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ABSTRACT: Many chemotherapeutic drugs exert their cytotox-
icity through the formation of DNA modifications (adducts),
which interfere with DNA replication, an overactive process in
rapidly dividing cancer cells. Side effects from the therapy are
common, however, because these drugs also affect rapidly dividing
noncancerous cells. Hypoxia-activated prodrugs (HAPs) have been
developed to reduce these side effects as they preferentially activate
in hypoxic environments, a hallmark of solid tumors. CP-506 is a
newly developed DNA-alkylating HAP designed to exert strong
activity under hypoxia. The resulting CP-506-DNA adducts can be
used to elucidate the cellular and molecular effects of CP-506 and
its selectivity toward hypoxic conditions. In this study, we
characterize the profile of adducts resulting from the reaction of
CP-506 and its metabolites CP-506H and CP-506M with DNA. A total of 39 putative DNA adducts were detected in vitro using our
high-resolution/accurate-mass (HRAM) liquid chromatography tandem mass spectrometry (LC−MS3) adductomics approach.
Validation of these results was achieved using a novel strategy involving 15N-labeled DNA. A targeted MS/MS approach was then
developed for the detection of the 39 DNA adducts in five cancer cell lines treated with CP-506 under normoxic and hypoxic
conditions to evaluate the selectivity toward hypoxia. Out of the 39 DNA adducts initially identified, 15 were detected, with more
adducts observed from the two reactive metabolites and in cancer cells treated under hypoxia. The presence of these adducts was
then monitored in xenograft mouse models bearing MDA-MB-231, BT-474, or DMS114 tumors treated with CP-506, and a relative
quantitation strategy was used to compare the adduct levels across samples. Eight adducts were detected in all xenograft models, and
MDA-MB-231 showed the highest adduct levels. These results suggest that CP-506-DNA adducts can be used to better understand
the mechanism of action and monitor the efficacy of CP-506 in vivo, as well as highlight a new role of DNA adductomics in
supporting the clinical development of DNA-alkylating drugs.

■ INTRODUCTION

Despite their approval as anticancer agents more than 60 years
ago, DNA-alkylating drugs are still considered first-line
medication for the treatment of a vast majority of cancers.
Their mode of action involves covalent binding with DNA to
form genotoxic modifications (adducts). These adducts can
involve one base (monoadduct) or two bases on the same or
opposite DNA strand (cross-linked adduct). In general, DNA
cross-linked adducts are anticipated to be more toxic than
monoadducts. Once formed and if not repaired, adducts
interfere with DNA replication, which is overactive in rapidly
dividing cancer cells.1,2

A drawback of chemotherapy with DNA-alkylating anti-
cancer drugs is that due to their inability to selectively target
cancer cells, they often cause unwanted side effects in treated
patients.2 Strategies pursued to reduce the side effects from
these agents have resulted in the development of drugs that are
preferentially activated in cellular environments found more

prevalently in cancerous but not in noncancerous tissues. One
example of such environment is hypoxia or anoxia, referring to
a partial or total lack of oxygen, respectively. Following this
concept, several hypoxia-activated prodrugs (HAPs) have been
designed for oxygen-selective chemotherapy based on their
ability to target the tumor hypoxic microenvironment. Ideally,
HAPs are not toxic under normoxia (normal oxygen levels)
because they do not result in toxic metabolites if oxygen is
present.3−8 Nitroaromatic-based HAPs have shown promising
results, and among them, dinitrobenzamide mustard PR-104
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demonstrated selective hypoxic activation in a wide range of
cancer cells and human tumor xenografts.9

PR-104 was initially tested in a number of clinical trials in
combination with other antineoplastic drugs. However,
patients experiencing severe dose-limiting myelotoxicity
limited further testing.10,11 Subsequent studies revealed that
PR-104 can be activated by human two-electron aldo-keto
reductase 1C3 (AKR1C3) independently from oxygen levels.12

AKR1C3 is expressed in several healthy tissues, most notably
in myeloid progenitor cells, likely explaining the observed
myelotoxicity.12

We have previously developed a high-resolution/accurate-
mass (HRAM) liquid chromatography tandem mass spec-
trometry (LC−MS3) DNA adductomics approach to charac-
terize the DNA damage originated from the reaction of the
alcohol of PR-104, PR-104A, or its metabolites with DNA.13

The approach uses data-dependent constant neutral loss
(CNL) monitoring of either the deoxyribose moiety or any
of the four DNA bases and triggers an MS3 fragmentation of
the resulting product ion, which confirms the presence of an
adduct and can be used for structural elucidation.13,14 This
approach presents a more comprehensive way to perform
DNA adductomics studies since it allows us to also screen for
nucleobase adducts and its application allowed for the
characterization of both mono- and cross-linked adducts
induced by PR-104A and its metabolites.13 This approach
was also applied to gain further insights into the selectivity of
PR-104A toward hypoxia and cancer cells.15,16

Recently, a next-generation HAP called CP-506 (Scheme 1)
was developed and is currently being prepared for clinical
evaluation. CP-506 was designed to overcome a number of
limitations of PR-104, such as improved solubility, no
reduction by AKR1C3, and activation only under severely
low oxygen levels.17 In hypoxic environments, CP-506 is
initially reduced to a short-lived intermediate and then further
reduced to active hydroxylamine (CP-506H) and amine (CP-
506M) metabolites (Scheme 1). These metabolites then exert
their cytotoxic effects by reacting with DNA.17

To further increase our understanding about the nature of
the DNA adducts and the selectivity toward hypoxia of CP-
506, the goal of this study was to characterize the DNA
adducts induced by CP-506, CP-506H, and CP-506M first in
purified DNA exposed to the drug or its metabolites, then in
cancer cells exposed to CP-506 under anoxic or normoxic
conditions, and finally in vivo in three tumor xenograft models.
A total of 39 adducts were identified in vitro, and eight of them
were subsequently detected in vivo. These results demonstrate
the ability of our methodology to measure adducts to monitor
CP-506’s efficacy in complex biological samples, with potential
use in assessing patient susceptibility and side effects in the
upcoming clinical trials using CP-506.

■ EXPERIMENTAL PROCEDURES
Full details regarding the generation of 15N-labeled DNA, cell cultures
of cancer cell lines, DNA isolation from cells and xenograft models,

and quantitation of DNA can be found in the Supporting Information.
Calf thymus DNA (ctDNA) was purchased from Worthington
Biochemical Corporation (Lakewood, NJ). CP-506 {2-[(2-bromoeth-
yl)-5-[(4-ethyl-1-piperazinyl)carbonyl]-2-(methylsulfonyl)-4-
nitroanilino]ethyl methanesulfonate}, CP-506H [2-((2-bromoethyl)
(5-(4-e thy lp iperaz ine -1-carbony l) -4 -(hydroxyamino)-2-
(methylsulfonyl)phenyl)amino)ethyl methanesulfonate], and CP-
506M [2-((4-amino-5-(4-ethylp iperaz ine1-carbonyl)-2-
(methylsulfonyl)phenyl)(2-bromoethyl)amino)ethyl methanesulfo-
nate] were manufactured by Mercachem employing synthetic routes
developed at the University of Auckland.17

Unless specified, all other reagents, solutions, and enzymes were
obtained from Qiagen and Sigma-Aldrich.

Treatment of ctDNA and 14N- or 15N-Labeled Bacterial DNA
with CP-506, CP-506M, or CP-506H. A 10 μL volume of 10 mM
CP-506, CP-506M, or CP-506H in dimethyl sulfoxide (DMSO)
(Tocris Bioscience; Minneapolis, MN) was added to 990 μL of a 1
mg/mL solution of DNA in 10 mM Tris-HCl, 1 mM ethyl-
enediaminetetraacetate (pH 7.4) to a final drug or metabolite
concentration of 100 μM, and 0.01% DMSO. The same volume of
DMSO was added to a negative control sample containing the same
concentration of DNA. The samples were incubated at 37 °C
overnight (∼16 h).

DNA Cleanup. A 1 mL volume of cold 100% isopropanol
(Honeywell; Charlotte, NC) was added to the reaction mixtures to
precipitate the DNA. The tubes were inverted 20 times, placed on ice
for 10 s, and inverted again to ensure DNA precipitation. The tubes
were then centrifuged at 1000g (Beckman Coulter Allegra-X-3OR;
Brea, CA) for 2 min. The DNA pellet settled at the bottom of the
tubes, and the supernatant was poured out. Sample purification was
accomplished by adding 4 mL of a cold 70% isopropanol solution to
the tubes and by vortexing for 1 min before centrifugation for 2 min at
1000g. The supernatant was subsequently discarded. The cleanup
process was repeated four more times to ensure that any excess of the
prodrug or its metabolites was eliminated. Finally, 4 mL of cold 100%
isopropanol was added into each tube, and the tubes were shaken
gently and then centrifuged at 2000g for 5 min. The supernatant was
discarded, and the tubes were inverted on clean, absorbent paper
towels and left to dry for 15 min. The samples were then resuspended
in 900 μL of 10 mM Tris-HCl and 5 mM MgCl2, pH 7.4. The DNA
concentrations were determined using a nanodrop spectrophotometer
(Eppendorf Biophotometer; Hauppauge, NY).

Xenograft Tumor Tissue Treatment. Tumors were initiated in
10−11 week old female NCr nude mice with body weights ranging
from 20 to 28 g by subcutaneous implantation of 5 × 106 cells in
phosphate-buffered saline (PBS) (0.1 mL suspension) into the right
flank of each animal; DMS11: 5 × 106 cells in 50% PBS−Matrigel
matrix (BD Biosciences) injected into the right flank of female NCr
[Crl:Nu(NCr)-Foxn1nu] mice, 10−11 weeks old and 20.2−28 g
weight, or 1 × 107 cells in PBS (0.1 mL) in the right mammary fat
pad; BT-474: 1 × 107 cells in 50% PBS−Matrigel matrix (Corning)
injected into the right flank of female NOD/SCID mice, 6−7 weeks
old and 16.2−21.8 g weight; and MDA-MB-231: 1 × 107 cells in 50%
PBS−Matrigel matrix (Corning) injected into the right flank of female
Balb/c nude mice, 6−7 weeks old and 17.2−21.4 g weight. When the
tumors reached the target volume of 225−250 mm3, the mice were
sorted into two groups. The control group received the vehicle (2%
DMSO and 0.85% NaCl in water), while the second group received
600 mg/kg body weight CP-506 administered intraperitoneally (i.p.)
Mice received either the vehicle or CP-506 once daily for 2 days.
Sampling/euthanasia was conducted 24 h after the last treatment for

Scheme 1. Mechanism of the Metabolic Activation of CP-506
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BT474 and MDA-231 and 5 h after the last treatment for DMS114.
Tumor samples were collected, snap-frozen, and stored at −80 °C
until further processing.
Enzyme Hydrolysis and Removal. Enzyme hydrolysis was

initiated by adding 120 units (U)/mg DNA of DNAse I, followed by
overnight (∼16 h) shaking in a 37 °C water bath. The following day,
another 120 U/mg DNA DNAse I was added, along with 4 mU/mg
DNA of phosphodiesterase I and 48 U/mg DNA of alkaline
phosphatase (Roche; Indianapolis, IN). Enzymes were then removed
using Amicon Ultra-0.5 centrifugal filter devices with a 10,000
nominal molecular weight limit according to the manufacturer’s
instructions. A 10 μL aliquot was removed from each sample and
transferred into 1.2 mL silanized vials (Chromtech; Apple Valley
MN) for the quantitation of dG by high-performance LC (HPLC).
Sample Enrichment. Solid phase extraction (SPE) was

conducted on the hydrolyzed samples using a 33 μm reverse-phase
Strata-X cartridge (Phenomenex; Torrance, CA). The cartridge was
activated by three 1 mL volumes of 100% methanol (Honeywell;
Charlotte, NC) and equilibrated by 1 mL of LC−MS-grade water
(Fisher Scientific; Hampton, NH) before the loading of the samples.
The cartridges were then washed with three 1 mL volumes of LC−
MS-grade water and then with 1 mL of 10% methanol, and a 1 mL
volume of 100% methanol was collected. Collected fractions were
dried using a Savant SC210A SpeedVac concentrator (Fisher
Scientific; Waltham, MA) prior to LC−MS analysis.
Sample Resuspension for MS. CtDNA-/bacterial DNA-treated

and negative control samples were prepared in duplicate. One
replicate was resuspended in 100 μL of 20% methanol, whereas the
other one was resuspended in 500 μL of 20% methanol, which was
accomplished by adding methanol, followed by sonication for 5 min,
addition of LC−MS-grade water, and another 5 min sonication. Cell
and tissue DNA samples were resuspended in 20 and 50 μL of 20%
methanol, respectively.
LC−CNL−MSn Data-Dependent Acquisition in ctDNA and

Bacterial DNA Samples. All LC−MS experiments were performed
on an Orbitrap Fusion mass spectrometer (Thermo Scientific,
Waltham, MA) coupled to a Dionex RSLCnano ultra-performance
liquid chromatograph (Thermo Scientific, Sunnyvale, CA). Reverse-
phase chromatography was performed with a hand-packed Luna C18
column (5 μm, 120 Å, 200 mm × 75 μm ID, Phenomenex, Torrance,
CA) at room temperature and a flow rate of 0.3 μL min−1 using 5 mM
ammonium acetate as mobile phase A and acetonitrile as mobile
phase B. The LC gradient started at 5% B for the first 5 min with a
flow rate of 1.0 μL min−1, followed by the switching of the injection
valve to remove the 5 μL loop from the flow path and reducing the
flow rate to 0.3 μL min−1 over 1 min. A linear gradient from 5 to 45%
B over 39 min was used, which was then ramped to 98% B over 1 min.
The mobile phase composition was allowed to stay at 98% B for 4
min. Finally, re-equilibration was performed by changing the mobile
phase composition from 95 to 5% B over 1 min, increasing the flow
rate to 1.0 μL min−1 over 1 min, and then holding at 5% B for 3 min.
The total run time was 55 min.
CNL−MSn data-dependent acquisition (DDA) was performed with

the instrument operating in the positive ionization mode by repeated
full-scan detection, followed by MS2 acquisition and CNL triggering
of MS3 fragmentation over a cycle time of 2 s. Full-scan (range 300−
2000 Da) detection was performed by setting the Orbitrap detector at
60,000 resolution, using EASY-IC internal mass calibration, automatic
gain control (AGC) target settings of 2.0 × 105, and the maximum ion
injection time set to be 50 ms. The MS2 fragmentation parameters
were as follows: a quadrupole isolation window of 1.6 amu, a higher
energy collisional dissociation (HCD) stepped collision energy of
20% ± 10%, Orbitrap detection at a resolution of 15,000, an AGC of
5.0 × 104, and a maximum injection time of 22 ms. Data-dependent
conditions were as follows: a triggering intensity threshold of 2.5 ×
104, a repeat count of 1, and an exclusion duration of 30 s.
The MS3 fragmentation parameters were as follows: 2 amu

isolation window, an HCD stepped collision energy of 20% ± 10%,
Orbitrap detection at a resolution of 7500, an AGC of 2.0 × 105, and a
maximum injection time of 50 ms. Fragmentation was triggered upon

the observation of the neutral loss of dR (−116.0474), adenine
(−135.0545)/15N-adenine (−140.0397), guanine (−151.0494)/15N-
guanine (−156.0346), cytosine (−111.0433)/15N-cytosine
(−114.0344), or thymine (−126.0429)/15N-thymine (−128.03688)
between the parent ion from the full scan (untargeted adductomics)
and one of the product ions or between the parent ion from the full
scan that was also present in a list of 108 predicted CP-506, CP-
506M, or CP-506H adducts and cross-link masses (targeted
adductomics) and one of the product ions, provided a minimum
signal of 2.5 × 104. The threshold for mass accuracy was set at 5 ppm
for all masses.

A total of about 6 μg of ctDNA and 6 and 15 μg of a 1:1 mixture of
14N- and 15N-labeled hydrolyzed and purified bacterial DNA,
respectively, were injected for analysis using the untargeted
adductomics approach.

Targeted MS/MS Analysis of Cancer Cell Lines In Vitro and
Tumor Xenografts In Vivo. For the cancer cell samples, 5−10 μg of
DNA was processed and purified prior to LC−MS analysis, whereas
for the xenograft tumor tissue DNA, between 43 and 550 μg of DNA
was processed, purified, and spiked with a mixture of 15N-labeled
DNA adducts. Chromatography conditions were the same as the one
used for the analysis of in vitro samples. Targeted MS/MS was
performed with the following parameters: Orbitrap detection at a
resolution of 60,000, an HCD stepped collision energy of 30 ± 10%, a
quadrupole isolation window of 1.6 amu, an AGC of 5.0 × 104, a
maximum injection time of 118 ms, and a mass range of 100−850.
The threshold for mass accuracy was set at 5 ppm for all masses. All
masses reported in Figure 3 were targeted in the cell line and tumor
xenograft DNA samples.

■ RESULTS
The goal of this work was to characterize the DNA adducts
resulting from the newly developed HAP CP-506 and its
cytotoxic metabolites CP-506H and CP-506M (Scheme 1) in
vitro and to verify their presence in vivo. The presence of the
identified DNA adducts was then tested in a panel of five
cancer cell lines, and their relation to hypoxic conditions was
investigated. We initially exposed ctDNA and isotope-labeled
bacterial DNA to CP-506 or its metabolites. Exposed and
unexposed DNA samples were enzymatically hydrolyzed, and
the resulting adducts were separated from the unreacted
nucleosides and enriched. DNA adduct screening was
performed using our untargeted DNA adductomics approach,
which is based on MS3 fragmentation upon observation in MS2

spectra of the exact mass neutral loss of either the deoxyribose
moiety or any of the four DNA bases.13,14

The data analysis workflow for the in vitro work is shown in
Figure 1. The masses that triggered MS3 events in the drug
treatment and control samples are compared, and extracted ion
chromatograms (EICs) are created for those unique (within
±5 ppm) to the treated samples. The EICs are visually
examined to confirm the absence of a signal in the negative
control and a reasonable chromatographic peak in the treated
sample with MS2 and MS3 events at the appropriate retention
times (see also Figure 2). The MS2 and MS3 fragmentation
spectra are then used to predict the structure of the putative
DNA adducts, and the parent masses are used to calculate the
molecular formulas. The resulting structures are then
compared to adduct structures for the drug analogue to CP-
506, assuming that the information is available.
Finally, the presence of the resulting adducts is further

confirmed using 14N- and 15N-DNA exposed to the drug or
metabolites, processed as described above, and mixed in a 1:1
ratio prior to LC−MS analysis (Figure S1). In this resulting
sample, the presence of coeluting peaks and MS3 events
corresponding to 14N- and 15N-labeled versions of the same
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adduct substantiates adduct identification. A representative
example of this confirmation analysis is shown in Figure 2. The
data reported here refer to a cross-linked DNA adduct
resulting from the alkylation of CP-506 and two guanine
bases. In this example, the alkylating portion (calculated, m/z
409.1541) is derived from the difference between the parent
ion (calculated, m/z 711.2529) and the mass corresponding to
the neutral loss of the two guanine bases (calculated,
302.0988).
Thirty-nine putative DNA adducts resulting from CP-506,

CP-506H, or CP-506M were found in ctDNA and 14N-/15N-
labeled DNA, as detected by the neutral loss of dR, A, G, or C
(Table 1). These masses included both monoadducts and
cross-links (seven out of the total). Out of the seven cross-
linked adducts, three resulted from CP-506, whereas four
resulted from amine metabolite CP-506M. CP-506M formed

the most adducts with 21 adducts detected, followed by CP-
506 with 14, and the hydroxylamine metabolite CP-506H with
4 (Table 1).
The detection of 14 adducts in the CP-506-treated sample

indicates that at the tested concentrations, the prodrug itself
alkylates DNA. Two of these adducts matched the predicted
structures from the alkylation of the two CP-506 metabolites
and DNA (numbers 5 and 16 in Table 1). We hypothesized
that their formation is due to some metabolite impurities not
removed during the chemical synthesis of CP-506. This
hypothesis was tested by the analysis of a solution of CP-506
by LC−MS, which showed the presence of the two metabolites
and other degradation products (data not shown). However, it
cannot be excluded that the metabolites are byproducts from
the incubation using in vitro experimental conditions.
In the CP-506H- and CP-506M-treated samples, an

interesting finding was the observation of m/z 666.3028
(adduct numbers 29 and 30 in Table 1), detected by the
neutral loss of dR in both samples. This mass matches the
structure of either a monoadduct between dG and CP-506M
or a monoadduct between dA and CP-506H. The MS2

spectrum resulting from the analysis of the CP-506H-treated
sample shows fragments corresponding to both guanine and
adenine (Figure S2), indicating that both adducts are present
in the sample and suggesting that the metabolites used in this
experiment may also contain some impurities that were not
removed during the chemical synthesis or that the conditions
of our experiments resulted in the formation of byproducts.
Further investigation of the origin of these adducts with
purified metabolites or corresponding labeled versions will
allow us to better characterize the nature of these
modifications.
All 39 adducts detected in purified DNA were then targeted

using MS/MS in five CP-506-exposed cancer cell lines: two
pancreas, two breast, and one lung cell lines (Table S1). Each
cell line was exposed to 100 μM CP-506 for 4 h under anoxic
or normoxic conditions. The half maximal inhibitory

Figure 1. Data analysis flowchart for the identification and
confirmation of DNA adducts.

Figure 2. Representative example of DNA adduct detection and confirmation for a guanine−guanine cross-link. (A) Chromatograms for the 14N-
and 15N-labeled versions of the adduct; (B) MS2 and MS3 spectra for the adduct containing either of the two nitrogen isotopes.
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concentration (IC50) values of CP-506 for each cell line under
these conditions are reported in Table S1. Of the 39 adducts
detected previously, 15 were also detected in one or more
cancer cell lines (Table 1). When comparing the treatment
conditions, we observed more adducts in cells treated under
anoxia than those under normoxia (8−14 vs 2−3 adducts,
depending on the cell line), indicating that the drug is
preferentially activated to the reactive metabolites under
hypoxic conditions. In addition, the more cytotoxic cross-
linked adducts were detected only under hypoxic conditions.
Thirteen out of the 15 adducts detected in cells resulted from
CP-506M. The remaining two detected adducts resulted from
the alkylation of guanine by CP-506. These two adducts were
present in all cell lines and in both treatment conditions, which
is not surprising considering that CP-506 adducts were
detected in purified DNA as well and that CP-506’s presence
does not depend on oxygen levels. However, CP-506’s
reactivity toward DNA seems to be solely exerted toward the
most reactive nucleophilic base guanine (Table 1).
The presence of CP-506-derived adducts was further

investigated in vivo, in xenograft mouse models of MDA-
MB-231 and BT-474, and in the small cell lung cancer
xenograft DMS114. CP-506 (600 mg/kg of the body weight)
or the vehicle (2% DMSO, 0.85% NaCl) was administered
when the tumor reached an average volume of 250 mm3 for

two consecutive days. DNA extracted from these samples was
processed and subjected to MS/MS, targeting the 39 adduct
masses previously detected in vitro. To compare the adduct
levels in the three models, DNA samples were spiked with an
internal standard mixture consisting of a 1:1:1 ratio of 15N-
labeled CP-506, 15N-labeled CP506H, and 15N-labeled CP-
506M adducts, all generated from the in vitro exposures,
similarly to a strategy developed for the comparison of PR-
104A-derived adducts.15 The spiked concentration was
adjusted to obtain the peak areas that were similar to those
detected in the xenograft samples.
A total of eight DNA adducts were detected in MDA-MB-

231-, BT-474-, and DMS114-bearing xenografts (Figure 3).
BT-474 had the lowest level of each adduct, whereas MDA-
MB-231 had the highest levels for most of the adducts and
comparable levels to those of DMS-114 for some of the
adducts (Figure 3). Five out of the eight adducts detected
matched structures that contain the nitro group, indicating that
these adducts most likely result from CP-506. One of these
adducts was a G−G cross-link. The remaining three adducts
resulted from amine metabolite CP-506M, and one of them
was also a G−G cross-link (Figure 3).

Table 1. DNA Adducts from CP-506, CP-506H, and CP-506M Detected in Purified DNA Using Untargeted Adductomics and
in Cancer Cell Lines Using Targeted MS/MS (the Latter Are Highlighted in Blue)a

aThe structure proposed for each accurate mass detected is only a putative adduct attributed in light of the corresponding chemical formula.
Absolute structural confirmation will only be possible by comparing the adducts with a synthetic standard. Abbreviations: dR, 2′-deoxyribose; G,
guanine; A, adenine; C, cytosine; ANX, anoxic; and NRX, normoxic. bThese data were also mentioned in the submitted report of van der Wiel et
al.17
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■ DISCUSSION

The use of biomarkers in drug discovery and early-stage testing
is essential to shorten the development times, reduce costs by
avoiding unnecessary studies, and increase the chances of
success.8,18 Biomarkers provide measurable endpoints to
monitor the drug’s mode of action and support dose escalation
and patient stratification. In the case of the development of
DNA-alkylating anticancer drugs, the modifications (adducts)
resulting from the action of these drugs or their metabolites
with DNA can be used to better characterize the mode of
action, toxicities in different models, and the variables and
conditions affecting the efficacy early on in the developmental
process. Additionally, because DNA is the ultimate target of
the drug, DNA adducts may be more suited (in contrast, e.g.,
to measure the drug’s metabolites) to monitoring the effects in
humans and supporting the execution of clinical trials.19

In this study, we characterized the DNA adducts induced by
the experimental anticancer HAP CP-506 and its reactive
hydroxylamine (CP-506H) and amine (CP-506M) metabo-
lites. The main findings of this study were (a) a list of 39 DNA

adducts detected in vitro in purified DNA; (b) information
regarding the hypoxia selectivity of CP-506; and (c) detection
and relative amounts of CP-506 adducts in vivo in three
xenograft models. The reported adducts and methodologies
can be used to monitor the drug efficacy and toxicity in future
clinical studies of CP-506.
CP-506 was developed from PR-104 to overcome some

limitations related to solubility and hypoxia selective
activation.17 Our in vitro data suggest that the structural
changes performed on CP-506 improved the drug selectivity
toward hypoxic conditions, as shown by more adducts being
detected in anoxic versus normoxic treatment, but did not
completely eliminate its ability to react directly with DNA.
Table 1 summarizes the accurate masses of the adduct detected
and the putative structures attributed as consistent with the
corresponding chemical formula since absolute character-
ization will only be possible by comparison with synthetic
standards. It is important to notice that CP-506 more readily
alkylates to form monoadducts, whereas its metabolites more
readily form the more cytotoxic cross-linked adducts under

Figure 3. Relative levels of DNA adducts detected in xenograft models and structures of the corresponding proposed putative adducts. Structures
are predictions based on the fragment observed and the structure of the drug; however, confirmation of the identity will only be possible by
comparison with synthetic standards.
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hypoxia. Whether this degree of selectivity is related to the
treatment success without too many side effects needs further
investigation. Nevertheless, our study provides a panel
comprising 39 adducts from CP-506 and its metabolites to
be monitored to answer this question in the future.
We were able to detect and monitor the levels of eight of the

previously identified adducts in xenograft tumor tissue models
bearing two of the cell lines previously tested (MDA-MB-231
and BT-474) and DMS114 (Figure 3). Similar to what was
observed in vitro, CP-506 induced adducts in vivo without
being first reduced to the two metabolites (five adducts were
indeed from CP-506, whereas the other three adducts resulted
from CP-506M). These findings could derive from the lower
selectivity of CP-506 toward hypoxia in vivo but could also be
the result of different levels of hypoxia in the model. A study
that investigates the relationship between adducts detected in
areas of the tumor with different levels of hypoxia should be
performed to ultimately answer this question. Nevertheless,
here, we demonstrated that our approach can detect mono-
and cross-linked adducts from CP-506 and its metabolites in
DNA isolated from samples from in vivo studies.
In conclusion, we characterized the DNA adducts induced

by CP-506 and its two metabolites in three models, which
differed in complexity and biological significance. We identified
different types of adducts (mono- and cross-linked adducts)
derived from CP-506 or its metabolites. As these adducts are
expected to exert different toxicities, they can be used in the
future to monitor CP-506 efficacy and toxicity in patient
samples collected during clinical trials to support the data on
the susceptibility of patients to CP-506.
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