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Abstract

DNA adducts are a measure of internal exposure to genotoxicants and an important biomarker for
human risk assessment. However, the employment of DNA adducts as biomarkers in human
studies is often restricted because fresh frozen tissues are not available. In contrast, formalin-fixed
paraffin embedded (FFPE) tissues with clinical diagnosis are readily accessible. Recently, our
laboratory reported that DNA adducts of aristolochic acid, a carcinogenic component of
Aristolochia herbs used in traditional Chinese medicines world-wide, can be recovered
quantitatively from FFPE tissues. In this study, we have evaluated the efficacy of our method for
retrieval of DNA adducts from archived tissue by measuring DNA adducts derived from four other
classes of human carcinogens: polycyclic aromatic hydrocarbons (PAHSs), aromatic amines,
heterocyclic aromatic amines (HAAS), and N-nitroso compounds (NOCSs). The deoxyguanosine
(dG) adducts of the PAH benzo[4]pyrene (B[4]P), 10-(deoxyguanosin-AZ-yl)-7,8,9-
trihydroxy-7,8,9,10-tetrahydro-benzo[4]pyrene (dG-A2-B[4]PDE); the aromatic amine 4-
aminobiphenyl (4-ABP), A-(deoxyguanosin-8-yl)-4-ABP (dG-C8-4-ABP); the HAA 2-amino-1-
methyl-6-phenylimidazo[4,5-6]pyridine (PhIP), A~(deoxyguanosin-8-yl)-PhIP (dG-C8-PhlIP); and
the dG adducts of the NOC, 4-(methyInitrosamino)-1-(3-pyridyl)-1-butanone (NNK), OP-methyl-
dG (B-Me-dG) and CP-pyridyloxobutyl-dG (B-POB-dG) formed in liver, lung, bladder,
pancreas, or colon were recovered in comparable yields from fresh frozen and FFPE preserved
tissues of rodents treated with the procarcinogens. Quantification was achieved by Ultra-
Performance Liquid Chromatography-Electrospray lonization-lon Trap-Multistage Mass
Spectrometry (UPLC-ESI-IT-MS3). These advancements in the technology of DNA adduct
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retrieval from FFPE tissue clear the way for the use of archived pathology samples in molecular
epidemiology studies designed to assess the causal role of exposures to hazardous chemicals with
cancer risk.

INTRODUCTION

Humans are continuously exposed to genotoxicants in the environment and diet, and to
electrophiles produced endogenously.12 Covalent modification of DNA by chemicals results
in mutations or other genetic changes and can initiate chemical carcinogenesis.3 DNA
adducts are employed for interspecies extrapolation of toxicity data of chemicals and for
human risk assessment. The identification and quantitation of DNA adducts often is the first
step in elucidating the potential role of a genotoxic chemical in the etiology of human
cancer.*® Mass Spectrometry (MS) stands out from other methods of DNA adduct analysis
for its power in quantifying adducts at parts-per-trillion level, obtaining adduct structural
information at the same time.5-8 However, the employment of DNA adduct biomarkers in
large-scale population studies has been impeded by the paucity of fresh frozen
biospecimens. Conversely, formalin-fixed paraffin-embedded (FFPE) tissues are routinely
archived and often accessible for biomarker research.

Formalin fixation is the standard technique for preservation of tissues and has been used
world-wide for this purpose for over a century.? Histopathological and
immunohistochemical characterization of FFPE specimens have been reported for almost
every disease.10 DNA recovered from FFPE tissues is used widely for molecular genetic
studies;! high-quality DNA extracted from FFPE tissues can serve as a template for real-
time Reverse-Transcriptase Polymerase Chain Reaction.12 Previously, our laboratory
demonstrated that DNA adducts of aristolochic acid (AA), a potent human carcinogen
present in Aristolochia herbs used in traditional Chinese medicines!3 can be retrieved
quantitatively from FFPE tissues, then measured by an Ultra-Performance Liquid
Chromatography coupled-Electrospray lonization-lon Trap-Multistage Mass Spectrometry
(UPLC-ESI-IT-MS3).1415 AA found in Aristolochia sp. are responsible for the clinical
syndromes known formerly as Balkan endemic nephropathy (BEN)13.16 and Chinese herbs
nephropathy.1” Both diseases are associated with a high incidence of urothelial carcinomas
of the upper urinary tract,13.16 constituting a disease entity now termed aristolochic acid
nephropathy (AAN).18 The major DNA adduct of AA, 7-(deoxyadenosin-AB-yl)-
aristolactam (dA-AL-1) is responsible for the characteristic A-T transversion in the 7P53
tumor suppressor gene and mutations throughout the tumor genome in patients with AA-
induced urothelial carcinomas of the upper urinary tract.13-19 We have successfully
employed a commercially available silica-based kit used for cancer genomics to isolate DNA
from FFPE tissue for mass spectrometric measurements of dA-AL-1.1°

In this study, we sought to determine whether our method for DNA retrieval could also be
used to quantify DNA adducts formed by other environmental and dietary carcinogens. Four
classes of ubiquitous carcinogens were selected for study: polycyclic aromatic hydrocarbons
(PAHSs), aromatic amines, heterocyclic aromatic amines (HAAS), and N-nitroso compounds
(NOCs) These chemicals occur in the environment and in tobacco smoke and are formed
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during the cooking of meat.20:21.22 PAH are formed from the incomplete combustion of
organic matter, which occurs during the cooking of meat with charcoal, or as ubiquitous
environmental pollutants.29 Benzo[4]pyrene (B[4]P) is a prototypical PAH and classified as a
Group 1 human carcinogen by the International Agency for Research on Cancer (IARC).23
The biologically active metabolite of B[4]P, 7B,8a-dihydroxy-9a,10a,-epoxy-7,8,9,10-
tetrahydrobenzo[ g]pyrene (B[4]PDE), reacts with DNA at the A2 position of dG, to form 10-
(deoxyguanosin-A2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[ d]pyrene (dG-A2-
B[4]PDE).24:25 This adduct induces a G—T transversion mutation at codon 273 of the tumor
suppressor gene 7P53and contributes to the initiation of lung cancer in smokers.26
Aromatic amines and HAAs are structurally related classes of carcinogens. Historically,
some aromatic amines occurred as contaminants in industrial processes such as dye, rubber
and fertilizer, but today the most common and widely spread source of exposure of aromatic
amines occurs through tobacco smoke.?! 4-Aminobiphenyl (4-ABP) is a human urinary
bladder carcinogen that arises in tobacco smoke2! and also occurs as a contaminant of hair
dyes?’ and in the atmosphere.28 2-Amino-1-methyl-6-phenylimidazo[4,5- f]pyridine (PhIP)
is the most-mass abundant carcinogenic HAA formed during the high-temperature cooking
of meat.22 Levels of PhIP can vary from several parts-per-billion (ppb) up to 500 pph.22:29
PhlIP, together with other HAAs formed during the cooking of meats, have been linked to
several dietary-associated cancers at sites such as colon, prostate, pancreas, and mammary
gland.30 The primary DNA adducts of 4-ABP and PhIP are formed at the C8 position of the
purine base of dG, producing N-(2’-deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8-4-ABP)
and A-(2’-deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenylimidazo[4,5- 5]pyridine (dG-C8-
PhIP).31:32 4-(MethylInitrosamino)-1-(3-pyridyl)-1-butanone (NNK), listed as Group 1
human carcinogen by IARC, is a tobacco-specific NOC and a potent lung carcinogen.33
NNK undergoes metabolism by cytochrome P450 to form reactive intermediates that form
methyl, pyridyloxobutyl (POB), and pyridylhydroxybutyl adducts with dG and other
deoxynucleosides.3* (B-Methyl-2’-deoxyguanosine (OP-Me-dG) and CP-[4-(3-pyridyl)-4-
oxobut-1-yl]-2/-deoxyguanosine (C¥-POB-dG) contribute to the carcinogenic properties of
NNK.35:36 The G—A transition mutation in codon 12 of Kras, induced by O8-MedG, plays
an important role in mouse lung carcinogenesis, whereas both DNA methylation and
pyridyloxobutylation, by NNK, are important in rat lung tumorigenesis.3’

The structures, full names and abbreviations of the carcinogens and their targeted DNA
adducts investigated in this study are depicted in Figure 1. The DNA adducts of these
carcinogens are well characterized, and adduct levels in rodents have been reported in the
literature. 24:25.31,32,.34-36 Moreover, the DNA adducts formed from these carcinogens
encompass a wide range of chemical properties, including polarity, hydrophobicity, and
different ionization efficiencies under the electrospray ionization process employed for
liquid chromatography/mass spectrometry (LC/MS). The diversity in chemical structures
and properties of DNA adducts reflect the great analytical challenges in DNA adduct
analysis.

Anal Chem. Author manuscript; available in PMC 2017 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guo et al.

Page 4

EXPERIMENTAL SECTION

Materials

Caution: AA-1, 4-ABF, B[aJP and NNK are human carcinogens; and PhiIP s a potential
human carcinogen. All of these chemicals should be handled with caution in a well-
ventilated fume hood with the appropriate protective clothing.

PhIP was purchased from Toronto Research Chemicals (Toronto, Canada). 4-ABP, B[4]P,
ethanol (200 proof), p-xylene, calf thymus DNA (CT DNA), DNase | (Type IV, bovine
pancreas), alkaline phosphatase (Escherichia coli), nuclease P1 (from Penicillium citrinum),
RNase A (bovine pancreas) and RNase T (Aspergillus oryzae) were purchased from Sigma-
Aldrich (St. Louis, MO). Phosphodiesterase | ( Crotalus adamanteus venom) and adenosine
deaminase were purchased from Worthington Biochemicals Corp. (Newark, NJ). Ten-
percent neutral-buffered formalin (NBF), Optima™ LC-MS grade HCO,H, CH3CN,
CH30H and H,0, were purchased from Fisher Chemical (Pittsburgh, PA). 8-Methoxy-6-
nitrophenanthro[3,4-d]1,3-dioxole-5-carboxylic acid (AA-1) was a gift from Dr. Horacio
Priestap, Department of Biological Sciences, Florida International University. NNK, CP-[4-
ox0-4-(3-pyridyl)-butyl]-2’-deoxyguanosine (CP-POB-dG) and [pyridine-2H4]- C°-
pyridyloxobutyl-2’-deoxyguanosine ([Pyridine-2H,]- 0f-POB-dG),38:39 unlabeled and
labelled [13C4(]-dG-C8-PhIP, [13C1]-dG-M2-B[4]PDE, and [13C;]-dG-C8-4-ABP,24:32.40
7-(2’-Deoxyadenosin- AB-yl)-aristolactam (dA-AL-1) and [*®N5]-dA-AL-1,14 and CF-
Methyl-2’-deoxyguanosine ((P-Me-dG) and [2H3C]- OP-Me-dG were synthesized as
described.*! ZR FFPE DNA MiniPrep™ kit was purchased from Zymo Research (Irvine,
CA). Microliter CapLC vials with silanized inserts were purchased from Wheaton (Millville,
NJ). Strata-X solid-phase extraction (SPE) cartridge (33 um Polymeric Reversed Phase, 10
mg/1 mL) was purchased from Phenomenex (Torrance, CA).

Animal Dosing

The guidelines established by the National Institutes of Health Office of Laboratory Animal
Welfare were adhered to for the use of animals with housing conditions described
previously.1415 All protocols were reviewed and approved by the University of Minnesota
Institutional Animal Care and Use Committee. The protocol for animal dosing of AA-I has
been described.1> The animal strains and dosing levels of carcinogens are summarized in
Table S1 and briefly reported here. Male Wistar outbred rats (Harlan Labs, Indianapolis, IN)
were dosed by intraperitoneal (i.p.) injection with PhIP (10 mg/kg body weight (BW) in 0.3
mL DMSO). Female A/J mice (Jackson Laboratory, Bar Harbor, ME), were dosed two times
at a 24 h interval, by i.p. injection with NNK (80 mg/kg BW in 0.1 mL 0.9% saline). Male
B6C3F1 mice (Jackson Laboratory, Bar Harbor, ME) were dosed by i.p. injection with 4-
ABP (40 mg/kg BW in 0.1 mL 80% DMSO). Male B6C3F1 mice (Jackson Laboratory, Bar
Harbor, ME) were dosed through i.p. injection with B[&]P (100 mg/kg BW in 0.1 mL
DMSO). Animals were euthanized by asphyxiation with CO», after 24 h except for dose
treatment with NNK, where animals were sacrificed 3 h after the second dose. The liver,
pancreas, lung and bladder were rinsed with chilled PBS, snap frozen on dry ice and stored
at —80 °C. The colon was slit open, and rinsed with ice-cold PBS to remove fecal debris,
before the mucosal layer was isolated as previously described.#2 For formalin fixation, the
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liver, lung, and pancreas were rinsed with chilled PBS, cut into 0.6 mm thickness pieces,
wiped dry with Kimwipes and incubated in 10% NBF for 24 or 48 h at room temperature.
The ratio of fixative to tissue or colon mucosal layer was at least 10:1 (w:w). Thereafter,
tissues underwent serial dehydration with ethanol followed by p-xylene wash, and then
embedded in paraffin using a Sakura Tissue Tek VIP5 tissue processor (Torrance, CA).

DNA Retrieval from Fresh Frozen Tissues

The tissues were thawed on ice and homogenized in TE buffer (50 mM Tris-HCI buffer, pH
8.0, and 10 MM EDTA) containing 10 mM B-mercaptoethanol (BME) with a Wheaton
Potter-Elvehjem tissue homogenizer (Millville, NJ). The homogenized tissues (equivalent of
40 mg of wet tissue weight) were centrifuged at 3000 x g for 10 min at 4 °C. DNA was
isolated from the pellet by phenol/chloroform extraction method, following digestion with
RNase and proteinase K digestion at 37 °C for 2 h.15 Alternatively, the proteinase K
digestion was incubated overnight at 50 °C , employing the conditions described for the
FFPE DNA Miniprep™ kit (see below).

DNA Retrieval from FFPE Tissues

The procedure used here has been reported previously.1® In brief, the tissues were removed
from the paraffin block with a scalpel, and submerged in p-xylene to remove the residual
paraffin. The tissues were rehydrated and homogenized in TE buffer containing 10 mM BME
and the equivalent of 25 mg dry weight of tissue was processed with the ZR FFPE DNA
MiniPrep™ Kit, following the manufacturer’s instructions with minor modifications. An
overnight digestion of tissue with proteinase K (0.2 mg) was performed at 50 °C to ensure
complete reversal of the cross-linked DNA.

Enzymatic Digestion of DNA

The amounts of DNA and the levels of internal standards (1S) spiked into the DNA prior to
digestion are summarized in Table S1. DNA samples were incubated at 37 °C with DNase |
and nuclease P1 for 3.5 h, followed by digestion with phosphodiesterase | and alkaline
phosphatase overnight. The samples were concentrated to dryness by vacuum centrifugation
and dissolved in 50% DMSO for UPLC-ESI-IT-MS? analysis. The injection volumes and
resuspension volumes are summarized in Table S1. The DNA samples from NNK-treated
mice were further processed as reported below.

dA-AL-l, dG-N2-B[a]PDE, dG-C8-4-ABP and dG-C8-PhIP Measurement by UPLC-ESI-IT-MS3

The analyses were conducted with a nanoACQUITY UPLC system (Waters Corporation,
Milford, MA) interfaced with an Advance CaptiveSpray source (Michrom Bioresource Inc.,
Auburn, CA), and the Velos Pro lon-Trap mass spectrometer (Thermo Fisher, San Jose, CA).
A Waters UPLC 2G-V/V Symmetry C18 trap column (180 pm x 20 mm, 5 um) was used for
online sample enrichment of DNA adducts. A Magic C18 AQ column (0.1 mm x 150 mm, 3
um, 100 A, Michrom Bioresources Inc.) was employed for chromatography. The LC
solvents were: (A) 0.01% HCO,H and (B) 0.01% HCO,H and 95% CH3CN. Adduct
measurements were performed in the positive ion mode at the MS3 scan stage. The DNA
digests were injected onto the trap column and washed with solvent A for 3 min at a flow
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rate of 12 pL/min. The amount of DNA digest loaded on-column is summarized in Table S1.
After online enrichment, adducts were back-flushed onto the Magic C18 AQ column at a
flow rate of 1 pL/min. A linear gradient of 1% to 99% B over 9 min was applied for the
separation, followed by 4 min washing at 99% B.

Xcalibur version 2.1 was used for data acquisition and analysis. The MS parameters were
optimized as previously described.#3 Adducts were quantified at the MS3 scan stage with
Extracted lon Chromatograms (EIC) of the two most abundant fragment ions. The MS3
transitions employed for adduct quantification were m/z543.2 — 427.2 — 292.1, 293.1 and
412.1 (dA-AL-l); 548.2 — 432.2 — 292.1, 293.1 and 417.1 ([°N5]-dA-AL-l); 435.2 —
319.1 — 277.1 and 302.1 (dG-C8-4-ABP), 445.2 — 324.1 — 281.1 and 307.1 ([*3C1¢]-dG-
C8-4-ABP); 490.2 — 374.1 — 329.1 and 357.1 (dG-C8-PhlP), 500.2 — 379.1 — 333.1 and
362.1 ([13C4(]-dG-C8-PhIP); 570.2 — 454.1 — 285.1 and 303.1 (dG-A2-B[4]PDE) and
580.2 — 459.1 — 285.1 and 303.1 ([13C4(]-dG-A2-B[4]PDE).

06-Me-dG and 08-POB-dG Enrichment by Solid-Phase Extraction (SPE) and Quantitation
by UPLC-ESI-IT-MS3

The DNA digest of tissues of mice treated with NNK was further incubated with 0.5 mU
adenosine deaminase for 1 h at room temperature to convert dA into deoxyinosine (dl).4
P-Me-dG and OP-POB-dG were enriched by a Strata-X SPE cartridge pre-conditioned with
CH30H and H,0 before sample loading. The DNA digest was washed with H,O (2 mL),
10% CH30H (1 mL), 25% CH30H (2x 1 mL), and adducts were eluted with CH30H (1
mL). The eluents were dried by vacuum centrifugation, resuspended in CH3zOH (100 pL),
transferred to CapL.C vials and dried by vacuum centrifuge again. Water was added to
reconstitute the sample for LC-MS analysis (20 pL). The UPLC-ESI/MS system described
above was used in the direct injection mode for the quantification of 0f-Me-dG and CF-
POB-dG. The injection volume was 5 pL. The MS3 transitions employed were m/2282.1 —
166.1 — 149.1 (CB-Me-dG) and 285.1 — 169.1 — 152.1 ([?H3]-P-Me-dG); 415.2 —
299.1 — 148.1 and 152.1 (CP-POB-dG) and 419.2 — 303.1 — 152.1 ([pyridine-2H,]- 8-
POB-dG).

Calibration Curves

The calibration curves were constructed at five levels. I1sotope labeled and unlabeled dG-
C8-4-ABP, dG-C8-PhIP and dG-A2-B[4]DPE were spiked into 10 pg CT DNA digested
directly while those of (-Me-dG and OP-POB-dG were added to 5 jig CT DNA digest after
adenosine deaminase and SPE clean-up. The levels of IS spiking are reported in Table S1.
Each calibration point was assayed in triplicate. The molar ratios of the unlabeled adduct to
its corresponding labeled adduct were: 0, 0.1, 0.5, 2.5, 5 (dG-C8-4-ABP); 0, 0.67, 3.33,
6.67, 33.3 (dG-C8-PhlIP); 0, 0.04, 0.2, 1, 2 (dG-A2-B[4]PDE); 0, 0.05, 0.25, 0.5, 2, (C°-Me-
dG) and 0, 0.1, 1, 2, 4 (CP-POB-dG). Data were fitted to a straight line (area of response of
unlabeled/labeled adduct standard versus the amount of unlabeled/labeled adduct standard)
using ordinary least-squares with equal weighting.
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Method Validation

The accuracy of the method was validated with carcinogen-treated CT DNA containing
known amounts of dG-C8-4-ABP, dG-A2-B[4]PDE, and dG-C8-PhIP. These DNA samples
were provided by Dr. Frederick A. Beland from the National Center for Toxicology
Research, US FDA.244045 Kidney DNA of mice treated with AA-1 (0.1 mg/kg) and
previously assayed by UPLC-ESI-IT-MS3 was used to measure dA-AL-1.1415 CT DNA
alkylated with N-nitrosomethylurea and containing a known level of (f-Me-dG was
provided by Dr. Lisa A. Peterson from University of Minnesota. DNA with a known level of
CP-POB-dG was not available for assay. The within-day and between-day precision of the
assay was further established by analyzing adduct levels in liver from the carcinogen-dosed
rodent. Due to the limited quantity of DNA samples, fresh frozen or FFPE liver tissues of all
animals from the same dosing experiment were homogenized and pooled. The methods of
DNA retrieval, enzymatic digestion and UPLC-ESI-IT-MS3 described in the previous
sections were employed. The % coefficient of variation (%CV) was used as the measure of
precision.

RESULTS AND DISCUSSION

Method Validation

We adopted the UPLC-ESI-IT-MS3 method used previously for the measurement of
aristolactam- DNA adducts to quantify dG-C8-4-ABP, dG-A\2-B[4]PDE and dG-C8-PhlP,
employing an online trap column to enrich analytes from the non-modified
deoxynucleosides.1* However, 0f-Me-dG and OP-POB-dG are hydrophilic and are not
retained on the trap column. Moreover, a significant portion of dA was co-extracted with C-
Me-dG and CP-POB-dG by SPE, resulting in poor sensitivity for the ion trap MS. Thus, in
order to remove the large excess of unmodified deoxynucleosides, particularly dA,
adenosine deaminase was employed to convert dA into the more polar dl, which was
efficiently removed by SPE. (P-Me-dG and (P-POB-dG were quantified by direct injection
mode using the above UPLC-ESI-IT-MS3 method.

The robustness and reproducibility of the methods to measure the DNA adducts of these
environmental and dietary carcinogens were validated with CT DNA modified /n vitro with
4-ABP, PhIP and B[4]P,244045 or methylated with N-nitrosomethylurea, and in vivo with
mice treated with AA-1 (0.1 mg/kg BW).1415 Thereafter, the performance of the analytical
method was evaluated with DNA retrieved from fresh frozen or FFPE liver tissues of mice
treated with these carcinogens. All DNA adducts were measured in quadruplicate on three
different days spanning a period of one week. Results of these studies are summarized in
Table 1. The within-day and between-day precision values reported as %CV were within
19%. The accuracy values ranged between 0.82 and 1.36 of the targeted adduct values. The
five calibration curves are shown in Figure S1. The linearity of the calibration curves are
shown by the slope and the goodness-of-fit linear regression value (72) were all higher than
0.998, and supported by residuals plots (data not shown). The calibration curves showed
linearity over a 50-fold range of adduct levels.

Anal Chem. Author manuscript; available in PMC 2017 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 8

DNA Recovery from FFPE Tissues and the Stability of DNA Adducts

The aristolactam (AL-1)-DNA adduct dA-AL-1 was successfully retrieved in high yield from
FFPE tissues of rodents and from human tissues stored for up to nine years prior to
analysis.1>46 Data from our rodent studies showed that even though the yield of DNA
isolated from FFPE tissue decreased over time, following formalin fixation, the level of dA-
AL-1 remained constant.#6 AA is one of the many diet-related and environmental-associated
carcinogens that form DNA adducts in the genome. We sought to determine whether our
DNA retrieval method could be used to recover, quantitatively, DNA adducts of other
carcinogens from FFPE tissues. The major differences between the DNA retrieval methods
for fresh frozen and FFPE tissues, besides the proprietary ingredients in the digestion and
lysis buffers of the ZR FFPE DNA MiniPrep™ Kit, are the proteinase K digestion
conditions: 37 °C for 2 h for fresh frozen tissue versus 50 °C overnight for FFPE tissue, and
the DNA isolation methods, employing either phenol/chloroform extraction for fresh-frozen
tissue or a silica-based extraction for FFPE tissue. The complete reversal of DNA cross-links
required overnight (18 hr) proteolytic digestion of FFPE samples.

Key questions to address in the retrieval of DNA from FFPE tissue are: 1) Are other
carcinogen DNA adducts stable towards formalin fixation and DNA extraction-digestion
processes and can these adducts be quantified? 2) Does the formalin fixation process or the
retrieval method introduce artifacts, such as aerial oxidation and ring-opening of the dG-C8-
arylamine and HAA adducts?4247

We conducted dosing experiments similar to those reported in the literature with 4-ABP,
NNK, B[4]P, and AA-I in mouse models,1%:253548 and PhIP in rats.4® The major adducts
formed in tissues of rodent tissues, prepared by either snap-freezing or formalin fixation
were measured by UPLC-ESI-IT-MS3. The stabilities and levels of dG-C8-4-ABP, dG-A2-
B[&]PDE and dG-C8-PhIP adducts recovered following digestion of DNA isolated by
phenol/chloroform method with proteinase K at 37 °C for 2 h versus 50 °C overnight were
determined. No major differences of the adduct level were observed between the two
incubation conditions (Figure S2). Our previous data showed that dA-AL-I was also stable
to overnight digestion at 50 °C.1> Some arylamine adducts formed at the C8 position of dG
are prone to oxidation and undergo ring-opening to form spirohydantoin and guanidine
adducts.#247 The permeation of formalin through cell membranes causes oxidation of DNA
and strand cleavage.#6:50.51 Thus, we monitored formation of ring-opened adducts for dG-
C8-4-ABP and dG-C8-PhlIP from fresh frozen and FFPE tissues. Figure S3a and S3b show
the EIC and MS3 scan stage product ion spectra of guanidine-, spirohydantoin-, dG-C8-4-
ABP and dG-C8-PhlIP adducts from the positive control DNA and from DNA extracted from
carcinogen-treated rodent tissues, fresh-frozen and FFPE. Our findings demonstrate that dG-
C8 adducts of 4-ABP and PhlIP are stable towards the FFPE processing and DNA retrieval
conditions.

Quantification of DNA Adducts in Rodent Tissues

The EIC and product ion spectra of dG-C8-4-ABP, dG-C8-PhIP, dG-A2-B[4]PDE, (F-Me-
dG, CP-POB-dG and their internal standards at the MS3 scan stage are depicted in Figure 2,
while those data previously reported for dA-AL-I are shown in Figure S4. The levels of
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adducts from each animal group are shown as scatter plots in Figure 3. The %CV of adduct
level measurement in each animal tissues, fresh-frozen or FFPE, were within 20% of the
mean level (Table S3). The data on targeted adduct formation of B[4]P, 4-ABP, PhIP, NNK
and AA-I previously performed by MS in other laboratories are summarized together with
our new data in Table S2.

The mean levels of dG-C8-PhIP, dG-C8-4-ABP, hepatic 08-Me-dG and O8-POB-dG in
fresh-frozen and FFPE tissue groups are not significantly different. However, the mean
levels of dA-AL-l, dG-A2-B[4]PDE, pulmonary (®-Me-dG and (P-POB-dG in the fresh
frozen and FFPE preserved tissues differed by up to 1.5-fold, and the tendency was for
higher adduct levels in FFPE tissues. We attribute these differences in adduct levels to
differences in the bioavailability of the test compound or in carcinogen metabolism among
animals, We attribute these differences in adduct levels to differences in the bioavailability
of the test compound or in carcinogen metabolism among animals, resulting in adduct levels
that can vary by several fold,2%:3549 and not to methodological procedures, as our between-
day %CV in DNA adduct measurements were on average <12%. The DNA digests were also
assayed by HPLC-UV to confirm the purity and completeness of the digestion of DNA.15

Considering the large differences in assay conditions among laboratories, including the
employment of different internal standards, enzymes and DNA digestion conditions, and MS
instrumentation, the levels of hepatic dG-A2-B[4]PDE, dG-C8-4-ABP, pulmonary CP-Me-
dG, CP-POB-dG adduct levels measured in our study are quite comparable to previously
reported values by other laboratories employing the same dosages of carcinogens (Table
$2).25:354852 For pulmonary dG-A2-B[4]PDE, bladder dG-C8-4-ABP, hepatic (P-Me-dG,
CP-POB-dG, no direct comparison can be drawn as adduct levels are not reported in the
literature. We observed similar carcinogenic DNA adduct distribution among different
organs within the same animals as previously reported. For example, NNK formed the dG
adducts (P-Me-dG and (P-POB-dG at approximately 4-fold greater levels in liver than
lung.36:53 The amount of the dG-C8-4-ABP was two-fold greater in bladder than liver of
mice and consistent with etiologic role of 4-ABP in bladder cancer.>* In PhIP-treated rats,
we observed the same trend in the level of dG-C8-PhIP adduct formation as previously

reported, with highest levels of adducts formed in the pancreas followed by colon, and then
liver.49.55

CONCLUSIONS

The findings reported here demonstrate that the major DNA adducts formed from B[4]P, 4-
ABP, PhIP, NNK and AA-I, representing five important classes of environmental and dietary
carcinogens, can be retrieved from FFPE tissues of rodents in high yield and quantified by
UPLC-ESI-IT-MS3. The levels of DNA adducts measured in fresh-frozen and FFPE tissues
of liver, lung, bladder, pancreas, and colon of rodents were comparable. Adducts targeted in
this study cover both hydrophobic adducts, such as dG-C8-4-ABP and dG-A2-B[4]PDE, and
hydrophilic adducts, such as (P-Me-dG. The use of adenosine deaminase and offline DNA
adduct enrichment by SPE to eliminate dA was necessary for the measurement of 05-Me-
dG. However, ~20% of (P-Me-dG in the DNA digest was demethylated by adenosine
deaminase (unpublished studies, J. Guo). Adenine deaminase possesses CP-demethylase
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activity,* and the hydrolysis of various groups at the 6-position of purine ribonucleosides,
including 6-methoxyguanosine, by adenosine deaminase, has been reported by Baer and
coworkers.*4 However, adenosine deaminase treatment had no effect on the level of CP-
POB-dG (unpublished studies, J. Guo). Thus, careful optimization of post-DNA digestion
with adenine deaminase is required for the measurements of other O alkylated dG adducts.
All adducts analyzed in this study were found to be stable during FFPE processing and DNA
retrieval. The analytical data demonstrate that the methodology originally established for
biomonitoring adducts of AA-I in FFPE tissues'®46 can be used to screen for other classes
of environmental and dietary genotoxicants, in molecular epidemiology studies designed to
assess the causal role of exposures to hazardous chemicals in cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures, names and abbreviations of the carcinogens and their adducts investigated in this
study.
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a. EIC and product ion spectra of the adducts at the MS? scan stage from DNA digest of
carcinogen-treated rodent tissues: bladder for 4-ABP adducts; pancreas for PhIP adducts and
lung, B[4]P. The mlz of aglycones ([BH,]* = [M+H-116]*) are: G-C8-4-ABP (/m/z319.1),
G-C8-PhIP (/m/z374.1), G-\2-B[4]PDE (mlz454.1) and their internal standards (Arm/z = 5).
The signature MS3 fragment ions of each adduct are shown on the right. The positions

of 13C are indicated by asterisk symbols in red.
b. EIC and product ion spectra of the adducts at the MS3 scan stage from DNA digest of
NNK-treated mouse liver. The m/z of aglycones ([BH,]* = [M+H-116]") are: (B-Me-G (mlz
166.1), CP-POB-G (/m/2299.1) and their internal standards (/772169.1 and 303.1,
respectively). The signature MS2 fragment ions of each adduct are shown on the right. The
positions of deuterium are highlighted in red.
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Figure 3.

A scatter plot with the median of DNA adduct levels measured from the carcinogen treated
rodent tissues prepared in both fresh-frozen and FFPE method. Unpaired #test (Prism 6, San
Diego, CA): n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.005.
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