hecause of resyvnthesis of MG MT or lzsion dilution rasult-
ing from cell division. To guantify the adducts, we used

A control 1h

OF-MeG

Muclei

Z2h 4h &h 14 h 24h

stable isotope dilution mass spectrometry. The results
showed a similar time course of 0%-MaG accumulation as
compared to the IF analysis (Fig. 2c). 4 h after treatment
with 500 pM TMZ, the basal 0°-MeG level (~ 2 lesions
per 107 nucleotides) increased to 116 0%MeG adducts
per 107 nucleotides. After 24 h, the 0%MeG content
decreased to 538 adducts per 107 nucleotidas, which iz still
considerably higher than in untreated control cells. Rep-
resentative chromatograms for 0°-MeG measurements in
TME-treated HCT1 16 cells are also shown (31, Fig. 1). To
illustrate the intrinsic MGMT repair capacity in HCT116
cells, cells were incubated in the absence or presence of
the MGMT inhibitor 0°-BG and challenged with 300 uM
TMEZ (Fig. 2d). Mass spectrometry revealed a slightly
higher, yet not statistically significant 0% MeG level fol-
lowing TMZ rzatment in cells pre-treated with the MGMT
inhibitor (74 versus 56 adducts per 107 nucleotides), indi-
cating the protzction mediated by MGMT against TMZ-
induced 0°-MaG in HCT116 cells.
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Fig. 2 Anabysis of 0%-MeG induction and persisence in CRC cells
using immunofluorescence and mass spectrometry. a HCTI e cells
were pre-imated with the MGMT inhibitor (°-Bemzylguanine (0F-
BiG) for 2 h and then exposed to the anticancer drug TME (500 pM)
and incubated for up to 24 h. Repesentative imapes are shown, 0F-
MeG (green) and noclei (blue). b Determination of the mean stain-
ing intemsity by Imagel. ¢ Mass spectromeiry-based detection of
O0F-MeG in HCT116 cells trested as described in 2. Genomic DNA

Tima (h)

was isolated and O°-MaG levels were determined with mass spec-
trometry using an isotope-labeled intermal standard. Data are depicted
a5 mean £ 5EM (n=3) **** p<00001; *, p<005; re not signifi-
cant. d Induction of 0°-MeG adducts by 500 pM TMZ with or with-
out pre-treatment with the MGMT inhibitor 0%-BG. Number of 0%
Ma lesions wene assessed by mass spectrometry. Data ame shown as
mean + SEM (n=3). N+ not significant_ (Color fipure online)
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Dose-dependent Induction of 0°-MeG In cells
challenged with TMZ

To monitor the dose-dependent formation of 0°-MeG
adducts, HCT116 cells were pre-incubated with the phar-
macological inhibitor 0“-BG to block MGMT activity.
The cells were then exposed to increasing doses of TMZ
(0-1000 uM) for 2 h. fixed and processed. 0°-MeG was
specifically labeled with an antibody followed by confo-
cal microscopy (Fig. 3). As expected, 0°-MeG displayed
exclusive nuclear localization. TMZ, at 100 pM, caused a
moderate, significant rise in the 0®-MeG level relative to
the untreated control (Fig. 3a—c¢). At higher dose levels,
0°-MeG levels increased dose dependently (Fig. 3a—c).
Subsequently, we compared the sensitivity of the ISB
assay with mass spectrometry-based analysis of 0"-MeG
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©
@
=
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@
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s
2;m 2Em gm 2-5:,-“
B 0 UM TMZ 1000 pM TMZ C
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Fig. 3 Detection of 0"-MeG adducts in CRC cells by immunofiuo-
rescence. @ HCT116 cells were pre-incubated for 2 h with O"-ben-
zylguanine to block cellular MGMT repair activity. Cells wem then
treated with increasing doses of the S, l-alkylating anticancer drug
emazolomide (TMZ; 0-1000 pM) for 2 h to allow for damage induc-
tion. Representative images acquired by confocal microscopy are

(_\_ Springer
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adducts in genomic DNA from TMZ-treated HCT116
cells. By means of the ISB assay, we were able to detect
a dose-dependent 0°-MeG DNA adduct formation. reach-
ing statistical significance only at doses = 500 pM TMZ
(Fig. 4a, b). Doses up to 250 uM were hdJ’L“\ distinguish-
able from the background level (Fig. 4b). In contrast,
UPLC-MS/MS revealed a significant rise in 0°-MeG at a
lower dose of 100 pM TMZ with 13 adducts per 107 nucle-
otides. while the baseline level without TMZ treatment
was low (2.5 adducts per 107 nucleotides) (Fig. 4c). This
clearly demonstrates the higher sensitivity and specificity
of the mass spectrometry-based approach. It is interest-
ing to note that we were also able to measure 0®MeG in
PBMC following in vitro treatment with 100 pM TMZ
(SI Table 1). This experiment was conducted without the
MGMT inhibitor O°-BG, i.e., in the presence of intrinsic
MGMT repair activity.
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shown. 0°-MeG (green) and nuclei (blue). b Magnification showing
pan-nuckar localzation of 0>-MeG adducts. C Quantitative evalu-
ation of dose-response samples. Data am presented as mean +SEM
(n=3. =10 sections per samplk). ****. p<0.0001. (Color figure
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Fig. 4 Anabysis of dose-dependent (7°-Mea(i adduct formation in CRC
cells by immune slot blot dedection versus mass spectrometry. 8 HCT
116 cells were pe-imcuhated with the MGMT inhibitor O°-bemeyl-
puznine ((7%-BG) for 2 h and then challenged with increasing doses
of the anticancer drog TMEZ (01000 uM) for additional 2 h. 0% MeG
adducts were determined inm isolzied penomic DNA by an immune

Assessment of 0°-MeG In tissue of AOM-treated
mice and Impact of MGMT

Having extensively characterized the dose- and time-
dependent formation of 0*MeG in CRC cells, we
switched to a mouse model using B&/J wildtype (WT)
and transgenic, MGMT-deficient mice (MGMT~'~). The
animals were exposed to AOM, which is a well-established
colonotropic carcinogen. AOM requires metabolic activa-
tion in the liver and the colorectum, involving an interplay
of hepatic cytochrome P430 2E1 (CYP2E1)- and UDP-
glucuronosyl-transferase (UGT)-dependent metabolism
together with B-glucuronidase activity from gut bacteria
(Meufert et al. 2007). AOM was administered by intra-
peritoneal injection in doses ranging from O to 10 mg/
kg bw and animals were sacrificed after 24 h to isolate
genomic DNA from liver and coloractal tissue. 0"-MeG
levels were already assessed in our previous work using
the 1SB technique (Fahrer et al. 2015). Both genotypes
displayed a dose-dependent formation of hepatic 0"-MeG
adducts, with significant higher kevels in MGMT knockout
mice that lack methy transferase activity towards 0°-MeG
(Fahrer et al. 2013). In colorectal tissue, no differences in
O"-MeG levels were detected in WT mice challenged with
up to 10 mg/kg AOM, while a dose-de pendent increase
was observed in MGMT-deficient mice using the 1SB assay
(SI Fig. 2a, b). Mext, the liver samples were analyzed by
miss spectrometry, resulting in dose-dependent generation
of 0"-MeG as a function of the repair phenotype (Fig. 5a,
c). It should be stressed that 0%MeG levels were about
twofold higher in MGMT ™~ as compared to WT animals
at doses of 3 and 5 mg AOM/kg bw (S1 Fig. 3a), reaching

slot hlot approach. Data ae depicted as mean+SEM (n=3). ***,
p<000]1; *, p<005; rs not significant. b Representative immuno-
shot blote Cells were treated as described ina and Fnumin: DMNA was
isolaied. The number of %MaG lesions per 107 nucleotides (nts)

was obizined by mass spectrometry. [Mata are given as mean+SEM
(a=3)L *** pc00DD]*** p00D];** p< 0005 p<0105

statistical significance only for 3 mg. Finally, we studied
0°-Mel formation in colorectal tissue, which is pivotal
for DNA alkylation-triggered colorectal carcinogenesis.
Intriguingly, UPLC-MS/MS revealed 0°-MeG induction
(6 adducts per 107 nucleotides) at the lowest tested AOM
dose (3 mg AOM/kg bw) in WT animals, which was tre-
mendously augmented (60 adducts per 107 nucleotides) at
the highest AOM dose (10 mg/kg bw) (Fig. 3e). In stark
contrast, MGMT ™~ animals displaved a dose-dependznt
and almost linear formation of 9-MeG adducts (16, 35,
81 adducts per 107 nucleotides, respectively) (Fig. Sg).
Side-by-side comparison of the induced 0°-MeG lesions
in colorectal tissue showed significantly higher levels in
MGMT "~ versus WT animals at AOM doses < 5 mp/ke
bw (SI Fig. 3b).

Dose-response modeling of 0°-MeG adducts
and threshold analysis

We performed hockey stick dose—response modeling (Lutz
and Lutz 2009) on the in vivo data following ISB and MS
guantification of 0 MeG adducts to identify a potential
threshold dose and assess the dose—response relation-
ship (Fig. 5b, d, f, h). We only identified a threshold dose
using UPLC-MS/MS guantification, but not via ISB (5l
Fig. 4). Interestingly, the threshold dose of 1.9 mg/kg bw
and 4.8 mg/kg bw AOM in the respective liver and colon
of WT mice was absent in the MGMT-deficient genotype
(Table 2), indicating a change in dose—response relation-
ship from sub-linzar to linear when MGMT-mediated
repair of @%Med is lacking.
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Fig. 5 Anabysis of the dose-dependent 0°-MeG formation in liver and
colonectal tissue of MGMT-proficient and -deficient mice. Mass spec-
trometry-based determination of hepatic (a, ¢) and colonic (e, g) -
MeG lesions in isolated penomic DNA of WT and MGMT ' mice.
Data with 10 mg AOM&z bw has been reporied previously by our
proup (Ddrsam et al. 2018). Data is shown 2 mean+ 5EM (r=3 per
dose and penotype). ****_ p< 00001 *** p<00001; **, p<0005;

Discussion

The present work provides a characterisation of currently
available echniques to detect and quantify 0%-MeG adducts
in cells and murine tissues, with a focus on their sensitivity
and specificity. Furthermore, the approaches were applied
to determine genotoxic thresholds using the hockey stick

Table 2 Threshold dose anakysis of in vivo samples

Sample Assay Threshold dose  Lower C1
(mgkz bw) (mgikg

bw)

WT liver 5B - -

MGMT-"liver I5B - -

WT liver UPLC-MSMS 193 078

MGMT-"" liver ~ UPLC-MS/MS - -

WT colon UPLC-MSMS 478 320

MGMT "~ colon  UPLC-MSMS 132 (iTL)]

C¥ Confidence infervals

&) springer

*, p<005.; ns not significant (zs compared to the respective control
treated with 0 mg AOMAgz bw). Dose—mesponse modeling to elu-
cidate the threshold dose for (°-Mel formation in liver (b, d) and
colomctal (F, h) tissue of WT and MGMT™~ mice. Solid line shows
the best fit of the model. The broken line shows the 2% lower confi-
dence imterval of the threshold dose for those dose—responses where
lingarity can be mjected

dose-response modeling. First, we showed that IF micros-
copy allows for the time- and dose-dependent detection
of (*-MeG in cells reated with the methylating antineo-
plastic drug TMZ. The procedure itself is relatively fast
and not expensive, but includes critical steps such as the
unwinding of DNA at alkaline pH. during which the cells
can detach. Furthermore, the 0%MeG antibody caused
some background signal, which is particularly prominent
in tissue samples (S1 Fig. 5). The digestion of proteins and
RMA are further essential stzps to yield specific, nuclear
staining of 0"-MeG. This method has been employed to
detect 0°-MeG in cells and in tissue, particularly liver and
colon tissues (Fahrer et al. 2015; Nyskohus et al. 2013),
as it offers the advantage to visualize damage induction in
distinct cell types and regions within a given tissue. Using
confocal microscopy, we could demonstrate the spatial for-
mation of 0%-MeG adducts in liver lobuli, with the highest
damage induction in hepatocytes around the central hepatic
vein, while no adducts were formed in the periportal field
[S1 Fig. 5 and (Fahrer et al. 201 5)]. Interestingly, O MeG
staining can also be combined with the detection of YH2A X,
an established marker for DNA DSBs (Fahrer et al. 2014;
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Kinner et al. 2002), in paraffin-embedded liver tissue (Fahrer
et al. 2015). The IF-based method proved also to be useful
for monitoring the time-dependent induction and removal
of 0"-MeG adducts in colon crypis of rats treated with up
o 15 mg AOM/kg bw (Nyskohus et al. 2013). However, IF
is a semi-quantitative method and offers moderate sensitiv-
ity as compared to mass spacirometry, which was revealed
mainly during the analysis of tissue samples. For example,
our UPLC-MS/MS approach detecied 0%-Ma(G in liver tis-
sue of WT mice at low AOM doses (Fig. 5), whereas IF
microscopy did not (Fahrer et al. 2015).

Second, we employed the 1SB assay to detect 0"MeG
adducts in genomic DNA isolated from cells and tissues
exposed to methylating agents. The ISB assay allows for
the direct comparison of multiple samples (up to 48) on
the same membrane, requiring only a littke amount of DNA
(< 500 ng). Furthermore, it is a very fast and inexpensive
method. We showed a dose-dependent °-MeG peneration
in cells chalkenged with TMZ, however with only moderate
sensitivity. Nevertheless, 0% MeG adducts were monitored
in liver DMA form WT and MGMT-deficient mice ex posed
to low dose levels of AOM (3 mg'kg bw). It also should
be mentioned that the effect of the different DNA repair
phenotype, i2., MGMT proficiency and MGMT deficiency,
was clearly visible here. In support of its rather moderate
sensitivity, no AOM-dependent formation of G"-MeG was
detectable in DNA isolated from colorectal tissue of WT
animals using the ISB assay (51 Fig. 2). The method has
also been applied to measure 0°MeG and O®-ethylguanine
in human lymphocytes exposed to methyInitrosurea (MNU}
and ethylnitrosurea (ENU), respectively, at the mM dose
range (0.5-4 mM) in vitro (Jizo et al. 2007; Stephanou et al.
1996}, confirming the limited sensitivity of ISB. This draw-
back is also attributable to the background signal, which is
observed in untreated control samples.

Third, we applied UPLC-MS/MS to quantify O%MeG
adduct levels in human cells and murine tissue samples
(liver and colon). This approach was highly sensitive and
superior to the other antibody-based methods (IF and ISB )
throughout our experiments. While former studies using
HPLC-MS/MS required moderate to high amounts of DNA
(30 pg up to | mg) (Upadhyaya et al. 2009; Vanden Bussche
et al. 2012; Zhang et al. 2006), we have optimized the sam-
ple cleanup and subsequent analysis, reducing the amount of
DMNA needed to below 10 pg. Our UPLC-MS/MS approach
is highly sensitive and permitied the delection of 0™ MeG in
coloractal tissue of WT mice challenged with only 3 ma/kg
b AOM. This method was also instrumental for our very
recent study dealing with the impact of the DNA repair pro-
tein PARP-1 on alkylation-induced colorectal carcinogenesis
(Dorsam et al. 201 8).

Mass spectrometry revealed moderate differences in
O"-MeG levels following TMZ treatment in the presence

or absence of the MGMT inhibitor 0% BG, which were
however not statistically significant. This finding could
be atiributable to several factors. First, HCT 116 cells dis-
pliy only moderate MGMT activity (Goder et al. 2013),
whereas other CRC cells such as HT29 have a fourfold
higher MGMT activity (Tomaszowski et al. 2015). Less
0"-BG is thus reguired to inhibit the cellular MGMT pool
in HCT1 16 cells, attenuating the effects particularly at a
high TMZ dose of 500 uM. Second, it is conceivable that
the catalytic Cys residue of MGMT is directly alkylated
by TMZ, which could also overshadow the O"-BG-medi-
ated inhibition. In support of this notion, a previous study
indicated that the 5,2 alkylating agent methyliodide and.
at higher doses, the Syl alkylating agent MNU directly
alkylate MGMT in cell extracts (Ohet al. 1996). Third, the
TMZ exposure time used for this experiment (2 h) might
be not ideal, bearing in mind that 0% MeG induction by
TMZ peaks after 4 h (Fig. 2c).

Intriguingly. our measurements revealed a linear, dose-
dependent accumulation of adducts in MGMT-deficient
mice, whereas adduct levels exhibited non-linearity in WT
animals, and the threshold analysis supports this result
(Table 2). We found threshold doses of AOM in the liver and
colon of treated mice at 1.93 mg/kg bw and 4.78 ma/kg bw,
respectively. The liver has higher basal levels of the AOM
activating enzyme, CYP2EL, than in the colon (Rosenberg
and Mankowski 1994). We could therfore hypothesize that
more AOM is activated in the liver and able to react with
DNA, accounting for the lower threshold dose than in the
colon. Caution is urged however, as the dose—esponses look
sub-linear (due to vastly higher adduct levels at the high-
est dose ) as opposed to threshold, particularly in the colon
(Fig. 5). However, the difference in threshold dose between
the repair phenotypes is intriguing and supports a mechanis-
tic basis for the observed threshold doses (Fahrer et al. 20135:
Thomas et al. 2013).

Moreover. it is hypothesized that detoxifying processes
can prevent genotoxin activation, subsequent DNA maction
and adduct formation and. therefore, contribute to a non-
linear DNA adduct relationship (Thomas et al. 2015). The
half-life of the DNA adducts (governed by their removal by
repair enzymes, such as MGMT) may influence the relation-
ship observed depending on the time following treatment
when the adducts were quantified. The influence of DNA
repair is evidenced in the absence of threshold doses in the
MGMT-deficient phenotype. While this data is limited and
firm conclusions on the dose-responses are difficult to draw,
it is inkeresting to speculate particularly, as in this instance,
the relationships correlate to our mechanistic understanding
of DNA damage induction and repair. This is consistent with
our previous study dealing with the impact of DNA repair on
the dose-response relationship in alkylation-induced colo-
rectal carcinogenesis (Fahrer et al. 2015) and illustrates that
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Table 3 Features of the different anabytical techniques used for OF
MeG detection

Immunofluores-  Immuno-shot UPLC—mass
CEMOE hilot spectrometry
Required sample < 50,000 cells 250500 ng =5 pg DNA
DMA
Sensitivity Mude rute Moderate High
Specificity Miode rate Moderate High
Throughput Mude rute High Laow

initial DN A adduct levels may be corm lated with later onset
of lumorigens2sis.

Using this mass spectrometry-based approach, 0°-MeG
formation was also guantitatively assessed in PBMCS iso-
lated from healthy human volunteers following in vitro treat-
ment with the anticancer drug TMZ. This experiment was
conducted without the MGMT inhibitor O*-BG. i.e., in the
presence of intrinsic MGMT activity that amounts to about
105 fmol/ 10° PBMCs (Janssen et al. 2001). Interestingly,
significant levels of 0"-MeG were detected at a dose of
100 pM TMZ, which is comparable to the plasma concen-
tration that can be achieved in patients after oral administra-
tion of the drug (Britten et al. 1999; Hammond et al. 1999).
It can be envisioned that 0®-MeG induced by methylating
anticancer drugs such as TMZ and DTIC could be monitored
in peripheral blood cells as clinical pharmacodynamic bio-
marker in the future, comparable to yH2AX and poly( ADP-
ribose) as proposed elsewhere (Redon et al. 2010). This
will assist in stratifying patients and monitoring therapeutic
efficacy in personalized medicine, an approach that is also
amenable to other DN A-damaging anticancer drugs, includ-
ing cisplatin and cyclophosphamide (Stornetta et al. 2017).
The advantages and disadvantages of each method used here
are summarized in Table 3.

Very recently, novel strategies have been developed
to detect 0°-MeG in a sequence-specific context. To
this end. artifical nucleotides (benzimidazole-derived
2"-deoxynucleoside-5-0-triphosphates) have been synthe-
sized, which are incorporated into DNA opposite 0°-MeG
by an engineered KlenTag DNA polymerase (Wyss et al.
2016; Betz etal. 2017). Novel hybridization probes based on
an oligonucleotide with nucleoside analogues conjugated to
gold nanoparticles have also bean usad to successfully detect
(MG within a mutational hotspot in the KRAS oncogens
{Trantakis et al. 2016). These chemical approaches may
open a new avenue to measure O°-MeG levels in a sequence-
specific manner at single base resolution instead of assessing
the global 0°-MeG load in penomic DNA.

In summary, the UPLC-MS/MS approach allowed for the
quantitative, sensitive and specific detection of critical 0®-
MeG adducts in cells and tissue. This technique was further
pivotal for the determination of threshold levels for 0°-MeG

&) springer

adduocts, which were caused by the repair enzyme MGMT.
We envision that this method will be instrumental to monitor
the therapeutic efficacy of alkylating anticancer drugs and
to assess dietary and environmental exposure to 0" -MeG-
inducing agents.
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Supplementary Figure $1

2000 0 pM TMZ

miz 166.1 = 149

2000
F-d3-MeG
k m/z 169.1 - 152
=
2000
250 yM TMZ
el
w
s oM .
E 2000
K
2000 1000 uM TMZ
A A A )
2000
0 5 10 15 20 25 30
Time (min)

Figure 51: Representative selective (SRM) chromatograms of HCT116 cells exposed to
increasing doses of temozolomide (TMZ). Top panel: m/z 166.1 > 149; 0%-MeG is eluted at 9.8 min.
Bottom panel: m/z 169.1 3 152; isotope-labeled 0f-MeG standard is eluted at 9.8 min.

123



Chapter 5

Supplementary Figure 52
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Figure $2: Immuno-slot blot {ISB) analysis of 05-MeG in genomic colon DNA of WT and MGMT
deficient mice. A Animals were treated with increasing doses of AOM (0-10 mg'kg bw; n = 3 per dose
and genotype) and sacrificed after 48 h. Genomic DMNA was isolated from colon tissue and analyzed by
ISB. B O%-MeG levels were calculated in relation to PBS-treated control mice (0 mg AOM/kg bw) and
are presented as mean + SEM. ==, p< 0.005; *, p< 0.05.; n.s. not significant (as compared to the

respective genotype control treated with 0 mg AOM/kg bw).
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Supplementary Figure 53
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Figure $3: Dose-dependent O®-MeG formation in liver and colorectal tissue of WT and MGMT--
mice. A and B Determination of hepatic and colonic 0%-MeG lesions in isolated genomic DNA by mass
spectrometry. Data with 10 mg/kg ACM has been reported previously by our group (Dérsam et al. 2018).

Data is shown as mean + SEM (n =3 per dose and genotype). **, p< 0.01; *, p< 0.05.; n.s. not significant.
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Figure 54: Dose-response modeling of hepatic 08-MeG formation assessed by immuno-slot blot
(ISB) analysis. ISB data of hepatic 05-MeG formation in AOM-treated WT and MGMT~ animals were
reported previously by our group (Fahrer et al. 2015). Dose-response modeling was perfformed to
elucidate the putative threshold dose for AOM-induced O5-MeG in WT and MGMT-deficient mice. Solid

line shows the best fit of the model, indicating linearity.
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Supplementary Figure S5

TO-PRO® Alexad88 Alexad88 Merge

Figure S5: Detection of AOM-induced O5-MeG DNA adducts in liver tissue. Mgmt" animals were

0 mg AOM

10 mg AOM

challenged with AOM (0 or 10 mg/kg bw) and sacrificed after 24 h. Paraffin-embedded liver tissue was
sectioned at 5 pm and stained with an O%-MeG antibody together with an Alexa488-coupled secondary
antibody (green). Nuclei were counterstained with TO-PRO-3 (blue). Samples were then|analyzed by

confocal microscopy. Red box indicates enlarged image section.

Supplementary Table $1

PBMCs O0f-MeG lesions/ 107 nis
0 uM TMZ 20
50 uM TMZ 19
100 uM TMZ 40
250 uM TMZ 91
500 uM TMZ 615
1000 pM TMZ 212

Table $1: Formation of 0%-MeG in peripheral blood mononuclear cells ([PBMCs). PEMCs were
exposed in wiro to increasing doses of the methylating anticancer drug temozolomide (TMZ) for 2 h.
Genomic DNA was isolated and processed for UPLC-MS/MS analysis as described in materials and

methods.
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Chapter 6: Summary and Outlook

N-Nitroso compounds (NOCs) are known human carcinogens due to their potential to
alkylate DNA leading to replication-associated mutagenesis. Among the DNA adducts
formed from NOC exposure, those arising from alkylation of the oxygen in the DNA base
guanine include O°%-methyldeoxyguanosine (0°%-MedG) and 0°-
carboxymethyldeoxyguanosine (O®-CMdG), which are highly mutagenic and potentially
carcinogenic.'> The mutation spectra in the cancer relevant p53 gene of stomach and
colorectal cancer patients matches the one induced by the carboxymethylating agent KDA,
implicating carboxymethylation of DNA in the initiation of both cancer types.® Further,
during translesion synthesis of O®-CMdG, misincorporation of thymine and adenine occurs,
providing a mechanism for the origin of the mutation spectra.”® NOC-induced carcinogenesis
is further supported by molecular epidemiology data demonstrating the occurrence of Q°-
CMdG and 0%-MedG in blood and tissue samples from high meat consumption and colorectal
cancer patients.>*® Thus NOC exposure from meat consumption is characterized as a
carcinogen hazard, however, risk assessment on the basis of NOC exposure and biological
consequences is lacking and requires quantitative biomarkers concerning internal exposure
and knowledge of how they are impacted by genetic background.'41¢

A goal of this thesis was to characterize the chemical basis of NOC-induced O°-CMdG
adduct formation to improve the understanding of biological factors that govern the balance
of DNA adduct formation and removal in cells. Further, phenotypic responses to NOC-
induced DNA damage was elucidated and key factors mediating cellular susceptibility
towards NOC exposure evaluated. Improved understanding of cellular response upon NOC
exposure is anticipated to help establish biomarker-based strategies for risk assessment and
for predicting individual susceptibility based on assessment of exposure and/or activity of
critical damage response factors. Three main further directions suggested from this research
concern enzymatic studies addressing NOC decomposition and uptake, repair studies
elucidating a potential interplay of pathways in O®-CMdG repair and dose-response studies
for O5-CMdG and carboxymethylating agents with regard to genotoxic thresholds mediated
by repair pathways. Finally, of these further studies would be enabled by the sensitive and
specific mass spectrometric analysis approaches that have been established and applied in this
research.

Mechanism of O8-alkylguanine formation

The mechanism of NOC-induced DNA adduct formation relies on spontaneous
decomposition of nitrosamides and CYP450-activtated alpha-hydroxynitrosamines to yield
alkylating agents via monoalkynitrosamines and alkydiazonium ions.!” Indeed, O5-CMdG
formation via the intermediate diazoacetate was demonstrated for nitrosated glycine under
physiological conditions,'® but overall evidence for diazoacetate as the intermediate in O°-
CMdG formation is lacking. Azaserine, a diazo-compound that can be considered as the
active decomposition product of NOCs, was chosen as a model compound to study NOC-
induced adduct formation.

The chemical mechanism of azaserine-induced O8-CMdG formation was characterized,

revealing for the first time the formation of Of-Ser-CMdG as an intermediate accessible by
127



Chapter 6

direct reaction of L-azaserine with DNA. O°®-Ser-CMdG spontaneously degrades to the
biologically relevant adduct O®-CMdG (Chapter 2). Furthermore, azaserine-induced O°-
CMdG and 0%-MedG formation in cells followed a linear dose-response relationship with
maximal levels being reached after 48 h of L-azaserine exposure. These data and the
bioanalysis strategies established to obtain it critically support the use of L-azaserine as a
model compound to study NOC exposure in carcinogenesis research. Enzymatic [-
elimination of L-azaserine has also been proposed to occur in cells but a corresponding
enzyme could never been identified.’®? Since we did not detect the O5-Ser-CMdG
intermediate in cells, the enzymatic decomposition warrants further investigation, e.g. by
using cell lysates in the reaction mixture of dG and azaserine. Preliminary results by nanoLC-
ESI-hrMS? showed no detectable analyte peaks, probably due to high background of the
matrix. For MS-based analysis, the cell lysate samples require further clean-up, e.g. molecular
weight filtration, or analysis by HPLC would be preferable to test for enzymatic intermediates
of L-azaserine that subsequent can result in O®-CMdG and O°®-MedG formation.

Another process that remains unclear is the role of enzymatic pathways in 0°-MedG
formation from carboxymethylating NOCs. As a chemical mechanism, O®-MedG formation
via decarboxylation of NOC decomposition intermediates has been suggested,* and our data
support this hypothesis. However, enzymatic O%-MedG formation from L-azaserine has never
been addressed. The role of enzymatic pathways in L-azaserine induced DNA adduct
formation is further supported by studies demonstrating weak mutagenicity for D-azaserine.?

Finally, cellular uptake of L-azaserine warrants further investigation. Reduced
mutagenicity of D-azaserine could be explained by diminished uptake compared to L-
azaserine as active transport via amino acid transporters has been suggested for L-azaserine®*
23 and is further supported by L-azaserine acting as an antagonist for cellular glutamine-
dependent amidotransferases.?*?® Cellular uptake studies have to be carefully evaluated as
amino acids, present in the cell culture media to maintain cells, may alter L-azaserine
dependent uptake.

The results from the studies proposed here will provide new knowledge concerning
susceptibility towards L-azaserine. As L-azaserine represents a model compound to study
NOCs, results might enable to predict susceptibility towards NOC exposure based on
individual activity of enzymes involved in compound activation and cellular uptake of active
intermediates.

Repair of the pro-mutagenic O%-carboxymethylguanine adduct

Next to formation, also current knowledge concerning O5-CMG repair is limited. MGMT
and NER are discussed to act on O5-CMdG, thereby preventing from its genotoxic effects.?’-32
Evaluation of the cellular response to carboxymethylating agents from the perspective of their
relationship with O®-CMdG levels demonstrated that decreased cell viability and higher
mutation rates occur when MGMT is depleted and that increased mutagenicity is associated
with an accumulation of O8-CMdG adducts (Chapter 3, 4). MGMT-inhibited cells revealed an
increase in adduct levels of 8.4-fold for O5-MedG and 3.2-fold for O%-CMdG adduct levels
compared to MGMT-proficient cells, suggesting that MGMT indeed contributes to O®-CMdG
repair in cells, but less effectively than for O®-MedG. Further, the potential involvement of
NER in the cellular response to O®-CMdG was assessed in NER-deficient cells, revealing
decreased cell viability and higher mutation rates upon exposure to azaserine. Interestingly,
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mutagenicity and O®-CMdG adduct levels were significantly increased upon inhibition of
MGMT in NER-deficient cells, suggesting an interactive function of both repair pathways in
cellular response upon NOC-exposure. Summarizing, results demonstrated a pivotal role of
both MGMT and NER in the cellular response to O5-CMdG. Moreover, persistence of O°-
CMdG adducts due to inactive repair resulted in increased mutagenicity, supporting a
causative role of DNA adducts in the rise of mutations.

Future studies are warranted to address the interplay of MGMT and NER. Studies in yeast
and bacteria suggest alkyltransferases, homologous to MGMT but without transferase
activity, to signal for the NER pathway by binding to the O%-alkyguanine damages.>*3* The
potential role of MGMT in signalling for NER in mammalian cells has yet to be elucidated.
Performing cell-free NER repair assays on O®-CMG-containing oligodeoxyribonucleotides,
also in the presence of human MGMT protein will help to elucidate a potential interplay and
can be extended to assess the involvement of other DNA repair pathways. As our data
demonstrates that MGMT acts on O°®-CMdG, but less effectively than for O°-MedG,
establishing repair kinetics for the removal of O®-CMdG by MGMT only will help to
understand the interplay and regulation of other repair pathways in O%-CMdG-removal.

Repair-activity mediates dose-response relationship

Knowledge on O8-CMdG repair pathways is also crucial in risk assessment of NOC
exposure, as DNA repair pathways are discussed to be responsible for a non-linear dose
response of genotoxic chemicals,3563"-38 a5 demonstrated e.g. for the NOC methylnitrosourea
for which a no observed genotoxic effect level (NOGEL) dependent on MGMT -activity could
be established.3**' DNA adducts as biomarker of exposure are considered to become a
valuable tool in genotoxic risk assessment as their quantitative assessment accounts for
activating and detoxifying processes of a genotoxic chemical . % 37-38 Risk assessment based
on low DNA adduct levels is expected to benefit from advances in LC-MS technologies
enabling the detection of endogenous level.*?

Applying such a sensitive LC-MS approach to monitor O-MeG formation in colon and
hepatic tissue in MGMT-deficient and WT mice challenged with different concentrations of
the methylating agent azoxymethane (AOM) allowed us to establish genotoxic thresholds in
the presence of active repair as a detoxifying process (Chapter 5). Dose-response
relationships in MGMT-inhibited colorectal cancer cells were further established by applying
different analytical approaches for O®-MeG monitoring. IF microscopy and ISB allowed for
semi-quantitative, dose-dependent assessment of Of-MeG after exposure of cells to the
methylating anticancer drug temozolomide (TMZ). Only LC-MS/MS based assessment of O°-
MeG levels in mice allowed for the establishment of the genotoxic threshold upon exposure to
AOM. The LC-MS/MS based strategy further enabled O®-MeG detection in blood cells
exposed in vitro to clinically relevant concentrations of TMZ. Quantifying drug-adduct levels
in blood samples of patients is envisioned to improve personalized anticancer therapy by
monitoring and predicting drug response.*®* LC-MS/MS based strategies for quantifying DNA
damage in biological samples have excellent sensitivity and selectivity compared to other
available detection methods, and recent advances also allow for sensitive untargeted analysis
of DNA adducts.® 42 44-45 Therefore, the use of LC-MS/MS is envisioned to be instrumental
for biomonitoring studies of drug efficacy and exposure to alkylating agents. The
identification of MGMT-activity to be responsible for genotoxic thresholds in O5-MedG
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formation supports the use of personal risk assessment strategies based on MGMT
polymorphisms and will improve the understanding of quantitative data in genotoxic risk
assessment.3**! The existence of genotoxic thresholds for O®-CMdG formation upon MGMT
and/or NER depletion is of interest, too, especially with regard to the established correlation
of O5-CMdG levels with mutagenicity, highlighting its importance for biological
consequences and its use as a biomarker in risk assessment strategies (Chapter 3). Results
from these studies might help risk assessment of NOC exposure and meat intake on the onset
of colorectal cancer.
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Ammg cancer patients the use of complementary and
alternative medidne to treat disease-related depression,
alleviate side effects, or even improve therapeutic efficacy varies
between 29% in Eumpe to §7% in the US"" These medidnes
comprise supplements, vitaming, minerals and herbs, spedal
foods, and diets as well as massage and spiritual therapy. While
vitaming and minerals are the most common complemen tary
and alternative medicines used by cancer patients, herbal
supplements rank second Half of the time, there may be a
kenown risk for a drug interaction, but only around one-third of
patients may inform their doctor about the wse of these
agents.' Some can contdn phlamacologically active com-
pounds with the potential to alter the boavailibility of cancer
drugs by influencing, for example, drog-metabolizing enzymes
of transpoiters,

Interactions arising from concomitant wse of bicactive
altermatives and comventional chemotherapy could alter Pda.rum
levels of active drugs and influence therapeutic efficacy.™*
There are a large number of & wifre studies exploring the
possible benefits of combining herbal components with
anticancer agents, fewer i vivo studies, and very limited
climcal data addressing efficacy and safety of combinations.
Three illustrative emmples include grapefruit juice, St.
John's wort and chrysin Highlighting these examples provides
a viewpoint on the current undestanding and underscores
phamacological concepts relevant to a mnge of combinations
currently used by patients or that may arkse with new
thempeutics.

B GRAPEFRUIT JUICE AND ETOPOSIDE

Grapefruit juice & probably the most familiar basis of food-
drug interactions, adsing from well-known influences on oral
cholesterollowering drugs and selective serotonin reuptake
inhibitors on the basis of ireversible inhibition of intestinal
cytochrome P450 344 (CYP3A4)L5 7 I vito microsomal and
clinical studies revealed that furanocoumarins, induding &7-
dﬂ&].rdmr!.rbexgajmﬂ:in (Figure 1), are the hioactive constitu-
ents in g.m;:efmn juice responsible for intestinal CYPIA4
inhibition.** The topoisomerase T inhibitor etoposide (Figure
1), a first line treatrent for small cell lung cancer, also applied
in refractory testicular tumors and lenkemia, & also mainly
metaboliwed by CYPIA4, and to a lesser extent CYPLA2 and
CYP2EL™" Thus, inhibition of intestinal CYPAA4 by orally
adminigtered grapefmit juice has been hypothesized to result in
reduced, presygtemic etoposide metabolism.

On the basis of furanocoumann inhibition of CYP3A4, and
the relevance of this ereyme to etoposide activity, drinking
grapefruit juice with etopodde administration may result in
increased bioavailability of the omlly administered drug. In a
randomized crossover study six cancer patients were treated

< ACS Publications & 2019 sewscn Gwmical Socasy
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sequentially with etoposide either as intravenous infuson,
arally, or orally 15 min after ddnking grapefruit juice ' While
the area under the curve (AUC) was highest for intravenous
infusion, there was a decrease of 26% in the AUC ior orally
administered etoposide when it was given after grapefruit juice,
suggesting decreased etoposide bioavailability for the combi-
mation. This influence might be explained by the inhibition of
intestinal uptake transporters after grapefruit juice comsump-
ton 3 demonstrated in cell and other clinical studies and
awggests a re]ev.mt impact of a food on chemotherapy dmg
bioavailability. "

B 5T. JOHN'S WORT AND IMATIMNIE, DOCETAXEL,
AND IRINOTECAN

St John's wort (SJW) isa perennial plant the extracts of which
from the Howering portion have been used over decades in
Europe and the US to treat depression, amxiety, and sleeping
disorders In 2002, a population study in the US revealed that
14% of partidpants took weekly herbal supplements for
nnpcrmm:g general health with the fourth most common being
STW." SJW was shown to be a potent inducer of CYP3A4 in
huran hepatocytes and in healthy volunteers.'#'* The
bicactive compound hyperforin (Figure 1) appeas to be
responsible for SPW mediated CYP3A4-induction. S pike
grapefruit juice, but in the opposdte direction, there i dinical
evidence suggesting that CYP3A4-mediated dmg metabolism
incressed, and therefore bjmwuhbu]ny decressed, after taking
high-hyperiorin extracts,'”

Imatinib (Figure 1) & a spediic tyrosine kinase inhibitor
used in targeted anticancer therapy of advanced philadelphia
dﬁm1ms-mne positive leukemin and gastrointestinal strormal
wmors.'” Tt & mainly metabolized by CYPIA4 Lo M-
desmethylimatinb with a potency dmilar to imatinib™ The
pharmacokinetic profile of oral imatinib before and after oral
long-term administration of SJW extract in healthy wolunteers
exhibited a decrease in the AUC for imatinib of 30% and an
apparent orl clearance increase of 43%.*" A similar significant
reduction in imatinib bicavailability after long-term intake of
SIW was also observed in which the imatinib AUC decreased
by 32% after STW administration ™ These findings indicate the
potential for a dinically relevant interaction between SJW and
imatinib, and the product information for imatinib by the
European Medicines Agency now reflects this. STW is listed as
a substance that may decrease imatindb plagma concentrations
dgnificantly and incresse the risk afthemp].r failure, therefore
avoiding concomitant use is suggested ™
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Figure 1. Clinically observed pharmacokinetics-based food (herb—drug interactions for grapefruit juice (A) and St John's wort (B) in cancer

patients and P-utﬂrl:n] interactions for chrysin (C) in anticancer treatment.

A significant decrease in bicawailability after SJW admin-
istration was ako evident for intravenous docetaxel (Figure
1), an anticancer drug widely used for breast, lung, and
ovatian cardnomas™ Docetasel & 3 micotubule stabilier
manly metabolized by CYPIA4 and CYPIAS to cddized
metabolites with reduced anticancer efficacy observed in cell
lines and mice™ In human hepatocytes, decreased docetaxel
phsma concentration after hyperforin exposure at physiological
concentrations promoted docetaxel- metabolism™ In line with
this observation, in cancer patients after oral long-term intake
of STW, the docetaxel AUC decreased by 12%." Interestingly,
fewer docetmelrelated side effects were observed but the
sample size was wery small. Thus, while the reduced
thempeutic levels asmodated with SJW suggest a combined
use of docetaxel and SJW should be avoided, further studies are
anticipated to explore the potential for reducing dde efects.

Ancther anticancer drug with significant climical SJW
interactions is the topoisomerase 1inhibitor irinotecan | Figure
L), It i metabolized by CYP3A4 to the more active T-ethyd-10-
hyd roxycamptothecin  (SN-38 3% therefore, increased
CYPIA4 activity could result in undemrestment of patients
due to lowered bicavailability of the active drug metabolite. In
cancer patients, STW led to a 42% decrease in SM-38-plasma
levels of the intravenously delivered drug™ This observation
suggests possible compromised antitumor activity, however
myelosup presion was substantially reduced for the combina-
tion, an observation requiring funther studies to explore
whether this alleviation & only due to lowered bioavailability
of the active dmg metabolite or if other mechanikms
contribute.

A mumber of examples suggest a real potential for relevant
betb—drug intersctions genermly;*™ however, alterations in
CYP activity were generally absent after shost-term ST
The relevance of herbal therapy regimen dependency for the
interaction of SJW with irinotecan could also be demonstrated
in experimental animals wherein short-term (3 days) SJW
treatment did not alter the phammacokinetics of innotecan and
SM-38, but longtermn (14 days) STW resulted in 342%
reduced AUC for SN-38 along with significantly increased
dearance ™ In addition, coadminigmtion resuled in less body
welght los, significantly reduced the severity score for early
and late onset diarrhea (p < 0.05) and reduced hematological
toicities. The alleviated side effects could be related to dmg
pharmacokinetics, but in a follow-up study, it was demon-
rated that SPW—irinotecan coadministration was accompa-
nied by the reduction of pro-inflammatory cytokines and
intestinal epithelium aPnpmsh, compared to the irinotecan-
only treated control™ These data ilustrate the need for
research on herbal active ingredients and their mode of acion

B CHRYSIN AND IRINOTECAN OR DOCETAXEL

Chrysin (Figure 1) is a naturally ocourring favone present in
plant extracts from Pasiflora caerulan and in honey and is
cnmmun]r used a8 an herbal supplement to boost testosterone
levels ™" On the basis of observations in intestinal cells, it is

hypothesized that taking chrysn supplements may induce the
metabolic enzyme uridine diphosphate glycuronosylt rmansferase
1Al (UGTLAL) in the gastrointestinal mucosa’ This up-
regulation could not be confirmed in mice heteterozygous for
the human DGTD locus,” an observation in line with in o
data for the topoisomerase T inhibitor irinotecan, which is
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iractvated by UGTLAl-mediated glhicuronidation™ Oral
chrygn cotreatment did not alter the phamacokinetics of
intEvenous irinotecan ha colorectal cancer patients compared
to historical controls.™® However, the low rate of diarthe
observed in this study raised the hypothesis that chrysin may
reduce the severity of delayed diarhea, although this needs to
be further investigated. The opposing results for chrysin
observed in vitra and in v could be based on the low
systemic bicavailability of orally administered chrysin, as
demonstrated & witre in caco-2 and Hep2G celk and
confirmed in healthy volunteers ™% Maost likely, extensive
presystemic intestinal and hepatic glucuronidation and
sulfation limit possible chrysin interaction to the intestine.™”
This offers a potential explanation for the observed reduction
in severity of irinotecan-induced diarrhea while plasma levels
were not afiected by cotreatment with chrysin.

Recently it was shown that dhrysin itself suppresses tumor
growth of melinoma cells & wtre and in mice™ Anbcancer
activity of chrysin was also demonstmted in breast and lung
cell lines and could be confirmed in animal models™
Undedying mechanisms involve decrease in cell 1:u114:|].lf¢=_-1'.1'l:l1:|1:J
induction of apoptosts, and reducton of nfammation™ Alo,
chrygn has the potential to increase antitwmor activity of
anticancer drugs and to alleviate gde effects™** Co-exposure
of cells to chirysin and docetacel resulted in increased induction
of apoptosis and in a respective xenograft model, the
combimation was more effident h: delaying tumor growth
and reducing the size of tumors™® *In addidon, a docetaxel—
induced inflammation indicator, paw aderma, was reduced by
25% when chrysin was administered orally before intravenous
docetawel treatment Clinical evidence demonstrating anti-
candcer activity of chrysin is missing and the relevance of these
findings needs to be considered critically considesing the low
systemic bicavailability of chrysin,

B CONCLUSIONS AND QUTLOOK

Herbal supplements are largely used among cancer patients,
but clinical evidence for their effects on anticancer dmgs is
limited. Clinically relevant combimations mainly result in
lowered bicavailability of active drug metabolites ‘gatemhll'gr
risking under treatment in cancer patients.' '~ For STW
and docetaxel or idnotecan, in vtro results cnmaﬁd:ded with
in vivro responses in animale and patients ™ While this
observation certainly cannot be generalized, it provides a case
to suggest the potentia] relevance of addressing in witrs
observations of possible compounds that interfere with drug
metaboliem ™ On the other hand, i vitrs, chrysin increases
UGTIAL levels, but this induction could not be confirmed in
animalks and patients presumably due to the low bioavailability
of the orally administered herb.*** Bioavailability of an
herbal active constituent should be carefully evaluated to deaw
significant condusions on potential interactions. Chrysin and
grapefruit J|u]1:e drug interactions seemed to be limited to the
intestine "™ SJW can also modulate hepatic CYP enzymes
and clinically significant Interactions for Intravenows™*® and
onlly administered drugs '™

While there is extersive pharmacokinetic data for herb-drug
interactions, there is limited evidence addressing side effects
and mechanisms beyond metabolism ™" Reduction of side
effects might be explined by reduced drug—bhava.l]ahﬂ]ty fiar
herb-drug cotreatment or other mechanisms.**** Futhermaore,
herbal supplements have chemoprevention activity or are
synergistic with conventional drugs while alleviating side

effects ¥#* Thus, there is a need durng the development of
new drugs and therapeutic strategies for continued attention to
potential combination effects. Critical aspects include
induction and inhibiton of metabolizing enzymes, eflux and
influx transporters, detailed knowledge of herbal bicactive
ingredients, altered molecular signaling pathways, the transla-
tonal relevance of posdble advese interactions and even the
posibility for benefidal relationships
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Clinical evidence for pharmacokinetics-based herb-drug interactions in chemotherapy

Abstract

Purpose: Cancer patients commonly take herbal supplements to limit side effects experienced from
chemotherapy. Potential risks are associated with the possibility of altered therapeutic efficacy or safety due to
altered drug pharmacokinetics. The purpose of this review is to summarize available clinical data concerning the

effect of herbal co-administration on responses to single chemotherapy agents.

Method: A non-systematic PubMed search of commonly used herb, supplement or food products combined with

chemotherapy drugs identified 12 clinical studies with pharmacokinetic data (4 drugs and 8 substances).

Results: Clinical data is available concerning the combined use of irinotecan with cannabis, milk thistle, St.
Johns Wort (SJW), and chrysin; imatinib with SJW; etoposide with grapefruit juice; and docetaxel with
cannabis, garlic, SJW and astragalus. While in many studies, there was no significant evidence for altered drug
pharmacokinetics, 6 showed clinically relevant interactions, including irinotecan, imatinib and docetaxel with
SJW, and etoposide with grapefruit juice. Typically there was decreased total drug exposure, while data

concerning impacts on drug clearance were variable.:

Conclusion: Although a large number of patients undergoing cancer chemotherapy use herbal supplements,
clinical pharmacokinetics data for interactions are limited, and most involve very small sample sizes and
outcomes that are inconclusive or show no evidence for interaction. Nonetheless, there does exist clinical
evidence of altered drug exposures due to herb-drug combinations, suggesting that more clinical studies are

warranted to create evidence-based understanding of clinically relevant herb-drug interactions.

Contents

1 Introduction

2 Search strategy and selection of examples addressed in this review

3 Irinotecan and combinations with cannabis, milk thistle, St. Johns Wort, and chrysin
4 Imatinib and combinations with St. John’s Wort
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6 Docetaxel and combinations with cannabis, garlic, St. John’s Wort and astragalus

7 Special considerations in herb-drug interactions and clinical studies

8 Conclusion
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1. Introduction

Cancer chemotherapy can be extremely effective, but also can cause debilitating side effects. For this reason,
many patients turn to dietary or herbal supplements with the goal of reducing side effects, addressing treatment-
associated malnourishment or fatigue, or even to improve therapeutic efficacy (Akbulut 2011; Conklin 2000;
Khurana et al. 2018). It has been estimated that up to 80% of cancer survivors have used a supplement, including
herbal, mineral, vitamin or multivitamin supplements (Firkins et al. 2018; Gillett et al. 2012; Miller et al. 2008;
Sparreboom et al. 2004a). The fact that most herbal or dietary supplements are natural compounds contributes to
the notion that they are implicitly safe, and can be taken without consultation with a health care professional
(Basheti 2017; Samojlik et al. 2013). Likewise, healthcare providers have limited evidence-based tools for
making recommendations even if consulted and information on herb-drug interactions is not easily accessible on
drug-databases.

Commonly used supplements may interact with cancer chemotherapy by altering pharmacokinetics,
however, potentially reducing efficacy (Geisen and Sturla 2019). Plasma concentrations and bioavailability of
many drugs, including chemotherapy agents, may be altered due to changes in the efficiencies of absorption,
distribution, metabolism or elimination (Boullata and Armenti 2010).The function of predominant metabolic
enzymes and drug transporters, i.e. cytochrome P450s, P-glycoprotein, uridine diphosphoglucuronosyl
transferase, can impact herb-drug interactions (Gorman et al. 2013; Meijerman et al. 2006). Thus, herbs may
alter cellular susceptibility to drugs by inducing relevant metabolic enzyme or transporter activity (Kesarwani K
et al. 2013; Ruggiero et al. 2012; Singh and Malhotra 2004), and increased drug persistence can lead to greater
adverse responses. Additionally, herbal supplements may change the physiological absorption of a drug by
binding in the gastrointestinal tract and inhibiting and/or inducing modifications of the transport of the drug in
the intestinal epithelium and liver (Boullata and Armenti 2010).

On the other hand, there is extensive, mostly pre-clinical and early phase clinical data suggesting
possible benefits of combined use of herbal supplements during chemotherapy. These include aspects of
processes related to ameliorating side effects, such as nausea, vomiting or lack of appetite (Zhang et al. 2018).
Some products demonstrate anticancer activity against human cells, or attenuate angiogenesis (Aung et al. 2017;
Kaur and Verma 2015; Singh et al. 2016). Furthermore, just as drug efficacy may be reduced due to metabolism,
enhancements may result from increased function of drug-activating enzymes that transform pro-drugs into their
active forms (Erzinger et al. 2016; Erzinger and Sturla 2011). However, situations when it is safe to
concomitantly use herbal supplement during therapies with conventional medicines, especially in cancer
patients, are not clearly defined (Ryan et al. 2012; Sontakke et al. 2003).

Lack of information and inconsistency of data supporting the clinical significance of herb-drug
interactions makes it difficult to create recommendations and identify research priorities likely to impact relevant
therapeutic scenarios. Clinical studies that integrate strategies to address the pharmacokinetic basis of potential
herb-drug interactions may be most informative in this regard. Thus, the aim of this review is to provide an
overview of the clinical evidence for potentially adverse effects or benefits of co-administration of herbal
supplements with chemotherapy drugs. Presented here are the available clinical data assessing the safety and
impact on pharmacokinetics of single chemotherapy agents when given in combination with herbal supplements
are presented here. We expect that consolidated knowledge of these findings provide an informed perspective

and context for what is now known and where further study is needed.
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2. Search strategy and selection of examples addressed in this review

For this non-systematic literature review, a series of searches were performed using PubMed combining the
name of chemotherapy agents from the national cancer institute website (NIH 2019) and the following list of
herbs/supplements/related products utilized by cancer patients compiled based on studies assessing supplement
utilization in the cancer population (Cheng et al. 2018; Emi et al. 2018; Qianlai and N. 2018):

Acai juice, Agaricus, Allium sativum, Aloe barbadensis/capensis, Aloe vera, Anastrozole, Annona muricata,
Arnica gel, Ashwagandha, Astragalus, Atractylodes macrocephala, Bilberry, Black cohosh, Black vinegar,
Blueberry, Chrysin, Camelia sinesis, Cannabis, Cat’s claw, Chlorophyll, Chondroitin, Coenzyme Q10,
Cranberry, Curcuma longa, Curcumin, Dandelion root, Dragon’s blood, Echinacea, Fucoidan, Garlic, Ginger,
Ginkgo biloba, Ginseng, Glucosamine, Glutamine, Grape seed extract, Green tea, Hawthorn, Hedyotis diffusa,
Isoflavone, Lecithin, Lutein, Lycopene, Matricata recutita, Melatonin, Milk thistle, Moringa oleifera, Mushroom
extracts, Omega-3 fatty acids, Panax ginseng, Parsley, Peppermint oil, Pomegranate, Probiotics, Propolis,
Protein supplement, Quercetin, Rhizoma rhei, Salvia miltiorrhiza, Saw palmetto, Scutellaria, Soy supplement,
Spirulina, St. John’s wort, Taraxacum mongolicum, Tart cherry, Turmeric, Uncaria tomentosa, Valeriana
officinalis, Ziziphus spinosa. The results were refined using the term “interaction and/or pharmacokinetics.”
Studies involving mixtures of herbal products were excluded. The number of total results was not recorded,
however, we refined the results to include clinical studies assessing the potential interaction of chemotherapy
drugs and herbal supplements, and that included any monitoring of pharmacokinetics, resulting in 12 studies
(Table 1) involving 4 drugs and 8 substances. Results were organized on the basis of the chemotherapy agents

used.

3. Irinotecan

Irinotecan is a semi-synthetic derivative of camptothecin, a cytotoxic alkaloid derived from Camptotheca
Acuminate, a plant historically used in traditional Chinese medicine to treat cancer (CPT-11, Figure 1) (Efferth T
et al. 2007). Irinotecan is a topoisomerase | inhibitor, and is metabolized by cytochrome p450 3A4 (CYP3A4)
and carboxylesterases to the more active form 7-ethyl-10-hydroxycamptothecin (SN-38, Figure 1) (Mathijssen et
al. 2001). SN-38 is inactivated by uridine diphosphate glucuronosyltransferase 1A1 (UGT1Al)-mediated
glucuronidation (Mathijssen et al. 2001). Both irinotecan and SN-38 are primarily cleared via hepatic
metabolism and biliary excretion. Inhibition of drug metabolism by herbal supplements in patients treated with
irinotecan has been hypothesized to reduce drug efficacy due to a decrease in levels of the active metabolite
(Gorman et al. 2013). Therefore, studies assessing the influence of herbal supplements including cannabis, milk
thistle, St John Wort (SJW) and Chrysin on drug metabolism in cancer patients undergoing irinotecan therapy
have been conducted to clarify clinical implications of concurrent use.

Cannabis is an annual herbaceous plant in the Cannabaceae family and its primary active ingredient,
namely delta-9-tetrahydrocannabinol (THC) (Ross et al. 2005) acts on the endocannabinoid system, a regulator
of homeostatic mechanisms implicated in nociception, regulation of appetite, and stress (Hohmann and Suplita
2006; Panikashvili et al. 2005; van der Stelt and Di Marzo 2003). THC was approved by the Food and Drug
administration (FDA) in 1986 to alleviate chemotherapy induced nausea and vomiting, to relieve pain, and
stimulate appetite in cancer patients (Walsh 2003). Cannabis seems to modulate the activity of several hepatic
CYP enzymes with most being inhibitory to CYP3A (Jaeger W. 1996) and P-glycoprotein (P-gp) (Zhu et al.
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2006), but repeated administration could result in CYP3A induction (Bornheim and Correia 1990). A drug
interaction crossover study was performed in twenty-four cancer patients to assess whether concurrent use of
cannabis during anticancer therapies, including irinotecan, leads to clinically significant herb-drug interactions.
Twelve patients were treated with irinotecan (600 mg, 1 h intravenous) on day 1 and 21 of a 24-day treatment
course and starting from day 10 concomitant with medicinal cannabis (200 ml herbal tea, 1 g/l, 18% THC and
0.8% cannabidiol (CBD)) for 15 consecutive days (Engels et al. 2007). Cannabis administration did not
significantly influence exposure to and clearance of irinotecan (Area under the curve extrapolated to infinity
(AUCo-») 1.04; Confidence interval (CI), 0.96-1.11 and clearance (CL) 0.97; ClI, 0.90-1.05, respectively), and
therefore the use of cannabis appeared to have no significant effect on irinotecan disposition.

Milk thistle is a plant of the Asteraceae which is often used for liver disorders, loss of appetite and
dyspepsia (Siegel and Stebbing 2013). The therapeutic parts of the plant are the seeds which contain silymarin
(Siegel and Stebbing 2013), a complex mixture of active polyphenolic molecules believed to be responsible for
the hepatoprotective effects (Chen et al. 2011). Data from in vitro studies with microsomes and hepatocytes
suggested that milk thistle inactivates CYP3A4, CYP2C9, UGT1Al, UGT1A6, UGT1A9, and UGT2B7
enzymes (Beckmann-Knopp et al. 2000; Chrungoo et al. 1997; Sridar et al. 2004; Venkataramanan et al. 2000;
Zuber et al. 2002) and increases the side effects of drugs metabolized by them (Mohamed and Frye 2011,
Venkataramanan et al. 2000). Silybin, another milk thistle flavonoid was shown to downregulate CYP3A4 in
vitro (Mooiman et al. 2013). Short-, and long-term administration of milk thistle (Silybum marianum L.) and its
impact on irinotecan pharmacokinetics was investigated by van Erp et al. in 2007 (van Erp et al. 2005) for six
cancer patients treated with irinotecan (125 mg/m?, 1.5 h intravenous) weekly for 4 weeks. Four days before the
second dose, patients received milk thistle (200 mg, orally, three times a day) for 12 consecutive days. Short-
term or longer intake (4 vs. 12 days) of milk thistle had no significant impact on irinotecan clearance. Plasma
concentrations of silybin were measured following milk thistle intake and appeared to be too low to influence the
function of CYP3A4or UGT1AL in patients, indicating that milk thistle at the administered dose is unlikely to
alter irinotecan metabolism in vivo (van Erp et al. 2005). Potential limitations in discerning the significance of
the clinical observations are related to the limited sample size, no randomization and lack of a placebo arm or
that the applied, manufacturer-recommended silybin dose may be too low to attain an effect. Nonetheless, the
data suggest that the risk of adverse interactions between milk thistle and chemotherapeutic agents that are
CYP3A4 or UGT1ALl substrates may be low (van Erp et al. 2005).

SJW is a perennial plant and widely used in Europe and the USA to treat depression, anxiety, and
sleeping disorders (Sparreboom et al. 2004b). The two most common bioactive compounds of SIW are
hyperforin and hypericin. SIW is a potent inducer of human CYP3A4 (Madabushi et al. 2006) and P-gp (Moore
et al. 2000). In an unblinded, randomized, controlled crossover study conducted by Mathijssen et al. in 2002 the
influence of SJW on plasma concentrations of SN-38 was assessed in five cancer patients. The subjects were
treated with irinotecan (350 mg/m?, 1.5 h intravenous) once every 3 weeks and SJW (300 mg tablet, three times
a day) for 18 days (Mathijssen et al. 2002). Results indicated that when SJW was co-administered, the AUC of
SN-38 decreased by 42% (p=0.033) relative to irinotecan alone. Furthermore, the AUC ratio of its CYP3A4-
generated detoxification product 7-ethyl-10-[4-N-(5-aminopentanoicacid)-1-piperidino]
carbonyloxycamptothecin (APC) was reduced by 28% (not statistically significant) (Mathijssen et al. 2002). In
the case of the combination, comprised antitumor drug-activity could be the result of the lowered bioavailability

of the active drug metabolite. Human studies addressing the effect of SJW on CYP-activity in healthy volunteers
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demonstrated increased drug clearance linked with increased CYP3A-activity after long-term SJW
administration (Dresser et al. 2003; Wang et al. 2001) However, after short-term SWJ administration, no effect
on CYP activity was obvious (Markowitz et al. 2000; Wang et al. 2001). This data suggests that the effect of
SJW on drug efficacy depends on therapy regimen and points out the critical need for more studies to establish a
clear model for a safe combination strategy. Another factor to consider in herb-drug interactions is the
concentration of active herb metabolite as SJW mediated induction of CYP3A is mainly found for high-
hyperforin extracts (> 10mg/daily dose) (Whitten et al. 2006).

Chrysin is a naturally occurring flavone found in the passion flowers Passiflora caerulea, Passiflora
incarnate, Pleurotus ostreatus, chamomile, and Oroxylum indicum, commonly used to boost testosterone levels.
Chrysin is metabolized by CYP1A2 and appears to reduce of P-gp efflux pump activity (Gyemant et al. 2005). It
has been hypothesized that chrysin could induce UGT1ALl in the gastrointestinal mucosa because chrysin was
observed to up-regulate UGT1AL expression in caco-2 cells (Galijatovic et al. 2000). Therefore the safety profile
of irinotecan when given together with chrysin was investigated in an open-label pilot study (Tobin et al. 2006).
In the study conducted by Tobin et al. in 2006, twenty-one patients with colorectal cancer received irinotecan
(350 mg/m?, 1.5 h intravenous) once every 3 weeks, one week before and after cyrysin treatment (250 mg,
orally, twice a days). They assessed levels of irinotecan and its metabolites SN-38, SN-38-glucuronidate and
APC. No adverse responses that could be attributed to chrysin use were evident and no associations between
pharmacokinetic parameters and clinical outcome were apparent (Tobin et al. 2006). Patient DNA was analyzed
for genetic single nucleotide polymorphisms (SNPs) in UGT1A1, as UGT1A1*28 is associated with a reduced
ability to deactivate SN-38 and diarrhea associated with CPT-11 therapy can be increased in patients with this
polymorphism. However, no relationship was observed between severity of diarrhea and genotype. The low rate
of diarrhea observed in this study raised the hypothesis that chrysin may reduce the severity of delayed diarrhea,

but to our knowledge any therapeutic potential of this observation has not been realized.

4. Imatinib

Imatinib is a tyrosine-kinase inhibitor used in the treatment of multiple cancers (Figure 1) (Igbal and Igbal 2014).
It inhibits the receptor C-kit and the Abelson murine Leukemia (ABL) kinases, including the BCR-ABL fusion
protein. Imatinib was first approved by the US Food and Drug Administration in May 2001 to treat patients with
advanced Philadelphia chromosome positive chronic myeloid leukemia. It is a targeted therapeutic agent, as
BCR-ABL is uniquely expressed by leukemic cells and is essential for their survival (Igbal and Igbal 2014).
Imatinib is mainly metabolized by CYP3A4 to N-desmethylimatinib with a potency similar to Imatinib (Peng et
al. 2005). The drug is a potent competitive inhibitor of CYP2C9, CYP2D6, CYP3A4 and CYP3AS5 in cultured
human cells.

The impact of SJW as potent inducer of human CYP3A4 (Madabushi et al. 2006) on the disposition of
imatinib and its metabolite N-desmethylimatinib was evaluated in an open-label study involving twelve healthy,
non-smoking volunteers (Frye et al. 2004). The pharmacokinetic profile of imatinib (400 mg, orally), was
assessed 0 to 72 h after imatinib administration before (day one) and during (day 15) the oral intake of SJIW
extract (300 mg, three times daily), taken from day four to 17. The AUC of imatinib decreased by 30%,
(p=0.0001), and its apparent oral CL increased by 43% (p=0.0001). The half-life of imatinib was reduced during
SJW administration as compared with imatinib alone (p=0.0018). While N-desmethylimatinib AUC was not
affected by SJW, the corresponding maximum concentration (Cmax) increased by 13% (p=0.0272). SJW co-
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treatment led to a decrease in imatinib plasma concentrations in all subjects. These findings were consistent with
results of previous drug interaction studies conducted with healthy volunteers, and also with in vitro data
indicating that imatinib is primarily metabolized by CYP3A4 (Frye et al. 2004).

A significant reduced imatinib-bioavailability after long-term SJW administration was also observed by
Smith et al 2004 in an open-labeled, cross-over study (Smith P et al. 2004). Ten healthy volunteers received
imatinib (400 mg, orally) on day one and 48 h after two weeks of SJW-administration (300 mg, three times
daily). The median AUC for imatininb decreased by 32% (p=0.0001), Cmax by 29% (p<0,01), and half-life by
21%, (p<0.01). In both studies involving healthy volunteers, the decrease in imatinib plasma levels apparently
resulting from co-administration with SIW is likely to be clinically relevant and could contribute to treatment
failures. Also, the imatinib product information by the European Medicines Agency suggests that patients
undergoing imatinib therapy should refrain from taking SJW and concomitant use of any drug that induces
CYP3A may necessitate a higher imatinib dose to maintain clinical effectiveness (EMA accessed on
15.01.2019).

5. Etoposide

Etoposide is a derivate of podophyllotoxin, a non-alkaloid toxin lignan from the roots and rhizomes of
Podophyllum species (Figure 1) (Xu et al. 2009). Etoposide belongs to the topoisomerase Il inhibitor class of
antineoplastic drugs, compounds that interrupt DNA replication and inhibit the re-annealing of double stranded
DNA (Wang 2002). Etoposide is metabolized mainly by CYP3A4, and to a lesser extent CYP1A2 and CYP2EL,
to the 3-demethylated product with similar potency at inhibiting topoisomerase Il (Kawashiro et al. 1998; Lovett
et al. 2001). The involvement of CYP3A4 in the metabolism of etoposide motivates investigation of the potential
interactions with herbal supplements, for which there is high potential for modulating CYP3A4 function.

Grapefruit juice is a well-characterized inhibitor of intestinal CYP3A4 with the potential to interfere with
pharmacokinetics from orally administered drugs (Bailey et al. 1998). The first grapefruit-drug interaction was
discovered for felodipine, a calcium channel antagonist used to decrease blood, where increased drug-
bioavailability was linked to grapefruit juice reducing CYP3A4-levels in the intestine and thereby reducing pre-
systemic felodipin metabolism pressure (Bailey et al. 1991; Bailey et al. 1998). Since then, increased drug
bioavailability along with increased side effects after grapefruit juice administration could also be demonstrated
for further CYP3A4-metabolized drugs, among them anticancer agents, cardiovascular agents, central nervous
system agents and anti-infective agents (Bailey et al. 1991; Bailey et al. 1998). The major actives ingredients in
grapefruit juice are furanocoumarins, which irreversible inhibit intestinal CYP3A4. On the other side, flavonoids
like naringin are responsible to inhibit organic anion transporting polypeptides (OATPs) and thereby reduce
respective drug uptake when grapefruit juice is taken together (Bailey et al. 2013).

A randomized crossover study was conducted on six patients to evaluate the effect of co-administered
grapefruit juice on the bioavailability of oral etoposide (Reif et al. 2002). It was expected that grapefruit juice
would inhibit the etoposide metabolizing enzyme CYP3A4 leading to increased AUC of etoposide. Patients were
treated sequentially with etoposide (50 mg) either as 1h intravenous infusion, orally with 100 ml water or orally
15 min after the intake of 100 ml of grapefruit juice on day 1, 4, and 8 of a 14-day treatment course. Serial blood
samples were drawn before and 0.25, 1.5, 3, 6, 12, and 24 h after oral intake. The AUC for etoposide, after
pretreatment with grapefruit juice, decreased by 26% on average in all patients compared to without grapefruit
juice. Despite the very small sample size, the results suggested that grapefruit juice co-administration might lead

146



Clinical evidence for pharmacokinetics-based herb-drug interactions in chemotherapy

to a decrease in etoposide bioavailability contrasting results of other studies supporting that grapefruit juice
reduces the clearance of drugs that are CYP3A4 substrates (Bailey et al. 1998; Kane and Lipsky 2000). One
possible explanation for the observed effect may be an alteration of intestinal drug transporters (Glaeser et al.
2007). Further investigations are needed to elucidate the origin of effect of grapefruit juice co-administration on
orally administered drugs and the interplay of CYP3A4 and drug transporter inhibition. Also, the clinical
relevance of lowered etoposide bioavailability needs to be evaluated, considering that Lovett et al 2001 suggest
similar potency for parent drug and CYP3A4-metabolized 3-demethylated etoposide (Lovett et al. 2001). This
examples highlights the need for further research on active drug metabolites for a mechanism based

understanding of clinically significant herb-drug interactions.

6. Docetaxel

Docetaxel is a widely used chemotherapy drug belonging to the drug class taxanes, derived from taxol, a natural
product extracted from Taxus brevifolia, a rare variety of the Pacific yew tree (Figure 1) (Lee et al. 2012). It is
anti-mitotic by promoting microtubulin assembly followed by stabilization of the polymer, resulting in cell cycle
arrest and inhibition of cell proliferation (Herbst and Khuri 2003). It is mainly inactivated in the liver by
CYP3A4- and CYP3A5- (Shou et al. 1998; Stanton et al. 2011) mediated hydroxylation (Stanton et al. 2011).

The relevance of cannabis as a CYP3A- (Jaeger W. 1996) and P-glycoprotein- (P-gp) (Zhu et al. 2006)
inhibitor for the pharmacokinetics of docetaxel was tested in a drug interaction study in 12 cancer patients
(Engels et al. 2007). Docetaxel (180 mg, 1 h intravenous) was given on day one and 22, while medicinal
cannabis (200 ml of herbal tea, 1 g/l, 18%THC and 0.8% CBD, daily) was co-administered starting from day 10
for 15 consecutive days. Blood samples were taken 0.5 h before and up to 47 h after docetaxel administration to
measure drug plasma levels. Pharmacokinetics for docetaxel did not change upon cannabis administration
(docetaxel AUC 1.11, Cl 0.94-1.28; CL 0.95, CI 0.82-1.08) and predominant side effects were not influenced.
These results therefore did not suggest cannabis co-administration to affect docetaxel bioavailability.

Garlic is a common spice, yet oral formulations are taken to treat hypertension, diabetes mellitus,
hepatoxicity, cancer, and infections (Bayan et al. 2014). The therapeutic benefits of garlic seem to be associated
to allicin, a compound claimed to have antiplatelet, ant proliferative and antibacterial (Bayan et al. 2014). Garlic
can inhibit CYP2C9, CYP2C19, CYP3A4 and therefore, may interfere with the action of drugs metabolized by
these enzymes (Foster et al. 2001; Hajda et al. 2010; Ho et al. 2010). The influence of garlic supplementation on
the pharmacokinetic profile of docetaxel was evaluated prospectively by Cox et al in 2006. Their
pharmacokinetic crossover study involved eleven women with metastatic breast cancer treated weekly with
docetaxel (30 mg/m?, 1 h intravenous) for three weeks and starting from day five to 17, a garlic supplement (600
mg orally, twice a day) was co-administered (Cox et al. 2006). Cycles were repeated every four weeks.
Furthermore, two common CYP3A4 and CYP3A5 genetic polymorphisms were evaluated to determine whether
genotyping may help predict interactions with docetaxel. The results of the study indicated that co-administering
garlic with docetaxel did not significantly influence the pharmacokinetic profile of the drug. However, in an
earlier study involving a different drug, saquinavir, Piscitelli et al. (2002) found that garlic supplements taken
long term (25 days) impacted systemic exposure to the drug (Piscitelli et al. 2002). Saquinavir is also a CYP3A4
substrate, and in healthy volunteers, its AUC decreased by 51% (Piscitelli et al. 2002). A possible explanation
for the contradicting results observed by Cox et al is that patients could eliminate docetaxel following exposure
to CYP3A4-inhibitory components present in garlic through compensatory mechanisms. This explanation is
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supported by the observation that docetaxel can also be metabolized by CYP2C8 (Komoroski et al. 2005), a
function that seems not to be affected by garlic constituents. However, when polymorphisms were taken into
account, it was observed that over the 12-day period, garlic decreased the CL of docetaxel in patients carrying a
CYP3A5*1A allele, although this difference was not statistically significant (p = 0.38) (Cox et al. 2006). The
results indicate that garlic supplementation does not appear to significantly affect the disposition of the
CYP3A4-substrate drug docetaxel, but suggest more insights could be gained from genotyping drug-
metabolizing enzymes as an integral part of herb-drug interaction studies.

SJW is a potent inducer of human CYP3A4 (Madabushi et al. 2006) and P-gp (Moore et al. 2000), with
relevant pharmacokinetic interactions for the CYP3A4-dependent anticancer drugs irinotecan (Mathijssen et al.
2002) and imatinib (Frye et al. 2004; Smith P et al. 2004). In vitro studies suggest strong dependence of
docetaxel-metabolism on CYP3A (Marre et al. 1996; Shou et al. 1998). Therefore the effect of SJW on the
pharmacokinetic profile of docetaxel was investigated by Goey et al in 2014 (Goey et al. 2014). Ten cancer
patients with various cancers including bladder, ovarian, non-small cell lung and ureteral cancer were treated
with docetaxel (135 mg, 1 h intravenous) on day one and 22 of a 24-day treatment course, while SJW (300 mg,
orally, three times daily) was taken starting from day seven for two weeks. Blood samples for characterizing
docetaxel pharmacokinetic were taken after each docetaxel infusion. SJW supplementation resulted in a
statistically significant 12% decrease in the AUC of docetaxel (p = 0.045), while the docetaxel CL increased
significantly (p = 0.045). Considering the lowered incidence of docetaxel-related toxicities, these results suggest
that combined use of docetaxel and SJW should be avoided to prevent potentially reduced efficacy. The effect
could be even worse when docetaxel is administered orally as additional intestinal CYP3A4-induction might
contribute to docetaxel metabolism.

Echinacea purpurea (E. purpurea) is an herbal supplement generally used to stimulate the immune system
and to prevent the common cold and upper respiratory infections (EMA 2015). E. purpurea has been shown to
induce cytochrome P450 3A4 (CYP3A4) both in vitro and in humans (Gorski et al. 2004; Hellum et al. 2007;
Penzak et al. 2010). Therefore, Goey et al (2013) also explored whether E. purpurea affects the pharmacokinetics
of the CYP3A4 substrate docetaxel in cancer patients (Goey et al. 2013). Ten cancer patients received docetaxel
(135 mg, 60 min IV infusion) before the intake of a commercially available E. purpurea extract (20 oral drops
three times daily) and 3 weeks later after a 14-day supplementation period with E. purpurea. In both cycles,
pharmacokinetic parameters of docetaxel were analyzed (Goey et al. 2013)In this study, concomitant use of E.
purpurea and docetaxel did not show a significant change in the pharmacokinetics of docetaxel. The finding from
this study suggests that the used formulation of E. purpurea (95% aerial parts and 5% roots) may be combined
safely with docetaxel.

Astragalus is an herb largely used in China for therapeutic purposes in diabetes mellitus, fatigue, for
hepato- and immune-protective effects and to treat cardiovascular diseases (Auyeung et al. 2016). It contains
many different active compounds such as flavonoids, saponins, and polysaccharides and one of the main active
ingredients is astragaloside IV (Yu et al. 2005). Astragalus membranaceus appears to inhibit CYP3A4, therefore
potentially interferes with pharmacokinetics of CYP3A-metbaolized drugs (Lau et al. 2013). Jinfukang, an oral
liquid formulation approved by the Chinese State Drug Administration for the treatment of non-small cell lung
cancer, contains extracts of twelve botanicals including Astragalus membranaceus. In a single arm study
conducted by Cassileth et al. 2009, the influence of Jinfukang on docetaxel pharmacokinetics was investigated in

twenty-one patients with advanced non-small cell lung cancer after failed platinum-based chemotherapy
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(Cassileth et al. 2009). Patients were treated with docetaxel (35 mg/m?, intravenous) once weekly for three
weeks followed by one week of rest. Jinfukang (75 ml/m?, orally) was administered on day four to 28 of the
chemotherapy cycle. There was wide variation in docetaxel pharmacokinetics across patients but no significant
change in AUC and CL with Jinfukang co-administration. Thus, this study was inconclusive concerning a
potential effect of Jinfukang co-administration on docetaxel pharmacokinetics. One potential confounding factor
is the raw product itself. Even if the Jinfukang extract is standardized regarding its four major constituent
botanicals, the concentration of active ingredient is not known. This indicates the importance of knowing

concentrations of active components of herb supplements and their careful characterization and standardization.

7. Special considerations in herb-drug interactions and clinical studies

Clinical pharmacokinetics data for the interaction of herbal medicines with conventional pharmaceuticals in
cancer patients is limited. Moreover, as evidenced by the examples described here, most data involve very small
sample sizes resulting from often stringent inclusion criteria and high patient discontinuation, potentially not
representing the usual treatment population. Recruiting larger samples can be costly, and it can be difficult to
find patients willing to participate in such studies if not already familiar with herbal supplement use. Also, it
cancer patients undergoing chemotherapy may be unwilling to be subject to additional tests or screening,
especially requiring additional hospital visits or blood sample collection. For clinical trial sponsors, a solution
might be the use of different media channels for attracting patient attention. Clinical trial advertisement is
common in some countries, towever, once patients have been recruited, follow-up visits are a challenge. Patients
undergoing chemotherapy usually are in very poor condition and unwilling to travel to the study site resulting in
incomplete data collection. A number of strategies have been evaluated to overcome barriers, such as financial
assistance programs that include accommodations for patients and family during treatment, for trained health
professionals to travel to the patient’s home, or programs to motivate and educate patients about the value of
clinical trials (Nipp et al. 2019)

In addition to patient-oriented limitations in recruitment, variability of study design limits direct
comparison of results and some special considerations are necessary to improve study design for herb-drug
interactions. First, for certain herbal products, good placebo equivalents can require particular effort to develop
due to taste, odor, and color being sometimes difficult to mimic with inert ingredients. Cancer patients have
heavily compromised health status and take many medications, thus multiple confounding factors make it
difficult to assess the existence and causality of any herb-drug interaction, especially on a small sample of
patients. Yet, the meaning of findings in healthy volunteers for cancer patients is unclear. Furthermore, the
nature of the herbal medicines themselves, being derived from plant sources that vary in species, cultivating
conditions, and concentration of bioactive constituents, can be a huge confounding factor. Variable extraction
protocols and processing can alter the effects from even the same raw material and in processing, herbal extracts
may become contaminated or contain impurities or toxicants (Ribnicky et al. 2008). Legal requirements that
allow the implementation of good practices, tightly regulated for conventional medicine may be poorly
controlled for plant products, generally sold as food supplements for which a regulatory framework may not
exist (Sahoo et al. 2009). More stringent regulatory process may improve herbal products quality and safety
amongst cancer patients.

To overcome challenges with regard to interaction studies and related research outcomes, it could be
very helpful to introduce measurements for standardization of effect, e.g. plasma levels of herbal bioactive
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constituent (Engels et al. 2007; van Erp et al. 2005). This approach is limited as often the active herbal
ingredients(s) are not clearly defined. Thus, research to better identify active compounds in plants and
understand mixture effects on pharmacology remains important (Lau et al. 2013; Whitten et al. 2006). Also, a
common basis of herb-drug interactions is altered biotransformation by CYP450s, P-gp, UGT, and other drug-
metabolizing enzymes (Shen 2008). Therefore, metabolic dependency of drug action should be actively explored
to help predict and avoid potential adverse herb-drug interactions. Knowledge of drug-metabolism and active
metabolites is important to predict therapy outcome and levels of active metabolites should be included in
clinical studies to draw significant conclusion from pharmacokinetic studies on overall drug efficacy.
Furthermore, the potential of polymorphisms in drug-metabolizing enzymes emphasized the importance of
genotyping in pharmacogenomics strategies for guiding combination therapy. Only two studies presented here
included genotyping of drug metabolizing enzymes and the results are not conclusive (Cox et al. 2006; Tobin et
al. 2006), indicating knowledge about the specificity of particular enzymes or their overlapping function presents
a challenge for effective study design.

Aside from basic research and clinical studies of herb-drug interactions, another important approach is
the design of drugs with attention to avoiding metabolic pathway alerts. For example, the thiophene moiety
present in certain drugs (e.g. tienilic acid, suprofen, and ticlopidine) is a structural alert due to several thiophene-
containing drugs having been withdrawn from the market due to hepatotoxicity and nephrotoxicity associated
with CYP inhibition. Therefore, better understanding of structural alerts and drug metabolism could avoid

interactions and drug-induced toxicities in general.

8. Conclusion

Herbal products are largely used amongst cancer patients with the expectation of prolonging survival, improving
quality of life, enhancing tumor response, or alleviating adverse events. Furthermore, many pre-clinical studies
suggest possible benefits of concomitant use of herbal supplements during chemotherapy, but a perspective on
the available clinical evidence supporting an evidence-based understanding regarding herbal product dosages,
interactions, contraindications, and efficacy is largely lacking. This review of currently available clinical data
suggests that combining certain herbal products and chemotherapy drugs may indeed lead to clinically
significant herb-drug interactions, mainly resulting in lowered plasma levels of pharmacologically active drug
metabolites. Notable results are the interaction of SJW and irinotecan (Mathijssen et al. 2002), imatinib (Frye et
al. 2004; Smith P et al. 2004) and docetaxel (Goey et al. 2014) and the effect of grapefruit juice on etoposide
(Reif et al. 2002), where pharmacokinetic data suggest to avoid the combination to prevent reduced drug
efficacy.

Only a limited number of chemotherapy agents have been studied in the clinical setting to assess herb-
drug interactions (table 1), and available data is derived from studies in which the sample size is often too small
to draw significant conclusions. Herbal supplements may be beneficial in reducing side effects such as nausea,
diarrhea and gastrointestinal discomforts, but considering the large number of people using herbal supplements,
more clinical trials are worth performing to better understand potential risks. Pharmacodynamics in healthy
volunteers can differ from ones obtained in cancer patients experiencing a multidrug regimen and heavy
compromised health status. Also, duration of herb supplement intake may play a role for potential herb-drug
interaction as indicated for irinotecan and SJW (Markowitz et al. 2000; Mathijssen et al. 2002). For better
comparability of future clinical studies, treatment schedules should be standardized regarding therapy regimen
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and herb supplement intake. In addition, introducing a clear measurement for the relief of side effects can
elucidate if and how herbal supplements are beneficial for patients undergoing chemotherapy. Knowledge about
drug metabolism, active components of drug and herbal supplement and their specificity to metabolizing
enzymes is crucial for safe therapies.

One way to address the complexity of herb-drug interactions is the inclusion of metabolic biomarkers in
clinical studies. To overcome limitations in study design, measurement of active drug (metabolite) and if known
bioactive herbal constituent concentration in plasma would be beneficial. Moreover, screening patients for
genetic polymorphisms of drug-metabolizing enzymes might be helpful elucidating and predicting herb-drug
interactions (Cox et al. 2006).

Herbal supplements are often taken without consulting a healthcare professional. Improved knowledge
regarding potential herb-drug interactions and their clinical consequences would enable care providers to
accurately inform patients. Thus, besides gaining knowledge concerning herb-drug interactions, also the careful
curation of databases containing clinically significant outcomes, like the Stockley’s Herbal Medicines
Interactions, is an important step forward (MedicinesComplete accessed on 26.01.2019). Further advances in
knowledge surrounding this topic can help care providers and patients make informed decisions on the use of

herbal supplements.
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Figure 1. Chemical structures of selected drugs examined in combination with herbs in the clinic.
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Table 1. Examples of clinical trials investigating herb-drug interactions in chemotherapy reviewed herein.

Drug Herb Number Enzyme | Observations Ref
patients
Irinotecan | Cannabis 12 cancer P-gp" no significant effects on irinotecan- (Engels et
patients CYP3A4' | pharmacokinetics al. 2007)
Irinotecan | Milk 6 cancer CYP3A4' | no significant effects on (van Erp et
thistle patients pharmacokinetics of Irinotecan, SN-38¢, | al. 2005)
SN-38Gf
Irinotecan | SJW¢ 5 cancer CYP3A4' | AUC? for SN-38° decreased by 42% (p (Mathijsse
patients =0.033) netal.
2002)
Irinotecan | Chrysin 21 UGT1A1 | no significant effects on (Tobin et
colorectal |} pharmacokinetics of irinotecan, SN-38¢, | al. 2006)
cancer SN-38G' (in comparison to historical
patients controls), no relationship between
UGT1A1 polymorphism and diarrhea
Imatinib SJwe 12 healthy | CYP3A4' | Imatinib AUC?decreased by 30% (Frye etal.
volunteers (p<0.001), CL" increased by 43% 2004)
(p<0.001), half-life and Crmax® reduced
(p<0.005), N-desmethylimatinib Cpnax®
increased by 13% (p=0.0272), no effect
on AUC?
Imatinib SJwe 10 healthy | CYP3A4' | Imatinib AUC? reduced by 32% (Smith P et
volunteers | P-gp" (p=0.0001), Crmax ¢ reduced by 29% al. 2004)
(p=0.005), half-life reduced by 21%
(p=0.0001)
Etoposide | Grapefruit | 6 lung CYP3A4' | AUC? decreased by 26% (Reif et al.
juice cancer P-gp" 2002)
patients
Docetaxel | Cannabis 12 cancer P-gp" no significant effects on docetaxel- (Engels et
patients CYP3A! | pharmacokinetics al. 2007)
Docetaxel | Garlic 11 breast CYP3A4' | no significant effects on docetaxel- (Cox et al.
cancer CYP3A5 | pharmacokinetics, 2006)
patients AUC? ratio for day 15 to 1 increased for
CYP3A5*A1/*A1l genotype (3 patients)
compared to CYP3A5*3C/*3C genotype
(6 patients)
Docetaxel | SIJW? 10 cancer | CYP3A4' | AUC? decreased by 11.6% (p=0.045), (Goey et
patients CL" increased by 13.3% (p=0.045), al. 2014)
lowered incidence of doetaxel- related
toxicities
Docetaxel | E. 10 cancer | CYP3A4' | no significant effects on docetaxel- (Goey et
purpurea patients pharmacocinetics al. 2013)
Docetaxel | Jinfukang | 21 NSC' CYP3A4' | no significant effects on docetaxel- (Cassileth
lung pharmacocinetics et al. 2009)
cancer
patients

3AUC, area under the curve, °CL, clearance; °Cl, Confidence Interval; ‘Cmax, maximum concentration; *SN-38,
7-ethyl-10-hydroxycamptothecin; 'SN-38G, SN-38-Glucuronidate, 9SJW, St John’s Wort; "P-gp, P-
glycoprotoein ; 'CYP3A4, cytochrome p450 3A4; IUGT1AL, uridine diphosphoglucuronosyl transferase 1A1;
Kiv, intravenous; 'non-small cell (NSC).
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Introduction

Arising from immature, quickly growing lymphocytes, acute lymphoblastic leukemia
(ALL) is the most common leukemia affecting children, but almost half of the cases are in
adults as well. Cure rates especially amongst children and adolescents are high, due to marked
improvements including risk-based stratification in ALL-therapy (Cooper and Brown 2015).
Certain patients respond poorly to therapy and experience relapses, which have a very low
cure rate and relapsing patients tend to be more resistant to many drugs commonly used for
ALL therapy (Bassan and Hoelzer 2011; Klumper et al. 1995; Wheeler et al. 1998). The
capacity to identify ALL cases that may be prone to resistance and responsive to alternative
therapeutic strategies is expected to reduce the incidence of relapses in ALL patients and
improve long-term survival (Tasian and Hunger 2016). A current gap concerns the
identification of molecular characteristics predictive of relapse risks and the development of
companion diagnostics/therapeutics that are more potent for resistant cases of ALL.

PR-104 is a dinitrobenzamide mustard pre-pro-drug designed to target hypoxic cells in
tumors (Patterson et al. 2007). It undergoes systemic hydrolysis to form the pro-drug
PR104A, which is further activated by reduction to DNA-alkylating metabolites PR-104H and
PR-104M (Patterson et al. 2007). Under hypoxic conditions, PR-104A metabolism involves
the formation of an oxygen-sensitive nitro-radical in a reduction catalyzed by the one-electron
oxidoreductase NADPH: cytochrome P450 (POR) and related flavoproteins (Guise et al.
2007). In addition, PR-104A is also activated by the two-electron reductase aldo-keto
reductase 1C3 (AKR1C3) (Guise et al. 2010). Aldo-keto reductases (AKRs) are a superfamily
of NAD(P)H-linked oxidoreductases responsible for reducing aldehydes and ketones,
including drugs and chemical carcinogens, to their primary and secondary alcohols (Barski et
al. 2008). In in vitro and in cell studies 19 PR-104-derived mono- and crosslinked DNA
adducts could be detect and relatively quantified (Stornetta et al. 2015) (Stornetta et al. 2017a)
and further, relative adduct levels were found to be correlating with cytotoxicity indicating the
potential use of drug-derived DNA adducts as biomarkers for PRO14A-susceptibility
(Stornetta et al. 2017a). Although there have been limited examples of the use of DNA
adducts as clinical biomarkers, their levels were found to positively correlate with biological
responses in a number of primarily pre-clinical examples (Stornetta et al. 2017b). Seminal
examples include in vitro and in vivo studies with nitrogen mustard drugs in leukemia
relevant biological samples demonstrating the negative correlation between drug-derived
DNA crosslinks and survival rate affirmed by a significant reduced percentage of induced
interstrand-crosslinks (ICLs) in lymphocytes of resistant patients.

Studies in acute myeloid leukemia (AML) and ALL xenografts and clinical trials in both
relapsed and refractory AML/ALL, as well as in solid tumors showed that PR-104 exhibited
notable activity but the high administered dose caused adverse side effects suggesting the
need for personalized pre-treatment assessments (Houghton et al. 2011; Jameson et al. 2010;
Konopleva et al. 2011; Konopleva et al. 2015; McKeage et al. 2011). A motivation for
addressing leukemias with AKR1C3-activated drugs is motivated by data suggesting its high
expression in AML cells (Birtwistle et al. 2009; Jamieson et al. 2014; Mahadevan et al. 2006).
A causal relationship between PR-104 sensitivity and AKR1C3 expression has been
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demonstrated in patient-derived xenografts (PDX) suggesting AKR1C3 as a biomarker for
PR-104 efficacy (Moradi Manesh et al. 2015). Expression of AKR1C3 was significantly
higher in T-lineage ALL (T-ALL) compared with B-cell precursor ALL (BCP-ALL), and
correlated with PR-104 sensitivity in vivo and in vitro.

Despite the high activity of PR-104 for T-ALL, early T-cell precursor ALL (ETP-ALL)
xenografts have intrinsic resistance to PR-104, despite AKR1C3 function. To attempt to
reverse this resistance, a combinatorial screen of NCI Oncology Drugs was performed with
PR-104 and amongst the 96 FDA-approved anticancer drugs tested, clofarabine, an
antimetabolite, was found to completely reverse PR-104A resistance (Toscan C. unpublished
results). In follow-up studies, a synergistic effect was demonstrated for clofarabine and PR-
104A in ETP-ALL xenografts in vitro and in vivo (Toscan C. unpublished results). Finally,
gene expression profile data for ETP-ALL PDXs suggest that overexpression of DNA cross-
link repair 1A (DCLRE1A) is involved in the repair of DNA ICLs (Toscan C. unpublished
results). The working hypothesis is that clofarabine inhibits the repair of PR-104A-derived
ICLs and the increased persistence of ICLs results in improved PR-104A activity. The goal of
this study was to test whether clofarabine downregulates DNA repair activity, allowing PR-
104A-derived-adducts to persist. Thus, we assessed PR-104-derived DNA adduct levels in
sensitive and resistant PDXs with and without co-treatment of clofarabine. Cell viability
changes were compared with changes in DNA adduct levels (MS). These data indicate a
potential basis for how co-treatment with clofarabine may help overcome drug resistance.
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Results

PR-104A-DNA adduct levels in drug-responsive PDX

Based on the observation that certain PDXs are intrinsically sensitive to PR-104A, we
hypothesized the formation of significant DNA adduct levels in this model. DNA adducts are
informative mechanistic and diagnostic biomarkers of cellular responsiveness to DNA
alkylating drugs (Stornetta et al. 2017b), and PR-104A DNA adducts have been quantified in
various cell lines (Stornetta et al. 2018; Stornetta et al. 2017a), but, to our knowledge, there
are no reports of PR-104A or any other DNA-drug adduct quantification in PDX models in
vitro. Further, PR-104A gives rise to a mixture of adducts resulting from different degrees of
bioreduction, mono- and crosslinking of DNA, reactions with different nucleobases, and base-
and nucleoside adduct structures. Thus, a previously established LC-MS/MS method for
relative quantitation of up to 19 PR-104A-derived DNA adducts (Stornetta et al. 2017a) was
used to quantify relative levels of drug-DNA-adducts in three PR-104A sensitive PDXs, i.e.
ALL-8, ALL-27 and ALL-31 (Moradi Manesh et al. 2015). By this strategy, the relative
abundance of a particular DNA adduct or crosslink can be compared between different
biological models, but accurate comparisons cannot be made across structurally different
adducts within the same model, and no distinction between intrastrand and interstrand
crosslinks (ICLs) can be made, since both give rise to the same m/z transition. After retrieving
PDXs from cryostorage, cells were washed and directly exposed to 150 uM PR-104A for 4 or
24 h. Cultured REH cells, in which PR-104A adduct levels were measured previously
(Stornetta et al. 2018), were subject to the same exposure as a positive control. Adducts could
be detected if S/N > 3 (limit of detection, LOD) and relatively quantified if S/N > 10 (limit of
quantitation, LOQ). After 4 h drug exposure, 10 of the 19 detectable adducts were observed in
both REH cells and ALL-8, while 15 and 13 adducts were detectable in ALL-27 and in ALL-
31, respectively (Figure 1). Increasing the drug exposure to 24 h, additional adducts were
observed (Figure 1) and in most cases, adduct abundance was increased. This study
demonstrated the feasibility of measuring PR-104A-dervied DNA adducts in PDXs with the
LC-MS/MS approach.
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Figure 1. PR-104A-derived DNA adducts in REH, ALL-8, ALL-27 and ALL-31. DNA
adducts were detected (S/N > 3) in three PR-104A-sensitive PDXs and the REH cell line after
treatment with 150 uM PR-104A for 4 and 24 h. Relative adduct abundance for each m/z is
presented from light grey to dark grey. White: not detected, green: below limit of quantitation
(LOQ, S/N < 10). Crosslinks are highlighted in yellow. Except for ALL-8, adduct abundance
increases from 4 to 24 h.

PR-104A-DNA adduct levels increase with increasing drug responses in PDXs

Having established for the first time that DNA adduct formation could be quantified in
PDXs, we tested the dose-response relationship between drug exposure levels and adduct
levels as a function of drug sensitivity. The models evaluated were the PR-104A-sensitive
ALL-8 and the PR-104A-resistant ETP-2. PDXs were treated for 4 h with increasing PR-
104A concentrations ranging from 10 to 150 uM, and adducts were measured using the same
LC-MS/MS approach described above. The same adducts could be relatively quantified in
ALL-8 and ETP-2, including PR-104A- and metabolite-derived monoadducts, and crosslinks
as well (Figure 2B). Relative adduct levels positively correlated with drug concentration
(Figure 2A). While monoadducts could be quantified after exposure to 75 uM PR-104A,
crosslinks were only quantifiable for drug concentrations higher than 100 uM (Figure 2B). To
ensure the quantification of the biological relevant crosslinks also in the resistant PDX, a PR-
104A dose of 150 uM was chosen for further studies.
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Figure 2. PR-104A dose response in ETP-2 and ALL-8. PDX were treated for 4 h with PR-
104A concentration from 10 to 150 uM and adduct levels relatively quantifies by LC-MS/MS
(n=1). Limit of detection (LOD) is determined as S/N > 3, while limit of quantification (LOQ)
iIs S/IN >10. A. relative adduct levels correlate with drug-dose. B. S/N ratio for PR-104A-
derived DNA adducts in ETP-2. 150 uM PR-104A is required for quantification of drug-
derived DNA crosslinks in ETP-2.

Persistence of PR-104A adducts as a potential basis for drug synergy

Having established that clofarabine sensitizes PR-104A-resistant PDXs, and that DNA
adduct levels increased with PDX responses, we hypothesized that a potential basis of
synergy between the two drugs is clofarabine inhibiting the repair of cytotoxic DNA adducts
induced by PR-104A. We therefore aimed to test the influence of clofarabine on PR-104A
adduct levels in the PR-104-sensitive ALL-8 and in the PR-104A-resistant ETP-2 by mass
spectrometry. To identify appropriate treatment conditions, PDXs were exposed to 150 uM
PR-104 for 4 h (conditions we established to be suitable for detecting all types of DNA
adducts), and after exchanging the media, cells were exposed to clofarabine (1.25 uM) or
media as a control. Cell viability was determined by flow cytometry at selected time points up
to 20 h exposure to clofarabine (Figure 3). ALL-8 was highly responsive to PR-104A both
alone and in combination with clofarabine (< 5 % live cells at 20 h), whereas ETP-2 cells

167



Appendix 11

were sensitive only when both drugs were applied (20% live cells in combination at 20 h vs.
40% live cells after PR-104A alone). Analysis of these data with the Bliss model (Geary
2013) confirmed a similar PR-104A-clofarabine synergy in ETP-2 as with a direct co-
exposure to a fixed ratio of the two drugs for 48 h. (Figure 4). Importantly, no synergy was
detectable in ALL-8, indicating that the experimental protocol is appropriate to understand the
role of DNA adduct dynamics in the synergistic response of ETP-2 to PR-104A and

clofarabine.
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Figure 3. Annexin V/7TAAD time course analysis of cell viability. ETP-2 and ALL-8
xenograft cells were pre-treated with 150 uM PR-104A for 4 h, and then incubated in the
presence or absence of 1.25uM clofarabine (n=1). Cell viability was assessed by flow
cytometry at the selected time points and is expressed as a % of viable cells relative to the
untreated control. The combination of PR-104A with clofarabine was synergistic in ETP-2
but not in ALL-8, as calculated with the Bliss-additive model (combination line below the

Bliss-additive line).

168



Clofarabine sensitises paediatric ETP-ALL to PR-104

. 1004 . 100 ALL-8

£ Z

= 80 = 80

G = [

> 2 eof > 2 6o

@ 5 50 ] g 50

2 S a0 o < a0

R S

£ £

2 20 2 20

[+ o

0 0 == ===

0 10 20 30 a0 0 2 q 6 8

[PR-104A, uM] [PR-104A, LLM]
(:.l 1I0 2I0 3I0 4I0 0 5I0 160 1é0 260 ZFI:O
[Clofarabine, uM] [Clofarabine, nM]
—— Clofarabine — Combination
- PR-104A --- Bliss-additive

Figure 4. Resazurin cell viability assay for fixed-ratio concentrations for PR-104A and
clofarabine. ALL-8 and ETP-2 were treated for 48 h with PR-104A and clofarabine at a fixed
concentration-ratio. Drug concentrations were specific for each xenograft, considering their
respective sensitivity towards the drugs (n=3). The combination of PR-104A with clofarabine
was synergistic in ETP-2 but not in ALL-8, as calculated with the Bliss-additive model
(combination line below the Bliss-additive line).

To test the influence of clofarabine on PR-104A adduct levels, PDXs were subject to the
sequential PR-104A-clofarabine exposure described above. A total of 13 adducts were
detected, including eight monoadducts and five cross-links derived from PR-104A and from
the reduced metabolites, PR-104H and PR-104M (Figure 5). Differential analysis of adduct
levels using fixed-effect linear regression was applied to test whether PR-104A resistance in
ETP-2 is related to reduced adduct levels compared to responsive ALL-8. Further, adduct
levels between ETP-2 single to combination treatment were compared to test if synergy is
based on higher adduct levels, as a result of putative DNA repair inhibition. Statistical
analysis revealed two PR-104M-monoadducts as candidate adducts that may be more
effectively repaired in ETP-2 compared to ALL-8: the adenosine- and guanosine-derived PR-
104M monoadducts with m/z 446 and 462, respectively. There was no evidence, however, for
an adduct whose persistence was promoted in the resistant PDX ETP-2 when exposed to the
combination with clofarabine. While these results were inconclusive regarding the role of any
particular adducts responsible for the synergy between the two drugs, given the high
experimental variance in individual adduct levels amongst experiments, resolving this
question would likely require developing a new absolute quantitation targeted mass
spectrometry analysis approach, outside the scope of the present study, or integrated
evaluation of general adduct types known to be highly cytotoxic such as ICLs.
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Figure 5. Overview of PR-104A adduct levels over time in ALL-8 and ETP-2. PR-104A-
dervied adduct levels were measured in PDXs after treatment with 150 uM PR-104A for 4 h
(t = -4) followed by post-incubation for 0, 4, 8 and 20 with (+) or without (-) clofarabine
(ALL-8 n=2, ETP-2 n=3). Each panel corresponds to a unique adduct-time point with
respective relative adduct abundance normalized per amount of DNA on the y-axis. Treatment
conditions, PR-104A single and PR-104A + clofarabine, are distributed along the x-axis. PR-
104A-adducts are characterized on the right in the order of respective m/z from monoadduct
to crosslinks. Statistical analysis was performed by slope comparison, represented in here by
continuous or dashed lines within or comparing biological samples respectively.
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Decreased DNA ICL repair in resistant PDXs after combined PR-104A and
clofarabine treatment

To investigate the formation and repair of ICLs induced by PR-104A as a basis of the
synergistic effect of PR-104A and clofarabine in ETP-ALL PDXs, a modified version of the
alkaline Comet assay was used applying irradiation to detect ICLs (Patterson et al. 2007). We
first tested the dose-response relationship between drug concentration and ICL formation as a
function of drug sensitivity. Again, cells from ALL-8 (sensitive) and ETP-2 (resistant) PDXs
were exposed to increasing PR-104A concentrations for 4 h and DNA damage compared
between irradiated and un-irradiated cells. As expected, un-irradiated control cells showed no
DNA damage (Figure 6B) and after 10 Gy exposure, tail moments strongly increased due to
random DNA strand breaks introduced by X-ray irradiation (Figure 6B). In the un-irradiated
PR-104A treated cells, a linear increase in tail moment resulted with increasing drug
concentrations. At the same time, in both irradiated xenograft types a linear decrease in tail
moment was observed with increasing PR-104A concentrations (Figure 6 Al) thus providing
a basis to quantify DNA ICL that could be detected at PR-104A doses in the range of the ICso
values of each ALL type (9.4 uM in ALL-8, 28.0 uM in ETP-2, Figure 6 A3). Exposing both
ALLs to equal PR-104A concentrations resulted in more than 2-fold higher ICL formation in
sensitive ALL-8 cells, compared to resistant ETP-2 cells. These results indicate that ICL
formation correlates with the chemosensitivity of ALL PDXs to PR-104A.
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Figure 6: PR-104A concentration-dependent effect on the tail moment and ICL
formation of ALL-8 and ETP-2 xenografts. (A) Cells were treated in vitro for 4 h with
increasing drug concentrations and exposed to either 10 Gy (Al) or 0 Gy (A2). Points

represent the mean tail moment + SEM of at least 30 visualized comets. The mean values of

tail moment were used to calculate the DNA ICL index curve (A3). (B) Characteristic comet
images are also shown for ETP-2 at 10x magnification. The experiment was performed in n =
1.
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We next sought to determine the effect of clofarabine on the persistence of PR-104A-
induced ICLs in ETP-2. Cells were exposed for 4 h to a PR-104A concentration that caused
significant ICL formation based on the results above (100 uM). After removal of PR-104A (t
= 0 h), the cells were exposed to clofarabine (1.2 uM) for 6 h or 20 h and DNA ICL levels
were compared. After irradiation, similar tail moment was obtained in untreated and
clofarabine-treated cells at both t=0 h and t=20 h, but was strongly decreased in cells exposed
to PR-104A (t = 0 h, Figure 7A and B), indicating substantial ICL formation (80% cross-
linking index, Figure 7D). After 20 h drug-free exposure, tail moment was increased
compared to cells analyzed immediately after 4 h PR-104A exposure (t=0 h, Figure 7B) thus
indicating the removal of ICLs (Figure 7D). However, when cells were exposed to clofarabine
after PR-104A, tail moment was further decreased suggesting diminished capacity of the cells
to remove the damage (Figure 7D). These results suggest clofarabine leads to an inhibition in
the repair of ICLs induced by PR-104A as a basis for the synergistic effect of PR-104A and
clofarabine in ETP-2.
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Figure 7. Combination of PR-104A and clofarabine leads to increased overall tail
moment in un-irradiated cells and decreased tail moment in cells exposed to 10 Gy. ETP-
2 were treated with 100 uM PR-104A for 4 h followed by drug removal and 6 h (A) or 20 h
(B and C) post-incubation with 1.25 uM clofarabine. Based on the results, DNA ICL index
(%) was calculated over time for PR-104A only and in combination with clofarabine (D). The
experiment was performed in n=2.
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Discussion

To investigate the chemical basis of ALL sensitization to PR-104A, we first used a mass
spectrometry approach that allowed us to quantify for the first time drug-DNA adducts in in
vitro PDXs as a function of responsiveness and drug dose. PR-104A derived DNA adducts in
ALL PDXs detected by LC-MS/MS showed similar adduct profiles as observed in cell lines,
including several direct PR-104A, as well as pro-drug bioactivation derived PR-104H and M
monoadducts and crosslinks (Stornetta et al. 2018). Adducts were observed to form after 4 h
and increase over the course of 24 h (Figure 1). In cell studies with short time treatment of
clinically relevant concentrations of the nor-nitrogen mustard melphalan and cisplatin,
maximum drug-monoadduct levels were reached 2 h after drug removal, while ICls were
demonstrated to be maximal after 8 h drug-free incubation time, followed by a decline to up
to 10 or 20% of maximal levels after 48 h (Buschfort-Papewalis et al. 2002; Hansson et al.
1987; Souliotis et al. 2003). Therefore, the accumulation of PR-104A adducts over 24 h in
PDXs as presented in this study differs from literature data for other alkylating agents
demonstrating decline in adduct levels.

To understand the mechanism driving the PR-104A-clofarabine synergy uncovered in this
study, we carried out studies in PDX models showing either additive or synergistic effects. By
tracking the accumulation of several different DNA adduct forms, we addressed the
hypothesis that the repair of particular toxicity-inducing adducts, or specifically of DNA
ICLS, may be inhibited by clofarabine, thus contributing to more effective PR-104A
response. For instance, clofarabine has been shown to interfere with the repair of DNA strand
breaks in chronic lymphocytic leukaemia lymphocytes following treatment with 4-
hydroperoxycyclophosphamide (Yamauchi et al. 2001). Similarly, clofarabine has been
shown to act as powerful radiosensitizer by interfering with the DNA (Cariveau et al. 2008).
Moreover, clofarabine was one of the ICL repair inhibitors recently identified during a screen
(Fujii et al. 2015).

While 13 adducts were quantified in both PDXs under all exposure scenarios, these data
could suggest candidate structures that persist under sensitive conditions, but the experimental
variance associated with addressing individual adducts was high (Figure 5), particularly
compared with data from cell lines (Stornetta et al. 2018; Stornetta et al. 2017a), allowing no
significant conclusion. A potential limiting factor is the limited understanding of the temporal
relationship between inducing DNA damage in PDXs and function of the DNA damage
response. Also, the PR-104A concentration used in the MS approach was 10-90 times higher
than the respective ICso values for ETP-2 and ALL-8, thus adduct levels may be overall
saturated and not realistically reflecting changes at therapeutic doses. A potential strategy to
overcome this limitation would be to focus on quantifying relatively more abundant
monoadducts, which is possible at lower PR-104-doses (Figure 1) and have been shown to
correlate with crosslink levels in cells (Stornetta et al. 2018). Although ICLs represent a small
fraction of the cytotoxic lesions induced after PR-104A treatment, these lesions are extremely
toxic and are believed to be the critical cytotoxic mechanism for most alkylating agents
including PR-104A (Gu et al. 2009; Singleton et al. 2009). As alterations in the kinetics of
DNA ICL formation and repair have been associated with resistance to nitrogen mustards
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(McHugh et al. 2001) we therefore looked in more detail for the potential of clofarabine to
preserve PR-104A-induced DNA ICLs.

The alkaline comet assay and its modifications have been used to measure the repair of
drug-induced DNA damage in cells, xenografts, or patient tissues (Azqueta et al. 2014). In
this study, we show that DNA ICLs induced by PR-104A can be detected in PDX ALLs after
short drug treatment (4 h) and at low drug doses (in the range of ICso, Figure 6A). Moreover,
formation of ICL is consistent with the chemosensitivity of PDXs to PR-104A, as the drug
doses required to induce the same level of ICLs were more than 2-fold higher in the resistant
ETP-2 than in the sensitive ALL-8 cell. This is in line with previous studies, which observed a
significant correlation between ICL formation and cytotoxicity in multiple human tumour cell
lines after 2 h PR-104A exposure (Singleton et al. 2009). These findings suggest that the
levels of immediate DNA ICLs could predict and determine the xenograft sensitivity to PR-
104A. We then carried out a timecourse study for the repair of ICLs. ALL-PDXs showed
increasing levels of ICLs during the first 6 h after removal of the drug, and then a decrease by
20% in the following 14 h (Figure 7D). A similar kinetic for the removal of PR-104A-ICL
was also found in cells (Singleton et al. 2009). In this study, combinatorial treatment resulted
in overall increased DNA damage and delayed ICL repair kinetics in resistant PDXs further
highlighting the potential of clofarabine to preserve PR-104A-induced DNA ICLs as basis for
drug synergy. Even though a mechanistic explanation was out of the scope of this work,
previous studies suggested that clofarabine inhibits the repair of DNA ICLs either through
inhibition of ribonucleotide reductase (RNR) (Fujii et al. 2015) or through inhibition of DNA
polymerases (Xie and Plunkett 1995). To test if the synergy is mediated by RNR inhibition,
stronger RNR inhibitors than clofarabine, such as gemcitabine (Fujii et al. 2015) should be
tested in combination with PR-104A. Once the mechanism of inhibition will be characterized
at the DNA level, these results could elucidate new compounds to increase responsiveness of
resistant subtypes ALL to PR-104A.

Material and Methods

General consideration

PR-104A (W.A. Denny 2005) and d4-PR-104A (Atwell and Denny 2007) were
synthesized as previously described. Clofarabine was purchased from Sigma-Aldrich (St.
Louis, USA). Drug dilutions were prepared in complete Quality Biologicals Serum Free-60
(QBSF) media supplemented with 20 ng/mL fms-like tyrosine kinase 3 (FIT-3, complete
QBSF).

In vitro culture of xenografts

PDX cells were retrieved from cryostorage, thawed in a water bath at 37 °C and washed
twice with pre-warmed complete RPMI media supplemented with 10 % (v/v) fetal calf serum
(FCS). Cells were then were resuspended in complete QBSF-60 media and allowed to
equilibrate overnight at 37 °C, 5 %. After Ficoll density gradient purification to purify live
cells, cells were counted by trypan blue exclusion and resuspended in complete QBSF at the
specified cell density.
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Analysis of cell viability in drug-exposed PDXs

PDX cells were retrieved from cryostorage as described above and resuspended in
complete QBSF at cell density of 10 x 10° cells/ml. A solution of PR-104A (150 puM) in
complete QBSF-60, or complete QBSF-60 alone as untreated control, was added to the cells
for 4 h. Cells then were washed twice with PBS and further treated with 1.25 uM clofarabine
in QBSF, or complete QBSF alone as untreated control for additional time up to 20 h. At the
selected time points, samples were stained with 7-amino-actinomycin D (7-AAD) and
Annexin V APC according to the manufacturer’s instructions (BD Biosciences, Franklin
Lakes, USA, (Casciola-Rosen et al. 1996). Data were acquired on a BD FACSCantoTM 1I
fluorescence-activated cell sorting system (Franklin Lakes, USA). Viable cells (cells double
negative for Annexin V and 7-AAD), are expressed as percentage of the corresponding
untreated control.

Modified version of the comet assay

To study the concentration-dependent formation of DNA ICLs, PDX cells were retrieved
from cryostorage as described above and resuspended in 96-well clear, U-bottom tissue
culture treated plates at a cell density of 4 x 10° cells/ml. Cells were then exposed to different
PR-104A concentrations in the range of the I1Cso (0-50 pM) or to complete QBSF as an
untreated control. To study the DNA ICL repair kinetics, ETP-2 cells were cultured in 6-well
plates at a cell density of 10 x 10° cells/ml, and exposed to 100 pM PR-104A for 4 h (t = -4
h). Straight after removal of the drugs (t = 0 h), 0.3 x 10° cells were processed for the
modified version of the Comet assay as explained below. Remaining cells were washed twice
with warm PBS to remove traces of PR-104A and seeded in 96-well clear, U-bottom tissue
culture treated plates at a cell density of 4 x 10° cells/ml. Xenografts were then treated in
triplicate wells with either 1.25 uM clofarabine or complete QBSF as a drug-free control for
further 6 h or 20 h, to allow DNA repair. At the selected time points, 0.3 x 10° cells were
washed with cold PBS, and processed for the single cell gel electrophoresis assay (also known
as modified version of the comet assay). The details of the procedure are described in
Spanswick et al. (1999) (Spanswick et al. 1999) All procedures were carried out on ice and
samples were kept in the dark. After washing with cold PBS, cells were irradiated with 10 Gy
under a X-Rad 320 biological irradiator (Precision X-Ray, Inc., USA) to deliver a fixed
number of random DNA strand break. An unirradiated control was processed similarly but
without irradiation. The alkaline comet assay was performed based on the protocol from
CometAssay® Kit (25 x 2 well slides) (Trevigen, Bio Scientific, Australia). Samples were
then stained with 100 pl of diluted SYBR™ Safe DNA Gel Stain for 30 min. Slides were
visualised using a Zeiss Axiovert 200 M inverted microscope at 20x magnification and
fluorescence emission was detected using Zeiss filter FITC channel, Filter Set 38 HE,
excitation BP 470/40, beamsplitter FT 495, emission BP 525/50. Images were captured using
an AxioCam HRm camera and analysed with ImageJ open source software using the
OpenComet plugin. DNA ICL index was calculated as described in Singleton et al. (2009)
(Singleton et al. 2009).
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Exposure of PDX and isolation of DNA for DNA adduct analysis

To study the formation and repair of PR-104A-induced DNA adducts, 1000 M xenograft
cells were thawed as described above, resuspended in 35 mL of complete QBSF, and let
equilibrate overnight at 37 °C, 5% CO>. After Ficoll purification, viable cells were counted
and resuspended in complete QBSF, at a density of 5-10 x 10° cells/ml. ALL-8, ALL-27.
ALL-31 or ETP-2 were treated with PR-104A in complete QBSF, or QBSF alone as untreated
control for 4 or 24 h, at 37 °C, 5% CO.. PR-104A concentrations were 10, 25, 50, 75, 100,
150 uM final concentration. Cells were processed as described below for DNA extraction and
adduct analysis. For the synergy study, cells either received a 4 h pre-treatment with 150 uM
PR-104A, or complete QBSF as untreated control (t = - 4 h). Att = 0 h, cells were washed
twice in warm PBS to remove PR-104A and incubated in the presence or absence of 1.25 uM
clofarabine for further 4, 8, or 20 h. At the selected time points, cells were washed with cold
PBS by centrifugation at 1400 rpm for 5 min, and DNA was extracted as previously described
(Stornetta et al. 2018). The dried DNA pellets were stored at -20 °C and shipped from Sydney
to Zurich at room temperature over 3 days.

LC-MS/MS relative quantification of PR-104A-adducts

DNA was isolated from PDX cell pellets and enzymatically digested and further processed
by solid-phase-extraction as previously described (Stornetta et al. 2017a). Dried samples were
reconstituted in 10 pl of 20% MeOH in H.O for MS analysis. Samples of 1 pul (0.6-55 pg
genomic DNA) were analyzed by an ACQUITY UPLC M-Class System (Waters Co.,
Milford, MA) equipped with a 1 pl injection loop and coupled to a TSQ Quantiva mass
spectrometer (Thermo Scientific, Waltham, MA). SRM scanning in positive ionization mode
was performed using nanoelectrospray as detailed previously (Stornetta et al. 2017a). A
handpacked Luna C18 capillary column (75 um ID, 10 cm length, 15 um orifice) was applied
for separation with a gradient from 2 to 50% acetonitrile in 5 mM ammonium acetate (pH =
5.5) at a flow rate of 300 nl/min. For MS-SRM scanning, mass resolutions were set at 0.7 u
full width at half maximum (FWHM, unit mass resolution) for both quadrupoles and scan
time was 0.05 s. Other parameters were: spray voltage 1.9 kV; capillary temperature 270 °C;
collision gas pressure 1.0 mTorr; collision energy 20 V (base adducts) or 15 V (nucleoside
adducts). Following transitions were monitored: PR-104A monoadducts m/z 476.2 to 341.1,
m/z 492.2 to 341.1, m/z 494.1 to 359.1, m/z 510.1 to 359.1, m/z 554.1 to 403.0, m/z 592.2 to
476.2 and m/z 608.2 to 492.2, PR-104A crosslinks m/z 625.2 to 474.2 and m/z 741.3 to 625.2,
PR-104AH/M monoadducts m/z 446.2 to 311.1, m/z 462.2 to 311.1 and m/z 562.2 to 446.2,
PR-104H/M crosslinks m/z 563.2 to 428.2, m/z 579.2 to 444.2, m/z 579.2 to 428.2, m/z 595.2
to 444.2, m/z 611.3 to 460.2, m/z 695.3 to 579.2 and m/z 711.3 to 595.2 and the 19 isotope
labeled corresponding standards (+ 4 amu). MS instrument control and data acquisition were
performed using Xcalibur (version 4.0, ThermoFisher Scientific). A solution containing
buffer and enzymes served as negative control for PR-104A adducts in the sample preparation
blank. Further, control samples (PR-104A", clofarabine *"*) were evaluated for background
noise and exclusion of false positive PR-104A adduct signals. Only DNA adducts with S/N >
3 were considered above LOD, and only adducts with S/N > 10 were above LOQ.

176



Clofarabine sensitises paediatric ETP-ALL to PR-104

Statistical analysis of LC-MS/MS analysis

Differential adduct formation analysis was performed using fixed-effect linear regression
with the donor as a covariate. Modeling was performed with R version 3.2.1 with
Bioconductor 1, and was performed as a service of NEXUS Personalized Health
Technologies, ETH Zurich, Switzerland.
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