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Abstract

DNA alkylating drugs have been used as frontline medications to treat cancer for decades.
Their chemical reaction with DNA leads to the blockafeDNA replication, which
impacts cell replication. While this impacts rapidly dividing cancerous, ¢blks process

is not selective and results in highly variable and oftentimes severe side effects in patients
undergoing alkylatinglrug based therapies. This observatopports the need fdhe
development of biomarkers able to identify patients whecéffely respond to certain
therapies and recognizbeosewho instead will develop serious side effedhe use of

DNA adducts as predictive biomarkers has been proposed by several studies and herein
reviewed. This dissertation focuses on the developraadt application of analytical
methods able to comprehensively screen DNA adgwotducedy alkylating drugs.

The first study of this dissertation evaluates busulfan reactivity with DNA. Busulfan can
promptly react with DNA, therefore, takirsglvantage foour DNA adductomic approach

DNA adducts formed by reacting busulfan with g¢alymus DNAwere characterized
Samples collected from 6 patients undergoing busditsed chemotherapy prior to
allogeneic hematopoietic cell transplantation were analyzed for the presence of busulfan
derived DNA adducts. Among the 15 adducts deteictedgtro, 12 were observed ineh
patient blood confirming the presence of a large profile of DNA addictyo. Two of

the detected adducts were structurally confirmed by comparison with synthetic standards
and quantified in patients

Similarly, in the second study, aextensive profile of DNA adducts generated by
cyclophosphamide was characterized. Cyclophosphaimidestabolically activated and

converted to phosphoramide mustard and acrolein, which are responsible for its efficacy
\Y



and toxicity Our DNA adductomic metltbhas been optimized and tailored to maximize
the detection otyclophosphamidéerived adducts. Furthermore, the usé’Nfbacterial

DNA served as further confirmation for DNA adduct identification and structural
elucidation This investigation led to thdetection of 40 DNA addudtsvitro and 20 DNA
adducts in patientseated withcyclophosphamide.

The last study focused on the synthesis of a cyclophosphalaitled DNA adduct to be

used for quantitation and asinternal standard for future studidDeparting from reported
synthetic schemes, several different approaches were tested. This study is currently
ongoing, but the reaction schemes tested allowed for a better understanding of dGuo
alkylation regioselectivity.

Overall, the work described this thesis set the stage for the evaluation of a relationship
between busulfan and cyclophosphamide DNA adducts and therapy outcome to identify
DNA adducts to be used to stratify patients and distinguish who will benefit from therapies

from those who ry experience severe adverse toxic outcomes
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Chapter 1. DNA adduct use as predictive biomarkers in alkylating drugbased therapies

The following chapter gives background and context to the studies carried ot in
dissertationThe concept of chemotherapy personalization, predictive biomarkers and the use

of DNA adducts as predictive markavill be discussed.



1.1  Chemotherapy toxicity is a key issue for cancer patients with a broad impact
on public health.

The administration othemotherapeutic dresgypically results inside effects in patients.
Chemotherapyelated sideeffects can dramatically vary, from being slightly debilitating to
severe and liféhreatening Figure 1).> In many cases, they interfere with the administration

of the desired cancer treatment auyersely affecpatien® guality of life. Recent studies
support the strong impact that chemotherapy has on its recipiéntsor examplea study
conducted in Australia, evaluating chemotherapy recipients and their quality of life, reported
that 86% of the study participants had at least one side,effet60%hadat least one serious

side effecé Generally speakingside effects are very common when chemotherapy is
administered to patients-urthermoreside effectsare also strongly variable in different
patients’ Indeed, it is now well known thapatients withthe same cancer may respond

differently to the same chemotherapeutic regithen.

Alopecia and neurotoxicity
\ Lung toxicity
Cardiotoxicity and liver failure

Gl tract toxicity (e.g. mucositis)

Hemorrhagic cystitis

Immune system failure

Figure 1 Alkylating drugbased hemotherapy side effects.

For years, it was generally accepted a dizeall chemotherapy approach that would have
potentially led to major sideffects. In this context, a critical examination of thatibinal

CancerInstitu®@ s Co mmon T e r mVersion4cuygyestChat the egoriwéah which
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toxicities are graded is driven more by tolerability than by theahside effects and their
impact on patient livesThis has driven the underreport of toxicities and therefarssibly,

cancer treatment and patient life being less than optimilie common presence of side
effects andhe extreme variability in therapy response call for a departure from th&izene
fits-all approaches to more personalized ones, able to minimize side effects and increase
therapy efficacy.

The increasingly high number of people potentially exposed toahemapeutics side effects
makes this topic a broad and relevant public health igsteed, according to cancer statistics,
39.5% of men and women will be diagnosed with cancer at some point during their lifetimes,
and many will require chemotherapyNowadays, in the United States only, each year,
chemotherapy is administrated to 650,000 cancer patientsutpatient oncology clinic$.

This burden is expected to increase as the number of new cancer cases per year is expected to
rise to 23.6 million by 2030, corresponding to an increaske number of chemotherapy
recipients and a consequent increase in the number of patients expgrietated toxicity:!

The common side effects interfering with patient health and treatment and the increasing
number of people in need of these medications underline the urgerfoneezhsures able to
minimize chemotherapy toxicity and its impact public health. Chemotherapy toxicity
continues to leatb extremely high human and economic costs; togethedogshof workdays

and needor caregiver time, an increased number of hospitalizationsherektensiveuse of

drugs for palliation and pain control is predictable. Therefore, the evaluation and development
of tools able to predict therapy outcomes andgiesgffective personalized treatment are

critically needed.



12 Departing from a ifone si ze fits al
chemotherapy toxicity.

Advancements in the understanding of cancer biology demonstrated the hesmusgeature

of cancert?1®14 Together with the biological genetic differences between patients, patients
suffering from the same phenotypical disease may have different genetic aberrations and
abnormalities in their tumdr8 For this reason, different therapy outcomes may be observed
when patients are treated with the same anticancer &g@atxer treatments need to address
patient and canceapecific molecular defects, together with the twsoecific
microenvironmen®. Therefore, therapies initially basednly on the physiological
characteristics of the disease (e.g. histopathology and location), are rapidly evolving and
becoming more and more pati@rtented?

Biomarkers havakeyrole in assisting in this transition. Biomarkers are generally defined as
any medicalndicatorthat can be measured accurately and reprbtjutt 2 In the context of
precision medicine in oncology, researahgedrom efforts to identify diagnostic biomarkers

(to detect the occurrence of canearly in patients), prognostic biomarkers (to predict the
natural course of the diseasa)d predictive lmmarkers (to predict the clinical outcome in the
presence of a specific theraggfable 1).1" 8 Of particular inteest, in the context of precision

cancer chemotherapy are predictive biomarkers.

Table 1 Diagnostic prognosticand predictive biomarkers.

Bi omar ker DefinitionExample of (
Used Mar ker s

Di agnostic |[Mar kadthet ec/|Col odgiar d
occurrencegCirculating
in patient/micr oRNA
Breast LymphHh
( BLN) 'Assay




Prognostic |[Markemredi|Analggfsimut at
the naturg(e.g. -BRCA1
the diseas/Carci noembry

( CER)
Predictive [Marlkepredi|Anal ysis of
the clinic(e. g. Epi der
i n the pregfactor receq
specific tlchange)

Predictive biomarkers have the key role of determining the probability of olgangsponse

to treatment and inforing therapeutic decision'€. Currently, several means for tumor
molecular stratification, including transcriptasj metabolomicsproteomics, and immune
profiling, are being developed.?t 22 The evaluation of one of éisemarker levels can inform
doctors on which drugs to administer to the patient and possibly the optimal dose. Furthermore,
they can be useful to optimize and tune treatments to improve therapy effiGeyeral
predictive biomarkers that rely on genomic sequencing are currently approve® ood

and Drug Administratio{fFDA), and European Medicines Agenc¥NlA), for biomarker
guided therapeutic indicatiof$However, many chemotherapeutic drugs are available and
theytarget a plethora dfifferent biological mechanisms in the cell. Therefore, there is a need
for different markers depending upthe cellular mechanism targeted in sticbrapies

DNA adducts may be of particular interest as predictive biomarkers, gifenotherapy is
based on DNA alkylating drugé.2* Cancer therapy is often administered as a cocktail of two
or three drugs, which covers different molecular targésthis cocktail, DNA alkylating
drugs are one of the most used medicatfoRsey areused in over half of all chemotherapy
patientsandfor numerous cancer treatmenf&7 different types of canc@ilkylating agents

are electrophilic molecules that can bind to several elecicbrfunctional groups in the cell



via first- or seconebrder nucleophilic substitutioifs2* In particular, when reacting with DNA,
alkyl-groups are transferred to it, resulting in covalent modifications interfering with DNA
transcription and celtivision and therefore generating cytotoxid&?® Since a natural
relationship between DNA damage aalitylating agents exists, DNA adducts have been

evaluated as possible predictive biomarkers in the last 35 years.

1.3 Formation and relevance of DNAadducts as predictive biomarkers for
alkylating drugs-based treatments

As mentionedabove alkylating drugsare commonly used ascancer treatment. Depending
upon the dru@ €hemical structure, they can directly react with the DNA impeding cell
replication or they need to be metabolically activated to generate DNA damage (DNA
adducts), which impedes cancer aaplication.®?52627 |n general, DNA adducts can be
defined as the reaction produdtchemicals and nucleophilic sites (electrizh, S, N, O), in
DNA.28 Depending upon the chemical involved and its reaction mechanisms, DNA can be
modified on several functional sites and atoms; reactive sites in DNA include especially the
N7, N2, andO® positions of guaningy*, N3, andN’ positions of adenine; tr@ andO* positions

of thymine; and thé&? and N* positions of cytosineRigure 2).22 The large variability in
possible alkylating positions and in the chemicals that may be interacting with these alkylating

reactions on DNA calls for techniques able to comprehensively profile DNA adducts.
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Figure 2 Nucleobase positions that commonly react with electropftiighlighted in red)

Cytotoxic effects of DNA adducts are related to their interference with DNA transcription and
cell division? Indeed, there are three main mechanisms involved: i) the presence of alkyl
groups on DNA bases prevents DNA synthesis and RNA transcription, leading to the DNA
being fragmented by repair enzymesthgformation of crosslinks prevents DNA from being
semarated for duplication or transcription; iii) DNA modifications inohgc mispairing of
nucleotides leading to mutations and permanent genetic ch&ig&d/hen considerin®NA
adducts generated by chemotherapeutic drugs, together with the three reaction mechanisms,
there are several other variables involved with their cytotoxic mechanisms in cancer cells.
Indeed, the efficiency with which a DNA adduct is generated stratghends on the drug
uptake, activationand detoxification in the cell. For instance, if the drug is either not
activated or quickly detoxified, it will ndtave the desired effe(figure 3).2?° Additionally,

as above mentioned, a plethora of DNA adducts can be generated-ahfhuntis are

generically known to be less toxic than crosslinkeleed, mon@dductsare more easily



repaired and therefore being less persistent in DPNAnally, the ability of DNA adducts to
persist in the DNA influence replicaticandtranscription and possibly induce dousteand
breaks and initiate apoptogfsHigh DNA damage levelsrigger cell cycle proteins which
either arrest the cetlycle for DNA repair or induce apoptogfsTherefore, treatment success

is relatedo DNA adducts being persistent and only located in cancer’dfistead, treatment
failure and therapy toxicity happen when DNA damagepsired and there is high damage

to noncancerous cellsespectively’®®? Levels of adducts may inform both therapy resistance
and toxicity, where a tnlow and too high presence of the adducts is detertedectively
Moreover, the type of adduct may also inform therapy toxicity when the adduct cannot be
repaired due to the patient lack of specific repair pathways or presence of a metabolic pathway.
For instance, &nconi Anemia(FA) patientsare unable to repaiinterstrand crosslinks,
therefore a lower dose of alkylating drugs is given to avoid therapy toXiditglance of DNA
damage may be identified in order to reach a therapy that is effective but naCtmeaering

all these variables playing a role in the activity of these dthgscharacterization and profiling

of all the DNA modifications induced btherapy hsae the unique potential to provide an

overview of the contribution of all these mechanisms to the therapy ou(Eaguiee 3).
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Figure 3 Mode of action oflkylating drugs.

1.4  Overview ofevidence of DNA adduct$relationship with therapy outcome and
current pitfalls .

DNA adduct formation is the key step for alkylating agent cytotoxicity and related therapy
effectiveness Therefore, DNA adducts have been suggested to be used as predictive
biomarkers. Indeed, cancer cell DNA is modified to induce apoptosis and cell Biepite (

3).3° The persistence and amount of DNA damage related to these chemicals in either healthy
or cancer cellsnform the possible resistance mechanisis work as well as therapy
drawback$ Greater efficiency is reached when DNA adducts are higher and confined in
cancer cell$.Several studies evaluated i) the use of DNA adducts for therapy personalization
and ii) the correlation between DNA adducts frodkykating anticancer drugs and
chemotherapy outcoraé® 34353637 Herein, we discuss data pertainitm chemotherapy
derived DNA adducts and cellular response, with a particular emphasis on-fratiesgd
studies.

First, to support the use of DNA adducts for therapy personalization, two studies quantified a
chemotherapylerived DNA adduct and evaluatedfdiences in patient populations, which
theoretically differedn DNA damage susceptibilifi?.Indeed, the two studies were foeds

on FA and non FA patients and obese and rolese patientsespectively® “°FA patients

lack specific DNA damage rap mechanisms that make them hypersensitive to alkylating
agents and require a lower dose of the drug compared#BApatients prior to hematopoietic

cell transplantation& In the first study, Johnson and colleag measured vidiquid

chromatography mass spectrometryLC-MS), one cyclophosphamidaerived interstrand



DNA crosslink, guanosineNOR-guanosine (GNOR-G), and compared its levels iRA
patients and neRA patients®® The two populations evaluated were administered
cyclophosphamide a& preparative regimen before hematopoietic cell transplantations. The
MS method used in this work focused on the detection and quantitabae afilduct, NOR-

G. The authors of this study found that FA patients producddid®igher adducts than nen

FA patients even at lower administration do¥eBhis evidence highlighted the potentiat

use of DNA adducs to identify sensitive populations and therefgretentially for therapy
personalization. In a second study, Johnson and colleagues metheuabdvementioned
cyclophosphamidelerived DNAadduct GNOR-G in obese patients B M| Ot@ évaluate

the impact of weightelated dosgin overweight patient® The study used the analytical
methodused for the previous studyd found thatitere was no difference in absoluteN®R-

G exposure between the overweight/obese and leangyegpite the higher doses given to
the overweight/obese pents. These resulthighlighted the altered metabolism and
disposition of cyclophosphamide in obese patiedtswvever, the relationship with therapy
outcome was not explore@verall, the study supportee possible use of DNA adducts for
identifying patiens with impaired or enhanced drug metabolism, which may lead to

unsuccessful and/or toxic therapies.

Given thatlevels of DNA adducts have been demonstrated to be able to identify individual
differences in drug metabolism and DNA repir®® multiple studies have been focusing on
assessing their relationship with therapy outcom®ifferent patient populations,
chemotherapy regimens, analytical methads endpoints were studied. Overall, the data

available regarding the relationship between DNA alkylation and therapy ogtopatients
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are encouraging the use of DNA adducta gsedictive marker. Almost all the studies found

a relationship between levelstbe adduct andheclinical outcome.

Specifically, Pieck and colleagues were the first to measure the relationship between DNA
damage and outcontéThey measured, through voltammetry, oxalipkRNA adducts and

observed, after 24 and 48 hotiism the infusion, an increased amount of DNA damage in
subjects who had beneddfrom therapy. In another study, Hoebers and colleagues tested the
predictive value of <cisplatin DNA adduct | e
patients treatedwt h  ci s p | 8¥Pi np lalssdird) iwastused to quantify intrastrand
guanosineguanosi ne adducts ( &g aandodsuicntes )a dadnudc tasd e(n/
Patients with higher GG adduct leseh primary tumas had significantly better diseasee

survival3®

Additional clinical studies, focusing on cisplatinnadher widely used DNA alkylating
chemotherapeutic drug, have shown that therapy outcome correlates to DNA adduat levels
peripheral blood cell®.In evaluating the relationship between DNA adducts and therapy
outcome, Zimmermagnand Wang and colleags also evaluated the usktchemotherapy
microdose$>*> Microdosing isa future possible approach to DNA adductdaktherapy
personalization as a small dose of chemothersmiven to the patientwith DNA adduct
profile measurements in subsequent blood draw®ven biopsie$., with the resulting
measurements used to minimigiele effectsand determine thébest treatment dosén this
context, Zimmermann and colleagues hypothesized that oxaliplatkadduct levels formed

in vivoin peripheral blood mononuclear cells (PBM@gre proportional to tumor shrinkage

caused by chemotherapyn addition adducts induced by subtherapeutic "diagnostic
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microdosesWwereproportional to those induced by therapeutic dosesvanédalso predidve

of response to chemotheraflyFour colorectal cancer cell lines were cultured with
therapeutically relevant or diagnostic microdose concentratiod&Cadxaliplatin. The!‘C

label enabledthe quantification of oxaliplatirDNA adduct level with accelerator mass
spectrometry (AMS). OxaliplatidDNA adduct formation was correlated with oxaliplatin
cytotoxicity for each cell line as measured by tH&4,5dimethylthiazol2,5
diphenyltetrazolium brondie (MTT) viability assay. Six colorectal cancer patients received by
intravenous route a diagnostic microdose contaitfi@epxaliplatin prior to treatment, as well

as a second“C-oxaliplatin dose during FOLFOX chemotherafshemotherapy regimen
which uss folinic acid (leucovorin, FOL), fluorouracil (6U, F), and oxaliplatin (Eloxatin,

OX), termed a "therapeutic doseéDxaliplatinDNA adduct levels from PBMC correlated
significantly tothe mean tumor volume change of evaluable target lesions (5 of the 6 patients
had the measurable disease). OxaliplalNA adduct levels were linearly proportional
between microdose and therapeutically relevant concentrations in cell culture experiments and
patient samples, as was plasma pharmacokinetics. Overall, this study supports both the use of
DNA adducts as predictive biomarkers and of microdosirgfasire possible application in

patients.

While encouraging results were found by several studies, there are limitations as well, that
need to be considered. All the studies mentioned were achieved in a small patient population
and need to be expanded to statistically significant population simghermore, there are
several possible pitfalls and difficulties to overcome when evaluating responsiveness and
measuring DNA damage in patients. For instance, patients undergoing chemotherapy regimens

are usually administered a cocktail of drugs, whiarefore increases the complexity of the
12



profile of adducts that needs to be analysedthis context, two studies highlight dreg-
administration as a possible study confounder. Motzer and colleagues investigated cisplatin
DNA adducts in germ cell tumors and ovarian cancer t&libey evaluated the relationship
between cisplatin DNA adducts determined via atomic absorption spectroscopy and
immunohistochemistry and outcome in 36 patients, without finding any correldtn.
authors highlighted the eadministration ofthree different chemotherapeutic agents as
possible confounding factors for these results. In another study, Zimmermann and colleagues
studied DNA adducts of bladdeancer patients micrdosed with carboplatinand a
relationship between high DNA adduct levels and better responders was observed, further
supporting the hypothesized relationship between DNA damage and therapy otftcome.
However, in the study it was highhited that not all the responders had high platiagituct

levels. For this reason, the authors tested the second hypothesis that another drug used in the
treatment may have been responsible for low platifidikA adduct levels to enable a
response. Thereforehe effect of the adjuvant drug gemcitabine was tested in a xé&nogra
mode| where both carboplatin and gemcitabine were administdree.anount of DNA
adducts generated by the diugatmentwasrelated with tumor response (shrinkage)the
treatment. Results from the study indicate thedrmbinedthreshold of DNA adducts must be
reached by either one of the drugs or both combined to induce a resploesesonclusiors

support the neetbr analytical methods able to comprehensively characterize DNA adducts
generated by each drug and identify markers able to monitor the overall chemotherapy action.
The abovementioned studies were focusing and using techniques able to measure one
specific adluct or, on the other hand, the overall DNA damage without being able to

distinguish and select specific markers which may correlate with the outcome.
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In conclusion, theres evidencesupporting the relationship between DNA adducts and therapy
outcome. However, bigger population sizes and analytical methods able to identify markers
for observing each dridg$ate are needed. In the present study, we developed and applied
(Chaptes 2 and 3) an analytical method able to profile all DNA adducts generatetivby
alkylating drugs, busulfarand cyclophosphamidéBusulfan and cyclophosphamide were
chosen as drumodels because of their differences in metabolic activations. While
cyclophosphamide is highly metabolized, busulfan does not need any metabolicoacto/at
obtain its action. Our L@/1S-based analytical method is able to detect DNA damaged derived
from the drugs and their metabolites in one single analysissible markers to be evaluated

in future studies were identified for these two widely used chemotherapy drugs.

1.5 Analytical strategies for measuring DNA adducts as predictive biomarkers

Several different analytical techniques to measure DNA adduvets used in the above
mentioned studiesiowever, only specific DNA adducts were measwrét no screening for
additional adducts which may better or more completely represent therapeutic outemmes.
instance, immunoassay for DNA adducts detectlependson the interaction between an
antibody and a specific DNA adduct or class of DNA adducts of intEréghile being easily
accessible by nespecialized personnel and the only available technique able to measure DNA
adducts in intact tissua@sclinical-useful sensitivity(1 every 18 nucleosidestheyrely on the
expensive and timeonsuming development and production of antibodies able to selectively
bind to one or a class of DNA addutisThis leads to the assay being naturally focused on

few or a class of adducts at the time. Further immagsay limitations include possible cross
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reactivity and nonlinear analytical responses, as well as the large amounts of DNA necessary

for each analysi®

Another widely usedmethod for DNA adducts detection #&P-post labeling?® *° The
limitations of this technique involve its lack of specificity and the impossibility of a structural
evaluation, pasible false negative arising from the lack of detection of deglycosylated adducts
and the use of radioactive material and lack of internal standards for quantitation. However,
this technique is ultrgensitive, allowing for the measurement of 1 adduct yevt©
nucleosides, and has been used for decades. It consists of four major steps: i) enzymatic
di gestion of DMénophasphaias;di) earicisnent af the8aguct fraction of

t he DNA di-lapelisgtof theiadducts bybtidnsfer 8P-or t hophosphate fr
32P]ATP mediated by polynucleotide kinase (PNK); iv) chromatographic or electrophoretic
separation of the labeled adducts or modified nucleotides and quantitation by measurement of
their radioactive decay. Thanks to its sensitivityis ttechnique has been largely used to
evaluate DNA adducts generated by several different exposures. Hoebers and colleagues used
3P p taseling for quantifying DNA adducts in patients with head and neck céhcer.
Conversely from immunoassa§P-postlabeling is labor intensive and works aigith avery

low amount of DNA.

Finally, MS-based techniques have been largely used to detect and quantify DNA adducts.
MS-based techniques are indeed highly sensitive@qarelow amount oDNA > However,

due to instrumental limitations at the time of the studassitlered in this thesis, only one or

few DNA adducts could be detected and monitored. Because of the highly selective nature,

sensitivity rivaling and at times surpassing that’Bfpostlabeling, and the ability to perform

15



accurate quantitation usingabte isotope dilution, numerous works have been carried out by
using LCMS/MS approaches. DNA adducts generated by several chemotherapeutic drugs
have been detected and quantified® 2 While offeing manyadvantages, L&MS-based
methods require expensive equipmetrained personneland timeconsuming sample
preparation to minimizéhe matrix effect. Furthermore, the synthesis of isotopiekabeled

standards for absolute quantitation may regsigeificant time and cost.

In addition to tandem MS, two other Mfased techniques have been used for DNA adducts
detection in the context of predictive markers discovery: inductively coupled pM&{ECP

MS) and accelerator mass spectrometry (AMS).s€harehigh throughput and less labor
intensive than LEMS-based approaches, but by only measuring the amount of metals in the
samplejt lacks structural information. ICIMS has been used by Bonettidacoworkers for
measuring platinuADNA adducts in leukocyte of patients undergoing cisplatin and
carboplatin therapy? AMS is the technique that reaches the highest sensitivity being able to
detect analytes to attomoles lev@$*Briefly, AMS is an ultrasensitive MSbased technique,
which is able to detect ignaccordingly to their momentum charge and energy. AMS
accelerates atoms up to energies of million electron volts. This enables AMS to measure
isotopic ratios for specific elements & level of 1 in 18. Due to its high sensitivity (with a
detection limit of 110 adducts/1%¥ nucleotides), this technique has been used in evaluating
the relationship between DNA adducts derived from chemotherapeutic drugs and clinical
outcome.*3 4% SSHowever, the sample has to be labelled with an isotope!f€)y.in order to
evaluate the concentration of the analyte in the mathgrefore, limitations to this technique
include theinability to use isotopdabelled compoursl and the lack of analytmass

determination or fragmentation ion spectra to confirm structural iderfythermore,
16



contaminations due to the unbound isotopickdlyelled drug must be considered when

analyzing samples via AMS.

Thanks tothe development of new M&chnologies, DNA adductomics is growing as a
promising technique for the evaluation of DNA adducts deriving from alkylating drugs. DNA
adductoncs is an LEMS-based analytical methdlkdatcan simultaneously screen for multiple
DNA adducts by taking advantage of the c¢commgc
deoxyribosenucleobase structurgy>” %8 This techniquewas developed inDr. Balbo
laboratory and iis extremelyuseful thanks tots high sensitivity, its capability to retrieve
structural information and screen for multiple addubbth reported and newat the same
time>'® These features overcome several limitations reltigtie use of DNA adducts as
predictive biomarkers such #g co-administration of multiple alkylating druganultra-low
abundance of analyteand structural characterization. DNA adductomics has lbeeently

used by Solivio and colleagues to profile DNA adducts generated by a newly developed
alkylating drugin vitro andin animals and relate them with therapy outcefién the present

work, DNA adductomics is used to profile DNA adducts derived by alkylating drugsnfirst

vitro and subsequently in patients.
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1.6 Hypothesis and Scope of the Thesis

Each year 650,000 cancer patients receive chemotherapy in the United States and this number
is going to increase in the next yeagisie to the increased number of cancer diagn@ses
Chemotherapy is known to genersige effects due to its mechanism of action which damages
healthy cells along with cancer celfCurrently, due tathelack of biomarkers, h enedize
fits-alloapproach ist thecoreof thetherapescommonly used. Howeveais mentionedbove

due tothe patient genetic background and type of cancer, dramatically different outcomes are
observed Predictive biomarkers are needed to distinguish who is going to benefit from
chemotherapy and who is instead going to develop sftlcts® Thanks to technical
innovations and performance improvements in instrumentation, detectable and quantifiable
DNA adductsare candidate predictive biomarkers in the case of alkylating ,dsirg® their
formation is a key step fdheir cytotoxicity and related therapy effectiven@ggirthermore,

DNA adducts are an integrative measof@rug metabolism as well as DNA damage repair.
Thanks to instrumental progresghich makes DNA adducts detectable and quantifiablé
adducts can be potentially used as biomar&edstheir relationship wh therapy outcome has

been explorednd demonstratet]

Our general hypothesis flsat chemotherapeutic drugs interact with Di¥Agenerate a wide
profile of DNA adductswhich relates with therapy outcome. Due to the complexity of the
adductome resulting from chemotherapy regimens and the possible presence of several adducts
deriving by the interaction of a drug or its metabolites with DNA, an analytical method able to
monitor dl the drugderived adducts is needdd. this work we hypothesize thatkylating

drugs are able to generate a wide profilstaficturally differenDNA adducts which can be
efficiently captured by our DNA adductomic approalchaddition, we hypothesiziat this
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profile may be presem patients exposed thesedrugs with varying patterns, depending on
individual metabolism and DNA repair capacity, which ultimately maselsel totreatment
outcome

To test ourhypothesis,we use twodrugsin vitro and in patientswith two grades of
complexity:busulfan, which does not require any metabolic activation to be able to react with
DNA and cyclophosphamidewhich instead requiresnetabolic activation and therefore
generagsa complex mixture of rediwe metabolites potentially able tmeateDNA damage
Understanding the magnitude of the DNA adduct profile, developing an analytical method able
to profile the whole DNA adductome of different drugad finally characterizing it fothe
drugof interes is the first critical step for the discovery of predictive biomarkensse studies

are aimed at creating a list of possible biomarkers to be tested in the clinic in relattonship
therapy outcome for future use for chemotherapy personalization

In Chapter 2 we explore the DNA adductome generatedusylfanandtook advantage of our
DNA adductomic approach to characterize DNA adducts formed by reacting busulfan with
calf-thymus DNA. Samples collectéabm patients undergoing busulfdrased chemotherapy
before allogeneic hematopoietic cell transplantation were analyzed for the presence of
busulfanderived DNA adducts-urthermorethe two most intensadducts wersynthesized
structurally confirmed by compaon with synthetic standardand quantified in patients.
DNA adducts standasdvill be used in future studies involving large patigopulation to

draw a relationship between DNA addpcbfilesand therapy outcom&imilarly, in Chapter

3 we explore e DNA adductome generated by cyclophosphamide (GRA)tro and in
patients undergoing CPA-based chemotherapyefore allogeneic hematopoietic cell

transplantationCPAgenerates a wide list of metabolites able to react with DNWMs aspect
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differentiates the two drugs. Finallyue to the high complexity of the chemical synthesis of
CPA-DNA adducts, their attempted synthesigithe results obtainearereported in Chager

4.
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Chapter 2- Characterization and quantitation of busulfan DNA adducts in vitro
and in blood of patients receiving busulfan therapy

The following chapter describes work that was previously published in and is adapted with
permission fromMolecular Therapy Oncolytics(Valeria Guidolin, Yupeng Li, Foster C.
Jacobs, Margaret L. MacMillan, Peter W. Villalta, Stephen S. Hecht, Silvia Balbo,
Characterization and quantitation of busulfan DNA adducts in the blood of patients receiving
busulfan therapyMolecular Therapy Oncolytics,Volume 28,2023,Pages 19210, ISSN
23727705,https://doi.org/10.1016/j.omt0.2023.01.06%

The study was performed by Valeria Guidolin and waswathored by Yupeng Li, Foster
Jacobs, Margaret L. MacMillan, Peter W. VilwltStephen S. Hecht, and Silvia Balbbbe
authors would like to thank Dr. Laura Maertens and Carsten Spry for their help with the patient
sample collectionWe also wish to thank the patients for their participation in this study.
Additionally, we acknowddge the hard work and dedication of the nurses and other medical
personnel of the M Health Fairview University of Minnesota Medical Center for their help

with collecting the samples. We thank Robert Carlson for editorial assistance.
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2.1 I ntroduction

As discussed in Section 1.1., chemotherapeaiditved side effects are mublic health

concern as are oftentimes observed in patients and the number of patients undergoing these
types of therapies is increasin§ince an association betweelkyéating drugbased
chemotherapy outcome and cancer cell DNA modifications naturally ¢Kigtsre 3)°2,

and therarea number of studssupporting this relationshif,is reasonable to investigate

the use of DNA adducts formed by alkylating drugs for pasatificationwith our novel

mass spectrometiyased approachAs discussed in Sectioh.4, biomarkers able to

inform therapy personalization are missing, together with analytical methods able to

overcome the aforementioned limitations (e.gadministrations).

Busulfan (BU [1,4-butanediol dimethanesulfonate Figure 4, Panel B), is an akylating

agent used for the treatment of a variety of cancers including chronic myelogenous
leukemia (CML)®? BU is also widely used in combination with other chemotherapeutic
agent for praransplantation conditioning of patients undergoing allogeneic hematopoietic
cell transplantation (HCT9 ¢ Similar to other alkylating drugs, Bbased therapy side
effects include bone marrow suppsion, myelosuppression, and hyperpigmentation, as
noted by theFDA.%2 Although a clear benefit has been observed using the regimen of
cyclophosphamide (€A) with high-dose oral BU in préransplantation conditionirg %6

high systemic exposure to BU has been associated withoeahasive disease and child
neurotoxicity®”%° Low systemic exposure to BU, however, may result in leukemic elaps
and increased risks of graftjection’® " Altogether these observations indicate a narrow

therapeutic window for Bubased therapy in the clinié.
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To inform the optimal dose of BU for cancer patients, efforts have been made to monitor
its concentration in plasma. It appears that intravenous injection of BU provides more
consistent pedose plasma aramderthe-curve (AUC) than oral administration in
patients with chronic myelogenous leukerfiid* The optimal plasma concentration has
been suggested to be 78101 mg x h/L in patients receiving inb@nous BU after
allogeneic HCT? However, controversies regarding the advantage of monitoring
systematic exposure of BU have been reported due to the presence of confounders and,
ultimately, therapeuticlose monitoring has only been suggested in patients undergoing
high-dosage BU treatmeritindeed, many retgpective studiesvaluating the association

of BU exposure to clinical outcomes were confounded by heterogeneity in the conditioning

regimens and the baseline patient characteriStics.

BU-derived DNA adducts can be considered as clinical outcome predictioraitkers.

The evaluation of their profile could provide more accurate information on the interaction
of the drug with its target to be used to support predictive information for adjusting BU
dose. This may be even more important when BU is used in combingith other
alkylating drugs since Bielated drugdrug interactions have been obserf&However,

to the best of our knowledge, these DNA adducts have not been fully characterized before,
but only hypothesized to take part in B&lated cytotoxicity” Indeed, BUs a bifunctional
alkylating drug, which contains two methanesulfonate groaps$ does notequire
metabolicactivation to react with DNAOnce BU is hydrolyzed, theethanesulfonate
groups are released and carbonium ions are generatethatiEneeact with nucleobases,
interfering withall the mechanisms related with DNA replication and transcription. In this

context, BUcanform both monealkylationand crosdinks.
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In this work, we examinthe hypothesis that BU reaatith DNA generating a plethora of
DNA adducts which can berofiled by ouradductomic approacffFigure 4, Panel A).%

78,79 58 This hypothesis is testdd vitro in BU-treated calf thymus and bacterial DNA
Two of the adducts detected were structurally characterized viardsghution mass
spectrometry and NMR and isotopically labelled standards were synthetized for-sotope
dilution based quantitatiodfterwards we testedur second hypothesis that the adts
detectedn vitro can inform the DNA adduct discovery in patie(fésgure 4, Panel A.
Detection of the adducis vivo in blood DNA of cancer and Fanconi Anemia patients
receiving BU therapy was demonstrated, along with the establishment of a quantitative
method for use in large sample population studi@gerall, this study supportsthe
formation of BUDNA adducts in pagnts the use of the adductomic approach to profile
and characterize alkylating druderived DNA damagand generated a list of possible

predictive biomarkers to be tested in relationship with therapy outcome.
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Figure 4 Representation of owtudy rationale (A) andf theworkflow (B) of adductomic analysis of

DNA samples. In the in vitro conditions with less complexity, DNA adducts are more readily identified due
to their relatively higher concentrations. This allowsdddNA adduct library generation that can be
informative for in vivo evaluation of patient DNA samples.
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2.2 M aterials and M ethods

2.2.1 Chemicals and suppliesMethanol (MeOH, LEMS grade), acetonitrile (ACN,
LC-MS grade), isopropanol (IPA) arfdrmic acid (FA, 98%) were purchased from
Fluka (St. Louis, MO, USA). Water was purified by a M@@isystem (Milford, MA, USA).
Cell Lysis Solution, Proteinade and RNaseA were purchased from Qiagen
(Germantown, MD, USA). DNase | recombinant expeedsyPichia pastorigR-DNase,
10,000 U/mg), phosphodiesterabeextracted fromCrotalus adamanteu$PDE-1, 0.4
U/mg), recombinant alkaline phosphatase expresselidiya pastoris(R-ALP, 7,000
U/mg), and calf thymus DNA (GDNA) were purchased from Roeh(St. Louis, MO,
USA). Single membrane filtration devices Microcon (10 kDa cutoff, 0.5 mL) were
purchased from Amicon (Billerica, MA, USA). Silanized vials (0.3 mL, 1.2 mL and 4 mL)
were purchased from ChromTech (Apple Valley, MN, USAINs] ZDEpxyguamsine
(dGuo) was purchased from Cambridge Isotope Laboratories. All other chemicals and

supplies were purchased from Sigdlarich or Fisher Scientific.
2.2.2Synthesis of Chemical Standards

N'-(9-((2R,4S,5R)4-Hydroxy -5-(hydroxymethyl)tetrahydrofuran -2-yl)-6-0x0-6,9
dihydro-1H-purin -2-yl)-N,N-dimethylformimidamide (2, N2-dmf-dGuo). N,N-
Dimethylacetamide dimethyl acetal (2.0 mL) was added to a solution of dGuo (3.5 mmaol,
1.0 g) in MeOH (9.5 m). The reaction mixture was stirred at room temperature for 3 days.
After reaction, the precipitated white solid was filtered and washed with cold MeOH. The
solid was dried and used directly without further purification (1.05 g, 98%)IMR (500

MHz,DMSOds) © 11.31 (s, 1 H)NCHEN), 8.038s, 1515H8)(625 1 H,
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(dd,J= 7.9, 6.1 HzJ=13#H, 9 HAQY), 4.234I=23bj(d ,Hz, 1H,
OH),437(@g)= 6.1, 3.0 Hz,J=1H, 6H3N) 5 Hz8B=1Ht d H4
11.7, 5.1 Hz, 1H, 1H58a) 5.3.54. @dH&EH), 1 H, HE
3.03(s,3H;CHz),259 (dddJ= 13. 5, 8.0, 5.7 X432,6129 H2Nja)
Hz, 1H, H2Njb). For the synthes¥PN]2 8K the i
dimethylacetamide dimethyl acetal (1.0 mL) was added $olution off**Ns]dGuo (5.0

mg, 0.018 mmoljn MeOH (1.0 mL) After stirring at room temperature fordays, the

reaction mixture was dried to remove most of the solvent and diluted w5 mL)

before performing reverse phase HPLC purification using Waters Associates (Milford,

MA) systems equipped with a Shimadzu SPTA 0.2 mm Prep UWis detector (84 nm).

A Luna 5 em C18(2) 100 250 T 10 mm col umn
CA) was used for the separation. A 50 min program was used with a flow rate of 4 mL/min

and a gradient starting from 5% MeOH iaQHfor 10 min, then increasing lineatly 90%

MeOH in HO over 25 min. After holding at 90% MeOH in® for 3 min, the gradient

was returned to the initial condition of 5% MeOH in(Hover 5 min. The system was
equilibrated for 7 min before the next injection. The desired prodfidf] P was ollected

at the retention time of 22 milH NMR (500 MHz, Me2@DBy 1H 8. 64
(CHs)2NCH=15N-), 8.06 (dd,)= 11.3, 7.8 Hz, 1H, H8), 6.37 (dd#l= 7.7, 6.1, 1.4 Hz, 1H,

H1Nj), 4= 56. (,dt3.0 HzJ= 13,5 HBN3.791dd,]=0LRa, Kj) ,
3.6 Hz, 1H, JH5Nj2) 0,3373® Hdd, -CH4), 3.1RG,8H;) , 3. 2
CHg), 2.73 (ddddJ= 13 . 6, 8. 3, 6. 1, 2 J7138,6.2,32,H3 H2 Nja

Hz, 1H, H2Njb) .
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N'-(7-(4-Bromobutyl) -6-0x0-6, 7-dihydro -1H-purin -2-yl)-N,N-

dimethylformimidamide (3, N2-dmf-Gua-N7-butylbromide). A solution of 7 (0.5

mmol, 161 mg)and 15di br omobut ane ( 2 N,8-dinmthgdféormami@0 0 ¢ L)
(DMF, 2.0 mL) was stirred at room temperature for 14 days. The reaction mixture turned

from a white suspension to a clear yellow solution after 8 days. After completion, the
reaction mixture was subjected directly to reverse phase HPLC for purification lising t

same conditions described for the synthes[$°bk]2. The desired produ8teluted at 30.4

min as the major peak. After drying under a streamtbimpound3 was collected as a

white solid (101 mg, 60%fH NMR (500 MHz, DMSQGds) & 1 1. H13 8.60gs, 1 H,
1H, (CHs)2NCH=N-), 8.01 (s, 1H, H8), 4.26 (,= 6.7 Hz, 2H;CH>CH2CH,CH,Br), 3.53

(td,J= 6.7, 2.2 Hz, 2H;CH,CH2CH2CH2Br), 3.14 (s, 3H;CHsz), 3.01 (s, 3H;CHs), 1.96

i 1.86 (M, 2H;CH2CH2CH;CH:Br), 1.791 1.66 (m, 2H;CH2CH2CH2CH:Br). 13C NMR

(126 MHz, DMSO) U 1 58NCH=0N-), (56.45)(C2), 155.27.(®6% ( ( CF
143.40 (C8), 110.70 (C5), 45.1LH2CHCH,CH;Br), 40.46 {CHz), 34.51 {CHs), 34.30
(-CH2CH2CH2CH2Br), 29.24 {CH2CH2CH2>CH:Br), 29.06 (CH>CH2.CH.CH:Br). HRMS
(Orbitrap): [M+H]" cal cd6d 341. 0720, 343.0700; 286. 02
343.0641; 286.0329, 288.0310. For the synthesithefisotopically labeled compound
[°Ns]3,1,4di br omobutane (20 &L )[™s2isDME@dbentd). t o a
The reaction mixture was stirred at room temperature for 14 days. After reaction, the
reaction mixture was subjected directly to reverse phase HPLC and the desired product
[1°Ns]3 was collected at the retention time of 30.3 omidler the same conditions described

for the synthesis of!*Ns]2. HRMS (Orbitrap): [M+Hf cal c¢6d 346. 0572,

291.0150, 293.0130; found 346.0578, 348.0648; 291.0343, 293.0314
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N',N" -(Butane-1,4-diylbis(6-o0x0-6, 7-dihydro-1H-purine-7,2-diyl))bis(N,N-
dimethylformimidamide) (4, bis(N2-dmf-Gua-N7)butyl and N'-(7-(4-hydroxybutyl) -
6-0x0-6, 7-dihydro -1H-purin -2-yl)-N,N-dimethylformimidamide (5, N2-dmf-Gua-N7-
butanol). To a solution of3 (0.22 mmol, 101 mg) iDMF (1.5 mL), compoun@ (0.29

mmol, 94 mg) was added. The reaction mixture was stirred at 60 °C for 2 days, then
analyzed by reverse phase HPLC directly under the same conditions described for the
synthesis 0f**Ns]7. The desired producsand5 were cdlected at 25.6 and 26.0 min,
respectively, in very low yields (< 1%)he isotopically labeled compounflSNs]4 and

[$°Ns]5 were synthesized in the same waytand5. A solution of2 (16.2 mg, 0.05 mmol)

was added to a DMF (0.5 mL) solution[6TNs]3. The reaction mixture was stirred at 60

°C for 2 days. After reaction, the resulting mixture was subjected to reverse phase HPLC
directly using the same separation conditions as dedcaibeve. The desired compounds

[1°Ns]4 and[*°Ns]5 were collected at retention times of 25.6 and 26.0 min, respectively.

Compound4 was fully characterized by onand twedimensional NMR and HRMSH

NMR (500 MHz, Me OD )):NGH=8-), BM(s, 21, H8), 2449 4.30 CH

(m, 4H, NCH2CHy-), 3.18 (s, 6H-CHa), 3.10 (s, 6H-CHa), 2.187 1.69 (m, 4H, N
CH.CH»).®C NMR (126 MHz, MeOD) &)NCH=8-), 558.85( C4) ,
(C2), 144.92 (C8), 112.03 (C5), 47.45-Q,CHy-), 41.29 (CHs), 35.16 (CHs), 28.84
(N-CH2CH2-). HRMS (Orbitrap): [M+H] c al ¢ 6 d 4o6nd 467.236%¥qwever,

parent is in lower abundance than its fragnmefz266.1310. The structure pgfNs]4 was

confirmed by HRMSHRMS (Orbitrap): [M+Hf c al c¢6d 47 2 .0228121858;, 26 6 . !
found 266.0663 and 261.2174 (no parent mass was observed, as above noted due to in

source fragmentation and spontaneous loss ofgBagp in the source).
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Compounds was characterized by4 NMR and HRMS!H NMR (500 MHz, Me
8.61 (s,1H, (CHs):2NCH=N-), 8.07 (s, 1H, H1), 8.01 (s, 1H, H8), 4.37)% 7.1 Hz, 2H;
CH2CH2CH.CH20H), 4.18 (tJ = 6.4 Hz, 2H-CH>CH.CH,CH>0OH), 3.19 (s, 3H;CHj3),

3.11 (s, 3H;CHs), 1.99 (p,J = 7.3 Hz, 2H -CH,CH,CH.CH,OH), 1.68 (dtJ = 14.1, 6.6

Hz, 2H, -CH.CH>CH>CH>OH). HRMS (Orbitrap): [M+H c al c 6 d 279. 1564,
279.1573.The structure of*®Ns]5 was confirmed by HRMSHRMS ( Or bi tr ap) :

[M+H] " 284.1416found284.1414

7,7'-(Butane-1,4-diyl)bis(2-amino-1,7-dihydro -6H-purin -6-one) (6, N7GBuU-N7G).

To a solution o# (~1 mg) in MeOH (0.5 mL) was added 280% NH:OH solution (0.1

mL). The reaction mixture was stirred at room temperature overnight. After completion,

the reation mixture was dried by a stream of &hd the residue was reconstituted 4OH

before subjecting it to reverse phase HPLC for purification using the same conditions
described for the synthesis [0fNs]2. The desired produéeluted at 21.1 mintH NMR

(500 MHz, MeOD) U 7 J6&8HEIH, NCHCH),HB89 (1J=4. 31 (
6.9 Hz, 4H, NCH.CH.-). 'H NMR (500 MHz, DMSQGds) U 7. 63 (s,J=2H, HS8
6.4 Hz, 4H, NCH2CHy-), 3.92 (tJ = 6.8 Hz, 4H, NCH.CH>-). HRMS (Orbitrap): [M+H]"

cal céd 3 5 7 .397338. ; The fisotopitally labeled compou[idNs]6 was
synthesized using the same method use@.fdo a solution of*°Ns]4 in MeOH (0.5 mL)

was added 28 30% NHOH solution (0.1 mL) and the mixture wasirred at room
temperature overnight. After reaction, the solvent was removed by drying with a stream of

N2 and the residue was reconstituted gOHbefore subjecting it to reverse phase HPLC

for purification using the same conditions described for thethggis of[*°Ns]2. The
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desired produdt'®Ns]6 was collected at 21.2 min. The structurg’éifls]6 was confirmed

by HRMS.HRMS (Orbitrap): [M+Hfc al ¢ 6 d 36 236211382.2; f ound

2-Amino-7-(4-hydroxybutyl) -1,7-dihydro -6H-purin -6-one (7, N7GBu-OH).

Compaund 7 and itsisotopically labeled analoff°Ns]7 were synthesized similarly as

compound6. The desired producl eluted from HPLC at 20.1 min under the same

conditions described for the synthesi§'aifis| 2. The desired produgt®Ns] 7 was collected
at 20.0 min. The structure of compouhwas confirmed byH NMR and HRMS!H NMR
(500 MHz, DMSO) U 10.70 (s, INMNH)HB (1]
= 5.2 Hz, 1H;OH), 4.17 (tJ = 6.9 Hz, 2H-CH,CH,CH,CH,OH), 1.77 (p,J = 7.1 Hz,
2H, -CH.CH,CH2>CH,OH), 1.32 (dtJ = 14.1, 6.6 Hz, 2H;CH.CH,CH>CH>OH). HRMS
(Orbitrap): [M+H]' cal c6d 224 2241142 The strwura of**Ns]7 was

confirmed by HRMSHRMS (Orbitrap): [M+Hfc al ¢ 6 d 2 2 922900993.4 ;

2.2.3DNA isolation and purification.

15N-DNA Generation. Escherichia coli(MG1655 strain) was cultured it*N-labeled

7.89

found

minimal medium (5 mL) at 37 °C overnight for three generations to obtain a uniformly

labeled™>N-strain. The OBy was used to monitor bacterial growth until stationary phase.

The bacteria culture was centrifuged at 3ap@or 10 min at 24C. The bacterial pellet

wasresuspended in 50% glycerol in bacte

ri al

°C until use ®N-labeled minimal medium (1 L) was prepared using 200 mL of M9 salts

(NaeHPQWA 728, 64 g KHPQy, 15 g, NaCl, 2.5 g, andNH4CI, 5.0g in deionized HO,

1 L), and added to 20 mL of glucose (20%; Sightdrich), 2 mL of MgSQ (1 M; Fisher
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Scientific), and 100 pL of Cael1l M; Fisher Scientific). A starter culture was prepared
by inoculating 10 puL of*°N- and **N-stock bacteria into 5 mbf medium and grown
overnight. Fifty uL of cells were then inoculated in 1 L of medium and incubated overnight.

Cells were centrifuged and the pellet storegB@f C until use.

Bacterial DNA Isolation. Cells were resuspended in 25 mL of Cell LysiSolution

(Qiagen) and treated with 150 pL each of Proteiftag24 h, 24°C) and RNas& (2 h,

24 °C). Proteins were precipitated by adding 7.5 mL of Protein Precipitation Solution
(Qiagen). The pellet was discarded and the supernatant was transferrach@wotube

containing an equal amount of cold isopropanol (IPA) to precipitate the DNA. The mixture

was centrifuged, the supernatant was discarded and the DNA pellet was sequentially
washed with 70 % (v/v) IPA in #0 and 100% IPA. The DNA pellet was drjed
resuspended in buffer (20 mM Tris, 2 mM MgPH 7.4), and storeda2 0 e C. The yi ¢
and purity of the DNA were assessed using a nanodrop UV/Vis spectrophotometer

monitoring the 260 and 280 nm wavelengths.

Sample Collection from Patients and Whole BloodNA Extraction. This study was
approved by the University of Minnesota Institutional Review Board (No. 1506M74263).
All patients signed IRB approved informed consent in accordance with the Declaration of
Helsinki. Blood (~3 mL) was obtained from 4 canegrd 2 Fanconi Anemia patients
undergoing allogeneic HCT receiving BU as part of their preparative regimen. Patients
received a 2 h infusion of intravenous BU prior to their HCT. Whole blood was obtained
from a central venous catheter immediately priohmfirst dose of BU (0 h) and within

24 h after the completion of the BU infusion protocol for a total of 6 baseline samples to

be compared to the matching 6 samples-pestment. Whole blood DNA extraction was
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performed immediately after the sample eotlon. Whole blood DNA extraction was
performed using Qiagen DNA extraction kits (Qiagen, Valencia, CA) by the
manufacturer's instructions with slight modifications as previously rep@rtBiNA
amounts were estimated by UV and subsequently determined by HPLC aohiGiso

in enzymatic hydrolysates as described below. DNA samplésgQQg in 200 uL of Tris
buffer) were spiked with 30 fmol offNs]N7G-Bu-OH and 50 fmol of PNs]N7G-Bu-N7G

as internal standards and subjected to enzymatic hydrolysis as descrived bel

2.2.4 DNA Exposure to BU in vitro. CT-DNA (100 pg) or**N- and*N-bacterial DNA

(100 pg each; 1:1 ratio) was dissolved in Tris buffer (20 mM Tris, 2 mM W gE 7.4).

BU (in DMSO) was added to the DNA solutions separately to reach a final concentration
of 100 puM in each batcfhis is close to the levels measured in patient plasma of previous
studies® The total volume of the corresponding sample was 200 pL. The resulting mixture
wasincubated at 37 °C overnight. DNA exposed to DMSO (1% v/v) was used as a negative
control. DNA isolation was performed by IPA precipitation. Briefly, 1 mL of cold IPA was
added to each sample vial. The precipitated DNA was isolated, washed sequentially wit
1 mL each of 70% IPA and 100% IPA twice and dried under a stream @flNsteps of

the protocol were performed using silanized glass vials.

2.2.5DNA hydrolysis and sample enrichment

DNA Enzymatic Hydrolysis. DNA obtained above was dissolved inisTbuffer and

incubated with RDNase (0.5 U/ug DNA) at room temperature overnight. The following
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day, an additional amount ofBNase (0.5 U/ug DNA) and RLP-1 (0.4 U/ug DNA)

and PDEL (0.02 mU/ug DNA) were added and the mixture was incubated at 37 70 for
min. The mixture was further incubated at room temperature overnight. After hydrolysis,
enzymes were removed via filtration (Microcon, 10 kDa cutoff) by centrifuging at 12000

g for 60 min. The filtrate was collected for the analyte analysis and dGuo qu@mtftat

dGuo Quantitation by HPLC. Quantitation of dGuo was carried out using a Dionex
UltiMate 3000 RSLCnano Systemidrmo Scientific, Waltham, MA) with a UV detector

set at 254 nm. A 300 um IB 15 cm C18 column (2 pm, 100 A) (Thermo Scientific,
Waltham, MA) was used with (A) 40 and (B) MeOH as the mobile phase. The injection
volume was 1 pL and the flow rate was 19min. Starting from 5% B for 2 min, a linear
gradient was applied increasing from 5% to 25% B in 10 min. The gradient increased to
95% B in 3 min and was held for 5 min before returning back to the initial condition in 2
min. The instrument was equilibratéor 3 min (25 min total run time) before the next
injection. A calibration curve for dGuo (0.062%0 ng/uL in HO) was run in triplicate

and used to calculate the dGuo content in each s&fhple.

2.2.6 Sample Enrichment and Purification. DNA hydrolysates were partially purified
by solidphase extraction using StraXacartridges (30 um, Phenomenex, Torrance, CA)
that were activated with 3 mL of MeO#hd preconditioned with 1 mL of 8. The
hydrolysates were loaded on the cartridges, washed sequentially with 1 raQ,cdihdl 1

mL of 5% MeOH in HO and the analytes were eluted with 1 mL of 100% MeOH and 1
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mL of MeOH containing 2% formic acid and both fractions were evaporated to dryness
and reconstituted in 2% MeOH i@ (LC-MS grade, Flukajo a final volume of 20 pL

prior to MS analysi$§3

2.2.7Adductomic Data Dependent AnalysisgConstant Neutral Loss/ MS (DDA-
CNL/MS?) method and data analysis

LC Conditions.An al i quot of 1 €L DNA hydrolysate
system (Ultimate 3000 RSLCnano UPLC, Thermo Scientific, Waltham, MA). The UPLC
system was equipped with a 5 €L separatomampl e
was achieved using a hapdcked commercially available fussifica emitter (230 x

0.075 mm | D, 15 em orifice, New Objective,
em, 100, Luna Phenomenex, Torrance 5% CA) . T
(v/v) formic acid in HO and (B) CHCN. The eluent was held at 2% B for 2 min, brought

to 20% B in 24 min, then to 60% B in 10 min, to 98% B in 1 min, and then maintained at

98% for 4 min. The column was-egjuilibrated for 4 min. The injection valvegition was

switched at 6 min to take the injection loop out of the flow path.

Mass Spectrometry All the MS-based analyses were conducted using a hybridftafgh
Orbitrap mass spectrometer (Fusion, Thermo Scientific, Waltham, MA). The LC system
was intefaced to the mass spectrometer using a Nanoflex ESI ion source (Nanoflex
Thermo Scientific, Waltham, MA), which operated in positive ion mode at 2.5 kV. The ion

transfer tube temperature was 300°C, and the RF lens (%) setting was 60. The DDA
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CNL/MS® methal consisted of a full scan with dedapendent MSand a neutral loss MS
acquisition (NL:MS3). The full scan rfi/z 1501 750) was performed with quadrupole
filtering, maximum injection time of 50 msec, automatic gain control target of 50%, and a
resolution stting of 120,000. Datdependent MSparameters were: dynamic exclusion of
30 sec, mass tolerance of + 5 ppm, repeat count of 1, minimum intensf@f and a
cycle time of 3 sec. A MSexclusion list of 18 masses, consisting of unmodified
deoxyribonucleosides and their electrostatically bound dimer ions, was included in the
method with a mass tolerance of + 5 pptithe MS scan events were triggered on the
basis of an intensity threshold of B®>. The MS fragmentation was performed with a
guadrupole isolation width @f/z1.5, HCD collision energy 30%, Automatic Gain Control
(AGC) value of 400%, maximum injection time of 54 ms, and Orbitrap detection at a
resolution setting of 30,000. For the MIS® data acquisitions, the MProduct ions were
isolated by the ion trapith an isolation window ofm/z1.5, and the MSfragmentation

was triggered upon observation of the neutral loss of Hae&xyribose (dR) or the base
moieties {dR: 116.0474;G: 151.0494-A: 135.0545,-T: 126.0429,-C: 111.0433; all
within a mass tolerance of + 5 ppm). Masses of the respédivaucleosides were also
included. The MS parameters for the NMIS® scan were30% HCD fragmentation,
Orbitrap detection resolution of 15,000, AGC value of 200% and a maximum injection

time of 200 ms.

Data Analysis. For DNA adduct screening data analysis, RawConverter

(http://fields.scripps.edu/rawconwvivas used to convert the Thermo Scientific raw data
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files to mzXML files which were imported into a SQL database, where data filtration on
the basis of M&triggering ionm/zand retention time was performed. f#8ggering ions

present in the exposed samples with batfz (5 ppm) and retention times (£ 30 s)
different from those in the control samples were selected and reported as putaineBU
adducts. The absence of the putative BNA adducts in the control samples were furthe
confirmed by generating extracted ion chromatograms for all the putative DNA adduct
precursor masses at 5 ppm mass tolerance using the Qualbrowser component of the
Xcalibur 3.0 software package (Thermo Scientific, Waltham, MA). The &8 MS

spectra ofeach putative DNA adduct were subsequently evaluated for structural

information and the peak areas of the precursor mass were determined.

The presence of the resulting adducts was further confirmed tf$ingaind 1°N-DNA

exposed to the drug, processediascribed above, and mixed in a 1:1 ratio prior te LC

MS analysis.
~ DNA Enzymatic
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Figure 5 '>N-1N DNA generation and DNA adduct coupling scheme.

In this resulting sample, the presence otoating peaks and MRvents corresponding to

14N- and®N-labeled version of the same adduct supports adduct identification. Briefly, the
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mass difference betweéfN and'®N corresponding to the presence of 2, 3, 4, 5,6, 7, 8, 9

or 10N in the molecule was added to each/Madduct uniquely found in the exposed
CT-DNA sample. The resulting masses were manually searched in QualBrowser in the
15N-DNA sample and M3and MS spectra were investigated and compared to that of the
corresponding putative adducts found in-BNA. The same retention time (£0.1 min),
neutral loss and fragmentation patterns were expected. Furthermore, the presenee of a co
eluting peak and M%event corresponding to thé&N-version of the putative DNA adduct

was verified. DNA adducts uniquely present he texposed sample and having the

corresponding*N- and°N- peaks were annotated.

2.2.8Targeted MS method for investigating and quantitating BUDNA adducts in

human blood.

LC ConditonsThe DNA hydrolysates were recOnstitu
(LC-MS gr ade, Fluka) and 1 eL was injected \
conditions as described in the adductomic BOKWL/MS® method. The mobile phase
consisted of (A) 5 mM NEDAc in HbO and (B)ACN The elution program included an
i socratic step (2% of B f or Itepdineanigradieastt 0. 9

of B (3% min for 19 min and 19%/ min for 2

NS

concluded with a washing isocratic stepr jgeor med at 98 % of B f or
At the end of the elution program, the 1s§stem was equilibrated for 3 min at isocratic
conditions (2% of B, 0.9 eL/min). The inje

take the injection loop out of thlw path.
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Mass Spectrometryl.he targeted DNA adduct analysis was performed using the targeted
MS? analysis of 15 BU derive®NA adducts Table 2), with a quadrupole isolation
window width of m/z 1.5, maximum injection time of 54 ms, AGC of 1000%, and
resolution setting of 30,000. MS fragmentation was performed using HCD with a stepped
collision energy (25%). The fragmentation of the DNA adduct precursor ions'[iMdsl]lts

in neutral loss of the dR, G, A, T or C moiety to produce the correspondinegdRfH
[MH-G]*, [MH-A]*, [MH-T]", and [MHC]* product ions whose masses were extracted for

detection of the adducts.

Busulfan-derived DNA adduct quantitation.

Limits of detection (LODs) for adduct$7G-Bu-N7G (6, Figure 6) andN7G-Bu-OH (7)
weredetermined using their 4@ solutions. Limits of quantitation (LOQ), accuracy, and
precision for the MS quantitation method were determined by analyzifigNON enriched
with different amounts of synthesized standa&dsd7 (0, 5, 10, 50, 100, 200 fmol for
adduct6 and a constant amount of 10 fmol 6Ns]6; 0, 1, 5, 10, 30, 100 fmol for adduct
7 and a constant amount of 5 fmol 65| 7). Each sample was prepared in triplicate. The
LOQ was defined as the lowest amount added tdD®/RA that produced a coefficient of
variation (CV) lower than 20%. Accuracy was determined by comparing added and
measured amounts of the adducts at each |IBvetision was determined by the intraday
CV in the triplicate samples. Quantitation of the adducts was domparing the sample
peak area with a calibration curve (0.08, 0.3, 0.5, 1, 3, 10, 100, 200 fmol for addcts

and?).
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23 Results

2.3.1Analysis of Putative Busulfan DNA Adducts Formedn vitro.

A top-down DNA adductomic approach was utilized for the comprehensive
characterization of Bidlerived DNA adducts in GDNA treated with the drugn vitro

(Figure 4- Panel A study rationale). The adductomic data dependenstant neutral loss

MS? (DDA-CNL/MS®) methodcan simultaneously screen for multiple DNA adducts by
taking advantage of the c¢common -oedxyriboset ur al
nucleobase structure). In this study, the neutral loss of the 4 nucleobase moieties (G,
151.094 amu, A, 135. 0545 amu, T, 126. 0429 an
deoxyribose moiety (116.0474 amu) were monitored and coupled with subsequent MS
fragmentation triggered upon neutral loss observation to gain additional structural

characterization.

Using the DDACNL/MS? method, DNA hydrolysates of Bteated and untreated €T

DNA were analyzed and compared. Data analysis was performed as previously reported,
and ions corresponding to DNA adducts present only in the exposed sample were
considered?® Briefly, scrutiny of the M3 and MS spectra for each M&riggering ion
confirmed that the fragments observed were resulted from a DNA adduct and were used to
exclude any M&triggering ions resulting from artifacts or false positives. Specifically, for
each ion, the MSspectrum was scrutinized to i) confirm the presence of one of the
nucleobases and/or its fragments as product ions and ii) evaluate that the accurate mass
corresponding to the modification accounts for a realistic chemical formula. Fooites

the precursor extracted ion chromatogram (EIC) was evaluated to confirm itfikgeak
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shape and a minimum of four sticks across the peak. Finally, the retention times of the full
scan, M$ and MS spectra were evaluated to confirm that they cointifrl-scan EICs

for all candidate DNA adduct ions were generated for the exposed and nonexposed
samples, and only ions that were uniquely present in the exposed sample were annotated.
Further confirmation was gained by evaluation of presence of thetaddumth the“N

and®®N form when combining the analysis 6N and*>N-DNA exposed with BU.

Table 2 lons detected during the adductomic screening ofthgithus DNA (CFDNA) and their relative
retention timesRT), neutral losses (NL), presence in E. coli DNA (indicated with the numdéxsf
present), and in blood DNA of patients receiving BU therapy.

E. coliDNA | Patient

N RT (i) | N | vumberof | D%
N atoms)

2241135 8.6 N 5 X
257.0880 8.6 dR 5 X
262.0860 18.0 C - X
264.6485 8.3 G 5 X
290.1724 8.2 G 5 X
298.1430 28.9 A 5 X
300.1401 29.0 A 5 X
302.0920 16.0 G 5 -
306.1560 6.4 dR 5 X
316.1349 34.5 G 10 -
357.1531 9.6 G 10 X
358.1276 17.7 dR 5 X
378.1330 17.9 dR - X
418.1390 15.0 dR 5 X
432.1823 28.3 dR 7 -
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441.2218 8.2 G 5 X

449.1726 15.6 dR 10 X

465.2080 49.7 T - -

469.1782 15.6 dR - -

482.2170 49.9 T - -

aThe X indicatesf adduct detected in at least one patient

A total of 20 compounds matching all the criteria were identified as putativ®BA
adducts and listed iffable 2. As illustrated inFigure 6, a putative adduct witim/z
357.1530 shows a typical chromatogram with MS traces of a clear full scan peakgaligni
well with its MS and MS signals. The neutral loss of guanine observed in thé MS
fragmentation, together with the appearance of the guanine ion [Guarije MS
fragmentation suggests that this putative DNA adduct is likely to be alorkgzoduct

of the drug with two guanine bases. We thus tentatively assign the structure of this adduct

asN7G-Bu-N7G 6 (Figure 6).
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Figure 6 Panel A: Extracted ion chromatogram/¢357.1530), and MSand MS spectra obtained for one
detected DNA adduct upon hydrolysis of ©NA reacted with BU. Panel B: MSpectra of the m/z

357.1530 parent ion, highlighting the neutral loss of guanine. Panel Tspé8tra of the ion m/z

357.1530, highlighting the loss dfd modification and the appearance of guanine leading to the hypothesis
of a guaningguanine crosslink.

2.3.2Confirmation of the Putative Busulfan DNA Adducts Using*°N-labeled DNA

15N-LabeledE. coliDNA is a useful tool to further confirm the putative BMNA adducts

listed inTable 2.8 A 1:1 mixture of unlabeled antiN-labeledE. coli DNA exposed to

BU was hydrolyzed and purified following the same approach described for the analysis
of CT-DNA. The hydrolysate was analyzed by the same adduct®dia-CNL/MS?

method, with the exception thatN-labeled deoxyribonucleosides were included as
monitored neutral losses. The acquired MS data were processed by the same approach
described above. Only the peaks present in Bdthand!°N-MS traces were considered

asputative BUDNA adducts, a representative example of which is showimgure 7.
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Figure 7 Panel A: Extracted ion chromatogram of one detected adductat®67.1530, it$>N-version
m/z367.1234 and the corresponding #8an events. Panel B: KMS§pectra of the iom/z357.1530 and
the hypothesized structure. Panel C:2dfectra of the iom/z367.1233 and the hypothesized structure.
lonm/z202.1071 is not related withdranalyte of interest.

In this analysis, the presence of the tweetuting peaks withm/z357.1534 (unlabeled)

and 367.1231'¢N-labeled) agreed with the putative BU crlis& adduct6 observed in

Table 2 and Figure 6. The mass difference of 9.9703 amu (indicating*-labeled

nitrogens) provides further evidence of forming the clivds 6, since each guanine

contains 5 nitrogens.

We then manually excluded any peaks from the listaifle 2 (the column of unlabeled

CT-DNA) that were not confirmed by tHéN/'°N paired pattern in the BtfeatedE. coli

DNA. The number of putative BONA adducts thus decreased to 15 as showirabile

2. Insights on DNA adduct types were giventhg mass difference between fis/*°N

paired peaksAs mentioned above, a mass difference of 4.9852 amu (corresponding to the
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adduct with 5 nitrogen atoms), indicates that the DNA adduct is a modification on a single
Gua or Ade nucleobase (mono adduct); while a mass difference of 6.989708 amu,
corresponds to a creéisk DNA adduct. Therefore, a total of 4 crdgsks and 11 mono

adducts are identified to be formed from BU treatment of iNwtro.

2.3.3Targeted Analysis of Putative Busulfan DNA Adducts in the Blood of Patients

The presence of the putative Blgrived DNA adducts was investigated in the blood DNA
of patients undergoing BU treatmemlood samples were collected from 6 patients
receiving BU therapy Table 3). Samples were taken prior to the first administration

(baseline sample) and within 24 h after the completion of the BU therapy (exposed sample).

Table 3 Diagnosis, sex and levels of DNA addu6tsnd7 in patients receiving Based chemotherapy.

N7G-Bu-N7G (6) N7G-Bu-OH (7)
Patient Diagnosis Sex 6 .
Adducts/10 Nucleosidey Adducts/10 Nucleosides

1 Acute myeloid | 0.62 128
leukemia

2 Acute myeloid | - 1.54 26.7
leukemia

3 Fanconi anemia F 0.38 ND

4 Multlpl_e _sulfatase F 202 13.7
deficiency

5 Acute myeloid | 0.62 28.2
leukemia

6 Fanconi anemia| M 1.60 26.3
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The paired blood DNA samples were analyzed using a targeted MS method for the 15
putative BUDNA adducts Table 2) observedin vitro. Twelve of the adducts were
detected in at least one of the blood samples. Interestinglygutative DNA adducts with
m/z357.1531 (tentatively assigned toéG-Bu-N7G, 6) and 441.2218 (unknown) were
present in all the 6 blood DNA samples of patieatgiving BU therapyTable 4). Some
adducts such as that with/z224.1135 (tentatively assigned to KéG-Bu-OH, 7) and

449.1726 (unknown) were also detected in 5 out of 6 patients.

Table 4 Detection of ions identified in thBNA adductomic screening in patients undergoing busulfan
based chemotherapy. (*) refers to masses of ions previously hypothesized in relationship to busulfan
exposurgin pink, the detected ions for each patient)

[M+H] * Patient 1 | Patient2 | Patient3 | Patient4 | Patient5 Patient 6

224.1135% Y Y N Y Y Y

257.0880

264.6485

290.1724

298.1430

300.1401

302.0920

306.1560

316.1349

357.1531%

358.1280

418.1390

432.1820

441.2218

449.1726

<[ <| Z2| Z2| <X| <| Z2| Z2| 2| 2| Z2| 2| <| 2

z| <| zZ2| zZ2| Z2| <| Z2| <| Z2| <| Z2| 2| 2| <

<| <| Z2| Z2| Z2| <| Z2| 2| 2| <| <| <| Z2| 2

<| <| Z2| <| <| <| Z2| <| Z2| Z2| Z2| Z2| 2| 2

<| <| Z2| Z2| 2| <| Z2| <| Z2| 2| 2| 2| 2| 2

<| <| z| <| <| <| z| <| z| z| z| <| z| <
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469.1782 N N N

These results identified the BU adduct profile to be used to define the interaction of the

drug with its molecular target in patients. These efforts lead to the development of a

guantitative/profiling method pairing the quantitation of the most commordélved

DNA modifications, adduct§ and7, with the profiling of all the 15 detected putative DNA

adducts.

2.3.4Chemical synthesis of busulfarderived DNA adducts

The synthesis of addudisand7 is illustrated inFigure 8. The same scheme wiadlowed

for the synthesis of their corresponding isotopically labeled analogs.
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Figure 8 Synthesis of Blberived DNA adduct$ and7 and their isotopéabeled standards. Asterisks (*)
indicate the °N in the labeled dGuo derivatiseReagents and conditions: (i) Ndimethylacetamide
dimethyl acetal, MeOH, room temperature (rt), 3 d; (iirdigromobutane, DMF, rt, 14 d; (iii) 2, DMB0
°C, 2 d; (iv) NH4OH, MeOH, rt, overnight.

The synthesis started with a common step in whicINti¥H: of dGuo was first protected
with the dimethylformamidine group to improve the regioselectivity of the alkylation
reaction by 1,4ibromobutane witl2. This alkylation reaction requires nearly 2 weeks to
complete and room temperature stirring to achigveti@r outcome. Then the intermediate
3 was reacted with exceg4<o yield the crosséink precurso#, which was easily converted

to the final compoun@ via the NHOH-catalyzed deprotection reaction. During the cross
linking step, the bromine atom 8flso underwent hydrolysis and formed the mono adduct
precursol5. This precursor was readily converted to the mono adtloigttreatment with
NH4OH in MeOH. The same route was followed starting froPN4|JdGuo to obtain the

corresponding isotopically labeledialogs ob and7.

2.3.5Characterization of busulfan-derived DNA adducts

One critical aspect of the characterization of-8&tived DNA adduct$ and 7 is to
confirm the regioselective attack of the @Ja position in the alkylation steps Bfgure
8. During the first alkylation step, compouB@vas formed as the major produss shown
by Figure 9, the heteronuclear multiple bond correlations (HMBCsjwben the
met hyl ene gr ouand §chidong)of thee gudnine base clearly demonstrate

that the alkylation reaction is GINV-selective under the mild conditions used.
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No such correlation is observed between the same methylene group ancatherntof

the guanine base. The chemical structuré isfthus the Gud\7 alkylation product since

the hydrolysis step and the deprotection step willamange the alkylation position.

For the structural assignment of the crtisk adduct6, additional HMBC evidence was

needed for the second alkylation reaction by the intermeghaith 2. As shown irFigure

10, correlations similar to those descrilded compound3, between the methylene group

(H1INj) and

t

he

Gua C5 and C8, wer e

cl ear|

same methylene group and Gua C4 further supporting the structure of interMediate
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Figure 10 HMBC spectra of compound 4.

Similarly, the regioselectivity of the final creek 6 remains the same after the

deprotection reaction from compou#ad

The MS study of the synthesized standards provided convincing evidence for their
structural assignments. MS fragmentation pattern6 ahd 7 both agreed with likely
pathways. As shown iRigure 11, the major product ion of the crelsk adduct6 is m/z
206.1033, which is the fragment ion resulting from the loss of a guanine; the major product
ion of the mono addu@tis m/z224.1138, which is the fragment ion resulting from the loss

of the alkyl modification.
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crosslink 6 and B= mono addugt In panel A, loss of guanine and appearance of fragm&a06.1033
is observed. In Panel B, loss of the modification and appearance of guanime/zlig2.0563.

The isotopdabeled chemical standard$Ns|6 and [°Ns]7 eluted at the same HPLC

retention time compared to the unlabeled add@asad 7 in the BUexposed CIDNA

(Figure 12). Their MS fragmentation patterns were also identical to the unlabeled
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Figure 12 Chromatograms resulting from-@jection of standards with the GDNA sample exposed to
BU for analyte confirmation. Panel A: extracted ion chromatogram/n224.1135 and 229.0986. Panel B
and C: relative MBspectra. Panel D: extracted ion chromatogedim/z357.1531 and 362.1382. Panel E
and F: relative MBspectra.

2.3.6Quantification of N7G-Bu-N7G and N7G-Bu-OH in blood DNA of patients

undergoing busulfanbased chemotherapy

The targetetHPLC-NSI-HRMS/MS methodvas used for the quantitation of the crbek
adduct6 and the mono addu¢tin the blood DNA of BUexposed patien{$igure 8). The
LOD and LOQ for adduds were 0.015 and 0.05 fmol erolumn, respectively; the LOD

and LOQ for adduct were 0.025 and 25 fmol onrcolumn, respectively\Standard curves
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for both compounds were established by analyzing solutions containing a fixed amount of
isotopelabeled adducts6( 7.5 fmol; 7: 5 fmol) mixed with increasing amounts of the
unlabeled standards, followed bggression analysis of the calculated and experimentally
determined relative response ratibg(re 13). Solvent blanks were periodically injected

to detect potential analyte caroyer. The concentration ranges for the calibration curves
and validation gperiments were chosen to cover the range of the levels of adducts found

in human DNA samples.
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Figure 13 Panel A: Representative extracted ion chromatogram of adglacts7 and relative internal
standards in patient DNA. Panel B and C: Measured and spiked amount of &hat?sfor method
validation.

The calibration curves showed good linearity withie toncentration rangesiR 0.99
for 6 and 0.98 for7). The assay accuracy was determined as a percentage of the added

amount of a dd u c-DNA. The addubs werg detefted @ith excellent
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accuracies of 94% and 101.48% (n = 6)8@nd7, respectively. Good linearity was also
observed across thested concentration ranges in the accuracy study. The precision of this
assay was also satisfactory, with 6.9%86a@nd 7.6% for7 by calculating the average of
the coefficient of variation (CV) at each concentration of the curve. The total recoveries

averged 81% and 64% f@érand7 respectively.

As shown byTable 3, both the crosfink 6 and the mono addu@twere readily detected

in most patients. The mono add@cbccurred in much higher abundance than the eross
link adduct6. The concentration of was 6.81 20.6 times higher than that 6fin each
patient except for patient 4. A high interindividual variation was observed in the levels of
adductss and7. This maybe due to the difference of total BU dose given to the patients,
to interindividual diference in forming and repairing DNA adducts or to a combination of

both.
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2.4 Discussion

In this study, we characterized for the first time-Bérived DNA adducts in the blood of
HCT patients receiving this therapy. Twelve out of 15 putative DNA adducts observed
vitro were detected in patients. Two of them were characterized to be thditkd3slA
adduct6 and the mono DNA addu@t A quantitative method for the analysis of these two
adducts was developed to be combined with the screening analysis for all otteriBidl

DNA modifications identified here. This study provides a promispgr@ach to develop
predictive biomarkers for future use to monitor the effects of BU and support personalized

therapies.

The mechanism of action for DNA alkylating drugs such as BU is their ability to
damage DNA. However, this interaction can also resutherapy toxicities especially
whenhigh-dosagéreatment is requiref.On the other hand, low doses of alkylating drugs
result in insufficient cancer cell DNA damage, which has been associated with drug
resistance and therapy faillfeA fine balance needs to be found to administer these drugs
at appropriate concentrans. Furthermore, patiespecific aspects, such as DNA repair
mechanisms or drug metabolisms, are variables that may dramatically influence the
generation of DNA damage and therefore the efficacy of the treatment. A profile-of BU
derived DNA adducts prades integrated information on the drug activity and individual
variables that may influence it and therefore is an excellent candidate as a predictive

biomarker in precision oncolody.

There are limited studies showing the addition products of BU with glutatPione.
87 Scian and coworkers studied the role of busuttdated metabolite EJAG and the action

of busulfan on intact proteins, highlighting novel mechanisms of busulfan to¥éty.
55



However, to the best of our knowledge, no study has characterized DNA adducts formed
by BU. lwamoto and coworkers demonstrated that BU caused DNA damagé/at35'

and 5:GG-3' sequenceis vitro with the detection of two structurally unknown acds®!

They concluded that the generation of crlissks may be a strong mechanism of BU
cytotoxicity. Souliotis and colleagues highlighted the relevance of mono adducts in
therapeutic effect, supporting a tsteps mechanism of generation of crlasked
adducts. Indeed, cro$isks may be generated by a delayed binding to a second site in
DNA.®2 Therefore, repair of mono adducts may interfere with the generation of cross
linked adducts and module the drug cytotoxiéftinterstrand lesions are thought tayl

a central role in the cytotoxic response because they prevent DNA strand separation which
is required for DNA replication and transcriptisfOverall, these obseations support the
importance of monitoring the full profile of adducts rather than focusing only on few major
ones. DNA adductomics allows for a comprehensive investigation of the genotoxicity of
xenobiotics and their metabolites, by detecting simutiasky all the DNA modifications
resulting from the interactions of these chemicals of interest with the DNA. Compared to
more traditional ways of studying drug metabolism and its interactions with nucleic acids
by pursuing specific targets proposed on thesis of reported knowledge, DNA
adductomics allows to screen for all DNA addition products, including both known and

previously unidentified DNA modifications.

In the present study, we first investigated the formation ofBNA adducts in ouin vitro
sanples with BUexposed CIDNA and *N-/*N-DNA mixture from E. coli, and
identified4 putative crostinks including adducé and 11 mono adducts including adduct

7. Since the synthesis and characterization of all adducts would require enormous effort,
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we focused on the development of a quantitative method for the 2 major adducds
in the profile, namely those that were present in most samples. In the future, these two
adducts will serve as standards for the development of analytical methods aimed at

profiling all DNA adducts and evaluating their relationship with patient outcome.

The chemical synthesis 6fand7 was pursued for absolute characterization and
development of a quantitative method to be used in parallel to the profiling. The synthetic
strategy for synthesizing the crdgsk adduct6 utilized two sequential alkylation reactions
instead of the classat method of treating dGuo with the alkylating agent (such as nitrogen
mustard* and bis(2chloroethyl)ethylamin®) in a onestep reaction. The advantages of
our method are (1) allowing a full NMR characterization of the-8éalkyl product
obtained from each alkylation reaction and (2) yielding cleaner reaction mixtures for a
better separation of the desired product. We failed to identify desired products from the
reaction mixture of dGuo with BU or Edibromobutane due tdhé complexity of the

HPLC traces.

The success of the fikstep alkylation $cheme lis critical. This reaction requires
a long reaction time (14 days) with mild stirring at room temperature to achieve
completion. Increasing the reaction temperaturas,(60 °C) or use of different solvents
(e.g., DMSO) and added bases (e.sNEDBU, K>COg) failed to facilitate the reaction;
all the reactions yielded much more complex products with no improved yields of the
desired produdd. For the secondtep allylation, the reaction yield for compoudds very
low even with excess starting matefal he producbis considered the hydrolysis product
from 3 during the secondtep alkylation reaction in a similar low yield. The mild condition

from the firststepalkylation reaction did not work for the secesigp alkylation, even
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after up to 14 days. One important observation is that the excess amouniQifl Nsed
for the deprotection reaction dfcould degrade the produgtut did not appear to affect

compound 7.

Using the synthesized standards, we were able for the first time to quantify BU
derived DNA adducts in patients. The concentration§ oanged from 12.8 to 28.2
adducts/1®nucleotides (except for patient 3), significantly higher than thogewdfich
ranged from 0.38 to 2.02 adductg/Iucleotides. Out of the 15 putative DNA adducts
detectedin vitro, 12 were detected in at least one patient undergoingbd&dd
chemotherapy. Interestingly, several DNA adducts are in common among patients
underlinhg a general reaction mechanism between BU and DNA. Chemical modifications
to guanine and adenine are observed to be the most frequent ones as commonly reported in
past investigations of alkylating drugfs®*°¢ An isotope dilution method was developed
and validated for quantifying the cretisk adduct6 and the mono addu@t The cross
link adduct6 and the mono addu@twere formed at high levels, rangingiin 0.3 to 2 and
from 1 to 263 adducts every®lucleosides, respectively. The higher amount of the mono
adduct is consistent with the observations of Soulioti, Palom and Hemminki in the cases of
cyclophosphamide and mytomicin expostfr&® °’However, due to the small number of
patients in the present study with different doses and imprecise therapy time courses, the
evaluation of the effects of addu@snd7 on therapeutic outcome was not possible but

can be done in the future.
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2.5 Conclusion

In conclusion, we explored for the first time the WA adductome using a DNA
adductomic approach. This resulted in a list of 15 putative DNA adducts formed by BU
treatment in CIDNA. Twelve of the 15 adducts were detected in the blood DNA of 6
patients undergoing BU treatmestipporting our second hypothesis. Tefdhedetected
adductswere characterized to be the crisk DNA adduct6 and the mono DNA adduct

7 by comparison to their corresponding synthesized standards. An isotope dilBtiGh H
NSI-HRMS/MS method was developed to quantify the 2 adducts in the blood DNA. Their
formation occurred in relatively high concentrations, suggesting their potential as
promising biomarkers for the investigation of interindividual differences inir@luced

DNA adducts for patient stratificatioFuture work should focus on a larger patient

population and on the relationship between the adducts identified and therapy outcome.
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3 Chapter 3- LC-MS screening of cyclophosphamide DNA damage in vitro and
in patients undergoing chemotherapy treatment

The following chapter describes work that was previously published in and is adapted with
permissionfrom Chemical Research in Toxicoladyeprinted with permission froialeria
Guidolin, Foster C. Jacobs, MargaL. MacMillan, Peter W. Villalta, and Silvia Balpoquid
ChromatographyMass Spectrometry Screening of Cyclophosphamide DNA Damage In Vitro
and in Patients Undergoing Chemotherapy Treatméftem. Res. Tox, 2023, DOI:
10.1021/acs.chemrestox.3c00008. Copyr&fit3American Chemical Society.

The study was performed by Valeria Guidolin and waawhored by Foster Jacobs, Margaret

L. MacMillan, Peter W. Villalta, and Silvia Balb@he authors would like to thank Dr. Liau
Maertens and Carsten Spry for their help with the patient sample collatteoalso wish to
thank the patients for their participation in this study. Additionally, we acknowledge the hard
work and dedication of the nurses and other medical persontieé d¥ Health Fairview
University of Minnesota Medical Center for their help with collecting the samples. We thank

Robert Carlson for editorial assistance.
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3.1 Introduction

Cyclophosphamide (CPA) is largely used in the therapy of numerous cancers, autoimmune
disordersand primary amyloidosis. Furthermore, it is on the World Health Organization's
List of Essential Medicines. CPA is activated by CYP2B6 enzyme into 4
hydroxycydophosphamide, which interconverts rapidly with its tautomer,
aldophosphamid®*® Aldophosphamide is subsequently (i) detoxified by ALDH enzymes

to make carboxycyclophosphamide, (i) decomposed into acroleirplamsphoramide
mustard (PM), which are responsible for almost all therapeutic effects and adverse effects
(Figure 14). %8 Indeed, phosphoramide mustard has been correlated with ovarian and

liver toxicity, insteaglacrolein has been correlated with lung and bladder toxifL>
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Figure 14 Cyclophosphamide (CPA) metabolic activation. In red, active, and potentially toxic CPA

metabolites. CPA is activated by CYP to aldophosphamide, which generates phosphoramide mustard (PM)
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and acrolein. On the other hand, aldophosphamide is converted blyyddédalehydrogenase to

carboxyphosphamide.

Both PM and acrolein are known to generate crosslinks and monoad@ligete (14).
Specific DNA adducts generated by CRA vitro and in vivo have been previously
evaluated with LGVIS methodsKigure 15). 1931043931 The chemical mechanism of DNA
alkylation involves an initial intramolecular SN2 reaction to form an aziridinium
intermediate,which then reacts with DNA. Thal’ position of guaningG) has been
described as the preferred site of binding, resulting in mand crosdinked adducts:
Nor-G, Nor-G-OH, and GNor-G.?® Monoadducts alN’ of G are subject to depurination
and ring opening giving rise to strand scission, followed by cell déd&tirthermore,
reactions between CPA and nucleosides other than guanine are possible and have already
been reported for melphalan and mechlorethadfiht® 1°31n this context, ther reactions

may also occur at*-dA, N3-dC, N*-dA, andOP-dG. Cytotoxic effects may also occur as a
result of crossinking. It has been suggested that under certain conditions, in addition to
N’, alkylating agents may attack other nitrogen atoms and oxygen atoms of°DRA.
Crosslinks have been reported betwdgfilG-N>dA. Gruppi and colleagues also reported
the formation of FapypNA adducts in calthymus DNA and human mammary cltie

after exposure to bi€-chloroethyl}ethylamine®® In addition, it is important to underline
that also acrolein is formed duringP@ metabolism. Acrolein reacts primarily with
guanines in DNA by Micheal addition followed by ring closure to form-&@r DNA
adductst®® Pawlowicz and colleagues usied the reaction between acrolein and
nucleobases different than guanine. They have detected various DNA adducts of
deoxyadenosine, cytidinend thymidine. In another study, Pawlowicz and colleagues
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evaluatedthe reaction products between acrolein ahgmidine and confirmed the

presence of one of the characterized thymididéuct in calthymus DNA?!0
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Figure 15 Panel A: CPA previously reported DNA adduct structures. Panel B: scheme-fdSLahalysis
of CPA-DNA adducts.

A screening to comprehensively evaluate all the possible DNA adducts generated by CPA
has beemissing. CPA has a complex metabolic pathwaygergrateseveral metabolites

able to interact with DNA, together with increasing the productioreattive oxgen
metabolitesIndeed, acroleitelated bladder toxicity is observed in patients undergoing
CPA therapy!* Therefore, a complete understanding of the adductome generated by CPA
would be [elpful to draw a relationship with the therapy outcome. Currently, CPA therapy
has only been personalized based on renal functions and body weight. However, drug
metabolism and DNA damage repair may play a central role in the therapeutical activity

and sie@ effects of the drug.
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As above reported,revious work has been done in patients undergoing €¥&ed
therapy to support the role of DNA adducts in identifying sensitive populations (e.qg.
Fanconi Anemiaf® In this caseonly one adduct was evaluated due to instrumental
constrairs. In the present study, we comprehensively screen and characterizBXI&RA
damagen vitro with our DNA adductomic approach. We then explore the presence of the
DNA adducts characterizedh vitro in patients undergoing CRBased chemotherapy
treatment. To our knowledge, this is the first report of a TR adduct profilein vitro

and in patiets.
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3.2 M aterials and Methods

Caution: Bis(2chloroethyl)amine and cyclophosphamide are carcinogenic. They should
be handled in a welNentilated fume hood with extreme caution and with appropriate

protective equipment.

3.2.1 Reagents for DNAAdductomics. As reported in Chapter 2.

3.2.2 15N-DNA Generation. As reported in Chapter 2.

3.2.3 Bacterial DNA lIsolation. As reported in Chapter 2.

3.2.4 Sample Collection from Patients and Whole Blood DNA ExtractionThis study

was approved by the University of Minnesota Institutional Review Board (No.
1506M74263). Blood (~3 mL) was obtained from 6 cancer patients receiving CPA as part
of their therapeutic regimen. Patients received a 2 h infusion of intravenous/\Zke

blood was obtained from a central venous catheter immediately prior to the first dose of
CPA (0 h) and within 24 h after the completion of the CPA infusion protocol for a total of
6 baseline samples to be compared to the matching 6 sampléepostnt. One baseline
sample was lost due to blood coagulation. Whole blood DNA extraction was performed
immediately after the sample collection. Whole blood DNA extraction was performed
using Qiagen DNA extraction kits (Qiagen, Valencia, CA) by the manutatfu

instructions with slight modifications as previously repoffedNA amounts were
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estimated by UV and subsequently determined by HPLC analysis of dG in enzymatic
hydrolysates as described below. DNA samples5@igin 200 uL of buffer) were spiked
with 30 fmol of [*C10'®Ns]-Acr- deoxyguanosine (dG)!Ns]-N?-ethyldeoxyguanosine

(dG) and °Ns]-N°-methyldeoxyadenosine (dA)

3.2.5 Cyclophosphamide Quantification in Patient PlasmaPlasmaconcentrations of

CPA were measured via ERS. We developed and validated the following method to
guantify CPA. Plasma from individuals who were not exposed to CPA was used for method
development and validations-€PA, 10 ng, was used as internal standaud was spiked

in 100uL of plasma. Plasma was then processed through SPE)Stsatridges were

washed with 3mL of MeOH, requilibrated with 1mL of water and then the sample was
washed with water (1mL), 40% MeOH (1mL), and 1mL of 100% MeOH was then
cdlected and dried. The sample was then reconstituted in 20 puL of 50% MeOH and 1 pL

was injected for the LIS analysis. The samples were analyzed using a TSQ Vantage
Instrument (Thermo) coupled with a Dionex Ultimate 3000 UHPLC system 3808RS

pump andVPS3000PL autosampler) equippedwith Zor bax C18 col umn (
0.5mm, Agilent, Germany). The mobile phase consisted of an aqueous solution of formic
acid/ammonium formate (A) and MeOH(B). The elution program included a-stepe

linear gradient bB (3%/min for 5 min and 30%/min for 2 min, 1.36%/min for 2 min, all

at 10 €L/ min) and it concluded with an iso
0.1 min at 5 €L/ min. At t h-systeennmvds equilibrattetl e e | L

fora9mn at i socratic conditions (2% of B, 5

66



The mass spectrometer was run in the positive ESI mode, using the following parameters:
spray voltage, 3500 V; decluster voltage, 10V; RS, 130 V; vaporizer temperature,

150 °C; capillary temperature5@ °C; N> sheath gas pressure, 15; collision pressure 1.5
mTorr; collision energy, 16V; peak width, Q1 0.2; scan width, 0.4 m/z; scan time, 0.1 sec.
The MS/MS system was operated using the following mass transitions for detection: d4

CPAM/z261A 120,m/z261A 140,m/z265A 124,m/z265A 140.

The analyte in the samples was quantified using linear calibration curves relating the ratio
of varying amounts of CPA and a constant amount e€BA to the area ratio of the
appropriate analyte to internal standar®&5/MS transitions. Calibration curves were

constructed using 50 ng/ul ofi-«€PA and a range from26 pg/pl.

3.2.6 Cyclophosphamide activation in vitro and DNA exposureln order to activate

CPAIn vitro, in vivoreaction conditions must be mimicked and according to the following

study by Otto and colleagué$ S9 enzyme mix and the NADPH cofacéwe required for

CPA activationnvitro. CPA (100eM), O0.5mg/ mL S9 and 15
CT-DNA (100 pg), bacterial DNA (100 ug), arteN-bacterial DNA (100 pg) dissolved in

Tris buffer (20 mM Tris, 2 mM MgGlpH 7.4) were added to the mixture wh&€PA was

activated DNA was isolated as reported below.

DNA Exposure to Bis(2chloroethyl)amine.CT-DNA (100 pg), bacterial DNA (100 pug),
and™N-bacterial DNA (100 pg), were dissolved in Tris buffer (20 mM Tris, 2 mM MgClI
pH 7.4). Bis(2chloroethyl)amine was added to the DNA solutions separately (100 uM).

The total volume of the samples was 200 pL and they were incubated at 37 °C overnight.
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DNA isolation was performed by IPA precipitation. Briefly, 1 mL of cold IPA waseddd
to each sample vial. The precipitated DNA was isolated, washed with 1 mL 70% IPA and
1 mL 100% IPA and dried under a nitrogen stream. All steps of the protocol were

performed using silanized glass vials.

DNA Hydrolysis and Deoxyguanosine Quantitation ia HPLC. As reported in Chapter

2.

dG Quantitation by HPLC. As reported in Chapter 2.

3.2.7 Evaluation of Sample Enrichment and Purification Several CPADNA adducts
have been previously investigated. Therefore, to optimize a sgongparation that
maximizes both the detection of known DNA adducts and the possible detection of

previously unidentified DNA adducts, we evaluated several different stratégiele ©).

DNA isolated from the blood of cancer patiemtas purified by soliephase extraction
(SPE)using StrataX cartridges (30 um, Phenomenex, Torrance, CA). After washing with
3 mL of MeOH and equilibrating with 1 mL of 28, the samples were loaded on the
cartridges, washed with 1 mL ok@& and with 1 mL of 5% MeOH aneluted with 1 mL

of 100% CHOH and 2% formic acid in MeOBequentially. The last two eluted fractions

were evaporated to dryness and reconstituted in 2% Mef®l to a final volume of 20
ML.
3.2.8 LC Conditions for Adductomic MS Analysis. The dried hydrolzed DNA

samples were reconsti tO(&MdS i qir 2de ,e LFlod k &)%

was injected for L&MS analysis. The LC was performed using a nanoflow UPLC
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(Ultimate 3000 RSLCnano UPLC, Thermo Scientific, Waltham, MA). The UPLC was
equipped witha 5 ¢ L | o o pphasen(RP) cheomaagraphid separation was
performed using a hanshcked commercially available fussilica emitter (230 x 0.075

mm | D, 15 em orifice, New Objective, Wobur
100, Luna Phenomenekorrance, CA). The mobile phase consisted of an aqueous solution

of 0.05%(v/v) formic acid (A) and CECN (B). The elution program included an isocratic

step (2% of B for 5.5 min -seglinear.g&dieatlof Bmi n) ,
(0.75%/minfo2 4 min and 4%/ min for 10 min, 19%/ mi
it concluded with an isocratic washing stefg
At the end of the elution program, the 1s§stem was equilibrated for 3 min at isocratic
conditions (2% of B, 0.9 eL/min). The injec

take the injection loop out of the flow path.

3.2.9Evaluation of LC Conditions for MS Analysis.

Given the polarity of the adducts forming from the reaction of CPA with DNA, together
with RP phase chromatographyydrophilic interaction liquid chromatograpltifILIC)

was also tested to improve analyte retention, separation and peak Bhualper). HILIC
chromatography with an amide column was used for targeted detection of DNA adducts
identified from thein vitro experiments. RP chromatography using a Luna C18 column

and 0.05% FA/CBCN was used for the untargeted screening of DNA adducts.
3.2.10 Mass Spectrometry.As reported in Chapter 2.

3.2.11 Untargeted Adductomic Screening Analysis.The screening method was
performed using a data dependent acquisitiomstant neutral loss/ME@DA-CNL/MS®)
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approach, consisting of full scanning with data etefent M3 and neutral loss MS
acquisition (NL:MS3). The full scan (150750 m/2 was performed with quadrupole
filtering, maximum injection time of 50 ms, automatic gain control target of 50%, and a
resolution setting of 120,000. Data dependent paramet¥es dynamic exclusion of 30

s, mass tolerance of + 5 ppm, repeat count of 1, minimum intensi®y16f,2and a cycle
time of 3 s. An M&exclusion list of 18 mass€gonsisting of unmodified nucleosides and
their electrostatically bound dimer ions, was used with a mass tolerance of + 5 ppm. MS
scan events were triggered using an intensity threshol@lidf5The M fragmentation

was performed with a quadrupole isolation width ofri/g HCD collision energy of 25%,
AGC value of 400%, maximum injection time of 54 ms, and Orbitrap detectian at
resolution setting of 30,000. For the MIS® data acquisition, MSproduct ions were
isolated in the ion trap with an isolation window of iz and MS fragmentation
triggered upon observation of the neutral loss of ffaedxyribose dR; 116.0474)) or

the base moieties®; 151.0494u, -A: 135.0545u, -T; 126.0429; -C; 111.0433u £ 5
ppm), or appearance of fragmemz 196.0828 andn/z 180.0879, which are typical
fragments for fapy addudf8, with HCD fragmentation of 30%, Orbitrap detection at a
resolution of 15,000, AGC value of 200,000 ardaximum injection time of 200 ms. LC

and injection conditions are as reported in the LC Conditions for the MS Analysis section.

3.2.12 Targeted Adduct Analysis. The targeted adduct analysis was performed using
targeted M3 analysis of CPAderived DNA adductsTable 5), with quadrupole isolation
widths of 1.5m/z maximum injection time of 54 ms, AGC of 1000%, and resolution setting
of 30000. Fragmentation was femed using HCD with a collision energy of 25%. The

fragmentation of the DNA adduct precursor ions [MHsults in neutral loss of the dR,
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G, A, T or C moiety to produce the corresponding fdR[", [MH-G]*, [MH-A]", [MH-
T]*, and [MHC]" product ions whas masses are extracted for detection of the adducts.
LC and injection conditions are as reported in LC Conditions for the MS Analysis section.

Acrolein adducts were quantified as reported by Paiano and collé&gues

3.2.13 Data Analysis.DNA adduct screening data analysis was carried out as described
by Murray K. and colleagués? The absence of putative DNA adduct ion signals in the
control samples were further confirmed by generating extracted ion chromatograms for all
putative DNA adduct precursor masses at 5 ppm mass tolerance using the Qualbrowser
component ofhe Xcalibur 3.0 software package (Thermo Scientific, Waltham, MAY. MS

and MS spectra of each putative DNA adduct were subsequently evaluated for structural
information and the peak area of the precursor mass was determined. lons uniquely found
in exposed samples were then confirmed by manually searching the corresgéNding
verson of the hypothesized adduct in #iN-labelledDNA sample. M8 and MS spectra

of >N-molecules were also compared with the ones observed in unlabelBN&T
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3.3 Results

3.3.1CPA-DNA adduct screening in vitro and confirmation via*>N-labelled DNA.

A top-down DNA adductomic approach was used to comprehensively characterize adducts
derived from the interaction of CPA and its metabolites with DNA. Our BIM._/MS3

adductomic method can simultaneously screen for multiple DNA adducts by taking

advantage of the common st r udedxyibosdbasef eat ur

modification or basenodification). In this study, the neutral loss of four DNA base

moieties (G 151. 0494 wu; A, 135. 0545 wu; T,- 126.

deoxyribose moiety (116.0474 u) and subsequent triggering &fffd§mentation for
identification and characterization of DNA adducts both with (nucleoside adducts) and
without (basea d d u ¢ t sldoxytibbse mdetyjis us€fFurthermore, it is well known

that the DNA exposure tbis(2-chloroethyl)amine can generate formamidopyrimidines
(fapy) 19 Therefore, the appearance of fegpecific fragments in the MSpectra if/z
196.0828and m/z 180.0879), was also used as a determining factor to trigger @n MS

event!od

To comprehensively profile CRAerived DNA adducts, we investigated time vitro
reactivity of CPA with DNA by both activating CPA and by exposing the DNA directly to

a known CPA metabolite. Purified GDNA was exposed to CPA and its metabolites and
re-isolated using our optimized procedure involving DNA precipitation with IPA. DNA
was then resuspended in Tris buffer, and after enzymatic hydrolysis and sample
enrichment, theamples were analyzed by #fRMS. Data analysis was conducted using

a reported todt*and through manual evaluation by i) confirming the ions are only present
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in the sample exposed to CPA or its metabolite and not in control samples, ii) evaluating
the chromatographic peak and mapectra quality (peak shape, retention time, sticks
under the peak, peak intensity), and iii) scrutinizing?86d MS spectra and accurate

mass to tentatively assign a molecular formula to the ion.

5N-Enriched DNA has been isolated in our laboratory fEantoli, and exposed to CPA

and its metabolite, for further confirmation of the presence and chemical structure of DNA
adducts hypothesized during the screening iIRDIA. Therefore, similar to C-DNA,
bacterial DNA was exposed similarly to CPA and itstabelite. Exposed*N and*N

DNA were combined in a 1:1 ratio prior to injection and DNA adductomic analysis. In this
combined sample, the presence ottating peaks and M®vents corresponding tHN-

and®® N-labeled versions of the same adduct was used to substantiate adduct identification

This scrutiny resulted in the identification 0® £PA-derived DNA adductsTable 5
summarizes these results including the accurate mass of the ion detected, tbhe tetenti

the presence of an M&nd lists the relevant fragmdonsof the MS or MS® spectra. The
neutral loss that triggered an R8vent, the accurate mass and the presence of certain

fragments provided insights about ttteemical structure of the adducts evaluated.

Table 5 lons detected during the adductomic screening and their relative retentionRimesdutral
losses (NL)r Fapy fragment appearance t hei r bacteri al D Mass diffarense di f f er e
between®N and*®N) and detection in blood DNA afancer patients receiving CPA therapy.

3 14N] /15N - Name
[M+H] * | RT (min) MS NL/Fapy | Relevant frlg/m NE Dcl\(l)ﬁ Patient* :
oy | fragments [ Fragments ) (if known
(o u adduct)
223.1302 9.49 Y Fapy G 5 X
239.1251 8.1 N N/A G in M& 5 X G-NOR-OH
257.0912 5.25 Y G - 5 G-NOR
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257.1357| 4.83 N N Ethyl-A 5 NOR-FapyG
280.1404 23.08 Y dR A 5

308.1829| 16.98 Y G - 5 X

308.1353 20.34 Y dR 5 X Acr-dA
310.1986 6.59 Y A - 5 X

315.1313 14.24 Y G - 7 X

316.1059 8.49 Y dR - 10 X

324.1302 17.22 Y dR G 5 X Acr-dG
324.1778 6.41 Y T - 5

336.1283 14.01 Y Fapy G fragment 5

337.162 8.87 Y dR - 5

337.1622 45.9 Y A - 5

337.1983 24.28 Y A - 5

339.1775 6.97 Y dR G 5 X

339.1777 8.71 Y dR A 5 X

340.1741 5.89 Y G Ain MS? 10 X

342.1887 5.27 Y G Ethyl-A 5 X

346.2224( 14.36 Y Fapy Ain MS? 10

352.1729 7.47 Y G - 5

353.1933 28.62 Y G - 5

356.1565 7.17 Y dR - 5

356.169 6.49 Y Fapy Ethyl G 10 X

360.1100 14.94 Y A - 5 X

372.1639 551 Y G G 10 X G-NOR-G
374.1796 8.31 Y G A 10 X

374.1796 8.31 Y A G 10

374.1796| 8.31 Y Fapy A-G 10

376.1048 22.15 Y G - 5
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378.1020| 21.94 Y G - 5

380.086 | 14.24 Y Fapy G 5

383.1758| 25.83 Y drR G 5 X

390.1745| 551 Y Fapy | Ethyl-A 10 X FapyNOR-G
408.1851 5.89 Y Fapy G 10

426.1923| 18.48 Y drR 5 X ParaldoldG
431.1785| 7.81 Y drR Ethyl-G 5

4422398  6.75 Y drR G 5 X

453.1517| 26.25 Y drR A 5

Figure 16 shows a typical example of DNA adduct characterization together with a
differentiation of isomers. The iom/z 374.1796 displays two different neutral losses,
guanine and adenine, and the appearance of driapyent. This evidence, together with

the acarate mass, lead to the hypothesis of the presence of two different DNA adducts as

reported inFigure 16.
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Figure 16 Panel A: extracted ion chromatograf ) of the m/z 374.1796 adduct, and its M®d MS
triggered events. Th&IC shows the presence of two peaksespectively RT 7.09mimand 7.92 min.
Therefore, two isomers with that exact mass are present. dgé&ctra were evaluated to structurally
characterize the two molecules. Panel B:3Mectra othe ion m/z 374.1796, RT 7.92 min, one displays
the neutral loss of guanine and the other one, the presence of -adéhmt, leading to the hypothesized
structure. Panel C: MSpectra of the ion m/z 374.1796, RT 7.09 min, one displays the neutral éotenafe
and the other one, the presence of a Fagnjuct, leading to the hypothesized structure.

Furthermore, each ion ifiable 5 was confirmed by detection of its correspondtriy

version. InTable 5, the mass difference betwe&N and°N ions (n u), gives further
insights about the chemical structure of the DNA adduct deté€iguare 4). For example,

a mass difference higher than 4.98517 amu indicates a probable crosslinked adduct. Indeed,

11 pustive crosslinks generated by CPA were detected. Tha/p8i72.1632 Figure 17),
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is confirmed to be a crosslink displaying a mass difference betifidemd°N of 9.97

amu {Table 5).
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Figure 17 Panel A:EIC of one detected adduct with m/z 372.1632sversion m/z 382.1335 and the
corresponding M5 Panel B: M3spectra of the ion m/z 372.1632 and the hypothesized structure. Panel C:
MS? spectra of the ion m/z 382.1335 and the hypothesized structure.

A representative example of thé\-confirmation analysis is shown Figure 17. The data
showed refers to a known crelssk resulting from alkylation of CPA and two guanine
bases (&NOR-G). The ion detected in GDNA is detected as/z+ 9.97034 u, suggésag

the presence of two purines in the structure. Furthermore, for both ions a neutral loss of
guanine is detected, confirming the hypothesized structure, which also agrees with the mass

spectra reported in the literature for the addutN@R-G.
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3.3.2Detection of doubly charged DNA adducts

The presence of doubly charged DNA adducts was also evaluated in our data analysis. One

example is reported iRigure 18.
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Figure 18 Detection of doubly charged DNA adduct. Panel A: XIC ofrin@186.5855, it$C isotopologue
m/z187.0872, the singly charged molecni&372.1639, and the M$riggered event for iom/z186.5855.
Panel B: MS spectra of the ian/z186.5855. Panel GMS? spectra of the iom/z 186.5855 shows the
presence of the loss of guanime/£221.1154) and appearance of guaniné&(52.0572).

The ionm/z 186.5855 is uniquely present in the sample exposed to CPA. Observing
isotopic distribution of iom/z186.5855, it could be noted that the mass difference between

its 2C and'®C isotopologue is 0.8. This mass difference is diagnostic of a doubly charged
species. This is further confirmed by the XIC of i#€ and of thesingly chargedion.

Finally, theMS? spectum of ionm/z186.5855gave insights about the possible structure,

by displaying a neutral loss of guanine and appearance of guanine. This suggested that the
adduct GNOR-G is present also as a doubly charged species. Together \WWDRSG,

seveal adducts were detected as doubly charged ions.
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3.3.3Sample preparation and chromatography evaluation

SeveralCPA-derived DNA adducts were studied and quantified in previous wbrgsre

16)31: 103. 104 A sample preparation involving SPE was used in all the reported methods. In

this context, we tested previously reported SPE protocols together with our SPE protocol

(above reported). SPE conditions tested are reporfEalile 6. Results from the differg

methods tested were compared based on the intensities of DNA adducts and the number of

putative DNA adducts detected. Overall, the best results were observed when-X Strata

cartridge was used, and the sample was washed with 5% NIEgbit¢ 6) as measuckby

higher intensities of known adducts and a greater number of detected putative DNA

adducts.

Table 6 Sample enrichment conditions tested for maximizing coverage and the intensities of the known

adducts.

Condition | Cartridge | Washing | Conditioning | Washing Fraction Evaluation of
after Collected Performance
sample
loading

1 StrataX 3mL 1mL water 3mL Water imL Intensity of

MeOH MeOH knowns: ++
1mL 10%
MeOH 1mL 2% Coverage of
FA Unknowns:
+++
2 StrataX 3mL 1mL water 3mL Water | 1mL Intensity of
MeOH MeOH knowns: +++
1mL 5%
MeOH 1mL 2% Coverage of
FA Unknowns:
+++
3 Oasis 6mL 6mL 0.2N 6mL 0.01N 6 mL Intensity of
Max MeOH NaOH NaOH MeOH knowns: ++
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6mL 0.01N
NaOH IN
MeOH

2mL water

8mL 1M
Amm. Ac.

6mL 5%
MeOH

Coverage of
Unknowns: +

Sola SCX | NA

1 mL 5%
NH3 in
MeOH

1 mLO.1N
HCI

1ImL 0.1IN
HCI

1imL
HCO2H 2%

1mL
HCO2H 2%
in MeOH

1mL Water

1mL 25%
water/ 70%
MeOH/ 5%
NH3

Intensity of
knowns: ++

Coverage of
Unknowns: +

Off-line As

FC reported

in 79

NA

NA

Between
nucleosides

Intensity of
knowns: +

Coverage of
Unknowns: +

Our DNA adduct LEMS screening waachieved by using our traditional chromatographic
method, as previously report&tl.”® However, the results highlighted the need for an

improved chromatographyréble 7, Figure 19).

Table 7 Chromatographic conditions tested for maximizing column retention, peak shape and detection
coverage.

Condition Stationary A B Elution Evaluation
Phase Program of
Performance
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Luna C18 FA 0.05% ACN 2% B 5 .| Retention: +
0.9 gL/
Peak Shape:
B 0.75%/min +
240
Coverage of
4 %/ mi n Unknowns:
19 %/ mi nf +++
all at 0.3
eL/ min
98% of B for
36at O.
eL/ min
Luna C18 Ammonium ACN 2% B 5 .| Retention: +
acetate 1mM 0.9 ¢L/
Peak Shape:
B 0.75%/min +
2460
Coverage of
4 %/ mi n Unknowns:
19 %/ mi n +++
allat 0.3
eL/ min
98% of B for
36at 0.
eL/ min
ZIC HILIC FA 0.05% ACN 959% B 5| Retention: ++
1 €L/ mi
Peak Shape:
95% B O +
0.3 ¢L/
Coverage of
B -4.74%/min | Unknowns:
196 ++
0.3 ¢L/
5% of B
at0.3s L/ m
Amide FA 0.05% ACN 959% B 5| Retention:
1 €L/ mi| +++
95% B 0] Peak Shape:
0.3 &eL/| +++

B -4.74%/min
196

Coverage of
Unknowns:
++
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0.3 ¢eL/
5% of B
at 0.3
5 Hypercarb FA 0.05% ACN 2% B 5 .| Retention:
0.9 ¢eL/| +++
B 0.75%/min | Peak Shape:
2406 +
4 %/ mi n Coverage of
19 %/ mi n| Unknowns: +
allat 0.3
eL/ min
98% of B for
36at O.
eL/ min
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Figure 19 Examples of the chromatography of 4 DNA adducts fith different chromatographic
conditions(Luna C18 with FA or Ammonium Acetate, ZIC column, Amide column and Hygdr

column)
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Indeed, RP chromatography with Luna C18 stationary phase led to a furore and

peak shape of several of our analytes of interest. Therefore, we tested four different
stationary phases, two RP (C18 and Hypercara) 2 HILIC (amide and ZIC), and two
different aqueous mobile phases (FA and ammonium acetate). The endpalotdes

were: 1. Retention time, 2. Peak shape and 3. Number of DNA adducts dete€igdrdn

19, we reported an example of the chromatography of 4 DNA adducts, previously detected
with our untargeted screening. Overall, the best peak shapeetemdion are achieved
when using a HILIGchromatography with an amide column. The use of a ZIC or a
Hypercarb stationary phase decreased the peak shape quality. However, the highest number
of MS® spectra and possible putative adducts was observed when aisi traditional
method with Luna C18 and formic acid 0.05%. This confirmed our comprehensive
approach in the untargeted screenirtgereforewe used the amide column for our targeted

approach in patients.

3.3.4Screening of CPADNA adducts in patients undergoing chemotherapy

All 40 adducts detected in purified DNA were then targeted using MS/MS in patients
undergoing CPA treatment. Blood, around 3 mL, was collectedénoatients undergoing
chemotherapy with CPA. Each patient had a different treatment regimen and diagnosis

(Table 8).

Table 8 Patient, age, sex diagnosis, dose, measured levels of CPA axéGAefore and after
administration
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Acr-dG before Acr-dG after
Plasma administration administration
Patient | Age | Sex | Diagnosis Dose ((;;:Pé/ | (adducts/10 (adducts/10
nucleosides) nucleosides)
Acute
1 11 | m | 'ymphobla) 60 0.584 11 130.8
stic mg/kg
leukemia
Acute
2 15 | m | Ymphobla} 60 2.677 NA 156.6
stic mg/kg
leukemia
3 5 | m | Neuroblastj 1500 2.073 0.5 178.1
oma mg/m?
Myelodys 145
4 15 F plastic : 0.501 2.8 163.8
mg/kg
syndrome
5 6 | g | Fancon 10 0.925 0.3 53.5
anemia mg/kg
Multiple 50
6 10 F sulfatase 0.126 0.5 134.7
. mg/kg
deficiency

Samples before and after treatment were analyzed. DNA was extracted from whole blood
and enzymatically hydrolyzed. Our optimized sample preparation and chromatography
wereused to screen the DNA adducts previously detected imaitro systems. Samples

were spiked witl*3C10"°Ns]Acr-deoxyguanosine (dG)Ns]-N2-ethyldeoxyguanosine

(dG) and PNs]-N°é-methytdeoxyadenosine (dA) for relative quantitation. A total26f

DNA adducts were detected in at least one patient after the therapy. The crodsiR-G

G, m/z372.1639, was detected in all the patients undeggtie treatment, together with

the mono adducts, 8OR-OH (Mm/z239.1251) anan/z223.1302. The presence of other
84



adducts was variable among the different patients. The known addueNEdpEG (m/z
390.1745) was detected in one patient. A total ofossinks and13 monoadducts were

detected in the samples evaluated.
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Figure 20 Panel A: Representative extracted ion chromatogram of 3 different adducts inGp&dAt
Panel B and C and D, MSpectra and structures for the known adducts. D is an unknown adduct, therefore
no structure is reported.

Figure 20 contains a representative example of the chromatograms and mass spectra of the
adductsm/z 372.1639,m/z 239.1251 andn/z 308.1825 in a patient sample after CPA
treatment. The fragmentation ofKBOR-G results in the guanine neutral loss, anRNGR-

OH fragments to guanine and the ett@ylion (m/z178.0716). Finally, the iom/z308.1825

shows a neutral loss of G.

CPA is a prodrug and is known to generate acrolein when it is metabolized. Therefore,

together with CPADNA adducts, three acrolespecific DNA adducts, Acr dG (m/z
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324.1302), Acr dA (m/z308.1353) andN*paraldotdG (m/z426.1923), were monitored
and Acr dG (m/z324.1302) was quantified by comparing with tPe-3C-Acr-dG spiked

in each samplé30 fmol) and a calibration curvieuilt with growing AcrdG (0, 5, 10, 50,
100, 200 fmol/columnind a constant amount BN-3C-Acr-dG (10 fmol /column) Pre
CPA administration background levels, originating from endogenous sbtrossre
varying between 0.3 arl1 adducts/10Onucleosides. After exposure levels were instead

between 53.5 and 163.8 adduct$/iidcleosidesTable 8).

3.3.5CPA quantitation in patient plasma.

Blood samples were collected from patients undergoing different CPA therapies and
dosages. Therefore, CPA plasma concentrations were evaluated in samples collected from
patients. A LGMS method able to quantify CPA in plasma samples was developed as
reported in the Method Section. A calibration curve for CPA was linear in the range
evaliated. Accuracy and recovery were determined by spiking six levels of CPA to a
pooled norreated plasma sample and, subsequently, performing the analysis. The
recovery was calculated to be between 88 and 94%. There was excellent agreement
between the addeand quantified amounts, corresponding to 0.0625, 0.25, 0.5, 1.25
(ng/uL) for CPA, agreed with the amount determined in the plasma of thieeaiad and

spiked with CPA, 0.077, 0.213, 0.662 and 1.199 (ng/uL). Correlations between the spiked
and measurelgvels were all R> 0.97. The slope of the correlation curve between spiked
and measured levels was 0.9839. The limits of quantitation (LOQ) and detection (LOD)

for the CPA were estimated as 0.225 and 0.075 pggarmn. Finally, the method was
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then applked for plasma analysis. Levels of CPA in the samples are repoifatlm8 and

ranged from 0.126 Og/mL to 2.677 eg/ mL.
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3.4 Discussion

In this study, we applied our 1-®1S® adductomics approach to screen for DNA adducts
induced by the anticancer drugctophosphamide (CPA) and tested their potential to be
used as predictive biomarkers of patients undergoing chemotherapy. The main findings of
this study arel) a novel LGMS3-based approach that profiles CPA adducts, 2) a list of
CPA- putativeadduct nolecular weightsletectedn vitro and in patients undergoing CPA
therapies; 3) identification of promising analytes to be developed as predictive biomarkers

to support CPA treatment and to be validated for future use in precision meedici

CPAIis one of the most used alkylating agents. CPA is known to alkylate the 7 position to
form N’ guanine monoadducts and tN&N’-guanine crosslink. CPA is a prodrug and is
activated to phosphoramide mustard and acrolein, which are thought to tesriekgpfor

CPA cytotoxicity!*®> 16|n addition, CPA is known to generate several other metabolites
and increase ROS production possibly leading to the generation of multiple types of DNA

adducts, which may relate with therapy toxicity and efficaéy.

In the present study, our DNA adductomic approach is optimized to comprehensively
screen and characterize CiPdlated DNA adducts. Indeed, we demonstrate that the CPA
adductome is more complex than what has been repaortine literature. CPA and its
metabolites generated 40 DNA addunteitro. These adducts were confirmed by exposing
15N-DNA to CPA, which also gave us insiglitso the chemical features of these adducts.
Indeed, by evaluating the mass differences betwiee®>N and**N DNA modifications

we were able to distinguishlrosslinks from29 monoadducts. According to previous

reports, monoadducts are the most common-@f#ted DNA lesioné! Of these 40 DNA
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adducts, GNOR-G (m/z 372.1639), GNOR (m/z 257.0912), and @IOR-OH (m/z
239.1251), FapNOR-G (m/z390.1745) and NOfRapyG (m/z257.1356) were already
reported in the literature and detecieditro and in rats exposed to CPA or its metabolites.
The MS spectra ollected were consistent with the ones previously reported by Chen H.
and colleague®* Furthermore, the MSspectra collected in our work provide further
confirmation of the chemical nature of the modifications. Indeed, the appearance of one of
the nucleosides or one of their fragmentale 5) gives insightsinto where the
modification is located. In this ctaxt, we were able to detect, together with guanine DNA
lesions, a thymidineand numerous adenine DNA adducts. This is consistent with a
previous study on DNA adducts, indicating that other nucleosides may also react with CPA

and its metabolite¥.

In our work we highlight the presence of doubly charged DNA adducts, which need to be
corsidered when screening for DNA damage. In doubly charged DNA adducts, the charge
can be on the nucleosides, on the modificatmmon both. Ina previous work'8, the
presence of a doubly charged DNA addiisplayingtwo charges on the modification was
highlighted In this work Figure 18) we hypothesize that for addunfz186.5855 the two
charges are located on the nucleosides. This leads to the generation of two charged
fragments: i) guanine1{/z152.0569) and ii) the iom/z221.1149, which is generated by

the loss of guanineF{gure 18). These observations may provide new indications on
diagnostic fragmentations to consider when performing untargeted screening for DNA

adducts.

RP chromatography has been commonly used as a golden standard in DNA adduct

analysis. However, whileamcLC methods lead to the best coverage in terms of putative
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DNA adducts, it does not lead to a good peak shape and retention time of depurinating
adducts commonly generated by the reaction between the phosphoramide mustard and
DNA (Figure 19). We, thereforetested different chromatographic strategies, obtaining the
best results with HILIC chromatography using an amide column. HILIC chromatography
has been used for nucleoside analysis at conventional flow rates but has not been used
significantly nvestigated at nanospray flow rates as done here. In agreement with our
results and the literature, the utilization of chromatography with ACMN solvent
facilitates desolvation and ionization and therefore may lead to higher signals and better
sensitivty for polar analytes (e.g. depurinating addyctas compared to RP
conditionst®129121|n gddition, theuse of the same solvent system for RP and HILICslead

to an easy switch between the two chromatographic techniques.

In this work we evaluated the presence of DNA adducts, that we had previously detected
in vitro, in patients undergoing CPA treatment. Two &nowledge, this is the first study
investigating multiple DNA adducts in patients undergoing chemotherapy. We were able
to detect 20 DNA adducts in the patient samples colleGtpdtential crosslinks and 13
potential monoadducts, based on 51N-DNA data Table 5). These results confirm and
expand what is reported in the literature and set the stage for future use of the detected
molecules. Indeed, while there are already previous studies highlighting the formation of
CPA-monoaducts and the relationship with cgtatity, crosslinks are known to be more
cytotoxic because they can easily block DNi#andseparation and therefore stop DNA

replication and transcriptiott.

G-NOR-G and GNOR-OH adducts have been detected in all the patients undergoing the

treatment. Only one previously reported Faglguct has been detected in samples coming
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from two different patients. Ia previousmanuscript G-NOR-G has been quantified in
patient population with impaired CPA metabolism or DNA damage ref§&iour work
confirmed that GNOR-G is detectable in human samples and we also demonstrate that
several other adducts are formed in patients and must be evaluated when relating
chemotherapylerived DNA damage to patient outcome. Indeed, CPA generates several

active metabolites which can potentially react with all DNA nucleosides.

Acroleinis one of the produsbf CPA metabolisni® Acrolein is known to generate several
DNA adducts and is responsible for Cldarived bladder toxicity. In a previous work,
acrolein DNA adducts were detected in GRéated patients via immunoassay.
However, the analysis was done after one or several monthwifayl CPA administration.

In our work, we evaluated the presence of three known acrolein adducts in patients. An
increase in acrolein DNA adducts was observed in all the patients after CPA
administration. Since acrolein is one of the molecules resporisiiBPA side effects, its

DNA adducts may be reladto chemotherapeutic efficacy as well as toxicity. Therefore,

in the future, acrolein adducts can be evaluated in concert with CPA side effects in patients
and may serve as useful predictive biomarkewsthiermore, their quantitation in human
samples will servehe development of analytical methods aimed at profiling all DNA

adducts and evaluating their relationship with patient outsome

Finally, an LGMS method to quantify CPA via isotope dilution ilagma was developed.
The methodvasdemonstrated to be sensitive and precise, with a LARE6 andh LOQ
of 0.075 pg orcolumn CPA amounts in patients were measured to vary d26 pg/mL
t o 2. 67 A directydomelation between the number of actd detected and CPA

concentration in plasma was not found. In the past, a relationship betwd&R& and
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CPA was investigated and not found. While the CPA concentrations do not seem to
correlate with DNA damage, levels of active CPA metabolites mayered DNA adduct
formation. This finding highlights the role that DNA adducts can have in alkyidting

based precision medicine. Due to the small population tested in our study, the evaluation
of the correlation between DNA adducts and patient outsamas not possible. Future
work should focus on a bigger number of patients and should allow for the determination
of correlations between DNA damage profiles and patient outdfuethermore, in our

study, we only sampled onme point after drug admirti@tion. More time points might

be beneficial for understanding the persistence of DNA adducts in blood.
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35 Conclusion

In conclusion, we characterized the DNA adducts induced by CPA in experimental systems
of differing complexity andiological significance. We identified several types of adducts
(monc and crosslinked adducts3upporting ou hypothesisthat several adducts are
generated and can be captured by our DNA adductomic apprsthese adducts are
expected to exert diffeng¢ toxicities, they can be used in the future to monitor CPA efficacy
and toxicity in patient samples collected during clinical trials to support patient
stratification for therapy personalizatiddynthesis of one of the detected DNA adducts to

be used aa standard for large population studies is discussed in the next chapter.
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4 Chapter 4: Synthesis of bisN’-guanine DNADNA crosslink of
cyclophosphamide.

The following chapter describes work that is currently in progress and working towards

publication.We thankDr. Yupeng Lifor the collaboratiomvith this study.
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41 Introduction

In this chapter we will soleljocuson the synthesis ddNA adducts(Figure 14) formed

by the chemotherapeutic drug, cyclophosphamide (CPA). As previously mentioned, CPA
is largely used iancer therapie€? 122CPA exerts its toxicity, by being converted in its
reactive metaboli® (Figure 14).124 Phosphoramide mustard reactions with nucleosides,
nucleotides, and nucleic acids has largely been detacteitto andin vivo.l® 30 The
chemical mechanism of CRANA alkylation involves an initial intramolecular SN2
reaction to form an aziridinium intermediate, which then reacts with DNANT pesition

of guanine habeen described as the preferred site of binding, resulting in-erethoross

linked adducts: Ne, NorG-OH, and GNor-G. Monoadducts aN’ of guanine are
subject to depurination and ring opening giving rise to strand scission, followed by cell

death3!

Our work focusing on a comprehensive screening of CPA DNA damage ithgadfis
DNA and in patients has been presentedChapter 3. Our results demonstrated the
existence of a complex adductome biotkitro andin vivo, due to the extensive metabolic
activationof CPA. This highlights the neddr a personalized evaluation of DNA damage.
A correlation between DNA damage andi@at outcome was out of the scope of that
study. However, a kegtep for the use of DNA adducts as predictive biomarkers is to
understand their relationship with therapy outcome in a large patient popw@atichis

will be done in the futureDNA damageand outcome evaluation can bavisioned in
several ways. One of these involves the profiling of DNA adducts vidMBCThe

availability of chemical standards is necessary for absolute quantitation, sample
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preparation optimization and populatiorormalization*?> 12 When developing and
validating methods for the analysis and quatibh of analytes via L®AS, fully
characterized, analylike standards, are need®d.Indeed, LGMS methods must be
validated for accuragyprecision linearity, and recoverypy simulating the real sample
conditions Oftentimes, isotopically labellednalytesare used as internal standards as they
behave identically to the analyte, for evaluating sample to sample varidtierns sample
preparation recovery, ion suppression, instrument performance variahilitjoainter
population comparison€® Therefore, the synthesis of analyte standards hasralegyot

only in the structural dracterization of the analyte, but also in the development, validation

and application of LEMS based analytical methods.

In this work we focus on the synthesis of one CR%atedDNA-DNA crosslink As
mentionedabove crosslinksare thought to be the majsourceof cytotoxicity. They are
blocking the replication fork, impeding cell replicatidPrevious work ha successfully
synthesized the crosslink @NOR-G (Figure 15) and developd LC-MS based analytical
methods for the analyte quantitatiriThe crosslink @GNOR-G waspreviouslyquantified

via isotopedilution3® 4° Results supported the autBofhypothesis concerning the
presence of a higher DNA damage in Fanconi Angrategents, whavereunable to repair
crosslinks and the different CPA fat@ obese patientd hese studies suggesdtthat G
NOR-G may serve aspredictive biomarker, together with being an essential tool for DNA
damage quantitation in patientherefore, to meet the goals of this study, westkstveral
strategies for @NOR-G synthesigleparting from the literature reported methods to new

approachesHigure 21).
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A) Literature
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C) Chlorinated Analogue
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Figure 21 Summary of reaction strategies evaluated in the present @adgl AD).
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4.2 Material and Methods

Caution: as reported in Chapter 2 and 3.

4.2.1 Chemicals and suppliesas reported in Chapter 2 and 3.

4.22 HPLC Method for reaction monitoring and peak isolation.

Reactios were monitored and produaierepurified by HPLC using a Waters Associates
(Milford, MA) systems equipped with a Shimadzu SP@A 0.2 mm Prep UWis detector
(254 nm). @®18uUdxm BO@BBmM 250 I 10 mm col umn
(Torrance, CA) was used for the separatfdth?® A 50 min program was used with a flow

rate of 4 mL/min and a gradient starting from 5% MeOH @ lfbr 10 min, then increasing
linearly to 90% MeOH in BD over 25min. After holding at 90% MeOH in # for 3 min,

the gradient was returned to the initial condition of 5% MeOH 40 ldver 5 min. The
system was equilibrated for 7 min before the next injection. When a second purification is
performedwith an isocratic méiod the same mobile phases and column were used as
described above. However, percentages of A and B determined on the basis thfe

analyte elutiorcondition of the first round of separation.

4.2.3MS and NMR peak characterizations.

NMR spectra wereecorded on a Bruker 500 MHz spectrometer. Chemical shifts are
reported as parts per million (ppm). Residual solvent peaks were used as an internal
reference fotH NMR (7.26 ppm CDGt 2.50 ppm DMS@ds) and**C NMR (77.2 ppm

CDCls; 39.5 ppm DMSG@ds). Peak splitting was abbreviated as follows: s = singlet, d =

doublet, t = triplet, g = quartet, dd = doublet of doublets, dt = doublet of triplets, ddd =
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doublet of doublet of doublets, bs = broad singlet, and m = multiplet. High resolution mass
spectroretry (HRMS) of selected compounds was performed on an &idXrbitrap

Velos (Thermo Scientific, Waltham, MAThe MS is equipped with an ESI source, run in
the positive mode and scan between 100 and 100(®Bmizce tine settings baden flow

were usedThin-layer chromatography (TLC) utilized Polygram ym@ated silica gel TLC

plate (40 x 80 mm, 0.2 mm thick) with 254 nm fluorescent indicator. TLC plates were
visualized with permanganate stain when necessary, otherwise UV lamp irradiation
sufficed. Flaskchromatography was performed on SiliCycle 60-{80) mesh silica gel.
Reactions were performed with ovdried glassware and under an atmosphere x0f N

unless specified otherwise.

4.2.4Biomimetic  synthesis of bisN’-guanine  DNA-DNA crosslink  of
cyclophesphamide.

Literature

Cl o

NfL
a8 o )
,\ﬁ + <N N/)\NHz HZN\(NH NS/NH2
O —_— '}l 74 N/\/NH\/\N \ |<l
HCl Ho = S
al OH

1 2 3

Molecular Formula: C,H,,CI;N Molecular Formula: C,,H,;N;,0,

Molecular Formula: C,,H,;N;O,
Monoisotopic Mass: 176.987882 Da Monoisotopic Mass: 267.096754 Da Monoisotopic Mass: 371.156669 Da

Schemel. Reactionbetween dGuo and bigshloroethylamine hydrochlorid@: 124 129

First, literature reported synthetic methods were evaluated. Several different conditions
were tested for the biomimetic synthesidNéfguanine DNADNA crosslink (3) of CPA
Product formation was monitored via HPLC and MS infusion using an LTQ andaprbitr

Velos MS as above reported.
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Methods reported in the literature:

1. Experimental conditions as reported in Malayappan et! @riefly, bis(2
chloroethylamine) hydrochloride (HCI salt of nornitrogen mustard, 11 mg, NpP®as
mi x e d -aeoxygnandsiNg (4.6 mg) in 0.25M sodium acetate solution (1 mL). The
reaction mixture was incubated at 37 °C for 5 Atghe end of incubation, NaCl (56 mg)

was added, and the resulting solution was heated at 95 °C for 30 min.

2. Experimental conditions as reported in Groehler &°ariefly, 2 (500 mg, 1.87 mmol)

was reacted withl (HCI salt of nornitrogen mustardNOR 3.34 g, 18.7 mmol) in
trifluoroethanol (25 mL) at 37 °C for 72 hrs under anhydrous conditions. The reaction
mixture was dried under argon, and the resulting solid was washed with 1 mL of anhydrous

ether three times to remove unreacted

3. Experimental conditions as reported in Hemminki éf4Briefly, 2 (300 mg, 0.623
mmol) was reacted with (HCI salt of nornitrogen mustar@®.9 g, 5039 mmol), with
300uL of triethylamine (TEA) in trifluoroethanol (TFE, 25 mL) at overnight under reflux.
The reaction mixture containing was dried under argon, ane#ulting solid was washed

with 1 mL of anhydrous ether three times to remove unredcted

4.2 5Alternative synthetic strategies
Synthetic methods in the literature explored the use of tertiary atittéBoc-protection
is used for improving reaction selectivity and easimgdpct purification. Therefore, we
proceeded with the generation of a tertiary amine viaBotection, which then would

have led to the synthesis of the desired product.
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4.2.6Boc protection of nitrogen mustard
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Monoisotopic Mass: 371.156669 Da

Scheme2. Reaction between dGuo and Bpmotected03 130

This method follows the synthetic scheme reported by Gruppit&t athere the nitrogen
mustard was a tertiary amine. To do so we protect the nitrogetard with a protecting
group, which can afterwards be removed. Two approaches were evaluated for the mustard

protection.

1. A 1mM solution ofl was prepared in DCMTo the solution were added TEA and
(BocxO (4). The reaction mixture was stirredrabm temperturéor about 22 hours. After
completion, the mixture was evaporated and the residue was purified through flash column
chromatography (DCM/MeOH first, then Hexanes/EtOAc) to afford desired product as a

colorless oil of 210 mg (yield: 87%).
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2. Similarly to Thomas Glanmor Davies et'&!, asuspension of in DCM was rapidly

stirred with 1N NaOH solution in an ice bath, to whitlvas added. After stirring at rt for

18 hours, DCM was added to the reaction mixture and the two phases weatesedde
agueous phase was further extracted with DCM. The combined organic layers were dried
and concentrated to give desired product as a colorless oil of 176 mg with some unreacted

(Boc)O (yield 73%). Product was characterized by NMR.

The reaction between Bgwotected NOR and deoxyguanosine was performed with 4

different conditions.

1. As described i3 2 (0.3mmol, 80 mg) and BeOR () (0.1 mmol, 24 mg) and g

(0.3 mmol , 42ul), were dissolved in TFE (
overnight (16 h). White solid precipitated as the reaction went on. Then 1.0 mL 0.1N HCI
solution was added to the reaction mixture. The reaction mixture turned cleaerttignsi

and turned to a white suspension after st
precipitate was filtered off using syringe filter. The filtrate was subjected tdREC for

purification. Seven fractions were collected and analyzed via MS.

2. Another batch was prepared with the same conditions, with the exception that after
reaction, 0.1 mL 1N NaOH solution was added to neutralize HCI. Water and EtOAc were
added. The organic layer was separated and purified throughPRE to afford three

major fractions.

3.In a third batch, a different solvent and neutral thermal hydrolysis is t@¢&a.mmol,
53 mg) and (0.1 mmol, 24 mg) and HCI (0.1 N, 0.5mL), were dissolved in DMF (1 mL).

The reaction was stirred at 45 overnight
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for 1.5 h to perform the complete neutral

mixture was subjected to RFPPLC directly.

4. In a fourth batch, excess of (Be®)and neutral thermal hydrolysis is test@d(0.1

mmol, 27 mg) an® (1 mmol, 242 mg) and Bl (0.3 mmol, 42uL), were dissolved in TFE

(1 mL). The reaction was stiredat100 f or 19 h. The reaction s
at 45 for 5 h J1OyBoeexcess wag usedxocderisasize thBpooduct

(if formed), so that the desired product can be better retained on HPLC.
4.2.7 Substitution of guanine with chloropurine.

Other alternative strategies explored the use of chlorinated guanine analogue to increase

the reactivity of guanine with the mustard.

Cl

cl NH__NH,
Cl H A HN/
K.,CO, (2.2 eq.), Nal (0.1 Cl N
</N\‘f‘\NH NH P! /\/NH_/\ ]

+ eq), DMF, 45°C, 19.5 hrs NH
NH N//‘\NHz )/ HCI H2N’<\N ) S
N

cl
6 1 7

Scheme3. Reaction between chloropurine dnid2-chloroethylamine hydrochloride

Instead of deoxyguanosine, chloropurine is used and reacted with NOR. Chloropurine (2
mmol, 339 mg6) and1 (1 mmol, 178 mg), KCOs (2.2 mmol, 304 mg), and N#0.1
mmol, 85mg), were dissolved in DMF (2 mOhe reaction mixture of a white suspension

solution was stirred at 45 for 19.5 h. R

Finally, a multistep approach was evaluated. For each step, several approaches were

tested
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4.2.7 Multi -Step Reaction Strategy

o
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Schemed. Multi-step reaction scheme; reaction between dGuo ahrbdio methane (Step 1), reaction
between phtalamide and dGuo (Step 1A), deprotectigmiaiiamide dGuo (Step 1b) and reaction of
bromaoethyldGuo with amineethyldGuo.

Step 1:reaction between dGuo and dbromo methane

Several synthetic strategies were evaluated for the synthesis &f’Gatlaylbromide 9).

Product formation washonitored via LC, TLC, NMR and MS infusion, as above reported.

1. Di-bromo methane (1 mmol, 86 uB), and2 (0.5 mmol, 133 mg) were reacted in DMF
(3mL) with DIPEA (3mmol, 523 uL)The mi xture was stirred at

No solidprecipitated by adding water. The product was extracted with EtOAc extraction.

2.8 (0.5 mmol, 43 uL) an@ (0.5 mmol, 133 mg) were reacted in DMA (1.5 mL). The

mi xture solution was stirred at 60 for 1
beginning and to a white suspension in about 30 minutes. Then 0.5 mL 1N HCI solution
was added. The reaction solution was heate
again at the beginning then turned to a white suspension after heating. Addmatedatu

NaHCGQ solution to basify the resulting solution. The precipitated yellowish solid was

filtered and dried under the vacuum in the air.
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3. Similar to Zhao and colleague® (0.5 mmol, 43 uL) an@ (0.5 mmol, 133 mg) were

reacted in DMSO (2mL). The ntixu r e

nearly

no product

wa s

wa s

stirr e edPlLCtsugdebted

f or med.

Then

(21 h). RPHPLC suggested a complete consumption of deoxyguardsine

4.8 (0.5 mmol, 43 uL) an@ (0.5 mmol, 133 mg) were reacted in DMSO (2mL) with the

t he

for

reacd

presence of Nal (0.5 mmol, 75 mg) and DBU (0.75mmol, 112 uL). The reaction mixture

was st

irred at

40 f

or 3

days.

5. 8 (0.5 mmol, 43 uL) an@ (0.5 mmol, 133mg) were reacted in DMSO (2mL). The

mi xture was stirred at 40 for 3 days.
6. Four conditions were synchronously tested as below reported

Condition | Reagents and Solven| Equivalents | Molars Amount

#

1 8 5.0 0.25 mmol 21. 6 ¢
2 1.0 0.05 mmol 13.4 mg
DBU 5.0 0.25 mmol 37.3 ¢
DMSO 0.5 mL

2 8 5.0 0.25 mmol 21. 6 ¢
2 1.0 0.05 mmol 13.4 mg
DMSO 0.5 mL

3 8 5.0 0.25 mmol 21. 6 ¢
2 1.0 0.05 mmol 13.4 mg
Nal 5.0 0.25 mmol 37.5 mg
K2COs 5.0 0.25 mmol 27 mg
DMSO 0.5 mL

4 8 5.0 0.25 mmol 21.6 ¢
2 1.0 0.05 mmol 13.4 mg
Nal 5.0 0.25 mmol 37.5 mg
K2COs 5.0 0.25 mmol 27 mg
DMF 0.5 mL
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Al t

reaction solution was taken for HPLC monitoring.

h e

reacti on

mi xtur es

were heated

7. Three conditions were synchronously tested as below reported.

Condition | Reagents| Equivalents | Molars Amount

# and
Solvent

1 8 10.0 0.5mmol [43. 2
2 1.0 0.05 mmol| 13.4 mg
Nal 5.0 0.25 mmol | 37.5 mg
K2COs 10.0 0.5 mmol | 69 mg
DMF 0.5 mL

2 8 10.0 0.5mmol [43. 2
2 1.0 0.05 mmol| 13.4 mg
Nal 5.0 0.25mmol | 37.5 mg
KOH 10.0 0.5 mmol | 28 mg
DMF 0.5mL

3 8 10.0 0.5mmol [43. 2
2 1.0 0.05 mmol| 13.4 mg
Nal 5.0 0.25 mmol| 37.5 mg
K2COs 10.0 0.5 mmol | 69 mg
DMF 0.5 mL

8. Three new conditions were compared aiming to increase the reaction y&ldlbthe

react.i

on

mi xtur es

wer e

heated

at 60

the same conditions were repeated to evaluate the overall reaction repragucibili

Condition | Reagents| Equivalents | Molars Amount

# and
Solvent

1 8 10.0 0.5mmol [43. 2 ¢
2 1.0 0.05 mmol | 14.3 mg
Nal 5.0 0.25 mmol| 37.5 mg
K2COs 10.0 0.5 mmol | 69 mg
DMF 0.5 mL
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2 8 10.0 0.5mmol [43. 2
2 1.0 0.05 mmol| 14.3 mg
K2COs 10.0 0.5 mmol | 69 mg
DMF 0.5 mL

3 8 10.0 0.5mmol [43. 2
2 1.0 0.05 mmol | 14.3 mg
K2COs 20.0 1.0 mmol | 138 mg
DMF 0.5 mL

Al the reactions were heated at 60 and

day 3 if applicable).
9. To optimize the reaction, a mild baseNEtwas used instead of2R0s. Meanwhile,

trifluoroethanol was used as a solvent, since several papers used this solvent for

synthesizihngNadducts. All the reactions were heal

for dayl and day 2.

Condition | Reagents and Equivalents | Molars Amount

# Solvent

1 8 5.0 0.25mmol|2 1. 6
2 1.0 0.05 mmol | 14.3 mg
EtN 10.0 05mmol |70 €L
TFE 1.0 mL

2 8 5.0 0.25mmol|21. 6 ¢
2 1.0 0.05 mmol | 14.3 mg
EtN 10.0 O05mmol |70 ¢L
DMF 1.0 mL

3 8 5.0 0.25mmol|2 1. 6
2 1.0 0.05 mmol | 14.3 mg
TFE 1.0 mL

10.Weak bases were used and the reactions monitored after 1, 2 and 3 days.

Condition | Reagents| Equivalents | Molars Amount
# and
Solvent
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1 8 10.0 0.5mmol |43. 2
2 1.0 0.05 mmol | 14.3 mg
EtsN 20.0 1.0mmol |139
DMF 0.5mL

2 8 10.0 0.5mmol |[43. 2
2 1.0 0.05 mmol | 14.3 mg
NaHCG | 20.0 1.0 mmol |84 mg
DMF 0.5 mL

11.These reaction conditions were evaluated to improve yield and reaction cleanliness.

Condition | Reagents| Equivalents | Molars Amount
# and
Solvent
1 8 5.0 0.25 mmol 21. 6
2 1.0 0.05 mmol 14.3 mg
EtN 10.0 0.5 mmol 70 ¢
DMF 1.0 mL
2 8 5.0 0.25 mmol 21. 6
2 1.0 0.05 mmol 14.3 mg
DMF 0.5 mL
3 8 1.0 0.25 mmol 4. 3
2 1.0 0.05 mmol 14.3 mg
DMF 0.5 mL
4 8 1.0 0.25 mmol 4. 3
2 1.0 0.05 mmol 14.3 mg
DMSO 0.5 mL

Step la:synthesis and characterization of phitalamide- dGuo.

Condition | Reagents| Equivalents | Molars Amount

# and
Solvent

1 10 1.0 0.5 mmol | 127 mg
2 1.0 0.5 mmol | 134 mg
DIPEA |3.0 1.5mmol 261
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| | DMF
The react.

| 2.0 mL
u tfar BBrh. wa s

on sol heated at 100

To improve the reaction yield,,KOz and an extended reaction time of 3 days were tested.

Finally, different bases and the presence of Nal were tested. The reaction solutions were

heated at 60 for 17 h.
Condition | Reagents| Equivalents | Molars Amount
# and
Solvent

1 10 10.0 0.5 mmol | 127 mg
2 1.0 0.05 mmol| 13.4 mg
Nal 5.0 0.25 mmol| 37.5 mg
K2COs 10.0 0.5 mmol | 69 mg
DMF 0.5mL

2 10 10.0 0.5 mmol | 127 mg
2 1.0 0.05 mmol| 13.4 mg
Nal 5.0 0.25 mmol| 37.5 mg
KOH 10.0 0.5 mmol |28 mg
DMF 0.5 mL

Step 1h deprotection of phtalamidedGuo.

Reaction Scheme 8. Deprotection of dGphbtalamide

Condition | Reagents Equivalents | Molars | Amount

# and Solvent

1 11 1.0 - -
Hydrazine | excess - 50 ¢
monohydrate
MeOH 0.2 mL
DMSO-de 0.5mL

The reaction mixture of A in the mixed solvent of MeOH and DMB@as heated at 60

for

24 h.
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4.3 Results

Biomimetic synthesis of bisN’-guanine DNA-DNA crosslinks and mono-adducts of

cyclophosphamide.

Three reported conditions were tested for siyathesis of bidN’-guanine DNADNA
crosslinks of CPA. Reactiormixtureswereanalyzedsia HPLC to evaluate desired product
formation (Figure 2 respectively reaction conditions 1, as reported by Malayappan and
colleagues, reaction conditions 2, as rembitg Groehler and colleagues and reaction
conditions 3, as reported by Hemminki and colleaptfe$* 12°The three crudes did not

show any majochromatographic peak which could correspond to the desired product

generation
0 o o : . dGuo =
l |
¢ | ‘! i
i= 1 ‘ |
L 1 N bn 1 ©
) __,I — | R S S ”’—"‘"’")"’_*-‘—'\_‘—*"—\7_—_
LW m
o~ ‘ 3,

Figure 22 Reaction crude HPLC traces for reaction conditiof3s 1

Reaction crudes were alsmalyzedvia infusion at the LTQ ion trap. Only reaction 3
showed the presence of the desired ion and relative fragment&igure 22-23).

However, isolation by HPLC fraction collection was not successful.
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Figure 23 Mass spectra and fragmentation of rafz372

Boc protection of nitrogen mustard and bis(2bromoethyl)ethylamine.

Boc- protected nitrogen mustard was symsthed as reported by Gruppi and colleagues and
Davies and colleagues. The two reaction strategies resulted in respectively 81 and 73% of

yield.

Boc-protected nitrogen mustard was reacted with deoxyguanosine as above reported in
Condition 1. Seven fractiongere collected and injected at the LTQ ion trag-ijure 24

the reaction crude chromatogram. The first three fractions highlighted the presence of dGuo
and Guo, meanwhile iRigure 25 thereis a magnification of the chromatogram in the area

of interest.Five possible compounds were hypothesized based on the detsted

However, the desired product was not detected.
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Figure 24 Reaction crude chromatogram.
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Figure 26 Hypothesized reaction products.
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A different solvent and neutral thermal hydrolysis were testedndition 24. Respective
chromatogramshow the presence of several pedkigre 27-29). Fractions across the
whole chromatograms were collected and infused. The desired product was not detected in

any fraction.

[mAu] [2]

108

181

0.5

Time

Figure 27 Reaction crude chromatogram of condition 2.

[mau] (2]

Figure 28 Reaction crude chromatogram of condition 3.
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Figure 29 Reaction crude chromatogram of condition 4.

Substitution of guanine with chloropurine.
Chloropurine was used in place of guanine in this reaction. The chromatogFagurie
30shows unreacted starting material A (20.8 min). The reaction mixture was further stirred

at 45 for 24 h. HPLC analysis suggested

7.2min 52.2mAU 89.7 %
[mau] [%]

80

(eo

Figure 30 Reaction crude chromatogram.

Reaction crude is injected at th&Q mass spectrometelere below the hypothesized

structures based on the accurate mass detected.
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LTQ analysis: TIC channel
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Figure 31 Hypothesized reaction products.

Multi -stepreaction: synthesis and characterization of Gud\’-ethylbromide.

For step 1a in reactioBcheme 4 differenpH and solvents were tested. In this context,
Reaction 1 did not show any product. NMR data were collected on the yellow precipitate
of Reaction 2 and they only showed the presence of guanine. Reaction 3 displayed a
convoluted chromatogram. RPPLC was used to purify the reaction mixture. Fractions at
23.1 min and 23.5 min were collected when using tamb0Omethod. These fractions were
further purified by using a short isocratic method (50% MeOH). NMR and HRMS
supported the presenceNt-product in the first fraction, while fraction 2 (27.1 minjgs

the desiredN’-product. Reaction 4 and 5 showed the presence of the desired product with
a very poor yield. For increasing the yield of reaction 4, reaction 5 tested four different
conditions. All of them showed a clean reaction mixture and the presttioe desired

product together with thie®- ethyl bromide GuoKigure 32).
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Figure 32 Reaction crude chromatograms with different conditions; highlighted the area of analyte of
interest elution.

NMR data supported the presence of the two molecules in the peak of interest, as

highlighted in the carbenitrogen correlation ifrigure 33.
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Figure 33HMBC NMR spectra highlight the two isomers of browmithyl dGuo.

As condition 4 Figure 32) was chosen for further improvement,reaction 7three new

conditions were compared aiming at increasing the reaction yield NGf
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bromoethylguanine. HPLC suggested that all three conditions formed the desired product
(25.6 min pek) as the major peak. There were some side products formed. No shoulder

peak at 25.3 min was observed in all the three conditions.

9.4mn S0.7mAU 819 %
[mau) [o]

\ ;
= ; J\ i | e N JHNJ_”/W 2

A | »
Rk ,,,,AJ\, ,7777_/J \,,JJL_,\J\,_/\H‘/' \..ﬁ J\Mﬁf\‘,\r____\ 7 3

a0 £l £l 0

Figure 34 Reaction crude chromatogram of conditioB.1Highlighted the area drfiterest.

Reaction 8 was set up to evaluate reaction 7 reproducibility. Condition 1 did not generate
any major product peak. Condition 2 and=g)(re 35), displayed three major peaks at RT
20.3 min, 25.5 min and 26.3 min. NMR and HRMS supported the preseiNecygtlo-

dGuo in peak 1N’-ethyloromeN?-cyclo-Gua in peak 2 an#l’-ethylbromeN2-cyclo-

dGuo in peak 3Kigure 35). These results highlighted thaetreaction is not reproducible.
Furthermore, they strongly indicated tiNgtposition of dGuo is more electrophilic under

the basic condition used in this reaction thdrposition. For this reason, a mild base is

used in the next reaction sgp.
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Figure 35 Reaction crude chromatograms da$.JAsterisks correspond to the three structures above
reported.

In reaction 9,EtsN was usednstead of KCOs. Furthermore, trifluoroethanol was also
chos@ as a solvent as reported in several manusctts®#2° When using condition 1,

only three minor peaks were observed at 23.2 min, 23.7 min, and 26.2 min. Condition 2
formed a very minor product peak at 23.6 min, with reaction yield not increasing when
increasing the reaction tim€&igure 36). However, product at RT 23.6 min is consistent
with N’-ethylboromeGua. Condition 3 formed no new product. This indicates that weak

bases such asdBt are necessary to facilitate the alkylation reaction.
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Figure 36 Reaction crude chromatogram with increasing reaction times.

In reaction 10, two weak bases were evaluaté&t:N and NaHCQ. Furthermore, DMF
is used as reaction solvent. Major products were observed at 22.1 min, 23.5 min, and 25.4
min. It has been commed that peak at 22.1 min was allylic side product; 23.5 min was the

desired product; 25.4 min wag-cyclo side productRigure 37).
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Figure 37 Reaction crude chromatogram. Asterisks for the peaks of intetegtiures are hypothesized
above.

The kinetic of formation of side products together with their formation under different

reaction conditions was evaluatdtgure 38).
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Figure 38 A: reaction crude chromatogram famonitoring product formation over time. B: reaction crude

chromatogram of reaction in DMSO at 40 °C.

Considering that peak at 23.6 min from reaction 10 was the desired product, the goal of
reaction 11 was to optimize the reaction conditions for a cleaaetion with a slightly

better yield. Furthermore, reaction reproducibility is tested. Overall, condition 1 showed
the cleanest reaction mixture allowing for a higher recovery and easieruglgancess.

This condition is also highly reproducible. Themefoit is considered the optimized

condition for the synthesis of the desiié@ethylbromide product.
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Figure 39 Reaction crude chromatogram. Asterisk is for the analyte of interest.

After purification, HRMS and NMRspectra are collected for confirming the chemical

structure Figure 40).
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Figure 40 HRMS of the product of interest.

Multi -step reaction: synthesis and characterization of plhtalamide- dGuo.
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The reaction was performed as in Scheme DMF with DIPEA. The reaction solution

was heated at 100 Fighire 41) sdgfestdd.thatld®uo @asthat a c e s
consumed completely. To push the reaction into completion, 158 mg (~ 1 eq.) of reagent
l10was added. The reaction mixture was then
suggested the disappearance of dGuo. NMR data suppoprdkence of the desired

product at RT 25.6 min.

8.1min 158.7mAU 81.7 %
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Figure 41 Reaction crude chromatograms: reaction crude was further heated to push reaction completion.

Further HPLC purification led to the collection of two fractionsesipectively RT 25.2
and 25.6 minKigure 42). NMR data supported the 25.2 min fraction being a mixture of
N%isomer and the deprotected product. The 25.6 min fraction was suggested to be the

desired\’-product.
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Figure 42 Chromatograms of the isolated fractions.

To increase the reaction yielan extended reaction time of 3 days an€®s as a base

are used. The chromatogranfigure 43 highlighted the reaction going to completion and

the presence of numerous reaction products. Several peaks were collected and
characterized via NMR. Data demonstrated the presenki arfid O°-phtalamidedGuo

(Figure 43-46).
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Figure 44 HMBC evidence for the formation of'-alkylated product.
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Figure 46 NMR (*H-NMR and**C-NMR) evidence for the formation @®-alkylated product.
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To increase the reaction yield, different bases, thedaddition of Nal were explored.
HPLC suggested that both reaction conditions seemed working well with desired product
formed as one of the major products (eluting times: 25.7 min and 26.Figure 47).

The two reactions were combined for product purifaa After evaporation, desired

product was used directly for the next step.

P} Tdmn 04MA 952% (0

80

Figure 47 Reaction crude chromatogram for condition 1 and 2.

The desired product was fully characterized by NMR and HRMS.
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Figure 48 HRMS of phtalamide dGuo.

Multi -step reaction: deprotection of phtalamidedGuo.

Deprotection of phtalamidelGuo is performed with hydrazine. Reaction is performed as

in Scheme 8. LC, as reported in the Method section, is used to remove the hydrazine excess
and to isolate the desired product. Two fractions were collected correspomdnegtwo

major peaks (RT 5min and 11 mikigure 49). NMR and HRMS analysis showed the

presence of respectively hydrazine and phtalamide in the two isolates.
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Figure 49 Reaction crude and diluted reaction crude chromatogram: at RT ~ 3 min is eluting hydrazine and
other unknownsind at RT ~ 11 min is eluting phtalamide.

4.4 Discussion

In this work, we evaluatkseveral strategies for the chemical synthesis of the known CPA
crosslink, GNOR-G, gaining insights about the mechanism of formation of sauch
molecule. Peviousstudies have relied on tH®#omimetic synthesis of this and similar
mustardrelated moleculeswith low reaction yields anthck of a complete NMR and
HRMS characterizatioft: 1% 124|ndeed, NMR data are necessary for evaluatimg
mustard binding site on the nucleoside. The evaluation of different synthetic strategies
highlightedthe presence of multiple additional variables to be considered in the synthesis
of the desired product.

As mentionedhbove several synthetic schempieviously used, involved the incubation

of dGuo with the mustard of interest followed by, sometimes precipitation of the products,
andor LC purification3! 193 124129 Three different reported strategies were tested in this

work and lead to no chromatographic peaks being detected. Theomeaotiditions
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reported by Hemminki and coworkét$lead to thebest results, being able to detect the
ion with the desired mass and fragmentation via Fig§ure 23). This agres with past
studies which supportetl being a poor alkylating agent at neutral conditions and SN2
reactions being more favorable in anhydroosditions. However, due to the low reaction
yield and the possible hydrophilicity of the molecule of interest, isolati@iRRHPLC

using most widely used conditiomss not successful. For this reason, we pursued different
synthetic strategies.

The unsatisfactory results of the biosynthesis lead us to the hypdtiagisas secondary
amine,is not reactive enougfFigure 24). This hypothesis was supported by t&su
reported by Gruppi and colleagt®swhere a successful synthesis of a crosslink with bis
chloroethyl amingtertiary amine)was obtainedFollowing this approachto obtain a
tertiary amineandto prevent side reactions and increase the hydrophobicity of the reaction
product, NOR was cheically protected with a Boc group.

Afterwards, reaction conditions were similar to the one reported by Gruppi and co
workers®® However, reaction ob with 2 leads to different products, supporting the
hydrolysis of the substituted mustard during the rea¢iayure 24-29). The LC traces of

the reaction mixtures, once the starting materials were no longer present, were convoluted,
which highlighted the presence of several competing reaptiocesses

In parallel, the use of chloropurine to substitute dGuo, as reporteddoyadd coworkers,

was tested to selectively alkylate dGudNfpositionand increase its reactivity? Indeed,

Chen and coworkers studied the reaction regioselectivity when methylating 6
chloropurine't®? However, this approach was not successful and lead again to the

generation of complex mixtureghere the desired product was not obsef#egure 30).
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To overcome the difficulties encountered in the above reported strategies, -atemlti
synthetic routevasstrategizedScheme 4. Several advantages were envisioned with this
synthetic approach) each synthon could be purified before the last step, minimizing side
product formationii) synthons could be characterized by NMR to confirm regioselectivity,
and iii) this method could be potentially expanded to other different CPA crosbinks

using different nucleosides or being able to obtain a regioselective reaction

When considering the synthesi®9, numerous reaction conditions were tested. Oulltsesu
highlight the key role of pH in the alkylation position and the role of solvent in the overall
reaction products. In this context, if strong bases, such 80X are used 1,2
dibromoethane attack¥?>-amino group first, as observed frdReaction 8, conditions 2
and 3 Figure 19-20). As above mentioned, our hypothesis is that\thposition of dGuo
becomes more electrophilic under the basic condition. For this reason, a milslichss,

EtsN was used.

Reaction solvent was alschanged after following the reported procedugeveral
manuscript¥® 194 129 yse TFE as selected reaction solvent. However, our data show
(Reaction 9, Figure39), betteryieldswhen using DMF. Our hypothesis is that the higher
pKa of DMF helps the reaction mechanism in the formatioiGo&N’-ethylbromide.
Furthermore, several manuscripts use acidic conditions when using TFE as reaction
solvent therefore supporting our hypotlethat mild acidic conditions are needed to push

the product generation

When performing these reactions, we collectetbrmation regarding the alkylation

position selectivity on dGuo. As above discussed, pH amdl thereforgthe base used in
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the reation has a crucial role on the selectivity for different positions. This evidence was
also observed during the synthesis of phtalardi@ao Figure 43-46). Ourresults showed
that dGuo can be alkylated in three different positidfisO® andN’. Indeed, vinen using
K2COs as base in the reaction, the reaction goes to completion buXbahdO® products

are observed.

Regioisomers of phtalamide dGuo wéundly characterized by NMRKigure 44-46). For

the first time, formation of such isomers is reported and characteddtst. having
successfullysynthetized and characterized phtalamidé€&uo, the deprotection step
revealed difficulties. Hydrazine is useddeprotect the reaction product and proceed to the
final step Gtep2, Scheme 1 However, hydrazine needs to be removed from the reaction
environment. LGbased product purification has been attempted in several manners with
inconsistent and unsuccedsfasults Figure 49). One hypothesis is that the resulting
product is highly hydrophilic and therefore cannot be purified with our chromatographic
conditions. Conditions reported by Malayappan and colleagues for the purification of G
NOR-G were alstested without any succe¥sAn additional hypothesis is that the product
has solubility issues in the solvent used LC analysis thugpreventing the product

detection.

Overall, our findings support a different reactivity of secondarg tertiary nitrogen
mustards. Indeed, our results are not consistent with what previously reported by Gruppi
and coworkers? Our multi-step reaction scheme highlightde treactivity of different
dGuo positions depending upon pHd solven{e.g.DMSO vs DMS vs TFE)This is the

first study, in our knowledggethoroughly evaluating dGuo alkylation position.
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Given the difficulties in the purification of the product frorasRa, alsthefinal product
may be difficult to purify and separatBollowing these observationtiree different
approaches can be envisioned: ddifferent chromatographycan be explored for
purification, such as HILIC chromatography; 2) use an amityipe protecting group on
dGuo in order to increase its hydrophobicity as reported by Ohkubo and colfé3g)es

use a base resistant protecting group such as Boc to increase product hydrophobicity.
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45 Conclusions

In this work we aimed at the synthesis and characterization ofdefied DNA adducts

for use for DNA adduct quantitation and method validation for large population studies.
Departing from literatureeported methods we evaluated alternative synthettegies,
which involvedeither the use of protecting groups or a rrsiiéip approach. Overall, none

of these methods was successful in the synthesis of the desired product. However, the
multi-step approach led to the synthesis and characterizateodiféérent regicisomer of
alkylated dGuo, which wgsreviously unreported.

Different approaches for the purifican and synthesis of the desired product can be
envisionedSince the desired product is highly polar, purification of product from step 2a
may be obtained via HILIC chromatograpksf. 12+ 11° Another approach can involve the
use of baseesistant protecting group such as Boc which would allow produittgation

via RP. Finally, a different reaction scheme as reporte@Hmn and cevorkerscan be

evaluatedFigure 50). 132
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5 Conclusions, future directions, and public health impact

Our work has demonstrated that multiple DNA modifications are generated in patients
treated with two different alkylating drugs. Our DNA adductomics workflowhie to
capture them in a comprehensive manner. Therefore, we have established an analytical
approach able to satisfy the need for methods capable of detecting multiple DNA adducts
in patients. This workflow can be used in future studies considering [zgent
populations and other alkylating drugs and may lead to the development of tools and
approaches aimed at several public headtated applicationse(g. establishment of
preventive and predictive biomarkers). For alkylating drugs, this methotlecased to
evaluate the relationship between the detected adducts and therapy outcome in the patient.
Furthermore, given the overlap we observed between DNA addwito and in patients,

DNA adducts generated by multiple alkylating drugs may be saleeneitro for

subsequent evaluation of therapytcome relationshim vivo.

Two different alkylating drugs were evaluated in this wolkisulfan (BU) and
cyclophosphamide (CPA). These two drugs were chosen due to their common use in the
clinic and their differences in the reaction mechanism with DNA. CPA is activated by
CYP-enzymes to be able to react with DNA, while BU can directly react with DNA. Our
work demonstrated that both drugs generate a plethora of DNA modifications in patients,
underlining that an analytical method able to screen for multiple predicted and unpredicted
adducts is needed in order to be able to monitor the effects of various phygsiolog

processes influencing the formation of these adducts.
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Given the extensive literature, which supports the relationship between DNA adducts and
chemotherapy outcome in patieritgurestudies must address the overarching question of
how the detected WA adducts are truly relating with therapy outcome. To set the stage
for these studies, herein we synthetized isotopically labelled standards@iBladducts

that can be used as internal standards for analytical methods used in larger population
studies Similarly, several synthetic strategies were explored for the synthesis of one CPA
crosslink. Similar approaches are translational to many alkylating drugs currently used in

the clinic.

Together with the evaluation of the relationship with therapy outspthe impact of
clinic-related constrains on the DNA adduct evaluation, such as time of sample collection
versus time of sample processing, must be evaluated. Indeed, it may not be feasible to have
the samples processed as soon as the samples are daflecteutine manner. Therefore,
studies evaluating DNA adducts stability, together with-bagay assay evaluations

should be performed.

Another question deriveflom this work is related with DNA adduct kinetod formation

and elimination in additioto the question of which is the best sampling time for translation
of this method into diagnostic routine tediisdeed, different DNA adducts may have
different kinetis of formation and repair and/or elimination. For instance, Malayappan and
coworkers bserved a maximum CRgrosslink concentration betweer84hours from
therapy administration, instead Souliotis found the highest concentration of melphalan
derived DNA adducts after 8 hours from therapy administratiti.Moreover, DNA

adduct repair efficiency influences the kinstend studies reported that the DNA repair
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capacity has a role in the relationship between Dadilucts and therapy outcome in
patientst>*13% Therefore, studies evaluating the adducts kinetics inerdifit drug
combinations and cancer types can give insights in determining the most appropriate time

for sample collection.

Finally, given the successful establishment of the relationship between DNA adducts and
therapy outconfe the applicability in a clinic setting of these assays as routine analysis
should be addressed. Indegxdtailor and optimize the therapy for each patientthbeapy
outcome must be predicted before administration. To do so, three different strategies can
be envisioned:-Imicrodosing in patients-2xvivo exposure and-3he use of xenografts

models.

Microdose administration of DNA alkylating drugs has thévantage of avoiding
medication side effects, due to the low drug concentration, while still generating DNA
adducts. Therefore, a full dose can be tailored on the basis of the adducts deriving from the
microdose however adduct levelsmay be difficult to monitor due to their low
concentration Highly sensitive methods are needed to be able to capture the adducts
generated by a microdose. Currently, Ad&ed analytical methods are successfully
exploring the role of DNA adducts in patients microdosed wpthtinumbased

medicationg'34° 136137138

Ex-vivo exposure involves DNA adduct monitoring in tumor or surrogate tissues tneated
vitro with DNA alkylating drugs. The advantage of this strategthat many different
drugs and possibly combinat®can be tested. However, several uncertainties andayp®ssi

drawbacks reside in this possible method. For instance, the biological relevance in patients
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of DNA adducts detected vitro is uncertain and has to be tested. Furthermore, timing of
sample collection is again an unknown variable. An additional wegrtinvolves the

type of tissue to analyze. Finally, there are ethical and patient concerns related with
biopsies.Usually, to generate an accurate diagnosis, all the tissue collected during the
biopsy is used. Hence there will be a low amount, or rsudideft for further studies.
Therefore, the patients should undergo a second biopsy to collect more tissugifar ex
studies or surrogates of tumor tissues should be tested and possiblbtushkels are
currently evaluating the possible use of cirdalgt tumor DNA for patient

stratification13914035141

Finally, xenograft models have been tested and a relationship between DNA adduct levels
in animals and patient outcome has been drawn. Mice were used to grinntire and

then dosed with chemotherapy. Higher adducts were found in the mice tumor of patients
that responded to the therapy. This approach has similar advantages and drawbacks of ex
vivo studies-314243 For instance tumor cells from the patient are needed to establish the
xenograph model and a correlation between human and animal may be difficult to

establish.

In conclusion, DNA adducts may be a promising tool for monitoring alkylatiog based

chemoherapy and we have demonstrated the existence of an analytical workflow able to
technically support the establishment of DNA adducts as predictive biomarkers. Future
studies will evaluate the true relationship between the herein detected adducts ahd patien

outcome together with addressing timing and DNA adduct and sample stability
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uncertainties. Several approaches can be envisioned for applying them prior to dosing the

patient with the therapy.
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